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Chapitre 1

PHYSIOPATHOLOGIE DE LA ScS

1.1 PRESENTATION DE LA MALADIE

a sclérodermie (ScS) est une maladie systémique caractérisée par une fibrose cutanée

et des anomalies microcirculatoires, notamment un phénomene de Raynaud trés sou-

vent inaugural [1]. C’est une maladie rare, qui appartient au groupe des maladies or-
phelines. Son incidence varie entre 2 et 16 cas par million de sujets par an, et sa prévalence de
3 a 30 pour 100 000 habitants. Elle est 4 fois plus fréquente chez la femme que chez '’homme,
et débute le plus souvent entre 30 et 50 ans. L'expression clinique et la gravité de cette ma-
ladie sont tres variables [2]. L'étendue de la fibrose cutanée peut se limiter a une atteinte des
extrémités dans les formes cutanées limitées ou remonter au dessus des coudes et des genoux
dans les formes diffuses. Elle peut se compliquer d"une fibrose pulmonaire, d"une hypertension
artérielle pulmonaire, de crises rénales, d'une atteinte de la partie inférieure du tube digestif
et/ou d'une atteinte cardiaque. Ces manifestations viscérales sont associées a une diminution
de la survie. Il n’existe actuellement pas de traitement curatif pour cette maladie. Les atteintes
rénales sont aujourd’hui plus rares grace a lutilisation d’inhibiteurs de I'enzyme de conversion
de I'angiotensine. Les causes de déces sont aujourd’hui essentiellement cardio-pulmonaires, et

I'espérance de vie globale est d’environ 70% a 5 ans.

L'hétérogénéité clinique se retrouve aussi au niveau des auto-anticorps détectés dans le sé-
rum des patients et qui sont dirigés contre des cibles antigéniques différentes selon la forme de

la maladie.

La ScS demeure une affection d’étiologie inconnue, et les facteurs a l'origine du dysfonc-
tionnement des fibroblastes, des cellules endothéliales et des cellules du systeme immunitaire
restent a préciser (voir figure 1.1). Parmi les facteurs environnementaux, certains virus, comme
le cytomégalovirus [3]et certaines substances chimiques comme les solvants, la silice, ou les
pesticides pourraient jouer un réle dans le déclenchement de la maladie [4]. En outre, des fac-

teurs intrinseques comme les formes réactives de 1'oxygene (FRO) [5] [6] [7] [8] [9] ou le TGF-$
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[10] [11] ont été mis en cause dans I'amorgage et la progression de la maladie. Ces nouvelles
pistes physiopathologiques ouvrent de nouvelles perspectives thérapeutiques dans cette mala-

die dont la progression est peu freinée par les traitements actuels.

Tissue
injury
il
Inflammation

. T cell and monocyte activation

: Th2 eytokine production 1o
Progenitor cells / v P ‘\ Vascular injury

Pericytes : - Endothelial cell activation
BM-derived MSCs Hec A Ett}{,qb_lpst Leukocyte adhesion
Monocyte-derived MSCs —— Vascular obliteration
Epithelial cells? s » . Defective vasculogenesis
ot Autoimmunity / Tissue hypoxia
= = ~ . Bcell activation
Autoantibodies

m
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and differentiation

l

l

v
ECM synthesis,
deposition, contraction,
and remodeling

l

Fibrosis

Figure 1.1 Lien entre les dysfonctionnements des fibroblastes, des cellules endothéliales, et
des cellules immunitaires dans la sclérodermie systémique d’apres Varga J, Journal of Clinical
Investigation, 2007.

1.2 DYSFONCTIONNEMENTS FIBROBLASTIQUES

Les patients atteints de ScS présentent une accumulation de collagéne dans le derme, et parfois
dans les visceres. Les mécanismes conduisant a cette fibrose systémique ne sont pas encore com-
pletement élucidés. Les fibroblastes de malades synthétisent in vitro des constituants de la ma-
trice extracellulaire en exces (collagéne de type IV, protéoglycanes, fibronectine) et des protéines
inhibant la dégradation de cette matrice (TIMP-3, inhibiteur tissulaire de la métalloprotéinase-
3). Certains fibroblastes acquierent un phénotype particulier de myofibroblastes et présentent
des propriétés de cellules musculaires lisses. Ils deviennent hyperprolifératifs et expriment le

marqueur a-SMA.
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1.2.1 Anomalies intrinseques des fibroblastes

1.2.1.1 Activation du gene du procollagéne via la signalisation des récepteurs du TGF-f

La famille du transforming growth factor-f (TGF-p) inclut un grand nombre de protéines de
signalisation, dont les isoformes du TGF-$, les "bone morphogenetic protéines" (BMPs), et dif-
férents facteurs de croissance. Ces protéines jouent un role important durant I'embryogenese,
mais sont également cruciales dans les organismes adultes, alors impliquées dans ’homéosta-
sie. Le TGF-B, synthétisé par de nombreux types cellulaires, comporte trois isoformes codés par
trois genes différents (TGF-S 1,2 et 3). Le TGF-f 1 est synthétisé par les cellules endothéliales
(CE), les cellules hématopoietiques et les cellules du tissu conjonctif ; le TGF-f 2 est synthétisé
par les cellules épithéliales et neuronales, TGF-$ 3 est synthétisé par les cellules mésenchy-
mateuses [12]. Toutes les isoformes sont libérées dans la matrice extracellulaire sous forme de
propeptides, et sont liées, dans la matrice a une protéine, la "latent TGF-f binding protein" [12].
Leur libération, nécessaire a leur liaison a 1'un de leurs récepteurs, est dépendante de la throm-
bospondine ou de la plasmine. Trois types de récepteurs du TGF-g (récepteur de type I, II et
III) ont été décrits, et sont exprimés de maniere ubiquitaire. Ces récepteurs avec une activité

serine/thréonine kinase.
Deux types de voies sont possibles dans la signalisation du TGF- :
e Signalisation dépendante des protéines Smad 2/3

La fixation du TGF-g sur ses récepteurs spécifiques induit une transduction de signal
impliquant les protéines intracytoplasmiques Smad (voir figure 1.2). Smad 2 et smad 3 sont
recrutées et phosphorylées par un hétérotrimere formé par l'association TGF-f-récepteur
de type I-récepteur de type II (Figure 1.2). Smad 4 s’associe alors avec smad 2 et smad 3 et
I'ensemble migre dans le noyau ou il régule la transcription de certains génes, en particulier
du gene codant le procollagene. Les protéines Smad sont les plus puissants médiateurs de
'activation du promoteur du géne du procollagene COL1A2 dans les fibroblastes ScS. Une
surexpression de Smad3 et Smad4, mais pas Smad1 et Smad2, entraine l’activation en trans
du promoteur de COL1A2 dans les fibroblastes normaux via l'interaction avec SBE (Smad
Binding Element), et ainsi la transcription du géne COL1A2. D’autres protéines, outre les

protéines Smad, participent également a la signalisation intracellulaire, incluant les GTPases
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Ras et les mitogene-activated protein kinases (MAPKSs) ERKs, p38 et c-Jun N-terminal ki-
nases (JNKs) [13].

ECM
HTere o Aclive Signaling and
"";f Activation TG|F-E' presentation
— TGFBRN \
La“*{‘g‘;‘f‘g“"e (accessary | TGEBRII “ TGFpRI
receptor) | Plasma membrane
REICTE R TR (AR ST 1y
d
Y
it Q
SMAD2 SMAD7
and/or SMAD3
SMAD4 MNuclear membrane
fiboaidin bosila el e g 4. Lu.hl;‘dnu‘..l et goidelin | ) o4 pullaad s

Proliferation
i Migration
Transcriptional —=| e\ production
Transcriptional coactivators y regulation Differentiation

and chromatin-modifying Target genes
enzymes such as p300/CBP

Figure 1.2 Signalisation du TGF-f dépendante des protéines Smad, d’aprés Varga J, Journal
of Clinical Investigation, 2007.

Le TGF-B est un des plus puissants inducteurs de synthése de matrice extra-cellulaire, et
joue un role central dans les processus de fibrose observés dans la ScS et dans d’autres
maladies s’accompagnant de fibrose. Comparativement aux fibroblastes de sujets sains, les
fibroblastes de malades sclérodermiques sont le siege d"une accumulation nucléaire anor-
male et spontanée de molécules smad 3 phosphorylées en ’absence de stimulation par le
TGF-p [14], ainsi qu'un défaut d’expression de smad 7, élément inhibiteur de cette cascade
de signalisation [15]. Ce défaut de Smad? contribue a maintenir une production anormale

de collagene dans les fibroblastes ScS1.

e signalisation indépendante des protéines Smad 2/3
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Les autres voies impliquées dans la signalisation du TGF-f, indépendamment de smad
2/3, semblent aussi anormalement activées dans les fibroblastes des patients scléroder-
miques (voir figure 1.3). Ainsi, des dysfonctionnements d’une voie impliquant la tyrosine
kinase c-abl, smad 1 et ERK-1/2 ont été mis en évidence [16]. Cette voie participe a I'ex-
cés de transcription du CTGF observée dans la ScS, et présente la particularité de pouvoir
étre inhibée par 'imatinib mesylate, contrairement a la voie impliquant smad 2/3 [16]. Par
ailleurs, une boucle autocrine impliquant CCN2 et Smad-1 a été identifiée. Elle prolonge les
signaux transmis par le TGF-B. En effet, une coopération avec CCN2 induite par le TGF-g

est requise pour I'induction de la synthése de collagene médiée par celui-ci [2].

Plasma membrane
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Transcriptional activation
AP-1, EGR-1, SP1, ETS1, p300/CBP, CBF
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VLV — Vs

Promater of genes
encoding ECM components

Figure 1.3 Signalisation du TGF-f indépendante des protéines Smad, d"apres Varga J, Journal
of Clinical Investigations, 2007.

Outre ces anomalies de la signalisation intracytoplasmique, plusieurs équipes ont mis en
évidence une expression accrue des récepteurs de type I et de type II du TGF-$ a la membrane
des fibroblastes de patients sclérodermiques [17], [18]. Ces anomalies d’expression des récep-
teurs du TGF-f participent a 1’activation excessive de la voie du TGF-f et a la fibrose, comme
le suggerent les résultats obtenus par Pannu et al [19]. Cette équipe a limité la traduction de

TGF-B-RI en transfectant les fibroblastes de patients atteints de ScS avec des ARN interférents.
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IIs ont montré une diminution de la synthese de TGF-gRI mais aussi de collagene et de CTGF
a un niveau transcriptionnel (analyse par quantitative RT-PCR). Néanmoins, la place exacte de
ces anomalies et plus généralement le role exact du TGF-f reste difficile a préciser au cours de
la maladie humaine, la majorité de ces études étant réalisées sur des fibroblastes en culture, et
les fibroblastes utilisés n’étant pas toujours des fibroblastes obtenus a partir de peau de patients

atteints.

1.2.1.2 Le Connective Tissue Growth Factor (CTGF)

Le gene du CTGF appartient a une famille de genes récemment découverte: la famille connective
tissue growth factor/cysteine-rich 61 /nephroblastoma overexpressed (CCN: CTGF/CYR/NOV).
Ces génes et leurs produits sont impliqués dans des fonctions cellulaires essentielles, telles que
le maintien de I’homéostasie, la réparation et le contréle de la croissance cellulaire, ainsi que
la régulation de I'angiogenese. Ces genes semblent également impliqués dans des processus
pathologiques tels que la progression des cancers, I’athérosclérose et la fibrose [20]. La trans-
cription du CTGF est normalement régulée par le TGF-$ mais aussi par de nombreux autres
facteurs (AMPc, angiotensine II, forces de cisaillement percues par les cellules) [21]. Une ex-
pression augmentée du CTGF a été retrouvée dans de trés nombreuses pathologies avec cicatri-
sation excessive et fibrose. Au cours de la ScS, les fibroblastes synthétisent de grandes quantités
de CTGF, méme en I’absence de stimulation par le TGF-f [22]. Cet excés de CTGF entraine une
dérégulation de la croissance des cellules endothéliales et des fibroblastes ainsi qu'un exces de
synthése de collagene et pourrait étre impliqué dans 'entretien du processus de fibrose. Dans
les modeles animaux de ScS comme le modéle Tsk1/+ et apres injection de bléomycine, des ni-
veaux élevés de CTGF sont associés au développement de la fibrose. Des travaux sont en cours
pour préciser l'origine de la dérégulation de la voie du CTGF dans la ScS. Certains auteurs ont
suggéré que le CTGF serait essentiel pour le maintien de la fibrose, apres que celle-ci ait été
induite par un signal médié par le TGF-B. Une autre hypothése est qu'un facteur de transcrip-
tion, SP1, pourrait entrainer une synthese excessive de CTGF indépendamment de la voie du
TGF-B [22]. Certains auteurs proposent d’utiliser le CTGF comme marqueur sérique dans la
ScS puisque des taux élevés ont été retrouvés dans les sérums des patients sclérodermiques et

seraient corrélés a la sévérité de l’atteinte viscérale, notamment pulmonaire.
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1.2.1.3 Early growth response factor-1(Egr-1)

Egr-1 est un facteur de transcription de la voie du TGF-f identifié récemment. Une expression
anormale d’Egr-1 a été retrouvée dans plusieurs modeles animaux de fibrose et chez I’'homme
dans la fibrose pulmonaire idiopathique et la sclérodermie (voir figure 1.4) [23] [24]. De plus,
des niveaux élevés d’Egr-1 dans les cellules mononucléees périphériques des patients atteints
de ScS est associée a une hypertension artérielle pulmonaire [25]. L'expression d’Egr-1 est tres
faible dans les cellules quiescentes, mais celle-ci peut étre augmentée rapidement par divers
stimuli. Le TGF-$ peut notamment induire une augmentation de 1’expresison d’Egr-1 dans les

fibroblastes normaux, et entrainer son interaction avec le promoteur de COL1A2.

Promoter

TGF- @

B—a TBRII TBRI @ Transcription factor
 Coactivator
- Kinase

Smad
pathway

non-Smad
pathway

ERK1/2

Egr-1

COL1A2

Figure 1.4 Régulation des signaux médiés par le TGF- par Egr-1, d’apres
S. Bhattacharyya, Matrix Biology, 2011

Egr-1 régule l'expression des genes de plusieurs facteurs pro-fibrosants : TGF-f, PDGFE, CTGF,
VEGTE, fibronectin, TIMP-1. Dans les cellules Hep-G2, Egr-1 induit la transition epithelio-mesenchymale
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(EMT) en augmentant 1’expression de Snail. Dans les fibroblastes normaux de peau et de pou-
mon, l'expression forcée d’Egr-1 est suffisante pour induire 1’augmentation d’activité du pro-
moteur du géne COL1A2. L'injection quotidienne de bléomycine a des souris entraine une accu-
mulation d’Egr-1 dans les fibroblastes cutanés. Les fibroblastes transgéniques Egr-1 expriment
huit fois plus la NADPH-oxidase-4 (NOX-4), qui est impliquée dans la génération de FRO. Cette
enzyme étant retrouvée a des taux élevés dans les situations d’hypoxie chronique via un mé-
canisme impliquant Egr-1, certains auteurs suggerent que chez les patients atteints de ScS 1'hy-
poxie et le TGF-f pourraient étre responsables d’une surexpression d’Egr-1 résultant en une
augmentation de I'activité de NOX-4 et entrainant ainsi la production de FRO qui aggrave en-

core la fibrose [1].

1.2.1.4 Molécules impliquées dans la dégradation de la matrice extracellulaire

La dégradation de la matrice extra-cellulaire par les métalloprotéases (MMP), et la régulation
de celles-ci par les TIMP sont des éléments majeurs dans 1’établissement de la fibrose en condi-
tions normales et pathologiques. Les MMP sont une famille de protéases qui déclenchent une
protéolyse par hydrolyse des ponts peptidiques. Elles sont synthétisées sous forme de précur-
seurs inactifs, peuvent étre sécrétées ou transmembranaires a 'état de pro-enzymes nécessitant
une activation pour dégrader la matrice [26]. Les MMP-1 a 8 sont les collagénases et jouent un
role majeur dans la digestion du collagene de type 1. Les TIMP (Tissue Inhibitor of Metallo-
proteinases) sont les protéines inhibitrices principales des MMP en condition physiologique.
Quatre membres de la famille TIMP ont été décrits : TIMP-1 a 4. Les MMP et les TIMP sont pro-
duites par les cellules mésenchymateuses (fibroblastes, myofibroblastes, cellules endothéliales),
les cellules de I'immunité innée (macrophages, monocytes, neutrophiles) et les cellules cancé-
reuses métastatiques. Dans les fibroblastes ScS, I'expression de TIMP-1 est augmentée [27]. De
méme, les concentrations sériques de TIMP-1 sont élevées chez les patients sclérodermiques
et corrélés a la sévérité de la maladie. Des auto-anticorps bloquants anti-MMP1 et -3 ont été
retrouvés chez les patients sclérodermiques, et leurs concentrations sont corrélées avec 1’éten-
due de la fibrose cutanée, pulmonaire et artériolaire rénale. Enfin, des souris invalidées pour
MMP-1 développent une fibrose cutanée [28]. Toutes ces données suggerent qu'un déséquilibre

MMP /TIMP pourrait étre a 'origine du développement de la fibrose dans la ScS.
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1.2.1.5 Synthése accrue de radicaux libres

Les fibroblastes de patients atteints de ScS synthétisent spontanément de grandes quantités
de radicaux libres (anions superoxydes O~ et de peroxyde d’hydrogeéne H,O,), molécules qui
stimulent de maniére autocrine la prolifération des fibroblastes et la synthese de collagéne [29].
Cette synthese de FRO apparait indépendante de 1'IL4, du CTGF et du TGF-§ et pourrait étre
en partie dépendante du platelet derived growth factor [30].

1.2.1.6 Synthése de chimiokines et cytokines

Les fibroblastes participent au recrutement des leucocytes dans les tissus en secrétant chimio-
kines et cytokines (IL1-a, IL6, tumor necrosis factor-a (TNF-a), IL8, monocyte chemoattractant
protein-1 (MCP-1) et PDGF notamment). Ils favorisent ainsi la migration des lymphocytes cir-

culants a travers la barriére endothéliale et leur accumulation dans le derme [31] [32] [33].

Il semble également possible, d’aprés des données obtenues in vitro, que certaines cytokines
sécrétées par les fibroblastes participent directement au dysfonctionnement des fibroblastes par

une activation autocrine.

e Linterleukine-la Les fibroblastes de patients sclérodermiques synthétisent de maniére aber-
rante de !’ IL1a sous une forme précurseur active (pro-IL1a). Le blocage de la synthese d'IL1
entraine une réduction de la synthése d’IL-6 et de collagene, et réduit la transcription du
PDGEF au sein de ces fibroblastes [34].

e MCP 1 Cette chimiokine semble aussi exercer un effet direct en stimulant la syntheése de col-
lagene, d’apres les données obtenues dans un modéle murin de fibrose induit par la bléo-

mycine [31].

1.2.1.7 La voie Wnt/$-catenin
On retrouve dans les biopsies de patients atteints de ScS diffuse une surexpression du récep-

teur Wnt Fzd2 et de la cible Wnt Lefl, et une sous-expression des antagonistes Wnt Dkk2 et

wifl. Les composants de la voie Wnt ont un effet profibrotique, et jouent un réle majeur dans
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la physiopathologie de la fibrose et de la lipoatrophie dans la ScS. Un modéle de souris sclé-
rodermiques transgéniques Wnt a d’ailleurs été récemment développé par 1'équipe de J. Varga

(voir 1.6 Modéles animaux).

1.2.1.8 SpletSp3

Les protéines Sp1 et Sp3 interagissent avec 3 régions du promoteur du gene COL1A?2 et peuvent
ainsi l’activer dans les fibroblastes normaux. Une phosphorylation augmentée, et donc une ac-

tivation de Sp1 a été détectée dans les fibroblastes ScS par rapport aux fibroblastes normaux.

1.2.1.9 c-Myb

Les protéines de la famille Myb sont des facteurs de transcription de type « hélice-boucle-hélice
leucine zipper » et interagissent avec des séquences spécifiques de I’ADN. C-Myb est surexpri-
mé dans les fibroblastes de patients sclérodermiques, et peut augmenter ’activité des promo-
teurs COL1A1 et COL1A2 dans les fibroblastes normaux [35].

1.2.1.10 c-Myc

L'oncogéne c-Myc appartient également a la famille des facteurs de transcription de type «
hélice-boucle-hélice leucine zipper », et une surexpression de c-Myc a également été décrite
dans les fibroblastes ScS [36].

1.2.1.11 Synthese d'une matrice extra-cellulaire capable de résister a la dégradation des
métalloprotéases

Une expression élevée du gene procollagene lysyl hydroxylase 2 (PLOD 2) est retrouvée dans
les fibroblastes de patients sclérodermiques comparativement a des fibroblastes de sujets sains
[37]. PLOD 2 code pour une lysyl-hydroxylase qui permet un assemblage particulier des fibres
de collagene au sein de la matrice extracellulaire. Ceci entraine la production d’une matrice

capable de résister a I’action des métalloprotéinases.
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1.2.1.12 La voie Fas/Fas-ligand

Un défaut d’apoptose médiée par la voie Fas-Fas ligand a été mis en évidence dans les fibro-

blastes sclérodermiques [38]. Ceci pourrait expliquer leur phénotype hyperprolifératif.

1.2.1.13 Des anomalies de la voie des kinases Erk1/2

Il existe dans les fibroblastes sclérodermiques une activation permanente de Erk1/2 accompa-

gnée d"une production élevée de FRO via la NADPH oxydase.

1.2.2 Eléments extrinséques majorant le dysfonctionnement fibroblastique

1.2.2.1 La Sérotonine

La sérotonine (5-Hydroxytryptamine, 5-HT) est relarguée par les plaquettes apres activation.
Elle joue un role vaso-actif bien démontré, mais semble également pourvue d’actions profibro-
santes. Il est connu depuis plusieurs décennies que ses taux sont élevés dans le sang des patients
sclérodermiques [39]. La sérotonine stimule la prolifération de fibroblastes isolés des arteres
pulmonaires de rats hypoxémiques [40]. De grandes quantités de récepteurs a la sérotonine de
type 5-HT2B sont exprimées au niveau pulmonaire chez les patients atteints de fibrose pul-
monaire idiopathique et des récepteurs 5-HT2A et B sont induits au niveau pulmonaire apres
instillation intratrachéale de bléomycine, molécule induisant une fibrose pulmonaire. L'inhibi-
tion de ces récepteurs diminue la fibrose induite par la bléomycine. L'inhibition du signal au
niveau d"un des récepteurs de la sérotonine sur les fibroblastes humains, le récepteur 5-HT3 di-
minuerait également la synthése de collagene en inhibant une des voies dépendantes du TGF-f

impliquant les protéines Smad.

En 2011, des auteurs ont démontré dans différents modeles murins de ScS que la sérotonine
plaquettaire induisait la synthese de matrice extra-cellulaire via 'activation des récepteurs 5-
HT2B par un mécanisme dépendant du TGF-g. Ils ont également retrouvé des taux élevés de
5-HT2b dans la peau des patients sclérodermiques [41]. Ainsi, la sérotonine est un médiateur

faisant le lien entre atteinte vasculaire, activation plaquettaire, et fibrose dans la ScS.
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1.2.2.2 Le Platelet Derived Growth Factor (PDGF)

Le PDGEF a été initialement étudié dans les phénomenes de cicatrisation, mais il est maintenant
bien connu pour ses roles dans I’hypertension artérielle pulmonaire, la fibrose pulmonaire et
la sclérodermie. C’est un peptide dimérique secrété par divers types cellulaires comme les pla-
quettes, les fibroblastes et les cellules musculaires lisses. C’est un puissant agent mitogéne pour
les cellules d’origine mésenchymateuse et neuroectodermiques. Le PDGF induit la migration,
la différenciation et la transformation de divers types cellulaires et participe a la régulation de
I'apoptose et de la génération de FRO. La transduction du signal médié par le PDGF se fait via
deux récepteurs tyrosine kinases transmembranaires: le PDGFRa et le PDGFRDb, qui different

par les cascades de transduction du signal et par leurs effets biologiques.

L'activation des PDGFR induit la phosphorylation des MAP-kinases (Erk1/2, p38, JNK),
I'activation de Ras, et 'expression de genes comme Egr-1, c-fos, c-jun. Chez les souris, ’activa-
tion conditionnelle du PDGFR conduit a une fibrose progressive de la peau, du tracus gastro-
intestinal et du cceur, ce qui suggere le role de cette voie de transduction dans le développe-
ment de la fibrose [42]. Dans la fibrose pulmonaire chez ’homme et chez I’animal, 1’expression
du PDGF est corrélée avec 'expansion des myofibroblastes qui contribuent a la synthése de
protéines de la matrice extra-cellulaire comme le collagene, la fibronectine ou les glycosami-
noglycanes [43]. Il apparait donc de plus en plus clairement que le PDGF joue un rdle dans la

stimulation de 1’expression de protéines de matrice par les myofibroblastes.

En 2006, il a été montré que des auto-anticorps stimulants dirigés contre le PDGFR étaient
présents dans le sérum des patients sclérodermiques et que ces auto-anticorps pouvaient in-
tervenir dans la physiopathologie de la maladie [44][45]. Ces anticorps se lient au PDGFR,
'activent et peuvent ainsi déclencher I'expression du gene du collagene de type I dans les fi-
broblastes. Nous détaillons le mécanisme d’action et les méthodes de détection utilisées par
les auteurs dans le chapitre sur I'immunité humorale et les auto-anticorps dans la ScS (voir
1.4.3.2 Auto-anticorps). Ces anticorps stimulants ne sont pas spécifiques de la ScS puisque les
auteurs en ont également détectés dans le sérum des patients atteints de maladie du greffon
contre 1'hote, qui partage des manifestations cliniques avec la ScS [46]. Ces résultats doivent
cependant aujourd’hui étre nuancés puisqu’un article a infirmé en 2009 'existence de ces Ac
anti-PDGFR dans la ScS [47].
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L'activation des PDGFR peut étre inhibée par des molécules de syntheses « inhibitrices de
tyrosine kinases » (TKI), dont 1'imatinib, 1’axitinib, le sunitinib, le dasatinib, la sorafenib et le
nilotinib. Ces molécules ont été initialement développées pour le traitement de cancers comme
les tumeurs gastro-intestinales et la leucémie myéloide chronique, afin d’inhiber les signaux de
prolifération via bcr/abl et c-kit. Ces molécules n’étant pas spécifiques, elles réagissent de fagon
croisée avec d’autres récepteurs de tyrosine kinases, ce qui a permis d’élargir leur spectre d"uti-
lisation a d’autres cancers. L'imatinib a été testé avec succes dans un modéle murin d’hyperten-
sion pulmonaire [48]. Une autre équipe a montré que 'imatinib pouvait réduire la synthése de
collagéne et de fibronectine par les fibroblastes humains du derme, et améliorer la fibrose dans
le modele murin de ScS induit par la bléomycine [49] [50]. L'article 4 de nos travaux personnels
apporte de nouveaux éléments sur l’activation du PDGFR dans la ScS et sur l'efficacité de cer-
taines molécules TKI pour lutter contre la fibrose, les anomalies vasculaires et 1’activation du

systéme immunitaire observées dans cette maladie.

1.2.2.3 L’interleukine-4 (IL-4)

Cette interleukine stimule la croissance des fibroblastes et augmente le dép6t de matrice extra-
cellulaire au niveau des tissus. Les patients sclérodermiques ont des taux sériques élevés d'IL-4.
De plus, I'IL-4 stimule la synthése de cytokines pro-fibrosantes par les fibroblastes, comme le

MCP-1, en particulier au niveau pulmonaire [51].

Chez1’animal, on observe que les fibroblastes de souris tight skin (TSK-1/+), souris dévelop-
pant spontanément une fibrose du derme, expriment le récepteur de I'IL-4 en grandes quantités
et présentent une activation constitutive des voies de signalisation intra-cytoplasmique de I'IL-
4 [52]. Dans ce modele, un exces d’'IL-4 semble avoir un role pathogene, puisqu'un traitement
par Ac anti-IL-4 prévient le dépot de collagene au niveau du derme [53]. Chez ces souris, ce
sont surtout les lymphocytes T (LT) CD4+ qui sont a l'origine de la production accrue d'IL-4
[54]. Cependant, les souris résultant d"un croisement entre les Tsk-1/+ et les souris invalidées
pour le géne RAG, qui n‘ont ni de lymphocytes B ni de lymphocytes T, développent tout de
méme des lésions de sclérose cutanée, tandis que seules les souris Tsk1/+ invalidées pour le
gene de 1'IL-4 et du TGF-$ ne développent pas de sclérose cutanée [55]. Ainsi les LT ne sont vrai-
semblablement pas les seules cellules a contribuer a cet exces de production d'IL-4 au cours de
cette maladie. Enfin, dans ce modeéle, la maladie peut étre prévenue en rééquilibrant la balance

Th1/Th2 via 'administration d'IL-12 plasmidique par voie intra-musculaire [56].
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Chez les malades atteints de ScS comparativement a des sujets sains, des quantités accrues
d’IL-4 et de son ARN messager (ARNm) ont été détectées dans le plasma [57], dans les cellules
mononucléées du sang périphérique [58], dans les LT obtenus a partir d'un lavage broncho-
alvéolaire [59], dans les fibroblastes [60]. Dans les pneumopathies infiltrantes diffuses de la ScS,
l’alvéolite lymphocytaire est constituée d"une majorité de LT CD8+ qui produisent des quantités
augmentées d’ARNm codant 1'IL-4 [59]. Dans la peau, l'infiltrat est composé majoritairement de
LT CD4+, mais I'IL4 semble étre synthétisée en exces par d’autres populations lymphocytaires
minoritaires : des LT CD8+ et des LT doubles positifs CD4+CD8+ [61]. D’autre part, certains
patients exprimeraient de fortes quantités d'un variant traductionnel de 1'IL-4, (IL4delta2), qui

aurait des propriétés accrues sur la stimulation de synthese de collagene [62].

1.2.2.4 L’interleukine-13 (IL-13)

Les lymphocytes activés de type Th2 infiltrant la peau des patients sclérodermiques synthé-
tisent de I'[L-13. Celle-ci peut, comme 1'IL-4, induire 1’expression du collagene de type 1 dans
les fibroblastes cutanés [63]. Ainsi, les effets pro-fibrosants de I'IL-13 seraient dus a une activa-
tion fibroblastique irréversible directe ou médiée par le TGF-f. Les souris transgéniques pour
I'IL-13 présentent une fibrose pulmonaire exacerbée avec de forts niveaux de TGF-g [64]. De
plus, dans le modele de ScS induit par la bléomycine les niveaux d’ARNm de I'IL-13 sont éle-
vés dans la peau lésée et 'expression du récepteur de 1'IL-13, IL-13R-a2 est augmentée dans
les cellules mononucléées et les macrophages infiltrant le derme. Enfin, les souris déficientes
en IL-13 ne développent pas de sclérose cutanée apres injection quotidienne de bléomycine, ce
qui apporte un nouvel argument au role de médiateur de 1'IL-13 dans le développement de la

fibrose cutanée.

1.2.2.5 L’interleukine-17 (IL-17)

Cette cytokine est sécrétée par une population de lymphocytes T particuliére, les Th17. L'IL-
17A et 'IL-17F ont des similarités dans leur séquence d’amino-acides, et se lient toutes deux au

méme récepteur: 'IL-17R de type A. Leffet de I'IL-17 dans la ScS est encore mal élucidé.

IL a été trés récemment montré que I'expression de I'IL-17A, mais pas de 1'IL-17F était si-

gnificativement augmentée dans la peau lésée et le sérum des patients atteints de ScS [65]. Au
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contraire, le récepteur IL-17R de type A est sous-exprimé dans les fibroblastes ScS par rapport
aux fibroblastes normaux. Ce phénomene est di a une activation intrinseque de la voie du TGF-
B dans ces cellules. D’apres I'équipe de Nakashima, I'IL-17A a une action anti-fibrosante puis-
qu’elle réduit 'expression du collagéne de type I et du CTGF via la régulation de micro-RNAs.
Ainsi, dans les fibroblastes ScS, la sous-expression du récepteur IL-17R de type A empéche la
signalisation de I'IL-17A et son effet anti-fibrosant. Les taux élevés retrouvés dans la peau et
le sérum des patients sont dus a un rétrocontrdle négatif. Selon I'équipe de Sato, au contraire,
I'IL-17 est a un effet pro-fibrosant. Ces auteurs ont montré dans le modéle murin de ScS induite
par la bléomycine, que les lymphocytes Th17 infiltrent le derme sous l'effet d"une expression
augmentée de L-selectin et d'ICAM-1, et que leur présence est corrélée a une augmentation de
la fibrose [66].

1.2.2.6 L’endothéline-1

L'endothéline-1 (ET-1) est un peptide vasoactif puissant, récemment impliqué dans la physio-
pathologie de la ScS. En effet, les concentrations sériques d’endothéline-1 sont augmentés chez
les patients sclérodermiques [67], [68]. Outre ses effets vasoactifs, 'ET-1 peut induire la trans-
formation des fibroblastes en myofibroblastes, ainsi que 1’expression des collagenes de type I
et III et I'inhibtion de 'expression de la MMP-1 [69].

1.2.2.7 TGF-p

Il est intéressant enfin de rapporter que les fibroblastes de patients sclérodermiques ne syn-
thétisent pas plus de TGF-f que des fibroblastes témoins [70] [71] [72]. Comme nous venons
de le voir, le TGF-$ en exces dans la peau permet l'activation de la transcription du gene du

procollagene COL1A2, mais sa source parait étre extérieure aux fibroblastes eux-mémes.
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Les anomalies fibroblastiques mentionnées ci-dessus sont résumées dans le tableau suivant :

Anomalies intrinseques

Anomalies extrinséques

Activation du géne COL1A2 via Smad
CTGEF, c-Myc, c-Myb

Matrice résistante aux métalloprotéases
Défaut d’apoptose

Formes réactives de 'oxygéne
Chimiokines et cytokines

PDGF

TGE-p
IL-4,1L-13
Sérotonine
Endotheline-1

Tableau 1.1

1.2.3 Nouvelles voies d’activation fibroblastique

1.2.3.1 La voie des récepteurs Notch

Les protéines Notch sont des récepteurs membranaires dont I’expression a été trés conservée a

travers les expeces au cours de 'évolution. Leur fonction principale est la régulation de nom-

breux processus développementaux, tels que la prolifération, la différenciation, et 'apoptose.

La mutation Notch a été mise en évidence chez la drosophile au début du XXe siecle. Des muta-

tions « perte de fonction partielles » avaient pour conséquence la formation d’encoches (« Notch

» en anglais) a I'extrémité des ailes de mouches drosophiles. A la fin des années 30 Poulson a

montré que la perte de fonctions totales de Notch entrainait un phénotype embryonnaire 1étal,

caractérisé par une surproduction de neurones, appelé phénotype « neurogénique » [73]. Par

la suite, quatre protéines Notch (Notch1 a 4) ont été décrites chez les mammiferes. Elles ont des

fonctions non-redondantes au cours de I'embryogénese. En effet, I'inhibition de la signalisation

de Notchl et 2, entraine la mort au stade embryonnaire, ce qui n’est pas le cas pour Notch3 et

4.

e Structure des récepteurs Notch et de leurs ligands

Les récepteurs Notch résident a la surface cellulaire, avec une portion extracellulaire et

une portion intracellulaire liées de fagon non-covalente, et constituent ainsi un hétérodimere

(figure 1.5). La partie extracellulaire de Notch est caractérisée par de nombreux domaines
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Epidermal Growth Factor (EGF)-like repeats. Notch1 et Notch2 sont de taille équivalente, et

possedent de grandes similarités structurelles (voir figure 1.5 ci-dessous):

— le domaine "RBP-J associated molecule" (RAM), au niveau membranaire, qui premet des
interactions avec plusieurs protéines cytosoliques et nucléaires

— ledomaine Ankyrin (ANK), également important pour des interactions protéine-protéine

— deux séquences de localisation nucléaire (NLS)

— un domaine carboxy-terminal de transactivation (TAD), permettant d’activer la trans-
cription

— un domaine PEST (Proline, Glutamate, Serine, Threonine-rich domain) régulant sa dé-

gradation
Notch3 et 4 sont de taille plus courte et ne possédent pas le domaine TAD.

Les ligands de Notch sont codés par les genes des familles Jagged (JAG1 et 2) et Delta-
like (DLL1, 3, 4). Chacun des ligands contient des domaines EGF-like repeat et une séquence
DSL « Delta/Serrate/Lag » conservée entre Drosophila melanogaster, Caenorhabditis elegans et

les vertébrés. Jagged-1 et 2 ont également un domaine riche en cystéine.

Notch receptors Notch ligands

EGF-like repeats LIN  RAM ANK TAD PEST CR EGF-like repeats DSL

Notcht - [TITTIITIIIITIIIITTF= Jaggedi and [ [TIIITIIID
HD kNLSJ Jagged2
Netch2 ([T pLand o D
Notehs  [TTTHITIIIHITFAT=LIT] o D
Notchd (===
| Extracellular portion : Intracellular portion

Figure 1.5 Structure des récepteurs Notch et de leurs ligands d’apres Osborne A. 2007.
RAM: RBP-] Associated Molecule, ANK: Ankyrin, NLS: Nuclear Localisation Sequence,
TAD: Transactivation Domain, PEST: Proline, Glutamate, Serine, Threonine-rich domain.

e Modalités d’activation (figure 1.6)

La liaison du récepteur avec un de ses ligands déclenche un clivage extracellulaire assuré
par la protéase TACE, une enzyme de type métalloprotéinase, membre de la famille ADAM
(voir figure 1.6) [74].
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Un second clivage est alors effectué par une y-secrétase [75]. Le clivage de Notch par le
complexe y-sécrétase permet la libération de la partie active de Notch, NIC. NIC est trans-
porté dans le noyau, grace a la présence de signaux de localisation nucléaire (NLS), ou il
régule 'expression de genes cibles en s’associant avec d’autres facteurs nucléaires comme
les membres de la famille CSL (C promoter binding factor/Suppressor of hairless/Lag-1

transcription factor) [76].

Ligand-expressing cell Notch
ligand

S3 cleavage
by y-secretase

o
Sl cleavage by

furin-like O
protease

Intracellular Notch O=IM=T-0

x
% Cytosol
N

[Target genes repressed | [Target genes active| N

7 / g \\///\\\//\\\//\\

Figure 1.6 Etapes d’activation des récepteurs Notch
d’apres Osborne A. 2007

Expression cellulaire de Notch

Comme nous l’avons vu plus haut, Notch controle les processus de différenciation de
différents types cellulaires durant la vie embryonnaire et adulte. Les récepteurs Notch sont
exprimés dans des tissus et des organes tres variés tels que le systéme nerveux, l'intestin,
les follicules pileux, la glande mammaire, les cellules du systéme immunitaire (et donc la
moelle osseuse et le thymus), le tissu cutané, le poumon, le systéme vasculaire. Nous dé-
taillerons plus particulierement I’expression de Notch dans ces quatre derniers tissus, puis-

qu’ils sont impliqués dans la physiopathologie de la ScS.

— Systéme immunitaire
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Le role de Notch dans la lympopoiése a été trés étudié. Les récepteurs Notch sont im-
pliqués dans la formation des cellules souches hématopoiétiques (CSH), I'engagement
des progéniteurs lymphoides vers la lignée T, le développement des lymphocytes T en
périphérie, et celui des cellules B de la zone marginale (voir figure 1.7). Sa fonction la
mieux caractérisée actuellement est son role dans les signaux d’engagement qui déter-

minent le devenir des progéniteurs lymphoides multipotents vers la lignée T ou B.
* Notch et cellules souches hématopoiétiques

Plusieurs résultats suggerent que Notchl a un rdle crucial dans la génération de
CSH. Les CSH sont générées au stade embryonnaire dans une région appelée Aorte-
Gonade-Mésonéphros. Kumano a montré en 2003 grace a des embryons Notchl -/-,
que Notch1 était essentiel pour la génération de CSH a partir de cellules endothéliales
[77]. En outre, des expériences de « gain de fonction » ont montré que Notch pouvait
entrainer le renouvellement des CSH chez 1’adulte, chez la souris et chez 'homme
[78]. Concernant les cellules capables d’activer la voie Notch dans la moelle osseuse,
plusieurs hypotheses ont été formulées. Les cellules stromales de la moelle expriment
Notch et pourraient donc remplir cette fonction. Les ostéoblastes sont étroitement
associés aux CSH et pourraient également jouer un role. Il a été démontré qu’ils ex-

priment Jagged-1, un ligand de Notch, sous certaines conditions [79].
* Notch et le développement de la lignée T (figure 1.7)

Notchl est requis au niveau des progéniteurs lymphoides dans les étapes pré-
coces d’engagement vers la lignée T. Des mutations « perte de fonction » de Notch
entrainent un thymus hypotrophique, sans cellules T et contenant un exces de cel-
lules B. Lengagement T/B des progéniteurs dépend de Notchl, et est dépendant de
CSL [80]. Les différentes études ayant permis la caractérisation de cette fonction de

Notchl1 ont été réalisées uniquement chez la souris.

L'expression des ligands de Notch dans le thymus est également un point impor-
tant. Les protéines Jagged et Delta-like sont exprimés sur les cellules épithéliales thy-
miques, et sans doute également sur les thymocytes [81]. Les ligands de Notch sont
également retrouvés au niveau des cellules dendritiques thymiques, mais celles-ci ne

délivrent pas de signaux durant les étapes précoces du développement T. A coté de
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Figure 1.7 La voie Notch dans le développement hématopoiétique et dans
le systéme immunitaire d’apres Maillard I. HB: hemangioblast, HSC: hema-
topoietic stem cell, CLP: common lymphoid progenitor, ETP: arly T lineage
progenitor, DN: CD4-CD8- double-negative thymocytes, Treg: CD4+CD25+
regulatory T cells, TrB: transitional B cells, FB: follicular B cell, MZB: margi-
nal zone B cell, APC: antigen presenting cell.

son role dans le choix de I'engagement vers la lignée T versus B, Notch intervien-
drait dans d’autres processus intra-thymiques, notamment la détermination du TCR

ap versus Y0, et le choix du corécepteur CD4 versus CDS8.

Notchl a également un role essentiel dans la génération de lymphocytes intesti-

naux intraépithéliaux [82].
Notch et lymphocytes T périphériques

Plusieurs équipes ont confirmé le role de Notch dans ’activation, la prolifération
et la production cytokinique des cellules T périphériques, mais la fagon dont Notch
est up-régulé dans les lymphocytes T activés reste a préciser. Les récepteurs Notch
sont présents dans les lymphocytes T périphériques CD4+ et CD8+, et I’expression

des 4 récepteurs est augmentée apres activation des cellules T [83] [84].
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Apres l'activation des cellules T, Notch joue un réle dans la différenciation des
cellules T helper. L'activation de Notch résulte en l'activation de NF-KB, qui va dé-
clencher 1’expression des génes associés aux lymphocytes Thl, tels que le géne de
I'IFN-y. Ceci suggeére que Notch joue un role dans la différenciation des cellules T
CD4+ vers le phénotype Thl. Notch interviendrait également dans la différencia-
tion vers le phénotype Th2. Une étude indique que c’est la spécificité du ligand de
Notch qui influencerait le destin des cellules T effectrices [85]. De plus, de récents
résultats suggeérent que Notchl serait impliqué dans les processus caractérisés par
des réponses cytokiniques Th2 pathologiques, telles que la fibrose pulmonaire ou le

remodelage tissulaire.

Il semblerait également que Notch ait un role dans le développement des lym-
phocytes T régulateurs. D’aprés les études sur des modeles animaux, Notch3 serait
impliqué dans ce processus, et serait ainsi capable de réduire la susceptibilité au dia-

béte auto-immun [86].
* Notch et lymphocytes B

Notch2 est le récepteur Notch prédominant dans les cellules B, avec une expres-
sion allant du stade précurseur B aux différentes populations B périphériques [87].
L'expression de NIC1 dans plusieurs lignées B murines et humaines entraine l'apop-
tose [88].

Des études trés récentes ont mis en avant le role essentiel de Notch 2 dans le

développement des cellules B de la zone marginale (BZM).

Par ailleurs, des études récentes suggerent que Notch participe au développement
des cellules B1, une population de cellules B non-conventionnelles [89].

— Tissus cutané et pulmonaire

Chez I'homme Notch1 est exprimé au niveau de toutes les couches épidermiques, et
Notch2 uniquement dans la couche basale. Les ligands Jagged et Delta-like sont égale-
ment exprimés dans 1’épiderme. Notchl induit la différenciation des kératinocytes par
I'expression de marqueurs précoces de différenciation comme la keratine-1 et 1'involu-

crine [90]. Chez I'homme, on retrouve une diminution d’expression de Notch1, Notch2
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et Jaggedl dans le carcinome baso-cellulaire, ce qui suggere qu'une perte du signal in-
duit par Notch pourrait entrainer le développement de cette pathologie. Notch1, Notch2,
et Notch3 sont également exprimés dans le follicule pileux, et sont essentiels a la diffé-
renciation de ses cellules et a son homéostasie. En outre, la voie Notch controle certaines
fonctions au sein des mélanocytes comme 1’apoptose ou la différenciation. Enfin, des
études in vitro suggerent que cette voie de signalisation influencerait la différenciation
des monocytes en cellules de Langerhans [91]. Notchl est également présent au niveau
fibroblastique, tant dans la peau que dans le poumon. Il est capable d’induire la trans-
cription de I'a-SMA apres activation par FIZZ1, entrainant alors la différenciation des
fibroblastes en myofibroblastes [92]. Cette étude a été réalisée sur des fibroblastes pul-

monaires, et il reste a confirmer ces résultats au niveau cutané.
Systeme endothélial vasculaire

La voie Notch a récemment été impliquée dans les processus du développement vas-
culaire. En effet, des mutations de Notch ont été retrouvées dans deux pathologies hu-
maines avec atteintes vasculaires : les syndromes d’Alagille et CADASIL (Cerebral Au-
tosomal Dominant Arteriopathy with Subcortical Infarcts and Leucoencephalopathy).
Plusieurs membres de la voie Notch sont exprimés au niveau de 1’endothélium vascu-
laire [93] [94]: Notch1, Notch4, DII-1, Dll-4, Jagged-1, Jagged-2, et les études réalisées sur
des souris transgéniques ont révélé le role essentiel de Notch dans I’angiogénese. Notch
bloquerait la prolifération des CE et favoriserait leur survie. L'activation de Notch au
niveau des CE les protegerait des agressions environnementales par activation de Bcl-2
[95].

L'équipe de Liaw a montré chez le rat que Jagged1, Jagged? et Notch étaient constitu-
tivement exprimés dans I'endothelium sain, et que leur expression est significativement
augmentée dans les cellules vasculaires d'un endothélium 1ésé [96]. Les auteurs sug-
gerent que l'axe Jagged /Notch pourrait jouer un role décisif dans les contacts entre les
cellules et dans les interactions cellule-matrice, et donc contrdlerait la migration cellu-

laire dans des situations de remodelages tissulaires.

Une autre équipe a travaillé sur les cellules endothéliales de la microcirculation céré-
brale du rat, et montré que leur différenciation peut étre favorisée par Notch4/Jagged1
[97].
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En 2005, Sainson a utilisé un systéme in vitro en 3D pour montrer que Notch contro-
lait la morphologie des vaisseaux et leurs ramifications. Notch interviendrait par deux
mécanismes : en réduisant la prolifération des cellules endothéliales, limitant ainsi le dia-
meétre des vaisseaux, et en inhibant la division des cellules des extrémités des vaisseaux
[98].

Enfin, de nombreuses équipes s'intéressent au ligand DIl-4, et a l'utilisation de théra-
peutiques anti-DII4 en cancérologie. Le signal transmis par ce ligand de Notch pourrait
en effet favoriser la croissance tumorale par la mise en place d"un réseau vasculaire hau-

tement fonctionnel a proximité de la tumeur [95].
Notch et maladies héréditaires

Chez ’homme, le lien avec des mutations de la voie Notch a été mis en évidence dans

quatre maladies héréditaires :

— la tétralogie de Fallot

— le syndrome d’Alagille

— la spondylocostal dysostosis

— le syndrome CADASIL (Cerebral Autosomal Dominant Arteriopathy with Subcortical
Infarcts and Leucoencephalopathy)

Notch et cancers

Nous avons vu précédemment que la voie Notch participait a des processus fondamen-
taux du développement comme la prolifération, la différenciation et I'apoptose. Comme
pour toutes les voies de signalisation impliquées dans ces processus, des mutations condui-
sant au déréglement de la voie Notch peuvent entrainer la formation de cancers. En fait,
Notch peut se comporter comme un oncogene ou comme un suppresseur de tumeur selon

les types cellulaires [99].

Le lien entre dysfonctionnement de la voie Notch et cancer a été établi pour la premiere
fois lorsqu'une translocation chromosomique conduisant a une forme tronquée et consti-
tutivement active de Notchl, a été identifiée de facon récurrente dans plusieurs types de

leucémies aigues lymphoblastiques T (LAL-T) [100].
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1.2.3.2 Lavoie des récepteurs aux cannabinoides

Le systéme endocannabinoide comprend deux récepteurs couplés a une protéine G : CB1 et
CB2, leurs ligands lipidiques (endocannabinoides) et des enzymes impliquées dans leur syn-
these et dégradation [101].

e Lesrécepteurs CB1 et CB2:

— Lerécepteur CB1 est le plus abondant récepteur couplé a une protéine G dans le cerveau,
mais est aussi présent dans de nombreux tissus périphériques. CB1 est responsable des
effets psychotropes des cannabinoides, mais peut également réguler des fonctions péri-

phériques comme 1’activité cardiovasculaire, ou les fonctions de reproduction.

— Lerécepteur CB2, lui, est exprimé majoritairement en périphérie mais on en a récemment
détecté de faible quantités dans le systéme nerveux central. CB2 est exprimé de fagon
prédominante sur les cellules immunitaires ot il joue un réle-clé dans la modulation de
I'immunité innée dans des conditions varié€es telles que 1’athérosclérose et les maladies
inflammatoires de l'intestin. Les récepteurs CB2 ont également un role dans I'immunité

anti-tumorale.
e Ligands exogénes et endogenes :

Les ligands de CB1 et CB2 sont les phytocannabinoides et les endocannabinoides, qui
ont des effets autocrines et paracrines. Le Delta-9-tetrahydrocannabinol, issu de Cannabis
sativa, se lie 8 CB1 et CB2 avec la méme affinité [102]. Parmi les endocannabinoides, I’anan-
damide (AEA) et les 2-arachidonyl glycerol (2-AG) sont les plus étudiés [103] [101]. AEA
est un agoniste partiel de CB1 et a une affinité faible pour CB2, alors que le 2-AG est un ago-
niste puissant de CB1 et CB2. Les endocannabinoides sont synthétisés localement et contri-
buent a I’activation endogéne des récepteurs, méme si CB1 et CB2 ont une activité de base
constitutionnelle. AEA et le 2-AG sont synthétisés a partir de précursueurs phospholipi-

diques.
e Modulation pharmacologique des récepteurs aux cannabinoides :

— Modulation de CB1 :
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Des antagonistes de CB1 ont été testés dans le traitement de 1’obésité et du surpoids,

mais des effets secondaires cardiaques se sont manifestés.
— Modulation de CB2:

Des agonistes de CB2 sont actuellement testés de maniere préclinique dans le diabéte,
I'athérosclérose, ’ostéoporose, et la fibrose hépatique [104] [105] [106] [107] [108] [109].

Propriétés anti-fibrosantes des récepteurs CB2 :

Les propriétés anti-fibrosantes de CB2 ont été mises en évidence dans un modele de
fibrose hépatique induite par le tetrachlorure de carbone [110]. Dans ce modéle, les fibro-
blastes hépatiques de souris déficientes en CB2 ont une durée de vie une capacité de proli-
fération augmentés, ce qui résulte en une majoration de la fibrose [111]. Une seconde étude
chez le rat a montré que 'administration de ’agoniste des récepteurs CB2 JWH-133 entrai-
nait une amélioration de la fibrose hépatique et une réduction de l'infiltrat inflammatoire
et de la densité des myofibroblastes hépatiques [112]. Les propriétés anti-fibrosantes des
récepteurs ont été également évaluées dans un modele de fibrose cardiaque, et plus récem-
ment dans la sclérodermie systémique par nos travaux exposés dans l’article 3 qui ont été
confirmés par les résultats d’autres équipes [113] [114] [115]. Dans ces différents articles, la
preuve des propriétés anti-fibrosantes et anti-inflammatoires du récepteur CB2 dans la ScS

est apportée par les arguments suivants :

— Dans le modele de ScS induit par la bléomycine et par 1’acide hypochloreux HOCI, 1'uti-
lisation d'un agoniste de CB2 limite la fibrose cutanée et pulmonaire ainsi que l'infiltrat

inflammatoire dans ces deux organes [113].

— Les souris déficientes en CB2 développent un phénotype exacerbé de la maladie apres

injections quotidiennes d’HOCI pendant 6 semaines [113].

— Les fibroblastes de patients sclérodermiques présentent une surexpression des récep-
teurs CB1 et CB2 et I'exposition de ces cellules a des agonistes sélectifs de CB2 ou non
sélectifs de CB1/CB2 réduit leur production de matrice extracellulaire et leur différen-
ciation en myofibroblastes [114] [115].
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1.3 ANOMALIES ENDOTHELIALES

Plus de 90% des patients sclérodermiques présentent un phénoméne de Raynaud, ischémie
transitoire et réversible au niveau digital. Il traduit un dysfonctionnement de la microvascula-
risation dermique. Il entraine des modifications du métabolisme cellulaire et la génération des
formes réactives de I'oxygene (FRO) par les mécanismes d’ischémie-reperfusion. Une apoptose
précoce des cellules endothéliales est mise en évidence sur les biopsies cutanées de patients,
entrainant une perte d’intégrité de la barriere endothéliale. Ce dysfonctionnement de ’endo-
thélium a pour conséquences le recrutement de cellules inflammatoires, une modification de
I’équilibre coagulation/fibrinolyse, et des anomalies du tonus vasculaire. De plus, les anoma-

lies endothéliales peuvent contribuer au phénomeéne de fibrose de la ScS (figure 1.8).

1.3.1 Modifications morphologiques

Les anomalies vasculaires de la ScS prédominent au niveau de la microcirculation, particulie-
rement au niveau des capillaires et des artérioles. Une dilatation des capillaires et une réduc-
tion de leur nombre sont observées en capillaroscopie. Une des modifications les plus précoces
au niveau de I’endothélium consiste en un réarrangement du cytosquelette des cellules endo-
théliales, la formation de vésicules cytoplasmiques, et une augmentation de la perméabilité
capillaire. Ces modifications capillaires sont présentes a la peau mais également au poumon,
aux reins et d’autres viscéres. Les patients développant une hypertension artérielle pulmonaire
présentent des lésions vasculaires au niveau des petits et moyens vaisseaux du poumon. Ces
lésions sont caractérisées par une prolifération de I'intima, une oblitération de la lumiére, et la

présence d’un infiltrat inflammatoire [116].

1.3.2 Recrutement local de leucocytes

Les CE de patients sclérodermiques sont capables, aprés activation in vitro de secréter MCP-1

et RANTES, deux chimiokines capables d’attirer les monocytes et les macrophages [117].
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Figure 1.8 Liens possibles entre les anomalies endothéliales et la fibrose dans
la sclérodermie systémique d’aprés M. Trojanowska, Nature Reviews Rheuma-
tology, 2010. La vasculopathie sclérodermique serait initiée par une permiere 1é-
sion ou par l'influx de cellules immunitaires.De forts taux de VEGF et d’autres
médiateurs proangiogéniques sécrétés par les cellules immunitaires facilitent la
prolifération des cellules endothéliales et des péricytes dans le but de réparer
les vaiseaux lésés. Mais, un déséquilibre du statut des médiateurs proangiogé-
niques/antiangiogéniques, les propriétés intrinseques des cellules endothéliales,
et les facteurs antiangiogéngiues sécrétés par les fibroblastes (dont MMP-12),
empéchent la réparation d’étre efficace et entrainent les anomalies morpholo-
giques des vaisseaux. En présence de TGF-$ et d’autres médiateurs, les cellules
endothéliales acquierent un phénotype migratoire via la transition endothélio-
mésenchymateuse, et peuvent se différencier en cellules productrices de colla-
gene. Les fibroblastes résidents activés et les fibrocytes qui entrent dans le tissu
1ésé via la criculation représentent des sources additionnelles de collagene contri-
buant ainsi a la fibrose dans les lésions sclérodermiques. EPCs: endothelial pro-
genitor cells.
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1.3.3 Déséquilibre de 1’équilibre coagulation/fibrinolyse

Une coagulabilité accrue est observée au cours de la ScS. De nombreux facteurs de la coagula-
tion sont présents en excés au niveau plasmatique : dermatan-sulfate, thrombine, antithrom-
bine, et vVWF. L'excés de ce dernier refléte également la souffrance des CE qui le libérent. Paral-
lelement, il existe un défaut relatif en D-dimeres, suggérant un défaut de fibrinolyse chez ces
patients [118].

1.3.4 Anomalies de régulation du tonus vasculaire

Deux facteurs de régulation sont importants a considérer:
e Le monoxyde d’azote (NO)

C’est une molécule douée de propriétés vasodilatatrices, et secrétée constitutivement par
les CE. Le role du NO dans la pathogénie de la ScS demeure complexe. Les valeurs plasma-
tiques de NO mesurées chez les patients sont discordantes d"une étude a I'autre [119] [120].
Par son effet vasodilatateur le NO est capable de s‘opposer a d’autres molécules vasocons-
trictrices et ainsi d"apporter un effet bénéfique. Cependant son role est ambivalent puisqu’il
peut interagir avec d’autres formes réactives de l'oxygene, entrainant ainsi la formation de

peroxynitrites, responsables de lésions cellulaires irréversibles.
e Lendothéline-1

Il s’agit d"un peptide secrété par ’endothélium vasculaire, ayant un effet vasoconstric-
teur puissant sur les cellules musculaires lisses. Les récepteurs de 'ET1 sont exprimés par
différentes cellules, notamment les fibroblastes, les CE et les monocytes. Au cours de la ScS,
les taux plasmatiques d’ET1 sont élevés, ce qui concourt au développement de phénomenes
ischémiques distaux, et a l’apparition d"une hypertension pulmonaire [121]. Des inhibiteurs
de la libération de I’'ET1 ou de ses récepteurs sont actuellement utilisés dans le traitement

de I'hypertension artérielle pulmonaire primitive ou associée a la ScS [122].
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1.3.5 Défaut d’angiogénese

La disparition des capillaires et petits vaisseaux chez les patients sclérodermiques suggere un
défaut dans les processus d’angiogénése chez ces patients, mais les mécanismes en sont incon-

nus a I’heure actuelle.
Déséquilibre entre les facteurs pro- et anti-angiogéniques:

e Les patients sclérodermiques présentent précocement des taux sériques élevés de VEGF, un
facteur pro-angiogénique [123]. Le VEGEF et ses récepteurs VEGFR-1 et VEGFR-2 sont éga-
lement surexprimés dans la peau des patients sclérodermiques [124]. Cependant, le role du
VEGEF dans la physiopathologie de la ScS est inconnu bien que certains auteurs aient suggéré
que I'hypoxie locale cutanée pouvait étre un facteur contribuant a I'augmentation du VEGF
chez certains patients [125]. D’autres médiateurs proangiogéniques ont également des taux
plasmatiques élevés comparé aux sujets sains: le PDGF, le "Placental Growth Factor" (PIGF)
et le "Fibroblast Growth Factor-2" (FGF-2).

e La concentration de certains facteurs anti-angiogéniques est également augmentée dans le
sérum de certains patients sclérodermiques: ’angiostatine, le CXCL4, la thrombospondine
et 'IL-4 [126]. Ils pourraient contribuer au dysfonctionnement vasculaire mais il est peu
probable qu’ils représentent un facteur déclenchant de la vasculopathie sclérodermique. I1
reste donc a déterminer si la dérégulation de facteurs pro- ou anti-angiogéniques est cause

ou conséquence de la maladie vasculaire au cours de la ScS.

Plusieurs études récentes ont concerné les cellules progénitrices endothéliales dans la ScS.
Mais les résultats publiés sur la quantification et les propriétés de ces cellules sont contradic-
toires, probablement parce que les marqueurs de surface utilisés pour les sélectionner ne sont
pas les mémes d’une étude a I'autre. L'équipe de Del Papa montre ainsi que le taux de cellules
progénitrices endothéliales CD45- CD133+ est significativement plus bas chez des patients at-
teints de ScS débutante que chez des sujets sains [127]. Ceci n’est pas retrouvé chez des patients
ayant une ScS évoluant depuis plusieurs années. Cet article suggére que les cellules progéni-
trices endothéliales médullaires sont insuffisantes quantitativement et qualitativement dans la
ScS pour compenser l'apoptose précoce des CE périphériques, phénoméne précédant proba-

blement de plusieurs années les signes cliniques de la ScS.
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1.4 INTERVENTION DU SYSTEME IMMUNITAIRE

L'immunité innée et 'immunité adaptative jouent toutes deux un réle dans la physiopathologie
dela ScS. Au début de la maladie, I’activation leucocytaire est visible dans le sang périphérique

et dans les tissus 1ésés, ou elle intervient directement dans 1'induction des 1ésions tissulaires.

1.4.1 Immunité innée

Des monocytes et des macrophages ont été mis en évidence dans la peau de patients présen-
tant une ScS débutante [128] [129]. Ces cellules ont également été observées dans un modeéle
murin de maladie de greffon contre 'h6te[130]. Elles expriment a leur surface de grandes quan-
tités de molécules présentatrices d’antigenes et pourraient ainsi induire ’activation des LT. De
nombreux mastocytes sont également observés dans la peau des malades dés le début de la
maladie, au sein des lésions de sclérose mais également en peau saine [131]. Ces cellules li-
bérent en particulier de 1'IL-4 et de 'histamine qui participent aux processus de fibrose. Dans
des modéles murins de fibrose induite par la bléomycine, un déficit en mastocytes retarde en

effet 'apparition de la fibrose cutanée [132].

1.4.2 Immunité adaptative cellulaire

Plusieurs arguments plaident en faveur d"un réle des LT dans la pathogénie de la ScS, en parti-
culier a la phase initiale de la maladie. Les infiltrats dermiques sont constitués principalement
de lymphocytes T CD4+ activés [133]. L'importance de cet infiltrat cellulaire est corrélée avec
une durée d’évolution courte et un score cutané élevé. En effet, les biopsies de peau réalisées
a des phases tardives de la maladie, a un stade avancé de fibrose ne montrent plus qu'un infil-
trat inflammatoire modéré [134]. L'infiltrat périvasculaire est composé de lymphocytes T CD4+
exprimant le marqueur HLA-DR et le récepteur a I'IL-2. Ces cellules peuvent secréter des cyto-
kines et des chemokines pro-fibrosantes [135]. Les cellules T que 1'on retrouve dans les tissus
lésés ont des spécificités restreintes de TCR, ce qui suggere une expansion de type oligoclonal
[136]. Cependant, on ne sait pas si ces clones sont activés de maniere non spécifique par des
cytokines ou chemokines ou de maniere spécifique par des antigénes inconnus et restreints. Le

recrutement des lymphocytes dans la peau se fait grace a des molécules d’adhésion. En 2010,
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I'équipe de Sato a étudié le role de différentes molécules d’adhésion dans ce processus dans le
modele murin de ScS induite par la bléomycine [66]. Grace a diverses souches de souris K-O, ils
ont pu montrer que la "L-selectin" et ICAM-1 régulaient I’accumulation des lymphocytes Th2 et
Th17 dans la peau et le poumon, et que ces deux populations de lymphocytes avaient des pro-
priétés pro-fibrosantes, contrairement a l'infiltrat Th1 qui semble étre régulé par la "P-selectin”,

et PSGL-1 et qui aurait la propriété d’inhiber le développement de la fibrose dans ce modéle.

Le transfert de lymphocytes T CD4+ provenant de souris traitées par la bléomycine a des
souris BALB/c nude non traitées par la bléomycine reproduit les mémes effets cliniques, his-
tologiques et biologiques que ceux observés dans le modele expérimental [137]. Ce résultat
conforte le role de la réaction immunitaire adaptative dans le dévéloppement ou I'entretien de

la ScS induite par la bléomycine.

Des anomalies des LT circulants ont aussi été observées avec une diminution des LT CD8+
et une augmentation des LT CD4+ activés HLA-DR+ [138]. L'équilibre cytokinique Th1/Th2 est
incertain dans la ScS, plusieurs études sur le sujet ayant donné des résultats discordants. Des
taux élevés d'IL-4 ont, d"une part, été retrouvés dans le sérum de patients [58]. En outre, une
analyse microarray du transcriptome des lymphocytes circulants des patients sclérodermiques
réalisée en 2006 a montré des niveaux élevés de GATA-3, facteur impliqué dans la polarisation
Th2. Enfin, ’analyse protéomique des lavages bronchoalvéolaires de patients confirme la pré-
dominance de cytokines de type Th2 [139]. Mais d’autre part, les souris déficientes en T-bet, un
facteur de transcription spécifique de I’activation des lymphocytes Th1 développent une fibrose
exacerbée en réponse aux injections quotidiennes de bléomycine [140]. Et, un profil d’expres-
sion génique de type Thl a été observé dans les cellules mononucléées du sang périphérique
de patients [141].

ICOS, un membre de la famille du CD28 intervenant dans la coopération B-T a récemment
été impliqué dans la physiopathologie de la ScS. En effet, le déficit en ICOS atténue la fibrose
cutanée et pulmonaire induite par la bléomycine. Au contraire, le déficit en ICOS-ligand accen-
tue le processus fibrotique, et des auteurs ont montré que la sévérité de la fibrose était corrélée
avec les taux d’expression d'ICOS-ligand dans les lymphocytes B et les macrophages [142]. Ain-
si, ICOS-ligand joue un role régulateur de 'activation des cellules présentatrices de 1’antigéne

dans le développement de la fibrose induite par la bléomycine.
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D’autres travaux soulignent également l'influence exercée par les LT sur les fibroblastes.
Les LT circulants de patients sclérodermiques inhibent partiellement la synthése de collagene
par des fibroblastes de patients sclérodermiques [143]. Cet effet d’inhibition est médié par un
contact direct entre LT et fibroblastes, et dépendant d"une activation préalable, in vitro, des LT
du sang périphérique. La méme équipe a montré plus récemment que les fibroblastes scléro-
dermiques sont résistants a l'effet des LT Th-2 extraits du derme de malades et activés in vitro
[144]. Seuls les LT de type Th-1, activés par un anti-CD3, peuvent réduire la synthese de col-
lageéne des fibroblastes de patients sclérodermiques. Ces deux derniers travaux, bien qu’étant
réalisés uniquement sur des expériences in vitro montrent la complexité des interactions cellu-
laires dans cette maladie. De plus, ils suggérent un role nouveau que pourraient avoir certains

LT dans la maladie, celui de cellules régulatrices.

Le microchimérisme observé chez la mere aprées la grossesse place aussi I'immunité cellu-
laire au centre des hypotheses physiopathologiques envisagées la physiopathologie de la ScS
[145]. La persistance de cellules foetales dans le sang maternel serait responsable d"une réaction
allogénique comparable a une réaction du greffon contre I’héte (GVH) chronique. Ces cellules
foetales ont été retrouvées en quantité augmentée dans le sang des patientes sclérodermiques,
et sont présentes dans les lésions cutanées de ces patientes [145]. En effet, on observe au cours
de la GVH chronique chez ’homme et chez I’animal des manifestations proches de la scléroder-
mie. Certains modéles animaux de GVH sont d"ailleurs utilisés pour étudier les manifestations

sclérodermiques cutanées et pulmonaires [146].

1.4.3 Immunité adaptative humorale
Les anomalies des lymphocytes B (LB) dans la ScS sont connues depuis plusieurs années et sont
caractérisées par la production d’auto-anticorps, une hypergammaglobulinémie, et une hyper-

réactivité des lymphocytes B. Plus récemment des anomalies touchant diverses populations B

ont été identifées.

1.4.3.1 Eléments contribuant a I’activation des lymphocytes B

Les LB des patients atteints de ScS semblent anormalement activés et surexpriment CD19 (voir

figure 1.9) [147]. Or la surexpression de cette molécule de costimulation induit une synthese
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anormale d’immunoglobulines dans un modéle de souris transgénique pour le CD19. De plus,
chez les souris TSK-1/+, qui développe spontanément une fibrose cutanée, les voies de signali-
sation intra-cytoplasmiques dépendantes de CD19 sont constitutivement activées et le blocage
de I'expression de cette molécule entraine une diminution du titre des auto-Ac sériques et du
degré de fibrose cutanée [148]. Chez les souris déficientes en CD19 et soumises au protocole
d’induction de la ScS par la bléomycine, I'induction de la fibrose cutanée et pulmonaire, la pro-

duction cytokinique, et la production d’auto-anticorps sont inhibées [149].
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Figure 1.9 Lymphocytes B et envirronnement cytokinique dans la sclérodermie systémique,
d’apres S. Bosello, Autoimmunity Reviews, 2011

Une autre molécule, BAFF, aussi impliquée dans ’homéostasie des lymphocytes B (figure 1.9),
est surexprimée dans le sang et la peau de patients atteints de ScS. En effet, comme les patients
atteints de lupus érythémateux systémique ou souffrant d"un syndrome de Sjogren, les patients
sclérodermiques, ont des taux sériques de BAFF plus élevés que des sujets sains [150] [151] [152].
De plus, ce taux sérique semble corrélé a la sévérité de I'atteinte cutanée et il existe une forte
transcription de BAFF par les cellules inflammatoires de la peau dans les formes débutantes de
ScS diffuse.

page 42



Les éléments indiquant une polarisation des lymphocytes T vers une réponse de type Th2
jouent un role dans le développement de la fibrose tissulaire. L'activation des LB et la réponse
humorale sont ainsi facilités par cet envirronnement Th2 caractérisé par une surproduction
d’1l-4, IL-5, IL-6, IL-10 et IL-13. Ces cytokines favorisent la production d’anticorps par les LB,
et, comme nous l’avons vu précédemment stimulent la synthese de collagene par les fibro-
blastes. Enfin, il est également possible que les LB influencent eux-mémes la polarisation Th2
en régulant les fonctions des cellules dendritiques: I'IL-10 produite par les LB inhibe la pro-
duction d’IL-12 par les cellules dendritiques, ce qui favorise la différencitation des LT en Th2.
L'IL-6 produite par les LB peut induire la production de collagéne et de glycosaminoglycanes
par les fibroblastes du derme. Dans plusieurs études, les niveaux élevés d’Il-6 dans la peau et
le sérum des patients indiquent que cette cytokine joue un role dans le développement de la
fibrose via son activité pro-inflammatoire [153]. Les fibroblastes de patients sclérodermiques
produisent 4 fois plus d’IL-6 que les fibroblastes de sujets sains. Chez les souris Tsk1, les LB
stimulés avec une Ig anti-IgM et une Ig anti-CD40 produisent des taux significativement plus
élevés d'IL-6 que les LB provenant des souris controles [148]. Les LB activées secreteraient éga-
lement du TGF-g, ce qui amplifierait la production excessive de matrice extra-cellulaire par les
fibroblastes [154].

1.4.3.2 Auto-anticorps : origine, nature et role pathogene

La majorité des patients atteints de ScS ont des auto-Ac détectables dans le sérum. Les mé-
canismes contribuant a la rupture de tolérance vis-a-vis de certains antigenes demeurent in-
connus dans la plupart des maladies accompagnées d’autoimmunité. Néanmoins, dans la ScS,

plusieurs travaux ouvrent des pistes.

En effet, les antigenes cibles dominants et caractéristiques de la ScS, la protéine centromé-
rique CENP B, I’'ADN Topoisomérase-1, ’ARN polymérase, sont d'une part particuliérement
sensibles a l'action de la protéase granzyme B des granules T cytotoxiques ; et d’autre part,
I’ADN Topoisomérase-1 et ’ARN polymérase III peuvent étre clivées sous l'effet d"une oxyda-
tion par la réaction de Fenton [155]. Les modifications ainsi subies par ces protéines changent

leur conformation et augmentent leur antigénicité, favorisant une rupture de tolérance.

Une autre équipe a montré que les CE exposées au sérum de patients atteints de ScS synthé-

tisaient des quantités aberrantes de fibrilline puis entraient en apoptose de maniere accélérée
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[156]. Cet exces de syntheése de fibrilline, favorisé également par 1’apoptose accélérée des CE,

pourrait également contribuer a 'apparition d’Ac notamment dirigés contre la fibrilline.

Une autre hypothése est celle du mimétisme moléculaire puisqu'une homologie a été obser-
vée entre une protéine membranaire humaine exprimée par les CE et les fibroblastes normaux

et une protéine virale du CMV [3].

Des associations particulieres entre certains types d’auto-Ac et certaines manifestations cli-
niques sont bien établies [157], ce qui suggere une implication particuliere des LB dans la ScS.
Néanmoins, parmi les Ac dont les cibles sont identifiées, peu ont témoigné de maniére repro-
ductible d"un role pathogene. De plus un transfert de la maladie par auto-Ac n’a jamais été
démontré au cours de grossesses ou dans des modeles animaux. Cependant, plusieurs équipes
rapportent un effet direct des Ac anti-cellules endothéliales et Ac antifibroblaste sur leurs cel-
lules cibles. Une équipe a, en 2006, mis en évidence dans les sérums de tous les malades testés
des Ac anti-récepteur du PDGF capables d’induire chez des fibroblastes un phénotype de myo-
fibroblastes [45]. La présence de ces auto-Ac a depuis été infirmée par une autre équipe [47].

Plusieurs Ac retrouvés dans le sérum de patients atteints de ScS sont rapportées ci-dessous,

la liste des Ac abordés n’étant pas exhaustive.
e Ac anti-centromere

Les Ac anti-centromeres sont détectés dans le sérum de 20 a 30% des patients scléroder-
miques, la fréquence variant avec l'origine ethnique des patients. Ces Ac sont dirigés contre
une ou plusieurs protéines centromériques nommées CENP-A, - B, -C, -D, -E, -F; CENP-B
est constamment reconnu. La présence de ces Ac est corrélée avec certains signes cliniques
: forme cutanée limitée de la maladie, calcinose, syndrome de Raynaud, mais aucun role

pathogene pour ces Ac n’a été démontré.
e Ac anti-ADN Topoisomérase-1 (ou anti-Scl70)

Les Ac anti-ADN Topoisomérase-1 sont présents chez 15 a 20% des patients atteints de
ScS, quelle que soit leur origine ethnique. Comme les Ac anti-centromeére, leur présence est

corrélée avec certains signes cliniques (fibrose pulmonaire) et retrouvés plus fréquemment
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dans une forme particuliere de la maladie ( 30% chez les patients atteints de la forme cuta-
née diffuse). Les Ac anti-centromere et anti-ADN Topoisomérase-1 sont mutuellement ex-
clusifs (moins de 0,5% des sérums de patients contiennent les deux Ac), observation qui de-
meure inexpliquée a I'heure actuelle. Des travaux récents ont montré que des Ac anti-ADN
Topoisomérase-1 étaient capables de se lier a la membrane des fibroblastes, et d’induire
I’'adhésion des monocytes aux fibroblastes puis leur activation [158]. L_ADN Topoisomérase-
1 reconnue a la surface des fibroblastes est d’origine extra-fibroblastique, et se est adsorbée

passivement a leur surface, avant d’étre reconnue par des Ac [159].
Ac anti-ARN polymérase III

Ces anticorps sont détectés chez environ 15% des patients sclérodermiques. Ils sont asso-
ciés a la survenue de crise rénale chez les patients atteints de la forme diffuse de la maladie,
et & un mauvais pronostic. Leur présence peut étre associée a celle d’anticorps anti-ADN
Topoisomérase-1. Ainsi, leur dosage dans le sérum des patients peut avoir un intérét pro-
nostique dans le cadre des crises rénales sclérodermiques. Leur pouvoir pathogene n'a pas

été démontré.
Ac anti-matrice metalloprotéase

Les métalloprotéases sont des endopeptidases dont la fonction est de dégrader la ma-
trice extracellulaire. Il en existe plusieurs, chacune ayant des cibles particuliéres. Une équipe
a identifié, chez des patients japonais atteints de ScS, des Ac dirigés contre deux métallo-
protéinases, Matrix metalloproteinase 1 (MMP-1) et MMP-3 [160].

Ac anti-cellules endothéliales

Comme au cours de nombreuses maladies, au premier rang desquelles les vascularites,
des Ac anti-CE ont été détectés dans le sérum de malades atteints de ScS. Leur prévalence
varie de 28 a 85% et dépend de la forme clinique mais aussi des techniques de détection
utilisées [161] [162]. Ils sont plus fréquemment retrouvés chez les malades présentant une
forme diffuse de ScS, des ulceres digitaux, un phénoméne de Raynaud sévere, une fibrose
pulmonaire et/ou une atteinte cardiaque. Leurs cibles antigéniques sont en cours d’identifi-
cation. Plusieurs travaux ont montré un role pathogene de ces Ac. Chez les patients atteints

de sclérodermie, des Ac anti-CE de malades atteints de ScS peuvent induire I’activation de
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CE in vitro, entrainant I’expression de molécules d’adhésion et la libération de chimiokines
et cytokines [163].

Ac anti-fibroblastes

Les Ac anti-fibroblastes ont été identifiés dans le sérum de patients sclérodermiques dans
les années 1980 [164]. Depuis, ces Ac ont été bien caractérisés. Ils peuvent étre détectés par
technique ELISA dans le sérum de 46 a 58% des patients atteints de ScS [165], semblent plus
fréquents chez les patients atteints de forme diffuse. Ils ont aussi été détectés par immuno-
fluorescence indirecte et par cytométrie en flux. Apres fixation a leur ligand, certains de ces
Ac sont internalisés. In vitro, ils induisent I'expression de molécules d’adhésion telles que
ICAM-1, et de cytokines (IL1, IL6) par les fibroblastes [166]. La méme équipe a montré ul-
térieurement que ces Ac n'induisaient pas de synthése particuliere de collagéne au contact
de fibroblastes, mais induisaient par contre une synthese de métalloprotéinases. Ce résultat

suggere que ces Ac ne seraient pas impliqués directement dans le processus de fibrose.
Ac anti-fibrilline

La fibrilline est un constituant majeur des microfibrilles de la matrice extracellulaire. Un
polymorphisme du géne de la fibrilline (géne fbn1) est associé au développement d"une ScS
dans certaines populations. Des Ac anti-fibrilline peuvent étre détectés chez des patients
atteints de ScS ou de connectivite mixte [167]. La prévalence de ces Ac varie en effet selon
l'origine éthnique des patients, puisqu’ils sont présents chez 94% des indiens Choctaw, chez
87% des patients japonais et seulement 4% des sujets d’origine afro-américaine. Dans un
travail ultérieur, cette équipe a montré que des Ac antifibrilline purifiés induisaient une

synthése de collagene au niveau de fibroblastes [167].
Ac anti-récepteur du PDGF (ou anti-PDGFR)

Ces Ac, dont la découverte est directement liée a leur pouvoir pathogéne, semblent jouer
un role plus central que tous les Ac précédemment cités [45]. IIs ont été retrouvés dans
tous les sérums des patients testés par 1’équipe les ayant identifiés, et leur effet pathogene
concerne directement le fibroblaste. Leur détection est directement basé sur leur capacité
d’induire des FRO. Ils induisent une phosphorylation des tyrosines intra-cytoplasmiques,

une activation de la NADPH oxydase, une synthese de FRO, une activation de ERK 1/2 et
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une accumulation des GTPases Ha Ras. Une boucle autonome d’activation intracytoplas-
mique se forme, conduisant a la transcription de genes, notamment du collagene. La méme
équipe a retrouvé, par la méme technique, des Ac du méme type chez les patients présentant
une maladie du greffon contre I’hote, maladie qui partage des similitudes cliniques avec la
ScS [46]. Ces résultats apparaissent aujourd’hui nuancés puisqu’un article récent a infirmé
'existence des Ac anti-PDGFR dans la ScS [47]. Malgré 1'utilisation de 4 méthodes diffé-
rentes (étude de la phosphorylation du récepteur, de la signalisation par les MAP kinases,
de la production de ROS, et de la prolifération cellulaire), les auteurs n‘ont pu mettre en
évidence l'activation spécifique des PDGFRa et PDGFRB par les IgG purifiées des sérums

de leur cohorte de patients sclérodermiques.

1.4.3.3 Thérapeutique ciblée dirigée contre les lymphocytes B

Récemment, 4 essais cliniques et 4 études de cas suggerent |'utilisation possible de I’anticorps
chimérique monoclonal anti-CD20 (Rituximab) chez les patients sclérodermiques [168] [169]
[170] [171]. Au total, 44 patients ont été inclus dans ces différentes études. Il s’agissait de patients
atteints de la forme diffuse de la ScS et la plupart étaient positifs pour I’auto-anticorps anti-Scl70
(anti-DNA-Topoisomérase-1). Dans 3 des 4 essais cliniques, une amélioration significative du
score de Rodnan et des modifications histologiques (réduction de I'infiltrat cellulaire B dans la
peau, des myofibroblastes et du dépot de collagene) et biologiques (concentration sérique d’IL-
6 et de BAFF) a été rapportée. Les taux d’auto-anticorps n’étaient que modérément diminués.
Les patients inclus dans ces essais cliniques avaient des formes cliniques relativement hétéro-
genes (durée de la maladie, sévérité, atteinte pulmonaire/cardiaque), avaient requ différents
traitements immunosuppresseurs par le passé, et les doses de Rituximab utilisées étaient trés
variables. De plus larges études comportant des groupes de patients plus homogenes doivent
donc étre réalisées afin de pouvoir tirer des conclusions sur l'efficacité de Rituximab dans la
ScS.
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1.5 FACTEURS GENETIQUES ET ENVIRONNEMENTAUX

1.5.1 Facteurs génétiques

La présence d’antécédents familiaux de ScS représente actuellement le plus important facteur
de risque de développer la maladie [172]. Cependant une étude analysant la prévalence de la
maladie chez des jumeaux mono et dizygotes montre une concordance faible et similaire dans
les deux cas (4,7% en moyenne) [173]. S'il est clair que la ScS n’est pas une maladie uniquement
déterminée par des facteurs génétiques, de nombreux genes pourraient interagir pour favoriser
son déclenchement et en influencer la présentation clinique et sérologique (forme diffuse ou

cutanée limitée, vasculaire ou fibrosante, Ac anti-centromeére ou anti-ADN Topoisomérase-1).

La fibrilline 1 fait partie des génes candidats susceptibles de favoriser la fibrose. Des poly-
morphismes au niveau d"un nucléotide ont été mis en évidence dans ce géne dans la population
d’indiens nord-Américains Choctaw, population dans laquelle la prévalence de la ScS est tres
élevée [174]. De plus, ce géne est dupliqué chez les souris TSK-1/+ qui développent spontané-
ment une fibrose cutanée [175]. Cependant, un tel polymorphisme n’a pas été retrouvé dans

d’autres populations.

Des mutations du gene codant le récepteur de type II des "bone morphogenetic proteins"
(BMP) ont été mises en évidence au cours de formes familiales et sporadiques d’hypertension
artérielle pulmonaire idiopathique, et des mutations du géne codant 1""activin-receptor-like
kinase-1" (ALK-1) ont été mises en évidence au cours de I'hypertension artérielle pulmonaire
associée a la maladie de Rendu-Osler [176]. Ces mutations n’ont jusqu’a présent pas été mises

en évidence au cours de la ScS.

IIn’y a pas de géne du complexe majeur d’histocompatibilité (CMH) qui confére une prédis-
position a la ScS. Cependant, de nombreux travaux soulignent des associations entre certains
alleles de genes du (CMH) et certains sous-groupes de patients sclérodermiques, porteurs d’un
type d’auto-Ac particulier. En 2009, I’étude GENISOS (Genetic versus Environment In Sclero-
derma Outcome Study) a permis de démontrer que les alleles HLA DRB1*0802 et DQA1*0501

étaient des facteurs prédictifs de mortalité dans la ScS.
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Un polymorphisme en position 945 du promoteur du gene du CTGF a récemment été mis

en évidence dans deux groupes différents de patients atteints de ScS [177].

En 2010, la premiére étude de genome-wide scan dans la ScS a été réalisée par une équipe
américaine, afin d’identifier les loci associés a une prédisposition a la ScS. Trois loci ont ainsi
été mis en évidence: STAT4, CD247 et IRF5.

e STAT4 est un facteur de transcription majeur dans la signalisation et la différenciation lym-
phocytaire T. Il induit également la transcription des IFN de type I dans les monocytes ac-
tivés. Son role de médiateur de I'inflammation dans la ScS a été confirmé par le développe-
ment d'une fibrose modérée apres induction de la ScS par injections de bléomycine chez les
souris STAT4-/-.

o (D247 code la sous-unité zeta du TCR, et une expression faible de CD247 peut entrainer un

défaut de la réponse immunitaire [178].

e IRF5 appartient a la famille des facteurs de transcription de la voie des interférons de type
I (IFN). L"allele IRF5 rs4728142 est associé a une espérance de vie augmentée dans la ScS et

a une atteinte interstitielle pulmonaire modérée [179].

1.5.2 Facteurs environnementaux : virus et toxiques

Le role potentiel de facteurs environnementaux, en particulier infectieux et toxiques dans la

pathogénie de la ScS est aujourd’hui mieux connu.

Concernant le lien entre ScS et exposition a des substances chimiques, les études sont contra-
dictoires mais un certain nombre d’arguments suggerent le role de I'exposition a des particules

de silice, aux polymeéres de chlorure de vinyle et a des solvants organiques [180].

Deux virus ont attiré particulierement ’attention et fait ’'objet de plusieurs travaux: le Par-
vovirus B19 et le CMV. De ’ADN de parvovirus B19 a en effet été détecté dans la peau et la
moelle osseuse de patients atteints de ScS chez un nombre restreint de patients mais aucune
protéine virale n’a été retrouvée [181]. Néanmoins ce virus reste un important candidat, en rai-
son de sa capacité a activer les fibroblastes. D’autres arguments plus convaincants suggerent

une possible implication du CMV dans la ScS : il existe une homologie de structure entre la
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protéine virale UL 94 et une protéine membranaire humaine exprimée par les CE et les fibro-
blastes normaux, NAG 2. Il a été montré que des Ac anti-UL94 étaient ainsi capables de se lier a
des CE et a des fibroblastes et d'induire leur activation avec transcription de molécules d’adhé-
sion, de cytokines, de TGF-f et de CTGF [182]. De plus ces Ac induisaient une apoptose des CE.
Enfin, il existe une relation étroite entre ce virus et la maladie du greffon contre 1'hote, maladie

présentant de nombreuses similitudes avec la ScS.

1.6 MODELES ANIMAUX

La figure 1.10 présentée a la page suivante reprend les caractéristiques des principaux modeles

animaux spontanés et induits de sclérodermie systémique.

1.6.1 Modéles spontanés
e Poulets de I'University of California at Davis (UCD) lignée 200

Cette lignée présente des signes de nécrose au niveau de la créte et des pattes, des ar-
thrites, et une fibrose cutanée [183]. Plus de la moitié des animaux décedent avant 10 se-
maines. Ceux qui survivent développent une atteinte viscérale (oesophagienne et rénale),

et des auto-Ac.
e Souris Tight skin (Tsk+)

Dans cette lignée de souris apparait spontanément en quelques semaines un épaississe-
ment de la peau avec accumulation de collagene et de protéines de la matrice extra-cellulaire
[175]. Elles présentent également des anomalies du parenchyme pulmonaire et une hyper-
trophie des oreillettes cardiaques. On détecte dans leur sérum des auto-Ac anti-nucléaires,
anti-ADN, anti-ADN Topoisomérase 1. Ce modele de fibrose partage des caractéristiques
avec la ScS humaine mais il n'y a pas d’augmentation de taux d’apoptose des cellules endo-
théliales. Les mécanismes des anomalies de cette lignée restent a éclaircir, et sont probable-

ment trés différents de ceux de la ScS humaine.
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1.6.2 Modeles induits

Souris Tight skin (Tsk2/+)

Les souris Tsk2/+ ressemblent aux souris Tsk/+ car elles développent vers 10-15 jours
un épaississement cutané [184]. Cet épaississement est lié a une accumulation de fibres de
collagene dans le derme. Chez ces souris, la fibrose est génétiquement déterminée et se
transmet sur un mode autosomique dominant. Contrairement aux souris Tsk/+, un impor-
tant infiltrat inflammatoire est observé dans le derme et dans le tissu adipeux sous-cutané.
Ces souris développent des Ac anti-nucléaires, des Ac anti-ADN Topoisomérase, des Ac
anti-CENP-B, ainsi que des Ac anti-ADN.

"Graft Versus Host (GVH)- induced systemic sclerosis"

Le transfert de splénocytes et de cellules de moelle-osseuse de souris B10.D2 (H-2d) a
des souris BALB/c invalidées pour le gene RAG2 (H-2d) entraine des incompatibilités HLA-
mineures aboutissant a une réaction du greffon contre I'hote [130]. Les souris présentent un
épaississement de la peau en particulier des extrémités, maximal apres 3 a 4 semaines [130].
L'analyse histologique de la peau montre d’abord un infiltrat inflammatoire constitué ma-
joritairement de LT CD4+ puis une fibrose avec accumulation de matrice extracellulaire.
Ces modifications ne se limitent pas a la peau mais sont également observées dans les reins
et l'intestin. Outre une fibrose, on retrouve chez ces souris d’autres anomalies cliniques
comme une vascularite, une alopécie et une diarrhée entrainant une perte de poids. Ces
souris développent en plus des auto-Ac spécifiques de la ScS. Ce modéle repose sur une
activation du systeme immunitaire et peut donc étre utilisé pour étudier le role de l’activa-
tion immunitaire dans le développement de la fibrose, et pour tester de nouvelles approches

thérapeutiques ciblant les lymphocytes T CD4+.

Un second modeéle de ScS associée a la GVH a été établi en transférant des splénocytes
et cellules de moelle-osseuse de souris B10.D2 a des souris BALB/c irradiées de maniere
sublétale a 7 Gray [185]. Ce modele permet de s’affranchir de 1'utilisation de souris BALB/c
RAG, mais nécessite une étape d’irradiation. Les souris développent les mémes anomalies

que dans le modéle précédent.

Souris exposées au Chlorure de Vinyl
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Une équipe a accouplé des souris femelles BALB/c a des males C57BL /6], puis a exposé
ces souris femelles a du chlorure de vinyl, un solvant organique [186]. Ces femelles ont
développé une fibrose cutanée et un infiltrat inflammatoire. L'exposition au chlorure de
vinyle augmente quantitativement les cellules d’origine foetale circulantes chez ces souris
femelles. Cette substance pourrait avoir un réle dans l’activation de ces cellules d’origine
foetale, qui a leur tour seraient impliquées dans le développement de la fibrose. Ce modele

est intéressant puisqu’il se base sur une cascade d’événements plausibles chez I’homme.
Souris exposées a la bléomycine

La bléomycine induit une fibrose pulmonaire apres instillation intra-trachéale. L'injec-
tion de cette molécule par voie sous-cutanée pendant 4 semaines tous les jours a des souris
induit une fibrose cutanée et pulmonaire, ainsi que des Ac anti-fibroblastes et anti-ADN
Topoisomérase-1 [132]. L'analyse histologique de la peau et des poumons de ces souris
montre un infiltrat inflammatoire majoritairement composé de LT CD4+. Des mastocytes
sont également présents. La matrice extracellulaire contient de grandes quantités de TGFp.
Cette modification du derme se maintient au moins 6 semaines apres la fin des injections. Se-
lon leur fond génétique, certaines lignées murines semblent plus prédisposées que d’autres
a développer une fibrose induite par la bléomycine. Les mécanismes impliqués dans la fi-
brose induite par la bléomycine apparaissent complexes et résultent probablement a la fois
de la toxicité directe de la molécule et de I'effet de médiateurs secondaires. De plus, la bléo-
mycine induit la synthese de FRO, notamment d"anions superoxyde et de radicaux hydroxyl
qui participent aussi a sa toxicité. En effet, des injections de SOD, enzyme qui transforme les
anions superoxide en H,O,, moins toxique, diminuent I’accumulation de collagene dans le
derme si ces injections sont réalisées en méme temps que les injections de bléomycine. Les
souris exposées a la bléomycine sont donc un modele intéressant a étudier. Néanmoins,
cette molécule agit par des mécanismes complexes encore mal élucidés et probablement en
partie différents -au moins pour la phase initiale - de ceux impliqués dans la ScS humaine,

maladie indépendante de 1'exposition a la bléomycine.

Le premier de nos articles présentés en annexe dans le chapitre 5 est une revue présentant
les caractéristique des modeles de ScS induits chimiquement, notamment le modele de ScS

induit par l'exposition a la bléomycine.

Souris MRL/Ipr déficientes en récepteur de I'IFN-gamma
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Ces souris développent un érytheme puis une fibrose avec accumulation de collagéne
dans la peau, les reins, le foie, les poumons et les glandes salivaires, ce que ne développent
pas les souris exprimant le récepteur de IFNy [187]. L'analyse histologique montre en outre
une thrombose étendue des petits vaisseaux. Il n'y a en revanche pas de signes de glomé-

rulonéphrite, contrairement aux souris MRL/lpr exprimant le récepteur de IFNy.
Souris transgéniques FRA-2

Une surexpression de FRA-2 a été observée dans la peau de patients sclérodermiques,
suggérant que ce facteur de transcription exercait un réle important sur les anomalies vas-
culaires et la fibrose. une équipe a mis au point un modéle basé sur la surexpression de ce
facteur de transcription. Les souris FRA-2 (Fos-related antigen-2) présentent une microan-
giopathie et une fibrose cutanée progressive [188]. Ces événements sont précédés d'une
apoptose des cellules endothéliales. FRA-2 est un facteur de transcription appartenant a la
famille d’AP-1 (activation factor-1). L'expression de FRA-2 est indépendante du TGF- et du
PDGF.

Souris Fli-1

Fli-1 ("Friend leukemia integration factor-1") joue un rdle inhibiteur dans I’expression
de protéines de la matrice extra-cellulaire, et est impliqué dans le développement vascu-
laire. Les souris K-O conditionnelles pour Fli-1 ont une perméabilité vasculaire augmentée,
similaire a celle observée chez les patients sclérodermiques, ainsi que des anomalies dans

la formation des fibrilles de collageéne [189].
Souris Wnt-10b

Les protéines Wnt sont impliquées dans des phénomenes de remodelage tissulaire et de
fibrose, et il a été montré que Wnt-10b jouait un réle dans l'adipogénese et 1'ostéoblasto-
génese. Un nouveau modeéle de souris transgéniques Wnt-10b a récemment été décrit par
I'équipe de ]. Varga. Ces souris développent une perte progressive du tissu adipeux sous-
cutané, avec une fibrose du derme, des dépots importants de collagene, une activation des

fibroblastes et une accumulation de myofibroblastes [190].

Souris T-g-RII-6-k-fib
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L'expression sélective dans les fibroblastes de T--RII-6-k, récepteur de type II au TGF-g
déficient en kinase, a paradoxalement induit chez les souris transgéniques une activation de
la voie du TGF-f avec développement d"une fibrose cutanée et pulmonaire. Les fibroblastes
transgéniques sont hyperprolifératifs et synthétisent un excés de matrice extra-cellulaire
[191].

Souris exposées a 1’acide hypochloreux HOCI

Le premier de nos articles présentés dans le chapitre 3 expose notre travail sur le role
du stress oxydant dans la ScS. Ce travail a aboutit a la mise au point d"un nouveau modele
murin de ScS basé sur des injections d’"HOCI. Ce modele murin est aujourd’hui utilisé par

d’autres équipes, notamment celle de ]. Varga a Chicago et celle de R. Lafyatis a Boston.
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Chapitre 2
ROLE DES FOorMES REacTives DE 'OxYGENE (FRO)

2.1 DériNntmioN DeEs FRO

n radical libre est une espéce chimique contenant un électron non apparié. Cet état
est transitoire puisqu’il y a ensuite soit acceptation d'un autre électron soit trans-
fert de 1’électron libre sur une autre molécule. Ces especes chimiques sont d'une
grande instabilité et donc d'une extréme réactivité chimique. L'appellation "Formes Réactives
de I'Oxygene" inclut les radicaux libres de I'oxygéne proprement dit (anion superoxyde OJ~,
radical hydroxyl OH® par exemple), mais aussi certains dérivés oxygénés réactifs non radica-
laires dont la toxicité est élevée (peroxyde d’hydrogene H,O,, peroxynitrite ONOO™). La figure

2.1 représente les différenets FRO générées par les cellules.

2.2 ORIGINE DES FRO

e L’anion superoxyde O5~

L’anion superoxyde est formé par l’addition d'un électron a la molécule d’oxygene :
O, +e~ — O5". Ceradical possede une demi-vie courte par dismutation spontanée ou accé-
lérée par des superoxyde dismutases. Il est peu toxique en lui-méme mais peut réagir avec
le peroxyde d’hydrogene ou le monoxyde d’azote et donner naissance a de puissants oxy-
dants (radical hydroxyl et peroxynitrite). Quatre systémes enzymatiques cellulaires peuvent

aboutir a la formation d’O3™ :
— Chaine respiratoire mitochondriale

La chaine respiratoire mitochondriale est formée de plusieurs enzymes groupées a
I'intérieur de la membrane interne de la mitochondrie. Elle permet de réoxyder les co-

enzymes NADH et FADH2 réduites au cours des réactions du cycle de I’acide citrique
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Figure 2.1 Les formes réactives de l'oxygene et leur origine, d’aprés Temple et al., Trends Cell Biol,
2005

ou cycle de Krebs. Dans cette chaine respiratoire, des protons sont arrachés a leur sub-
strat et traversent la membrane interne mitochondriale. Un gradient de potentiel trans-
membranaire est ainsi créé et le retour des protons a l'intérieur de la mitochondrie est
couplé a la régénération d”ATP. Des électrons circulent dans les différents transporteurs
et finissent par se fixer sur 'oxygene moléculaire. Cela aboutit a la formation d’'H,O :
O, +2e” +2H* — H,0. Cependant, il existe des fuites d’électron a chacune des étapes
de transport et certaines molécules d’O, vont subir une réduction par un seul électron,
aboutissant a la formation d’anion superoxyde O5™ [192] : O, + 1e~ — OS5~ Cette pro-

duction d’anions superoxyde mitochondriale est continue et ubiquitaire.
— Complexe NADPH-Cytochrome P450

Les cytochromes P450 sont des hémoprotéines. Il en existe de nombreuses familles

[193]. Certaines se localisent dans le réticulum endoplasmique (classe microsomiale des
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cytochromes), et ont un role notamment dans le métabolisme des xénobiotiques ; d’autres
sont situées dans les mitochondries (classe mitochondriale) et participent pour certaines
au métabolisme des stéroides. Dans tous les cas, les cytochromes sont associés a des
chaines de transfert d’électrons et utilisent la NADPH comme source d’électrons. Au

cours de ces réactions, il peut y avoir formation d’anions superoxyde O3~ :
(RH)(Fey) + O, — (RH)(Fe3) + O3~
Famille des NADPH oxydases

Cette famille est également nommée NOX family ("superoxide-producing NADPH
oxydase"). Il en existe 7 membres : NOX 1 a NOX 5, DUOXI1 et 2. Certaines enzymes
sont ubiquitaires (NOX 4), d’autres seulement exprimées préférentiellement par cer-
tains types cellulaires comme les phagocytes (NOX 2) [194]. Ainsi, la NADPH oxydase
phagocytaire est un complexe enzymatique composé de protéines transmembranaires
(gp91phox (ou NOX2) et p22phox) et de protéines cytosoliques (p47 phox, p67 phox,
p40 phox). Ces dernieres doivent étre phosphorylées et rejoindre la membrane cytoplas-
mique pour que le complexe soit actif. L'association de la protéine RAC, une petite pro-
téine G, est également nécessaire. Ces événements surviennent lors de l’activation des
phagocytes (monocytes, macrophages, polynucléaires neutrophiles et éosinophiles) et
permettent finalement la réaction suivante (« explosion oxydative »), essentielle dans
I'immunité innée :

20, + NADPH — NADP + H + +205~
Xanthine oxydoréductase

Cette enzyme est la principale enzyme de dégradation des bases puriques et existe
sous deux formes: xanthine déshydrogénase qui réduit le NAD+ et la xanthine oxydase
qui réduit préférentiellement 1’oxygene moléculaire et forme des anions superoxydes
O3~. La xanthine déshydrogénase est convertie en oxydase par oxydation sulthydrylique

notamment lors des phénomenes d’ischémie-reperfusion [6] (voir figure 2.2 ci-dessous).

Le peroxyde d’hydrogéne H,O,

Le peroxyde d’hydrogene peut résulter directement de la réduction de 1'oxygene molé-

culaire, sous l'effet de différentes enzymes (glucose oxydase par exemple) :
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O, +2H* +2¢”~ — H,0,

Il peut aussi étre formé a partir d’O5™ aprés dismutation spontanée ou accélérée par des su-
peroxydes dismutases (SOD). Trois types de SOD ont été décrits dans les cellules eucaryotes
[195]:

— SOD cytosolique, a cuivre et zinc
— SOD mitochondriale, a manganese, essentiellement exprimée en réponse au stress oxy-
dant

— SOD extracellulaire, a cuivre et zinc.
Ces enzymes catalysent la réaction suivante : 205~ + 2H" — H,0, + O,.

Le peroxyde d’hydrogene est un dérivé toxique car il diffuse a travers les membranes et

surtout peut interagir avec des ions métalliques et former le trés réactif radical hydroxyle.

Le Radical hydroxyle OH*
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I peut étre formé par interaction d’'H,O, avec des cations métalliques, lors de lyses cel-

lulaires par exemple (hémolyse, rhabdomyolyse) :

Fe; + H,0, — Fej + OH® + OH® (réaction de Fenton).

Des réactions entre différents types de FRO peuvent également entrainer sa formation :

O, +H,0, » O, + OH®* + OH* (réaction de Haber-Weiss).

Enfin, la myéloperoxydase, enzyme située dans les granules azurophiles des polynucléaires

neutrophiles et des monocytes, catalyse une réaction aboutissant a la production d’OH®.
Le monoxyde d’azote NO*®

Le NO*® est synthétisé a partir de L-arginine par la NO-synthase. Chez les mammiferes,

trois isoformes de cette enzyme existent :

— NO-synthase 1 ou neuronale
— NO-synthase 2 ou inductible
— NO-synthase 3 ou endothéliale

Contrairement aux deux autres isoformes, la NO-synthase 2 n’est pas exprimée constituti-
vement, mais est inductible par I'IFN-y, le TNF-a, I'IL-1, I'IL-6, le LPS notamment. Diverses
cellules ainsi activées peuvent alors 1’exprimer, comme les CE, macrophages, lymphocytes,
ou les fibroblastes La production de NO*® est physiologique et joue par exemple un role
majeur dans le tonus vasculaire. Cependant, a forte concentration, le NO*® devient délétere
pour les cellules, notamment en réagissant avec un radical superoxyde (O5™) pour former un
puissant oxydant, le peroxynitrite (ONOO-). En outre, le peroxynitrite peut secondairement

se décomposer en d’autres oxydants (NO,, OH®).

2.3 ROLE ET CONSEQUENCES DEs FRO

Les dérivés réactifs de l'oxygene peuvent interagir entre eux, mais aussi avec tous les types de

composants cellulaires : protéines, lipides, glucides, ADN. Ces effets dépendent de leur réac-

tivité propre, de leur affinité préférentielle pour tel ou tel substrat, de leur quantité et de leur

capacité de diffusion.
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2.3.1 Action sur les protéines

Les formes radicalaires peuvent agir sur la chaine principale de la protéine conduisant a une
fragmentation ou a un pontage intra- ou inter-moléculaire. L'interaction peut aussi se situer
sur la chaine latérale avec des acides aminés aromatiques (tyrosine, tryptophane, phénylala-
nine) conduisant a la formation par exemple de dityrosine ou de nitrotyrosine. Les résidus
soufrés méthionine et cystéine sont particulierement sensibles. Les acides aminés aliphatiques
sont moins sensibles et seuls les FRO puissants comme HOCI peuvent interagir avec la lysine
ou l’arginine et aboutir dans ce cas a la formation de groupements carbonyls [196]. Ces modi-
fications entrainent des modifications conformationnelles, des fragmentations ou des liaisons

entre protéines et sont ainsi susceptibles de modifier l'activité des protéines.

2.3.2 Action sur les lipides

L'interaction des FRO avec les lipides conduit a la peroxydation lipidique. Les implications bio-
logiques sont majeures puisque toutes les membranes cellulaires sont constituées de lipides.
Ainsi, la peroxydation de la membrane mitochondriale peut aboutir a I’apoptose. La peroxyda-
tion lipidique entraine en outre la formation de dérivés toxiques tels que le malone-dialdéhyde
(MDA).

2.3.3 Action sur 'ADN
Les FRO entrainent ]’oxydation de bases, avec pour conséquence une modification de bases (par
exemple oxydation du carbone 8 de la guanine conduisant a la formation de 8-oxo-guanine) ou

un site abasique, 'oxydation de sucre avec cassure d'une chaine simple ou double brin. Les

modifications peuvent également entrainer des liaisons ADN-lipides ou ADN-protéines.

2.3.4 Roles et conséquences des FRO dans le métabolisme cellulaire

Les polynucléaires neutrophiles et les macrophages génerent de grandes quantités de d’O,e~
etd’ H,O, via I’activation du complexe NAPDH oxydase [197] [198]. Cette enzyme est une des
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clés de I'arsenal antimicrobien. Le déficit en NAPDPH oxydase est responsable d"un déficit im-
munitaire chez ’homme, la granulomatose septique chronique. Les FRO, en particulier 'H,0O,,
sont en outre impliquées dans la régulation du cycle cellulaire [199]. Ainsi, de faibles concen-
trations de FRO favorisent la prolifération cellulaire via I'activation du systéme ERK [200]. A
un niveau de FRO supérieur, d’autres "mitogen-activated protein kinases" (MAP kinases) et les
"stress activating protein kinases" (SAPK), sont activées et favorisent 1’apoptose [201]. La pro-

lifération des cellules tumorales est également régulée par 'H,O, (voir figure 2.3 ci-dessous)
[199].
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Figure 2.3 Régulation de la prolifération des cellules tumorales
par le stress oxydant, d’apres A. Laurent, Cancer Research, 2005

Il y a quelques années est né le concept de FRO comme messager du signal intracellulaire.
Le NO peut en effet activer la guanylate cyclase et les modifications oxydatives des protéines
intracellulaires (modification des tyrosines et des cystéines notamment) participent aussi a la
transduction du signal. Les FRO peuvent également activer certains facteurs de transcription
comme le nuclear factor-«B (NF-xB) et c-fos [202]. Les FRO sont aussi impliqués dans le pro-
cessus d’angiogénese dépendant du VEGE. La transduction du signal du VEGF dépend de la
formation de FRO via la NADPH oxydase endothéliale [203]. Enfin, a coté des FRO classiques,
le NO exerce des fonctions particuliéres au niveau des vaisseaux : vasodilatation, activité anti-
thrombotique et cytoprotectrice [119].

page 62



2.3.5 Systemes antioxydants physiologiques

La production continue de FRO chez les organismes aérobies serait délétére en 1’absence de

puissants systemes antioxydants. Bien que, méme dans les conditions physiologiques, une frac-

tion non négligeable de 1’0, soit convertie en FRO, la concentration en O}~ dans les cellules
n’excéde pas 1010-10M M, et celle d'H,0, 107-10° M.

2.3.5.1 Exemples de systémes antioxydants enzymatiques

Superoxyde dismutase (SOD), enzymes ubiquitaires qui catalysent la réaction suivante :
205" +2H* - H,0, + O,

Catalase, enzyme située surtout dans les peroxyzomes hépatiques et rénaux [204], et dont

la synthése est proportionnelle a la concentration en H,O,

H,O, + Fe, + catalase - H,O + O = Fe; + catalase

H,0, + O = Fe; + catalase — Fe, + catalase + H,O + O,

Glutathion peroxydase, enzyme dépendante qui catalyse la détoxication d’"H,O, et des hy-

droperoxydes lipidiques (ROOH). Elle utilise le glutathion (GSH) comme substrat.

H,0, + 2GSH — H,0 + GSSG
ROOH + 2GSH — ROH — H,0 + GSSG

Le systeme du GSH est un des plus puissants systémes antioxydants des organismes aé-
robies. Le GSH est présent dans presque toutes les cellules eucaryotes. Il est synthétisé a
partir du L-glutamate, de la L-cystéine et de la L-glycine par la y-glutamylcystéine puis
la GSH synthase [205]. Les fonctions anti-oxydantes du GSH sont liées a son groupement
thiol (-SH) qui peut s'oxyder (GSSG). La GSH sert de cosusbstrat a la glutathion peroxydase
, mais aussi a la déhydroascorbate réductase qui régénere ’antioxydant ascorbate. Le GSH
peut aussi détoxifier directement les FRO. Plus de 95% du GSH est sous forme réduite. Une
modification du rapport GSH/GSSG peut induire de graves perturbations de '’homéosta-

sie cellulaire. Le maintien du GSH sous forme réduite dépend de la glutathion réductase,
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qui dépend elle-méme d"un équilibre NADPH/NADP sous l'influence de la G6PD (glyco-
6-phosphate deshydrogenase).

2.3.5.2 Exemples de systemes antioxydants non-enzymatiques physiologiques
e Vitamine CetE

Les vitamines E au niveau de la membrane (lipophile) et les vitamines C majoritairement

cytosoliques (hydrophile) éliminent les radicaux hydroxyl.
e Ubiquinone (coenzyme Q10)

Substance semblable a une vitamine, ayant un role significatif dans la production d’éner-
gie au niveau de la chaine respiratoire et un réle antioxydant de protection des cellules

contre les effets destructeurs des radicaux libres.

2.4 STRESS OXYDANT ET IMMUNOLOGIE

A 1’échelle cellulaire, les FRO sont impliquées dans de nombreuses fonctions physiologiques.
Leur production est localisée dans toutes les cellules au niveau de la membrane interne des mi-
tochondries et la diffusion des FRO toxiques est controlée par différents systémes anti-oxydants.
Un désequilibre important entre la production de FRO et leur élimination par les systémes anti-
oxydants définira le stress oxydant. Ce dernier est impliqué dans de nombreux phénomenes
pathologiques comme l’athérosclérose, les désordres auto-immuns, la dégénération neuronale
(Alzheimer notamment), la schizophrénie et le cancer. Les FRO représentent une voie finale
commune a un grand nombre d’agressions. Ils exercent leur effet toxique en provoquant un
ensemble d’altérations des glycanes, des protéines et des acides nucléiques ainsi que la peroxy-
dation des lipides. A cette toxicité directe s’ajoute un ensemble de mécanismes indirects qui
amplifient la réaction inflammatoire et les lésions cellulaires : stimulation de la synthese des
médiateurs lipidiques (prostaglandines et leucotrienes), activation de certains facteurs de trans-
cription (ex : NF«xB) et induction de la synthese d'IL1 et de TNF-a [198]. Les FRO entrainent éga-
lement la synthése de dérivés toxiques formylés ou aldéhydés, tels que le malonyl-dialdéhyde

qui forme des adduits avec différentes molécules et qui fonctionne comme un haptene.
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2.4.1 Role des FRO dans I'immunité anti-infectieuse

2.4.1.1 Mécanisme microbicide dépendant de I'oxygéne

Les mécanismes de lyse intracellulaire des bactéries sont trés complexes et multiples. Ils peuvent

étre regroupés en deux grandes catégories, selon qu’ils dépendent ou non de I'oxygene. Les mé-

canismes de lyse dépendant de 'oxygene font appel a trois principaux systéemes enzymatiques

: la NADPH oxydase (NOX) associée au cytochrome b558, la myéloperoxydase et la NO syn-

thase.

Role de la NADPH oxydase phagocytaire

L'étude des malades atteints de granulomatose septique chronique a permis d’élucider
les mécanismes complexes qui permettent la production de FRO par les phagocytes. La
NADPH oxydase est un complexe formé de sous-unités membranaires et cytoplasmiques
dans le phagocyte au repos. Le cytochrome b comprend une sous-unité o (p22phox) et
une sous-unité § (gp91phox) fortement glycosylée, avec un site de fixation du NADPH et
un autre pour la flavine adénine dinucléotide (FAD). Les sous-unités cytoplasmiques sont
p47phox, p67phox et p40phox assemblés sous forme de complexe et une petite protéine G,
Rac-1 ou Rac-2.

L'activation des phagocytes par différents stimulus entraine une phosphorylation des
sous-unités cytosoliques et leur translocation vers la membrane ou elles se lient aux com-
posants gp91phox et p22phox. Simultanément Rac se dissocie de son inhibiteur et migre
séparément vers la membrane se liant a la p67phox et au cytochrome p558. C’est le regrou-
pement au niveau de la membrane de ces différentes sous-unités qui forme une enzyme
biologiquement active. Cette activité NADPH oxydase permet le transfert d’électrons a par-

tir du NADPH sur l'oxygene moléculaire donnant naissance a I'O;~, source des autres FRO.

La granulomatose septique est observée chez des sujets présentant des mutations sur

I"'une des quatre principales protéines constituant la NADPH oxydase.

Role de la myéloperoxydase
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Lorsqu’il y a fusion des phagosomes avec les lysosomes, la myéloperoxydase des gra-
nules azurophiles permet la production de dérivés toxiques de 1'oxygene tels que 'acide
hypochloreux (H*OCI"), en présence d’halogénures (iode, brome, chlore) qui diffusent du
cytoplasme vers les phagosomes. L'interaction de OCI™ avec des amines endogenes (taurine
par exemple) permet la formation de chloramine. Les macrophages tissulaires ne possedent
pas de myéloperoxydase et sont donc incapables de mettre en jeu les réactions dépendant

de cette enzyme.
e Role de la NO synthase

La production de NO par les phagocytes est beucoup plus importante chez la souris que
chez I’'homme. Une deuxieme voie métabolique dépendant de I'oxygene joue probablement
un role important dans la lyse des bactéries et des parasites intracellulaires par les macro-
phages : il s’agit de la formation de dérivés oxydés de 1’azote aboutissant a la production de
monoxyde d’azote (NO) qui est toxique pour les bactéries et les cellules tumorales. Le NO
est formé a partir de la L-arginine en présence d'une NO synthase qui utilise comme cofac-
teur indispensable la tétrahydrobioptérine. Cette voie est activée par 'IFNy, le GM-CSF et
de fagon encore plus puissante par le TNF-a. Trois isoformes de NO synthase ont été carac-
térisées : deux constitutives dans I’endothélium (eNOS) et le systeme nerveux (nNOS) et une
inductible (iNOS) dont I’expression est prédominante dans les phagocytes, mais qui peut
étre induite par des cytokines (IFNy) dans presque toutes les cellules nucléées. Le NO peut
étre transformé en différents dérivés tres toxiques tels que le nitrosonium (NO?®), les ions
nitroxyl (NO7), le dioxyde d’azote (NO,), le peroxynitrite (ONOO-) et les S-nitrosothiols.

La formation des dérivés toxiques de O, et de NO entraine de multiples altérations des li-
pides, des protéines, des glycanes et des acides nucléiques. Les systemes d’amplification de la
production de FRO sont la réaction de Fenton (action du fer) ou la réaction de Haber-Weiss
(action du cuivre). Les systemes de défense anti-oxydants sont les vitamines E et C et le sys-
teme du glutathion. La glutathion peroxydase oxyde le glutathion réduit (GSH) en glutathion
oxyde (GSSG) et réduit le peroxyde d’hydrogene H,O,. La détoxification par des superoxyde

dismutases (SOD) nécessite ensuite 1’action d"une catalase pour transformer H,O, en H,O.
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2.4.2 Role des FRO dans le contrdle de la réponse immunitaire

2.4.2.1 FRO et présentation de I’antigene

La présentation croisée est le processus par lequel les cellules dendritiques phagocytent les
agents pathogenes ou les fragments de cellules apoptotiques ou nécrotiques, et présentent,
apres protéolyse, les peptides dérivés de ces antigenes en association avec les molécules du
Complexe Majeur d"Histocompatibilité (CMH) de classe I. Ce processus a pour résultat le dé-
clenchement d’une réponse cytotoxique et est donc un mécanisme fondamental pour I'induc-
tion des réponses immunitaires anti-tumorale ou anti-infectieuse. Certaines voies de signali-
sation intracellulaires impliquant les FRO et permettant de relier les voies d’internalisation de
I'antigéne a leur apprétement et leur chargement sur les molécules du CMH de classe I ont
récemment été découvertes. Il a ainsi été démontré que les cellules dendritiques régulent la
préparation des antigénes pour la présentation croisée a travers la modulation du pH et la dé-
gradation protéique dans les phagosomes. La NADPH oxydase NOX2 est recrutée dans les
phagosomes précoces et s’active a la membrane. Elle module alors durablement et a faible taux
une production d’espéces réactives de l'oxygene, assurant une alcalinisation de la lumiere du

phagosome qui modifie son activité protéasique [206].

2.4.2.2 Production de FRO au cours de I’activation lymphocytaire T

En plus du réle anti-microbien dans I'immunité innée, les FRO interviennent au cours de la ré-
ponse immunitaire adaptative comme des régulateurs de la transduction du signal médié par le
TcR. Ainsi la stimulation des lymphocytes T par activation de leur TcR est oxydo-dépendante et
induit une production rapide de FRO. Ces derniers représentent des seconds messagers régu-
lant I’activation de protéines kinases, I’expression de genes, la prolifération et la différentiation
cellulaire. Il a ainsi été montré que les antioxydants inhibaient 1’activation lymphocytaire in-
duite par I’antigene. Les FRO impliqués dans I’activation des lymphocytes T sont le peroxyde

d’hydrogene et I’anion superoxyde.

Le role protecteur des FRO au cours des maladies auto-immunes a été récemment décrit.

En effet, certaines études suggerent que les FRO produites par le complexe NOX2 pourraient
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avoir des propriétés anti-inflammatoires et seraient capables de prévenir les réponses auto-
immunes. Cet effet dépend du moment, du lieu et de la quantité et du type de molécules oxy-
dantes produites [207]. Dans ce cas, et a 'opposé de leur action au cours de la destruction tissu-
laire et I'inflammation, les FRO joueraient le role de régulateurs de la réponse inflammatoire.
Un tel phénomene a été décrit dans de nombreux systémes. Notamment, les FRO produites
par NOX2 peuvent avoir un effet bénéfique dans certains syndromes inflammatoires et auto-

immuns comme la PR, la sclérose en plaques, le diabete de type 1 et la thyroidite auto-immune.

2.4.2.3 FRO et mort cellulaire

Le maintien de I’homéostasie des cellules T est un processus complexe contrdlé par une balance
entre production, prolifération et apoptose cellulaire. L'identification de facteurs moléculaires
influengant ces processus est importante pour comprendre comment I'immunité est mainte-
nue et comment l'auto-immunité est évitée. De plus, la capacité de manipuler la prolifération
et/ou la survie des cellules T peut avoir un bénéfice thérapeutique direct soit en augmentant
la survie des cellules T (par exemple au cours de stratégies vaccinales), soit en activant la mort
cellulaire (par exemple au cours de phénomenes auto-immuns ou néoplasiques). Bien que les
FRO jouent un role significatif dans la modulation de la prolifération des cellules T, et que de
nombreuses études aient montré depuis longtemps le role des FRO au cours des processus
de mort cellulaire, le réle des FRO dans le controle de 'apoptose des lymphocytes T n’a été
que récemment disséqué. Dans les cellules T activées, les FRO régulent la mort cellulaire en
modifiant I’expression de deux génes majeurs impliqués dans 'apoptose, Bcl-2 et FasL [208].
Les FRO contrdlent en effet 'apoptose extrinseque des cellules T par action sur 1’expression
de FasL. Il a ainsi été montré que le peroxyde d’hydrogene produit au niveau mitochondrial
activait NF-kB et induisait1’expression de FasL. L'anion superoxyde peut aussi affecter I’expres-
sion de FasL, indépendamment de NF-AT et H,O,, par action sur les facteurs de transcription
Egr 2 et Egr3. Les FRO contrdlent également 1’apoptose intrinseque des cellules T en inhibant
I'expression de Bcl-2 dans les lymphocytes T activés. Le peroxyde d’hydrogéne module ain-
si ’expression de Bcl-2 par action sur la molécule CREB. L'ajout d’anti-oxydants peut prévenir
I'induction de FasL et restaurer 'expression de Bcl-2. Enfin, des taux élevés de Bcl-2, ainsi que la
molécule Bcl-3, préviennent I’apoptose médiée par la molécule pro-apoptotique Bim, molécule-
clé de I'apoptose lymphocytaire. Le role des FRO dans 1’apoptose des phagocytes (notamment

les polynucléaires neutrophiles) peut aussi intervenir dans la physiopathologie des maladies
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auto-immunes, au niveau de la dégradation des substances pathogenes, modifiant ainsi leur

présentation aux cellules immunitaires adaptatives.

2.5 ROLE pEs FRO EN IMMUNOPATHOLOGIE

2.5.1 Role des FRO dans la genése d’épitopes pathogénes

Un stress oxydant et nitrosatif est induit au cours de nombreux syndromes inflammatoires
entrainant une modification des antigenes et par conséquent la genése potentielle d’épitopes
pathogénes. Ces modifications antigéniques peuvent impliquer trois types de molécules : les
protéines qui peuvent subir une oxydation de certains acides aminés comme la méthionine,
le tryptophane ou la transformation de 'asparatate en acide aspartique. Les lipides sont aus-
si impliqués et la peroxydation lipidique induit la modification des acides gras polyinsaturés
avec apparition par exemple de LDL oxydés. Enfin, les acides nucléiques sont modifiés avec

notamment la formation de 8-oxodéoxyguanine (8-oxodG) au sein des chaines d’ADN.

Le stress oxydant a été impliqué dans la physiopathologie de différentes maladies comme
I'athérosclérose [209], 'hépatite alcoolique [210], les glomérulonéphrites [211] et les maladies
auto-immunes [212] [213] [214]. Le tableau ci-dessous présente les antigenes oxydés observés

au cours de différentes maladies auto-immunes.

Maladies Antigénes oxydés impliqués

Lupus érythémateux systémique =~ LDL oxydés, 8-oxodeoxyguanine

Polyarthrite rhumatoide IgG oxydées, pentosidine
Diabete insulino-dépendant GAD oxydée
Maladie de Behcet LDL oxydés

Tableau 2.1 Antigénes oxydés associés aux maladies auto-immunes (Free
Radic. Biol. Med. 2006)
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2.5.2 FRO et Sclérodermie systémique

Plusieurs facteurs plaident en faveur d"un role des FRO dans le développement de la ScS, au
premier rang desquels le phénomene d’hyperréactivité vasculaire responsable du phénoméne
de Raynaud. En effet, ce symptome, présent chez plus de 90% des malades, précede en général
de plusieurs années les autres signes de la maladie. Il peut étre présent chez certains sujets
sains (moins de 15%) mais est alors souvent familial et peu sévere, présent uniquement lors
d’exposition au froid. Ce phénoméne correspond a une ischémie suivie d"une reperfusion. Or
la succession de ces deux conditions entraine la formation d’O3™. Pendant la phase ischémique,
la xanthine déshydrogénase se transforme en xanthine oxydase et 1’ATP en hypoxanthine [215].
Lors de la reperfusion, I’oxygene est disponible localement et devient le substrat de la xanthine

oxydase pour former des anions superoxydes toxiques [6].

Un deuxiéme argument est apporté par I'étude des différents toxiques qui pourraient dé-
clencher ou favoriser la survenue d"une ScS. Nombre de ces toxiques exercent leurs effets en
partie via un stress oxydant. C’est le cas de la silice qui induit directement la formation de FRO
a sa surface, notamment par réaction de Fenton, et indirectement par le biais d"une activation
des cellules phagocytaires [388]. De plus, chez la souris, plusieurs travaux soulignent le lien
entre fibrose pulmonaire induite par 1'inhalation de silice et stress oxydant [216] [217]. La bléo-
mycine est responsable de fibrose pulmonaire chez I'homme et a été utilisée en injections sous-
cutanées chez la souris pour induire une fibrose cutanée proche de la ScS [132]. L'étude de ce
modele murin a montré I'implication de FRO dans le développement de la fibrose cutanée en-
trainant des lésions proches des lésions observées chez ’homme [218]. Le syndrome des huiles
toxiques, qui partage des similitudes avec la ScS, semble également médié par des radicaux
libres [219]. Des études soulignent chez les sujets développant une ScS des différences dans les
systémes antioxydants par rapport aux sujets sains, suggérant un possible défaut d’élimina-
tion des radicaux libres chez les sujets enclins a développer une ScS [220] [9]. Ces observations

renforcent I’hypothese de I'implication du stress oxydant dans la ScS.

La DNA-Topoisomérase-1, antigéne cible des anticorps anti-Scl70 présents chez les patients
sclérodermiques, peut étre clivée lors de réactions impliquant les FRO et un cation métallique
[155]. L'auto-immunité observée dans la ScS pourrait donc étre le reflet de cette fragmentation

protéique provoquée par un stress oxydant exacerbé.
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Au cours des dix dernieres années, de nombreux travaux font état d"un stress oxydant ac-
cru chez les malades atteints de ScS. La grande majorité de ces travaux apporte en fait des
preuves indirectes d"une implication des FRO en se focalisant non pas sur les FRO elles-mémes
mais sur leurs conséquences. L'un des problémes des FRO est en effet leur grande labilité ren-
dant leur dosage difficile. Il a ainsi été montré que les sérums des malades contenaient de plus
grandes quantités de protéines oxydées (groupements carbonyls et advanced oxidation protein
products (AOPP)) [221], et de marqueurs de peroxydation lipidique [5]. Cette oxydation lipi-
dique a été directement observée au niveau des membranes d’érythrocytes de malades [222].
Ce phénomeéne diminue la plasticité des érythrocytes, et pourrait ainsi aggraver les anomalies
micro-circulatoires. Il a aussi été montré que les protéines nucléolaires cibles des Ac de patients
atteints de ScS sont des cibles privilégiées des FRO par rapport a des antigénes reconnus dans
d’autres maladies, insensibles a 'oxydation. Ceci suggere que 1’auto-immunité observée dans

la ScS pourrait étre la conséquence du stress oxydant [223].

Une équipe italienne a mis en évidence une synthese en grande quantité de O3~ par des
monocytes et des fibroblastes de patients sclérodermiques [7] [8]. Dans les deux types cellu-
laires, cette syntheése de FRO apparait auto-entretenue et dépendante d’'une NAPDH oxydase.
Le travail de cette équipe suggere également que la synthése de collagéne des fibroblastes est
dépendante de cette synthese de FRO [44]. Concernant le NO, plusieurs études attestent de
différences quantitatives dans le sérum entre patients et sujets sains, mais, comme il a été dit
précédemment, les résultats de ces études sont parfois contradictoires. Une étude immuno-
histochimique a partir de peau de malades et de sujets sains a montré cependant un change-
ment radical du métabolisme du NO dans les CE de patients sclérodermiques puisque la NO
synthase endothéliale constitutive cesse d’étre exprimée au profit de la NO synthase inductible
[224]. Parallélement a ce changement, le NO formé devient toxique, comme en témoigne dans

les tissus lésés la présence de nitrotyrosine.
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Chapitre 3

TRAVAUX PERSONNELS

ous présentons dans ce chapitre les articles publiés sur le role des FRO dans la phy-
siopathologie de la ScS, sur I’activation fibroblastique et sur les nouvelles approches
thérapeutiques développées. Les travaux que nous présentons se sont déroulés en

trois temps :

Dans un premier temps, nous avons étudié I'implication des FRO dans la physiopathologie
de la ScS. Dans un travail précédemment mené au laboratoire une corrélation entre la produc-
tion cellulaire de FRO induite par le sérum des patients sclérodermiques et les manifestations
cliniques (complications fibrosantes ou vasculaires) présentes chez ces patients avait été mise
en évidence [225]. Ceci représentait un argument fort en faveur d’un role central des FRO dans
les mécanismes physiopathologiques de la ScS. Ainsi, en étudiant I'implication des FRO dans
la physiopathologie de la ScS, nous avons mis au point un nouveau modeéle animal de scléro-

dermie systémique induit par I'exposition chronique a certaines FRO (article 1).

Ce modele nous a permis dans un deuxieme temps d’étudier le role des formes réactives
de I'oxygene dans les voies d’activation des fibroblastes dans la ScS. Comme chez ’homme, les
fibroblastes cutanés issus du derme des souris sclérodermiques produisent de maniere consti-
tutive de grande quantités de FRO. Nous avons réalisé plusieurs études montrant I'implication
de ce stress oxydant endogene dans la dérégulation de nombreuses voies métaboliques notam-
ment celles controlées par les récepteurs Notch (article 2), les récepteurs aux cannabinoides

(article 3) et les récepteurs au PDGF (article 4) dans les fibroblastes sclérodermiques.

L'implication de ces différentes voies dans le processus fibrotique nous a conduit a tester,
dans un troisiéme temps, de nouvelles approches thérapeutiques dans la ScS. D'une part, la mo-
dulation des trois voies précédemment étudiées peut entrainer une amélioration clinique de la
maladie et avoir des conséquences non seulement sur la composante fibreuse mais aussi sur
les composantes vasculaires et immunologiques de la maladie (articles 2, 3, 4). D’autre part,

ayant montré que les fibroblastes sclérodermiques produisaient de fortes quantités de FRO,
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nous avons utilisé cette propriété pour induire leur apoptose sélective dans le derme des sou-
ris (article 5). En effet, le trioxyde d’arsenic, un agent cytotoxique utilisé en thérapeutique hu-
maine, est capable d’augmenter la production de FRO des fibroblastes. Cette augmentation n’a
pas d’effet sur les fibroblastes normaux mais tue les fibroblastes sclérodermique en induisant
chez eux une explosion oxydative au-dela d"un seuil létal. Ce travail ayant donné des résultats
prometteurs, nous avons étudié si cette molécule avait une efficacité similaire sur 'activation
du systéme immunitaire observée dans la ScS en utilisant le modele murin de ScS associée a la
réaction de greffon contre 'hote, ot I’activation du systeme immunitaire est le premier événe-

ment responsable du développement des lésions observées (article 6).

Ainsi, grace au développement d’un nouveau modéle animal de ScS basé sur 1'exposition
chronique a des FRO et présentant de trés nombreuses similitudes, notamment au niveau fi-
broblastique, avec la maladie humaine, nous avons pu étudier les dysfonctionnements des fi-
broblastes sclérodermiques et les voies cellulaires dérégulées dans ces cellules. Ces travaux sur
l'activation fibroblastique nous ont enfin conduits a développer de nouvelles approches théra-
peutiques dans la ScS par la modulation de ces voies cellulaires, et selon une approche basée
sur l’action cytotoxique des FRO induits par le trioxyde d’arsenic. Ces nouvelles stratégies thé-
rapeutiques ouvrent des perspectives intéressantes dans le traitement de la ScS, ou 1’arsenal

thérapeutique est actuellement encore limité.
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3.1 ARTICLE 1

Une oxydation particuliére de I’ADN Topoisomérase-1
induit une sclérodermie systémique chez la souris

Selective oxidation of DNA topoisomerase-1 induced systemic sclerosis in the mouse

Amélie Servettaz, Claire Goulvestre, Niloufar Kavian, Carole Nicco, Philippe Guilpain, Christiane

Chéreau, Vincent Vuiblet, Loic Guillevin, Luc Mouthon, Bernard Weill, Frédéric Batteux

Journal of Immunology, 2009

ans un travail antérieur mené dans notre laboratoire, il avait été montré que les sé-

rums de patients atteints de ScS contenaient des concentrations élevées de protéines

oxydées AOPP [225]. Ces protéines oxydées étaient capables de déclencher in vitro
une dysrégulation de la croissance des CE et des fibroblastes, deux cellules au coeur de la phy-
siopathologie de la ScS. En outre, les sérums de patients ScS contenant ces AOPP pouvaient
eux-méme induire une production de formes réactives de 1'oxygene par les fibroblastes et les
cellules endothéliales. Ceci suggérait que le stress oxydant pouvait perdurer chez ces malades
via une boucle d’entretien positive. Ainsi, la ScS, maladie systémique des fibroblastes, des cel-
lules endothéliales et du systéme immunitaire, pourrait étre causée par un premier dysfonc-
tionnement local via I'oxydation. Afin de poursuivre notre hypothese, nous avons étudié 1'im-
pact de I'exposition au stress oxydant dans 1’article présenté ci-aprés. Nous avons ainsi exposé
des souris BALB/c a diverses formes réactives de I'oxygeéne via des injections intra-dermiques.
Nous avons utilisé plusieurs types d’agents pro-oxydants, mimant ainsi la majorité des stress

oxydants physiologiques :

e Acide hypochloreux HOCI: produit au cours de I’explosion oxydative par les polynucléaires

neutrophiles, et impliqué dans la formation des AOPP

e Anion hydroxyl OH®: provenant du peroxyde d’hydrogene H,0, apres réaction de Fenton
dansles macrophages, et possiblement en cause dans les modifications antigéniques respon-
sables de la production d’auto-anticorps anti-DNA-Topoisomérase d’apres les expériences
de Casciola-Rosen [155].
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e Anionsuperoxyde O} ": principal FRO produite lors des phénomeénes d’ischémie-reperfusion
qui surviennent tres précocément chez les malades ScS, avant I'apparition d’autres signes

cliniques.

e Peroxynitrites ONOO™: générés par la combinaison d’Oj~ et de NO au cours de la reperfu-

sion des tissus ischémiés et lors des phénomeénes inflammatoires

Le groupe témoin positif a recu des injections intra-dermiques de bléomycine, molécule
induisant une fibrose cutanée et pulmonaire en quatre semaines. Le groupe témoin négatif a
recu des injections de PBS. Toutes les injections ont été réalisées quotidiennement pendant 6
semaines et les souris ont été sacrifiées a la septiéme semaine. Trois phénotypes différents ont
été observés parmi les souris ayant été exposées aux 4 molécules capables de générer un stress

oxydant :

e Les injections d’anion superoxyde O™ n’ont induit aucun signe de fibrose locale ou sys-
témique, et la recherche d’auto-anticorps anti-CENP-B et anti-ADN-Topoisomérase- 1 s’est
révélée négative. Cependant, des niveaux élevés d’anticorps anti-ADN natif ont été détectés

dans les sérums de ces souris.

e Les injections de peroxynitrites ont induit une fibrose cutanée. Cette fibrose était attestée
par un épaississement local de la peau, des analyses histologiques et biochimiques avec une

accumulation de collagene dans le derme.

e Les injections intra-dermiques de radicaux hydroxyl et d’acide hypochloreux HOCI ont in-
duit, outre une fibrose cutanée, une fibrose pulmonaire, des anomalies rénales, c’est a dire
toutes les manifestations cliniques caractéristiques de la sclérodermie cutanée diffuse. Cette
forme de sclérodermie se distingue de la forme dite « cutanée limitée » dans laquelle 1'at-
teinte cutanée se limite a la partie distale des membres, I’atteinte pulmonaire étant plus rare.
Les auto-Ac détectés dans cette forme sont des Ac anti-centromeére (dont la cible principale

est la protéine centromérique CENP B) et non des Ac anti-ADN Topoisomérase-1.

Nous avons donc ensuite recherché la présence d’auto-Ac dans le sérum des souris qui
avaient développé une fibrose soit limitée a la peau, soit systémique et atteignant le poumon.
Nous avons mis en évidence des Ac anti-CENDP B chez toutes les souris développant une fibrose

cutanée (souris exposées a OH®*, HOCl, ONOO7, ou a la bléomycine). En revanche, seules les
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souris exposées a OH®, HOCI ou a la bléomycine et présentant une maladie fibrosante sys-
témique ont développé des Ac anti-ADN Topoisomérase a un taux significatif. Aucun autre
auto-Ac n’a été détecté chez ces souris, suggérant une baisse de la tolérance sélective vis-a-vis
de certains antigenes chez ces souris. Nous avons alors comparé les propriétés des sérums des
souris exposées a OH®, HOCI, ou a la bléomycine et développant une maladie étendue, des sou-
ris exposées 8 ONOO™ et développant une maladie limitée, et des souris ne développant pas
de maladie (souris exposées a O5"). Les sérums des souris exposées a OH®, HOCl et ONOO™
induisaient une synthese de FRO par les cellules endothéliales, mais pas les sérums de sou-
ris exposées a O3, ni de celles exposées a la bléomycine. Ce dernier point suggérait que les
mécanismes conduisant a la fibrose étaient différents pour les molécules pro-oxydantes et la
bléomycine. Nous avons ensuite observé que les sérums des souris injectées avec OH®, HOCI,
mais pas des souris exposées a ONOO™ contenaient de grandes quantités d’AOPD, telles que
nous les avions observées dans les sérums des patients atteints de ScS cutanée diffuse. Nous
avions donc reproduit chez la souris, avec des injections de OH*® et HOCI, les principales ano-

malies cliniques et biologiques caractéristiques de la ScS cutanée diffuse.

Notre hypothése de départ était que les AOPP étaient directement impliqués dans le dé-
veloppement de la ScS. L'apparition d'une maladie proche de la ScS dans notre modele mu-
rin était en faveur de notre hypothése mais ne la prouvait pas. Nous avons alors réalisé deux
types d’expériences. D’abord nous avons oxydé avec les quatre différentes solutions oxydantes
diverses protéines in vitro et testé la capacité de ces « AOPP » de synthése de reproduire les
propriétés des sérums de patients et de souris (propriétés d’induire des FRO par les cellules en-
dothéliales et d'induire une prolifération fibroblastique). Nous avons montré que ces « AOPP
» de synthese reproduisaient de maniere trés inégale les propriétés des sérums. C’est ’ADN
Topoisomérase-1 oxydée par de 'HOCI qui avait les meilleurs propriétés d’induction de FRO et
de prolifération fibroblastique. Parallelement, nous avons essayé de dépléter les AOPP des sé-
rums de patients atteints de ScS et de souris exposées a OH®, HOCI. Nous avons montré que le
p-mercaptoéthanol réduisait la concentration en AOPP dans les sérums, et diminuait ainsi leur
propriétés d'une maniere dose-dépendante. La déplétion des sérums en I’ADN-Topisomérase
1 seule par un Ac spécifique diminuait leurs propriétés suggérant que, parmi 1’ensemble des
AQOPP, I’ADN Topoisomérase-1 oxydée joue un role prépondérant dans la physiopathologie de

la ScS et n"a pas simplement un réle passif d’antigéne.

Dans une derniére série d’expériences, le protocole d’injections intra-dermiques quotidiennes

d’HOCI a été reproduit chez des souris immunodéficientes BALB/c SCID afin de déterminer
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le réle du systeme immunitaire dans I'induction des phénomeénes de fibrose cutanée et pulmo-
naire observés dans ce modeéle. L'exposition des souris BALB/c SCID a I’acide hypochloreux
HOCI a entrainé une fibrose cutanée et pulmonaire, et une augmentation de la concentration
sérique en AOPP. Cependant, I'étendue de la fibrose pulmonaire était plus faible chez ces sou-
ris que chez les BALB/c immunocompétentes, ce qui suggere un role du systéme immunitaire

dans 'amplification systémique de la maladie.

Ce travail a permis de déterminer la nature des FRO impliquées dans le déclenchement
de la maladie, ainsi que les mécanismes entrainant la propagation systémique de la maladie.
Ce nouveau modele animal apporte un argument supplémentaire pour le role des FRO dans
I'induction de la ScS et montre que 1'extension de la fibrose, la spécificité des anticorps pro-
duits, et la forme cutanée limitée ou diffuse de la maladie dépendant du type de FRO impliqué.
C’est un nouvel outil pour mieux comprendre le role des FRO dans la physiopathologie de la
ScS, et également pour 1’étude des différentes voies d’activation fibroblastique, immunitaire, et
endothéliale qui entrent en jeu dans cette maladie, pour finalement développer de nouvelles

approches thérapeutiques.

page 77



The Journal of Immunology

Selective Oxidation of DNA Topoisomerase 1 Induces Systemic
Sclerosis in the Mouse'

Amélie Servettaz,”** Claire Goulvestre,>* Niloufar Kavian,* Carole Nicco,* Philippe Guilpain,*"
Christiane Chéreau,* Vincent Vuiblet,* Loic Guillevin,” Luc Mouthon,*" Bernard Weill,*
and Frédéric Batteux>*

Systemic sclerosis (SSc) is a connective tissue disorder of great clinical heterogeneity. Its pathophysiology remains unclear. Qur aim was
to evaluate the relative roles of reactive oxygen species (ROS) and of the immune system using an original model of SSc. BALB/c and
immunodeficient BALB/c SCID mice were injected s.c. with prooxidative agents (hydroxyl radicals, hypochlorous acid, peroxynitrites,
superoxide anions), bleomycin, or PBS everyday for 6 wk. Skin and lung fibrosis were assessed by histological and biochemical methods.
Autoantibodies were detected by ELISA. The effects of mouse sera on H,O, production by endothelial cells and on fibroblast prolif-
eration, and serum concentrations in advanced oxidation protein products (AOPP) were compared with sera from patients with limited
or diffuse SSc. We observed that s.c. peroxynitrites induced skin fibrosis and serum anti-CENP-B Abs that characterize limited SSc,
whereas hypochlorite or hydroxyl radicals induced cutaneous and lung fibrosis and anti-DNA topoisomerase 1 autoantibodies that
characterize human diffuse SSc. Sera from hypochlorite- or hydroxyl radical-treated mice and of patients with diffuse SSc contained
high levels of AOPP that triggered endothelial production of H,0O, and fibroblast hyperproliferation. Oxidized topoisomerase 1 reca-
pitulated the effects of whole serum AOPP. SCID mice developed an attenuated form of SSc, demonstrating the synergistic role of the
immune system with AOPP in disease propagation. We demonstrate a direct role for ROS in SSc and show that the nature of the ROS
dictates the form of SSc. Moreover, this demonstration is the first that shows the specific oxidation of an autoantigen directly participates

in the pathogenesis of an autoimmune disease. The Journal of Immunology, 2009, 182: 5855-5864.

ystemic sclerosis (SSc)* is a connective tissue disorder of

unknown etiology characterized by vascular hyperreactiv-

ity, fibrosis of skin and visceral organs, and immunolog-
ical alterations, including a distinct pattern of autoantibodies in the
sera (1). The mechanisms that determine the clinical manifesta-
tions of the disease remain unclear (2). Several reports have sug-
gested that reactive oxygen species (ROS) are involved in the
pathogenesis of SSc (3-9). Indeed, skin fibroblasts from SSc pa-
tients spontaneously produce large amounts of ROS that trigger
collagen synthesis (7, 10). In addition, autoantibodies found in SSc
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patients against the platelet-derived growth factor receptor ex-
pressed on fibroblasts also induce the production of ROS (11).
Recently, we have demonstrated that sera from patients with SSc
could induce not only the production of ROS by endothelial cells
but also the hyperproliferation of fibroblasts (6).

However, no direct proof for the involvement of oxidative stress
in SSc pathogenesis has been brought forth to date. Moreover, the
origin and nature of the oxidative stress remain to be elucidated.
Environmental factors, and in particular silica dust, may be in-
volved, which generate hydroxyl radicals (OH:) (12). Iterative
ischemia-reperfusion that occurs frequently in SSc patients before
the development of fibrosis may also be a source of superoxide
anions (O5) through the activation of the xanthine/xanthine oxi-
dase pathway (5).

To better understand the role of ROS in the fibrotic, vascular,
and autoimmune processes that characterize SSc, s.c. injections of
various types of ROS-inducing agents were performed on the
backs of normal and SCID mice. Four different types of ROS-
generating substances were used to reproduce the vast majority of
oxidative stresses that could occur in humans: hypochlorous acid
(HOCI) produced during the neutrophil burst; OH- that mainly
originate from hydrogen peroxide (H,O,) subsequent to the Fenton
reaction in macrophages; O3), the major ROS produced during
ischemia-reperfusion injuries by endothelial cells; and peroxyni-
trites (ONOO ™) generated by the combination of O3) and NO
during reperfusion of ischemic tissues and inflammatory process.
This procedure allowed us to directly demonstrate the involvement
of ROS in the induction of the disease, to precisely characterize the
nature and origin of ROS involved in the induction of diffuse or
limited SSc, to study the mechanism leading to local or systemic
involvement, and to determine the role of the immune system in
the disease process.

page 78

1102 ‘8 A[nf uo 310 jounwwif mmm WoIj popeo[umoc



5856

Materials and Methods

Animals, cells, and chemicals

Specific pathogen-free, 6-wk-old female BALB/c, DBA/1, (NZB x
NZW)F,, and BALB/c SCID mice were purchased from Harlan Sprague-
Dawley and maintained with food and water ad libitum. All mice were
housed in autoclaved cages with sterile food and water. They were given
humane care according to the guidelines of our institution. HUVECs were
obtained by digestion of umbilical cords with 0.1% collagenase. NIH 3T3
fibroblasts were obtained from American Type Culture Collection. HEp-2
cells were obtained from EuroBio. All cells were cultured as reported pre-
viously (13). All chemicals were from Sigma-Aldrich except H,-DCFDA
(2',7'-dichlorodihydrofluorescein diacetate; Molecular Probes), bleomycin
(Bellon Laboratories), human IgG (IVIg, Tegeline; LFB), anti-DNA topo-
isomerase 1 Abs (Santa Cruz Biotechnology), and anti-B220-PE, anti-
CD11b-FITC, anti-CD4-allophycocyanin Cy7, anti-CD8-PE Cy7 Abs, and
anti-CD3 mAb (BD Pharmingen).

Patients and healthy controls

A total of 20 patients with SSc and 20 healthy controls were enrolled in the
study. All participants gave written informed consent. SSc was defined
according to LeRoy and Medsger criteria and the American Rheumatism
Association (1, 14, 15). Among the 20 patients with SSc, 10 had limited
cutaneous SSc with no interstitial fibrosis and 10 had diffuse cutaneous SSc
with interstitial lung fibrosis and a total lung capacity (TLC) of lower than
75% of predicted values. Limited cutaneous SSc was defined by skin thick-
ening only in areas distal to the elbows and knees, and diffuse cutaneous
SSc was defined by the presence of proximal, as well as distal skin thick-
ening, to the elbows and knees (15). Interstitial lung disease was assessed
in all patients by chest high-resolution computed tomodensitometry and
pulmonary function test values. After collection and centrifugation, serum
aliquots of 1-ml serum were stored at —80°C until use.

ROS preparation and injections

The 6-wk-old female BALB/c, DBA/1, (NZB x NZW)F,, and BALB/c
SCID mice were randomly distributed into experimental and control
groups (n = 10 per group). A total of 100 ul of solution generating ROS
(HOCI, O3, ONOO™, or OH) or bleomycin was injected s.c. into the
shaved back of the mice, using a 27-gauge needle, everyday for 6 wk. All
agents were prepared extemporaneously. Control groups received injec-
tions of 100 ul of sterilized PBS.

Generation of HOCI. HOCI was produced by adding 166 ul of NaClO
solution (2.6% as active chlorine) to 11.1 ml of KH,PO, solution (100 mM
(pH 7.2)) (16). HOCI concentration was determined by spectrophotometry
at 292 nm (molar absorption coefficient = 350 M~ cm ™).

Generation of O5. A total of 60 mg of 18-crown-6 ether were dissolved in
10 ml of dry DMSO, and 7 mg of KO, were added quickly to avoid contact
with air humidity (17, 18). The mixture was stirred for 1 h to give a pale
yellow solution of 10 mmol/L. O3. The solution was stable at room tem-
perature for 1 h.

Generation of ONOO~. A 0.6 M H,0, solution was prepared by mixing
8.8 M H,0, with 0.7 M HCI. Five milliliters of the solution obtained were
mixed with 5 ml of NaNO, (0.6 M) on ice. Then 10 ml of 1.2 M NaOH
were added. H,0, in excess was removed by adding MnO,. The concen-
tration of ONOO™ in the solution was determined at 300 nm (molar ab-
sorption coefficient = 1670 M~' cm™") (19, 20).

Generation of OH-. Hydroxyl anions were generated by adding 20 mM
H,0, into 10 mM Fe(I)SO, (21, 22). The solution obtained was injected
after dilution if 1/2 in H,O.

Preparation of bleomycin. A solution of bleomycin (100 pg/ml) was pre-
pared in PBS.

Experimental procedure

Two weeks after the end of the injections, the animals were sacrificed by
cervical dislocation. Serum samples were collected from each mouse and
stored at —80°C until use. Lungs and kidneys were removed from each
mouse and a skin biopsy was performed on the back region, involving the
skin and the underlying muscle of the injected area. Samples were stored
at —80°C for determination of collagen content or fixed in 10% neutral
buffered formalin for histopathological analysis.

Treatment with N-acetylcysteine (NAC)

BALB/c mice were injected s.c. with a solution generating HOCI everyday
for 6 wk, as described, and simultaneously i.p. treated with either NAC
(150 mg/kg per injection diluted in PBS; Bristol-Myers Squibb) (n = 10)

SUBCUTANEOUS ROS GENERATION INDUCES SSc

or PBS (n = 10) three times per week for the same 6 wk. A control group
(n = 10 mice) received both s.c. and i.p. injections of sterilized PBS. The
experimental procedure described was applied.

Histopathologic analysis

Fixed lung, kidney, and skin samples were embedded in paraffin. A 5-um
thick tissue section was prepared from the midportion of paraffin-embed-
ded tissue and stained with H&E. Slides were examined by standard bright-
field microscopy (Olympus BX60) by a pathologist who was blinded to the
animal’s group assignment. Dermal thickness was measured under a light
microscope of stained sections.

Collagen content in skin and lung

Collagen content assay was based on the quantitative dye-binding Sircol
method (Biocolor) (23). Skin taken from the site of injection and lung
pieces from each mouse were diced using a sharp scalpel, put into aseptic
tubes, thawed and mixed with pepsin (1:10 weight ratio) and 0.5 M acetic
acid. Collagen extraction was performed overnight at room temperature
under stirring. The solution was then centrifuged at 20,000 X g for 20 min
at 4°C and 50 ul of each sample were added to 1.0 ml of Syrius red reagent.
Tubes were rocked at room temperature for 30 min and centrifuged at
20,000 X g for 20 min. The supernatants were discarded and 1.0 ml of the
0.5 M NaOH was added to the collagen-dye pellets. The concentration
values were read at 540 nm on a microplate reader (Fusion; PerkinElmer)
vs a standard range of bovine collagen type I concentrations (supplied as a
sterile solution in 0.5 M acetic acid).

Isolation of fibroblasts from the skin of mice and proliferation
assays

Skin fragments from the back of mice submitted to HOCI (n = 7), bleo-
mycin (n = 7), or PBS (n = 5) injections for 6 wk were collected 1 wk after
the last injection. Skin samples were digested with Liver Digest Medium
(Invitrogen) for 1 h at 37°C. After three washes in complete medium, cells
were seeded into sterile flasks. Isolated fibroblasts were cultured in
DMEM/Glutamax-I supplemented with 10% heat-inactivated FCS and an-
tibiotics at 37°C in humidified atmosphere with 5% CO,. For proliferation
assay, primary fibroblasts (2 X 10? per well) were seeded in 96-well plates
and incubated with 150 ul of culture medium with 10% FCS at 37°C in 5%
CO, for 48 h. Cell proliferation was determined by pulsing the cells with
[3H]thymidine (1 uCi/well) during the last 16 h of culture. Results were
expressed as an absolute number of cells in cpm.

Immunohistochemistry of lung tissue section

Frozen lung tissue sections of 5-um thickness were fixed in acetone for 5
min at —20°C, washed with PBS, and blocked with 2% normal mouse
serum for 30 min at room temperature. Slides were then stained for 1 h at
room temperature with a 1/50 dilution of FITC-labeled rat anti-mouse
B220 (clone RA3-6B2; BD Pharmingen), with a 1/50 dilution PE-labeled
hamster anti-mouse CD3 (clone 145-2C11; BD Pharmingen), or with the
respective FITC- and PE-labeled control isotype (BD Pharmingen). After
extensive washing in PBS, slides were observed with an Olympus micro-
scope equipped with an epifluorescence system and pictures taken at mag-
nification X400 with a digital camera.

Serum autoantibodies detection

Levels of anti-DNA topoisomerase 1 IgG, anti-CENP-B IgG, anti-dsDNA
IgG, anti-cardiolipin IgG Abs, anti-annexin V IgG Abs and of IgM rheu-
matoid factors were measured using standard ELISA in mouse serum di-
luted 1/50. Serum IgG reactivities were also analyzed by immunoblotting
technique with whole cell HEp-2 and HUVEC protein extracts for mice
and patients (serum diluted 1/50 in both cases). Levels of anti-DNA topo-
isomerase 1 IgG Abs were detected by ELISA using purified calf thymus
DNA topoisomerase 1 bound to the wells of a polystyrene microwell plate
(Inova Diagnostics). Levels of anti-CENP-B IgG Abs were measured by
ELISA using microplates coated with full-length recombinant CENP-B
(Pharmacia Diagnostics). Levels of anti-dsDNA IgG, anti-cardiolipin IgG
Abs, anti-annexin V IgG Abs, and IgM rheumatoid factor were measured
using standard ELISA (24). Calf thymus DNA (5 ug/ml), cardiolipin (50
pg/ml), annexin V (2 pwg/ml), or i.v. human IgG (10 pg/ml, Tegeline; LFB)
were coated onto ELISA plates (precoated with protamine sulfate when
dsDNA was used as substrate) overnight at 4°C. All plates were blocked
with PBS-1% BSA and washed, and 100 ul of 1/50 mouse serum were
added and allowed to react for 1 h at room temperature. After five washes,
bound Abs were detected with alkaline phosphatase-conjugated goat anti-
mouse IgG or IgM Abs, and the reaction was developed by adding p-
nitrophenyl phosphate. Optical density was measured at 405 nm using a
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Dynatech MR 5000 microplate reader (Dynex Technology) and the optical
density in blank wells (no Ag coated) was subtracted.

HEp-2 cells and HUVEC were harvested in the presence of EDTA.
Whole cell protein extracts were prepared in 125 mM Tris-HCI (pH 6.8)
with 4% SDS, 1.45 M 2-ME, and 1 ug/ml each of aprotinin, pepstatin, and
leupeptin on ice and sonicated four times during 30 s. Nuclear protein
extracts were prepared as previously described (25). Briefly, cells were
incubated in 10 mM HEPES, 1.5 mM MgCl,, 0.5 mM DTT for 10 min on
ice and lysed with 10 strokes of Dounce homogenizer. The homogenate
was centrifuged for 20 min at 25,000 X g. The pellets of nuclei were
resuspended in 3 ml of buffer with 20 mM HEPES, 25% glycerol, 0.42 M
NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT and
lysed with 10 strokes of Dounce homogenizer. The suspension was then
centrifuged for 30 min at 25,000 X g, and the supernatant was dialyzed.
The dialysate was finally centrifuged, and the supernatant used for quan-
tification. Equal amounts of loading buffer with solubilized proteins (140
ul/gel) were subjected to 10% SDS-PAGE, transferred onto nitrocellulose
membranes, and incubated for 4 h at room temperature with 1/50 mouse
sera using a Cassette Miniblot System (Immunetics) (26). The membranes
were then extensively washed and incubated with alkaline phosphatase-
conjugated goat anti-mouse IgG Ab. Immunoreactivity was revealed with
NBT/5-bromo-4-chloro-3-indolyl phosphate.

Flow cytometric analysis of spleen cell subsets

Spleen cell suspensions were prepared after hypotonic lysis of erythro-
cytes. Cells were incubated with the appropriate labeled Ab at 4°C for 45
min in PBS with 0.1% sodium azide and 5% normal rat serum to block
nonspecific binding. Cell suspensions were then subjected to four-color
analysis on a FACSCanto flow cytometer (BD Biosciences). The mAbs
used in this study were anti-B220-PE, anti-CD11b-FITC, anti-CD4-
allophycocyanin Cy7, and anti-CD8-PE Cy7 Abs.

In vitro spleen cell proliferation

Spleen cells were isolated by gentle disruption of spleens and erythrocytes
lysed by hypotonic shock in potassium acetate solution. Spleen cells were
cultured in RPMI 1640 supplemented with antibiotics, Glutamax (Invitro-
gen Life Technologies), and 10% heat-inactivated FCS (Invitrogen Life
Technologies) as complete medium. The proliferation assay was conducted
in 96-well flat-bottom plates. Briefly, spleen cell suspensions (2 X 10°
cells) were cultured in complete medium for 48 h in the presence of 10
pg/ml LPS (Boehringer Mannheim) or with precoated anti-CD3 mAb (2.5
pg/ml). Cell proliferation was determined by pulsing the cells with
[*H]thymidine (1 wCi/well) during the last 16 h of culture and measuring
the radioactivity incorporated by liquid scintillation counting.

Total serum IgG and IgM Ab concentrations

Levels of total mouse IgG and IgM Abs were measured using standard
ELISA.

H,0, assay

Endothelial cells (8 X 10° per well) were seeded in 96-well plates (Costar;
Corning) and incubated with their respective growth medium alone for 12 h
at 37°C in 5% CO,. Culture medium was removed after 12 h and cells were
preincubated with 50 ul of H,-DCFDA diluted 1/1000 in PBS to test cel-
lular H,O, production. After 30 min, 50 ul of mouse serum were added and
H,0, production was monitored spectrofluorimetrically for 6 h (Fusion;
PerkinElmer). Results were expressed in arbitrary units per minute and per
millions of cells.

Determination of advanced oxidation protein product (AOPP)
concentrations in sera

AOPP concentration was measured by spectrophotometry as previously
described (27). In test wells, 200 ul of serum diluted 1/20 in PBS were
distributed onto a 96-well plate, and 20 ul of acetic acid was added. Next,
10 ul of 1.16 M potassium iodide were added. In standard wells, 10 ul of
1.16 M potassium iodide was added to 200 ul of chloramine-T solution
followed by 20 ul of acetic acid. Calibration used chloramine-T within the
range from O to 100 wmol/L. The absorbance was immediately read at 340
nm on a microplate reader (Fusion; PerkinElmer). AOPP concentration was
expressed as 0—100 wmol/L of chloramine-T equivalents.

H,O0, production, fibroblast proliferation, and collagen synthesis
induced by various types of oxidized proteins

DNA topoisomerase 1 (extracted from placenta (28)), human polyclonal
IgG (IVIg, Tegeline; LFB) collagenase, pepsin, and BSA were oxidized
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with 1 mM HOCI or 10 mM OH: for 1 h at room temperature. Proteins
were then dialyzed overnight against PBS and tested for AOPP content. For
H,0, production assay, endothelial cells (8 X 10* per well) were incubated
with either oxidized or nonoxidized protein solutions (125 ug/ml) and the
production of H,O, was assessed spectrofluorometrically using H,-
DCFDA. For fibroblast proliferation assay, NIH 3T3 fibroblasts (4 X 10°
per well) were seeded in 96-well plates (Costar) and incubated with 50 ul
of one of the oxidized or nonoxidized protein preparations (500 wg/ml) and
150 pl of culture medium without FCS at 37°C in 5% CO, for 48 h. Cell
proliferation was determined by pulsing the cells with [*H]thymidine (1
uCi/well) during the last 16 h of culture. Results were expressed as abso-
lute number fibroblasts as cpm. For type I collagen mRNA synthesis assay,
NIH 3T3 fibroblasts (10° per well in 4 ml of complete medium) were
seeded in 6-well plates and incubated with 50 ul of one of the oxidized or
nonoxidized protein preparations (500 ug/ml) for 24 h. After the incuba-
tion period, cells were washed three times with PBS, and total RNA was
extracted from fibroblasts with TRIzol Reagent (Invitrogen). Type I col-
lagen mRNA was then assayed by a standard two-step RT-PCR as previ-
ously described (29). The following PCR primers were used: for type I
collagen (forward) 5'-TGTTCGTGGTTCTCAGGGTAG-3' and (reverse)
5'-TTGTCGTAGCAGGGTTCTTTC-3'; and for B-actin (forward) 5'-TG
GAATCCTGTGGCATCCATGAAAC-3" and (reverse) 5'-TAAAACGC
AGCTCAGTAACAGTCCG-3'. The PCR products were subjected to elec-
trophoresis on a 2% agarose gel and detected by ethidium bromide staining.
Amplicon intensity was quantified using a scanner densitometer (Vilber
Lourmat). Results were expressed as densitometry units normalized for
B-actin expression for collagen type I transcripts.

Determination of oxidized DNA topoisomerase 1 concentrations
in the skin of mice exposed to ROS

DNA topoisomerase 1 was extracted from areas of skin injected with
prooxidative agents, bleomycin, or PBS as previously described (28).
AOPP was measured in the obtained extracts as described.

Determination of TGF-B1 in the skin of mice exposed to ROS

Skin samples taken from the site of injections from each mouse injected with
HOCI, bleomycin, or PBS were diced using a sharp scalpel, put into aseptic
tubes, thawed, and mixed with 500 ul of RIPA (50 mM Tris-HCI (pH 7.5),
150 mM NaCl, 1% Triton, 0.5% sodium desoxycholate, 0.5% SDS, 0.1%
H,0, antiproteases). Equal amounts of loading buffer with solubilized proteins
(30 pg/well) were subjected to 15% SDS-PAGE, transferred onto PVDF
membranes, and incubated for 1 h at room temperature with anti-TGF-1 Abs
(Promega) using a Cassette Miniblot System (Immunetics). The membranes
were then extensively washed and incubated with an anti-Fc y-chain-specific
goat anti-rabbit IgG Abs coupled to HRP (DakoPatts). Immunoreactivity was
revealed with ECL (Amersham Biosciences).

AOPP depletion assays

Sera from mice treated with HOCI (n = 10) or PBS (n = 10), or sera from
patients with SSC (n = 10) or healthy controls (n = 10) were incubated for
5 min at 37°C with various amounts of 2-ME or PBS as indicated in the
each experiment. Sera were then immediately tested for AOPP concentra-
tion and for the ability to induce H,O, production by endothelial cells and
fibroblast proliferation as described. Control experiments were performed
with the same amount of 2-ME but without sera, to ensure that the results
were not linked to a direct effect of 2-ME on H,0, production by endo-
thelial cells or on fibroblast proliferation. Endothelial cell viability was
assessed by Hoechst method immediately after the measure of H,O, pro-
duction by spectrophotometry.

DNA topoisomerase 1 depletion assays

Sera from patients (n = 5) were diluted 1/2 in PBS, and 200 ul of the
serum dilution was incubated with 5 ul of rabbit polyclonal anti-human
DNA topoisomerase 1 Ab (Santa Cruz Biotechnology) or irrelevant sera as
controls for 2 h at 4°C. Then, 50 ul of protein G (Sigma-Aldrich) was
added and incubated with the serum dilution overnight at 4°C. After the
incubation period, the suspensions were centrifuged 5 min at 10,000 X g
to remove protein G, and the supernatants were tested for AOPP content
and for their ability to induce H,O, production by endothelial cells and to
induce fibroblast proliferation.

Statistical analysis

All quantitative data were expressed as mean = SEM. Data were compared
using the Mann-Whitney nonparametric test or Student’s ¢ paired test.
When analysis included more than two groups, one-way ANOVA was
used. A value for p < 0.05 was considered significant.
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Results
The s.c. injection of ROS-generating agents induced dermal
fibrosis in mice

Histopathological analyses of skin biopsy samples showed an in-
crease in the dermal thickness of BALB/c mice treated with solu-
tions generating HOCI, ONOO ™, OH-, and bleomycin compared
with sham-injected mice (p = 0.006, p = 0.007, p = 0.011, and
p = 0.002, respectively, for dermal thickness) (Fig. la and b).
These results were corroborated by the measure of the concentra-
tion of acid- and pepsin-soluble type I collagen content per milli-
gram of skin directly exposed to agents generating ROS or bleo-
mycin. The concentration of type I collagen was significantly
higher in the skin of BALB/c mice directly exposed to agents
generating HOCl, ONOO ~, OH-, and bleomycin than the concen-
tration measured in skin of mice injected with PBS (p = 0.002,
p = 0.001, p = 0.008, and p = 0.008, respectively) (Fig. 1¢),
whereas the solution generating O; had no effect (p = 0.27 vs
PBS). Identical results were observed in DBA/1 and in (NZB x
NZW)F, mice injected (see Supplemental Fig. 1).° In addition,
fibroblasts isolated from the skin of mice submitted to treatment
with agents generating HOCI displayed a higher proliferation rate
than fibroblasts obtained from mice injected with PBS or bleomy-
cin (p = 0.01 vs PBS and p = 0.003 vs bleomycin) (Fig. 1d). The
concentration of collagen content in skin was significantly de-
creased in mice injected with agents producing HOCI and simul-
taneously treated with the antioxidative agent N-acetylcysteine
(NAC), suggesting that the accumulation of collagen observed
upon HOCI injection was associated with an oxidative stress (p =
0.01 vs mice exposed to HOCI and treated with PBS) (Fig. le).

The s.c. production of HOCI and OH* induced a systemic
reaction with lung fibrosis and renal involvement

We next investigated whether s.c. production of ROS could trigger
a systemic reaction as observed in the diffuse form of human SSc.
Histopathological analysis of lung tissue from BALB/c mice in-
jected with agents generating HOCI, OH-, or bleomycin showed
thickening of the pulmonary interalveolar septa accompanied by
cell infiltrates, whereas mice treated with agents generating
ONOO™, O;, or PBS showed no signs of fibrosis or inflammation
(Fig. 2a). Moreover, in mice injected with agents generating
HOCI, OH:, and bleomycin, the concentration of type I collagen in
the lung was higher than the concentration found in mice injected
with PBS (p = 0.0048, p = 0.024, and p = 0.024, respectively)
(Fig. 2b). By contrast, injection of agents generating ONOO™ or
O; did not increase the level of collagen synthesis in lung vs PBS
(p =0.28 for ONOO ™, p = 0.17 for O5). As observed for the skin,
the concentration of collagen content in lung was significantly de-
creased in mice injected with agents producing HOCI and simul-
taneously treated with NAC (p = 0.0185 vs mice exposed to
HOCI and treated with PBS) (Fig. le). Immunohistochemistry
analysis of lung tissue sections from BALB/c mice injected with
agents generating HOCI or bleomycin were next performed to an-
alyze the characteristics of the cell infiltrates observed in the lung
of these mice. Staining with anti-mouse B220 or anti-mouse CD3
showed that most cells were consisting of T lymphocytes (Fig. 2d).

In addition, kidneys from mice injected with HOCI or OH-pro-
ducing agents displayed abnormal accumulation of collagen in the
interstitium with some foci of inflammatory cells (see Supplemental
Fig. 2). Intimal fibrosis with intima-media thickening and a decrease
of lumen diameter were observed in small renal arteries of mice
treated with either bleomycin or an HOCI- or OH--producing agent.

3 The online version of this article contains supplemental material.
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FIGURE 1. The s.c. injection of HOCI, OH-, or ONOO™ induces a skin
fibrosis in BALB/c mice. The s.c. injections of bleomycin or PBS, or of
ROS-inducing substances (O3, HOCI, OH-, and ONOO ™) were performed
daily for 6 wk in the back of BALB/c mice. a, Representative skin sections
comparing dermal fibrosis in the injection areas from BALB/c mice. Tissue
sections were stained with H&E. Magnification is X50 (Olympus DP70
Controller). b, Dermal thickness, as measured on skin sections in the in-
jection areas of BALB/c mice. *, p < 0.05 vs mice injected with PBS. ¢,
Results of the biochemical analysis of collagen content in skins from
BALB/c mice (n = 10 per group) as measured by the quantitative dye-
binding Sircol method. *, p < 0.05 vs mice injected with PBS. d, Results
of proliferation assays of fibroblasts isolated from the skin of mice sub-
mitted to agents generating HOCI, bleomycin, and PBS by injection show-
ing increased proliferation of fibroblasts taken from HOCI-exposed mice
(n = 10 per group). *, p < 0.05 vs mice injected with PBS. e, Effect of
NAC treatment on the collagen content in skin of BALB/c mice exposed to
HOCI-inducing substances. Mice were s.c. injected with HOCl-inducing sub-
stances and simultaneously treated with NAC (150 mg/kg per i.p. injections,
three times per week for 6 wk) or PBS. Collagen content was measured by the
quantitative dye-binding Sircol method. *, p < 0.05. NS, Nonsignificant dif-
ferences. Data are mean == SEM. Error bars represent SEM. Mean values were
compared by using unpaired Mann-Whitney U tests.

By contrast, no signs of fibrosis or vascular damage were observed in
kidneys from mice treated with an ONOO™ - or O5-producing agent,
or with PBS. In addition, kidneys from mice exposed to agents gen-
erating HOCI, OH:, or ONOO™ displayed myocyte necrosis.

Exposition to an oxidative stress triggered a systemic
autoimmune response

Because features of autoimmunity are observed in patients with
SSc in addition to fibrosis, we investigated the presence of
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FIGURE 2. The s.c. injection of HOCI and OH- but not of ONOO™
induces a systemic disease with lung fibrosis and inflammation in BALB/c
mice. The s.c. injections of bleomycin or PBS, or of ROS-inducing sub-
stances (05, HOCI, OH:, and ONOO ™) were performed daily for 6 wk in
the back of BALB/c mice. a, Representative lung sections from BALB/c
mice. Tissue sections were stained with H&E. Magnification is X50
(Olympus DP70 Controller). b, Results of the biochemical analysis of col-
lagen content in lungs from BALB/c mice (n = 10 per group) as measured
by the quantitative dye-binding Sircol method. *, p < 0.05 vs mice injected
with PBS. ¢, Effect of NAC treatment on the collagen content in lung of
BALB/c mice exposed to HOCl-inducing substances. Mice were s.c. in-
jected with HOCl-inducing substances and simultaneously treated with
NAC (150 mg/kg per i.p. injections, three times per week for 6 wk) or PBS.
Collagen content was measured in lung by the quantitative dye-binding Sir-
col method. *, p < 0.05. NS, Nonsignificant differences. Data are mean *
SEM. Error bars represent SEM. Mean values were compared by using un-
paired Mann-Whitney U tests. d, Immunohistochemistry of lung sections.
Slides were stained with a 1/50 dilution of FITC-labeled rat anti-mouse B220,
or with a 1/50 dilution PE-labeled hamster anti-mouse CD3 or with the re-
spective FITC- and PE-labeled control isotype. @ and d, PBS-treated mice. b
and e, Bleomycin-treated mice (Bleo). ¢ and f, HOCl-treated mice. Magnifi-
cation is X400.

autoantibodies in the serum of mice injected with ROS-generating
agents or bleomycin by immunoblotting experiments with whole
cell protein extracts of HUVEC and HEp-2 cells. Serum Abs from
mice submitted to the action of HOCI, OH:, ONOO ", or bleomy-
cin but not O3 or PBS also bound to a 85-kDa protein band present
in both endothelial and HEp-2 cell extracts. The same 85-kDa
protein band was also recognized by the serum from a patient with
limited cutaneous SSc and anti-centromere Abs (patient I, Fig.
3a). Serum Abs from mice submitted to the action of HOCI, OH-,
or bleomycin, but not other ROS or PBS, bound to several bands
including two 100-kDa protein bands present in both endothelial
(Fig. 3a) and HEp-2 cell extracts (data not shown). The same 100-
kDa bands were recognized by the serum from a patient with dif-
fuse cutaneous SSc and anti-DNA topoisomerase 1 IgG Abs (pa-
tient 2, Fig. 3a).

In addition to these immunoblotting experiments, we investi-
gated the presence of autoantibodies by ELISA experiments with
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FIGURE 3. The s.c. injection of HOCI and OH- trigger a selective im-
mune activation leading to the production of high levels of anti-DNA to-
poisomerase 1 Abs. Injections of prooxidative agents, bleomycin, or PBS
were performed daily for 6 wk in the back of BALB/c mice. a, Represen-
tative examples of Western blot analysis with whole cell protein extracts of
HUVEC incubated with mice (n = 10 per group) or human sera. Serum in
lane 0 was from a healthy individual, serum in lane I was from a patient
with limited cutaneous SSc and contained anti-centromere Abs that bind to
a 85-kDa band corresponding to CENP-B. Serum in lane 2 was from a
patient with diffuse cutaneous SSc and contained anti-DNA topoisomerase
1 Abs that recognize two 100-kDa protein bands corresponding to different
forms of DNA topoisomerase 1. Serum in /ane 3 was from a patient with
diffuse cutaneous SSc and contained no Abs characteristic of SSc. Serum
from mice treated with HOCI, OH-, or bleomycin bound to several Ags
including two 100-kDa proteins as IgG from patient with sera in lane 2.
Serum from mice treated with HOCI, OH:, ONOO ™, or bleomycin but not
O; or PBS bound to a 85-kDa protein as the patient with serum from lane
1. b, Anti-CENP-B IgG Abs titers detected by ELISA. ¢, Anti-DNA topo-
isomerase 1 IgG Abs titers measured by ELISA. d, Levels of IgM Abs
directed to IgG Abs (rheumatoid factors), and of anti-dsDNA, anti-
cardiolipin, and anti-annexin V IgG Abs. Data are mean = SEM of data
gained from all mice in the experimental or control group. Mean values
were compared using unpaired Mann-Whitney U tests. *, p < 0.05 vs mice
injected with PBS.
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recombinant DNA topoisomerase 1, the major target of autoanti-
bodies in patients with diffuse cutaneous SSc and recombinant
CENP-B, the main centromeric Ag targeted by autoantibodies in
patients with limited cutaneous SSc. We detected higher levels of
anti-CENP-B Ab in the sera of mice exposed to ROS (except O3) and
bleomycin compared with mice injected with PBS (p = 0.004 for
ONOO ", p = 0.001 for HOCI, p = 0.004 for OH:, and p = 0.001
for bleomycin) (Fig. 3b). Sera from mice exposed to agents gen-
erating HOCI, OH-, and bleomycin contained a significant level of
anti-DNA topoisomerase 1 Abs (p = 0.001, p = 0.006, and p =
0.006 vs mice treated with PBS, respectively) (Fig. 3c). Conse-
quently, both immunoblotting and ELISA experiments detected
the presence of anti-CENP-B Ab in the sera of mice injected with
agents generating HOCI, OH:, ONOO™, or bleomycin and con-
firmed the presence of significant levels of anti-DNA topoisomer-
ase 1 Abs in the sera of mice injected with agents generating
HOCI, OH:, or bleomycin, but not ONOO .

We next tried to detect the presence of autoantibodies usually
found in other connective tissue diseases but not in SSc in the sera
of experimental mice (Fig. 3d). We detected no significant levels
of rheumatoid factors, anti-annexin V, or anti-cardiolipin Abs, re-
gardless of the prooxidative product injected. Anti-DNA IgG Abs
were detected in the sera from mice exposed to agents generating
O; but in no other group of mice (p = 0.017 as compared with
mice receiving PBS). Therefore, all the prooxidative agents tested
induced an autoimmune response, but only the exposition to agents
generating HOCI, OH:, and ONOO ™ elicited an immune response
characteristic of the SSc phenotype.

We then analyzed the spleen cell subpopulations in mice ex-
posed to HOCI (n = 7), PBS (n = 5), or bleomycin (n = 7) for 6
wk. The s.c. injections of HOCI increased the number of total
spleen cells and of spleen B cells when compared with PBS-in-
jected mice (p = 0.039 for total spleen cells and p = 0.019 for
spleen B cells) (see Supplemental Fig. 3, @ and b).> By contrast, no
significant difference was observed in the number of CD11b*,
CD4™", or CD8" spleen cells between the animals exposed to
HOCI or PBS (see Supplemental Fig. 3b).> We next investigated
the rate of proliferation of splenocytes after stimulation with an
anti-CD3 mAb or with LPS. When stimulated by an anti-CD3
mADb, splenocytes isolated from mice submitted to HOCI displayed
a higher proliferation rate than splenocytes obtained from mice
injected with PBS (p = 0.032) (see Supplemental Fig. 3c).” LPS
exerted a higher pro-proliferative effect on splenocytes from mice
injected with HOCI than on splenocytes from mice injected with
PBS (p = 0.041) (see Supplemental Fig. 3c).”

We finally measured total serum IgM and IgG Ab concentra-
tions in these mice. No significant difference was observed in total
serum IgG Ab concentrations between mice treated with HOCI or
PBS (see Supplemental Fig. 3d),” whereas mice exposed to HOCI
displayed higher serum IgM Ab concentrations than mice exposed
to PBS (p = 0.005) (see Supplemental Fig. 3d).

Taken together, our results confirm that HOCI injections induce
an immune activation involving both B and T lymphocytes in
BALB/c mice. This immune activation leads to T cell infiltration
of the lung and to the production of autoantibodies, especially of
anti-DNA topoisomerase I Abs.

Sera from mice and patients with SSc induced H,O, production
by endothelial cells

Because some mice s.c. injected with prooxidative agents developed
not only a local reaction with skin sclerosis, but also systemic in-
volvement with lung fibrosis and autoimmunity, we hypothesized that
soluble factors generated at the site of ROS production and subse-
quently carried by the peripheral blood could mediate distal fibrotic
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FIGURE 4. Sera from mice exposed to s.c. injection of HOCI and OH-
contain high amounts of AOPP and trigger the production of H,O, by endo-
thelial cells, as the sera from patients with a diffuse form of SSc. a, H,O,
production by endothelial cells induced by sera from mice injected with
prooxidative agents, bleomycin, or PBS (n = 10 per group) and from SSc
patients and 20 healthy controls. Ten patients had limited cutaneous SSc (with
TLC) >75%) and 10 patients had diffuse cutaneous SSc (with TLC <75%).
#, p < 0.05 vs mice injected with PBS or healthy subjects. NS, Nonsignificant
differences. b, Concentrations of AOPP in the sera from mice s.c. injected with
ROS-inducing substances, bleomycin, or PBS and in the sera from patients
with limited cutaneous SSc (with TLC >75%) (n = 10), patients with diffuse
cutaneous SSc (with TLC <75%) (n = 10), and healthy subjects (n = 20). *,
p < 0.05 vs mice injected with PBS or healthy controls. NS, Nonsignificant
differences. Data are mean = SEM. Mean values were compared using un-
paired Mann-Whitney U test in arbitrary units (A.U.).

processes. We thus tested the ability of the sera of these mice to
induce the production of H,O, by endothelial cells in vitro. The sera
of mice exposed to agents generating HOCI, OH:, and to a lesser
extent, ONOO ™~ induced a higher production of H,O, by endothelial
cells than the sera of mice treated with PBS (p = 0.015, p = 0.004,
and p = 0.032) (Fig. 4a).

We tested sera from 20 patients with SSc and from 20 healthy
individuals for their ability to mediate endothelial cell activation and
H,0, production. There were 10 patients who had limited cutaneous
SSc and no lung involvement, 10 patients suffered from diffuse cuta-
neous SSc with pulmonary fibrosis (with TLC <75%). All the sera
from patients with limited and diffuse SSc induced a higher produc-
tion of H,O, by endothelial cells than sera from healthy subjects (p <
0.0001 in each case) (Fig. 4a). Nevertheless, the sera from patients
with diffuse SSc and lung involvement induced a higher release of
H,0, by endothelial cells than the sera from patients with limited SSc
and no lung fibrosis (p = 0.03) (Fig. 4a). Thus, s.c. generation of
ROS resulted in the production of some serum-soluble factors capable
of activating endothelial cells and inducing the production of other
ROS types.

Sera containing AOPP

We then investigated which circulating factors were involved in the
propagation of the oxidative stress from skin to lung. We hypothe-
sized that the soluble factors possibly related to the systemic oxidative
stress could be proteins oxidized in the skin subsequently carried by
the peripheral blood to the lung where they could induce the fibrotic
process. Consistent with this hypothesis, we observed that sera from
mice exposed to agents generating HOCI or OH- and sera from pa-
tients with diffuse cutaneous SSc and lung fibrosis SSc contained
AOPP. The sera from mice injected with agents generating HOCI and
OH: contained higher amounts of AOPP than the sera from mice
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treated with PBS (p = 0.024 and p = 0.006, respectively) (Fig. 4b).
In contrast, the sera from mice exposed to other types of ROS or
bleomycin did not contain higher levels of AOPP than those from
mice injected with PBS. Sera from patients with diffuse SSc and lung
fibrosis (with TLC <75%) also contained higher amounts of AOPP
than sera from healthy subjects (p = 0.04) (Fig. 4b), whereas serum
AOPP concentrations in patients with limited cutaneous SSC and no
lung fibrosis did not differ from concentrations observed in healthy
individuals (p = 0.88) (Fig. 4b).

Oxidized DNA topoisomerase 1 induced ROS production,
fibroblast proliferation, and type I collagen synthesis

To further characterize the nature of AOPP associated with the
systemic oxidative stress observed in mice exposed to agents gen-
erating HOCI or OH-, we tested the ability of a variety of in vitro-
synthesized AOPP to reproduce fibroblast proliferation and H,O,
production by endothelial cells and type I collagen synthesis. We
tested albumin and IgG, given their high concentration in serum,
and unrelated proteins like collagenase and pepsin for their ability
to trigger H,O, production by endothelial cells, fibroblast prolif-
eration, and collagen synthesis. In addition, we also tested DNA
topoisomerase 1 because this protein is a specific autoantigen in
SSc and is able to be cleaved in an oxidation reaction (30). We
observed that the properties of these in vitro-synthesized AOPP
were dependent on the nature of the protein used. Indeed, AOPP
generated from DNA topoisomerase 1 oxidized by HOCI or OH-
induced a higher production of H,O, by endothelial cells than
AOPP derived from IgG, collagenase, albumin, or pepsin oxidized
by HOCI or OH: (p < 0.0001 in all cases) (Fig. 5a). Moreover,
AOPP resulting from the oxidation of DNA topoisomerase 1 ox-
idized by HOCI or OH: induced the highest rate of fibroblast pro-
liferation (p < 0.0001 in all cases) (Fig. 5b) and the highest rate
of type I collagen mRNA synthesis in vitro (p < 0.05 in all cases)
(Fig. 5¢).

The s.c. injections of HOCI- and OH*-generating agents induced
local formation of DNA topoisomerase 1-derived AOPP but not
of TGF-B1

We then hypothesized that oxidized DNA topoisomerase 1 was
formed in the skin areas where ROS were generated and was sub-
sequently responsible for the development of the distal fibrotic
lesions observed that may not be depending on cytokines such as
TGF-p. To test this hypothesis, we performed selective DNA to-
poisomerase 1 extraction from the dorsal skin of mice exposed to
HOCI or OH: because those two types of ROS induced the highest
concentrations of AOPP in serum (Fig. 5a). Oxidized DNA topo-
isomerase 1, as assayed by the measure of AOPP concentration in
the DNA topoisomerase extract, was found in skin of mice treated
with agents producing HOCI and OH:, but not in the skin of mice
injected with bleomycin or PBS (Fig. 5d). By contrast, the skin
extracts from mice treated with bleomycin, but not those from
mice injected with HOCI, contained TGF-B1 (Fig. Se).

Reduction of serum AOPP and DNA topoisomerase 1 decreased
the production of H,O, by endothelial cells and fibroblast
proliferation

To directly investigate the involvement of AOPP and oxidized
DNA topoisomerase 1 in the spreading of systemic fibrosis in this
model, we reduced serum AOPP by using the reducing agent
2-ME. By adding 5 uM 2-ME to sera from mice exposed to agents
producing HOCI, we obtained a significant decrease in AOPP con-
centrations (p = 0.033 vs similar sera without 2-ME) (Fig. 6a).
Conversely, no significant decrease of AOPP concentrations was
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FIGURE 5. DNA topoisomerase 1 oxidized by HOCI or OH: repro-
duces the effects of serum AOPP from HOCI- or OH--treated mice. DNA
topoisomerase 1 (DNA Topo 1), IgG, collagenase, albumin, and pepsin
were submitted to oxidation by HOCI or OH- in vitro. a, The ability of the
oxidized proteins to induce H,O, production by endothelial cells and pro-
liferation of fibroblasts is shown. For each protein tested, data shown rep-
resent the ratio of H,O, produced by endothelial cells exposed to oxidized
proteins to H,O, production following exposition to nonoxidized proteins.
Data are mean = SEM. *, p < 0.05 vs DNA topoisomerase 1 submitted to
oxidation by HOCI; **, p < 0.05 vs DNA topoisomerase 1 submitted to
oxidation by OH-. b, Proliferation rate of NIH 3T3 fibroblasts upon incu-
bation with the various oxidized proteins tested. Data are mean = SEM. ,
p < 0.05 vs DNA topoisomerase 1 submitted to oxidation by HOCI; s,
p < 0.05 vs DNA topoisomerase 1 submitted to oxidation by OH:. ¢, Type
I collagen mRNA synthesis in NIH 3T3 fibroblasts upon incubation with
the various oxidized proteins tested. Amplicon intensity was quantified
using a scanner densitometer. Results are expressed as densitometry units
normalized for B-actin expression for collagen type I transcripts. Data are
mean = SEM. #, p < 0.05 vs DNA topoisomerase 1 submitted to oxidation
by HOCI; ##, p < 0.05 vs DNA topoisomerase 1 submitted to oxidation by
OH-. d, Concentrations of oxidized DNA topoisomerase 1 in the skin areas
of BALB/c mice exposed to HOCI, bleomycin, or PBS for 2 wk. DNA
topoisomerase 1 was selectively extracted from the skin in the areas of
injections. Data are mean = SEM. *, p < 0.05 vs mice injected with PBS.
e, TGF-B1 expression in skin of BALB/c mice exposed to HOCI, bleomy-
cin, or PBS (n = 3 mice per group). Results are one representative exper-
iment of three completed.
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poisomerase 1 (DNA topo 1) depletion from the sera of patients with SSc
(n = 5) on H,0, production by endothelial cells and fibroblast prolifera-
tion. H,O, production measured in arbitrary units (A.U.). Data are mean =
SEM. *, p < 0.05.
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mycin (BLEO) or PBS (n = 10 per group). Skin, lungs, and sera from those
mice were collected at the time of sacrifice. Collagen content in skin (a)
and lung (b) was measured by the quantitative dye-binding Sircol method.
¢, Serum AOPP concentrations in BALB/c and BALB/c SCID mice. d,
Serum-induced production of H,0O, by endothelial cells measures in arbi-
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observed in the sera from PBS-treated mice (p = 0.99 vs similar
sera without 2-ME) (Fig. 6a).

We next tested the sera depleted of AOPP for the ability to
induce endothelial H,O, production as compared with homolo-
gous nondepleted sera. AOPP depletion decreased H,O, produc-
tion in mice treated with a solution inducing HOCI (p = 0.001 vs
similar sera without 2-ME) (Fig. 6b). Control experiments per-
formed with 2-ME alone showed no changes in endothelial cell
viability and in H,O, production (data not shown).

Finally, we tested the effects of all depleted and nondepleted
sera on the proliferation of fibroblasts. Sera from mice treated with
HOCI tended to exert a higher pro-proliferative effect on NIH 3T3
fibroblasts than sera from mice receiving PBS (p = 0.05 vs serum
from PBS-treated mice) (Fig. 6¢). After AOPP depletion, sera from
mice treated with HOCI lost their higher ability to stimulate fibro-
blast proliferation (p = 0.037 vs similar sera without 2-ME) (Fig.
6¢). 2-ME alone did not modify fibroblast proliferation (data not
shown).

Similar results were observed with sera from SSc patients after
addition of 5 uM 2-ME ex vivo (Fig. 6, a—c). In addition, because
higher volumes of serum were available from patients than from
mice, we performed additional experiments with human sera and
mixed the sera with 1 and 10 uM 2-ME, respectively. AOPP con-
centrations and serum properties (induction of H,O, production
and of fibroblast proliferation) were related to the dose of 2-ME
used, in a dose-dependent fashion.

Previous experiments showed that oxidized DNA topoisomerase
1 exerted higher effects than other AOPP. To assess the involve-
ment of this protein in the spreading of the disease, we depleted
DNA topoisomerase 1 protein from human sera by immunopre-
cipitation using an anti-human DNA topoisomerase 1 Ab. The SSc
sera depleted of DNA topoisomerase 1 (n = 5) showed a decrease
in whole AOPP concentration, in the production of H,O, by en-
dothelial cells, and in the proliferation of fibroblasts (Fig. 6d).

Role of the immune system in the development of SSc in mice

We next investigated whether skin and lung fibrosis observed in
BALB/c mice exposed to HOCI was dependent on a simultaneous
activation of the immune system. For that purpose, immunodefi-
cient SCID mice were injected s.c. with a solution generating
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HOCI. As observed in normal mice, immunodeficient SCID mice
developed more skin and lung fibrosis than SCID mice exposed to
PBS as assessed by collagen content (p = 0.001 and p = 0.029 for
skin and lung, respectively) (Fig. 7, @ and b). These results indicate
that the immune system was not required for the initiation of SSc
in mice. However, SCID mice exposed to a solution generating
HOCI showed significantly lower pulmonary fibrosis than wild-
type BALB/c, with no differences in the extent of skin fibrosis
(p = 0428 and p = 0.0158 for skin and lung collagen content
respectively) (Fig. 7, a and b). This decrease in lung fibrosis was
related to the immune system and not to differences in serum AOPP
levels (Fig. 7¢) or endothelial H,O, production potentials (Fig. 7d)
between the strains. Taken together, these results suggest that the im-
mune system is not required for the development of skin fibrosis, but
rather for the full development of lung fibrosis through synergistic
interactions with the direct toxicity of oxidized proteins.

Discussion

In this study, we produced and described original animal models of
SSc for both the limited and diffuse forms of SSc that support the
direct role of ROS in both forms of the disease (3). These tools
offer new opportunities for studying this chronic and fatal human
disease of unknown etiology.

We observed three different phenotypes in mice submitted to s.c.
oxidative stress, depending on the type of ROS injected. The s.c.
injections of agents generating O; did not induce any feature of
SSc. By contrast, s.c. injections of agents generating OH- or HOCl
induced cutaneous and lung fibrosis and kidney involvement along
with the production of serum anti-DNA topoisomerase 1 Abs; all
features that characterize diffuse cutaneous SSc in humans. The
injections of agents generating ONOO ~, conversely, induced lim-
ited cutaneous fibrosis and the production of anti-CENP-B Abs in
the absence of either lung involvement or the presence of serum
anti-DNA topoisomerase 1 Abs. This disease shares numerous
similarities to the limited cutaneous form of SSc. To our knowl-
edge, this experimental demonstration is the first to show the two
different clinical forms of human SSc in mice.

Using these animal models, we discovered a new mechanism
involving AOPP, which accounts for the systemic propagation
of the disease. AOPP were first described as new markers of
oxidative stress in patients with uremia (27). Recently, these
oxidized protein products have been shown to act as true in-
flammatory mediators. They are able to trigger the oxidative
burst of neutrophils and monocytes and to stimulate dendritic
cells in vitro (31, 32). In addition, they promote renal fibrosis in
a remnant kidney model (33).

Our experiments suggest that AOPP, generated in high amounts
after exposition of the skin to agents generating hypochlorite or
hydroxyl anions, are directly involved in the spreading of the fi-
brosis from the skin into visceral organs via the systemic circula-
tion, thus leading to the development of the diffuse form of SSc
and anti-DNA topoisomerase 1 Abs. These observations are con-
sistent with previous studies, which demonstrate a direct link be-
tween the concentration of AOPP in the serum of SSc patients and
the development of lung fibrosis (6). Nevertheless, future research
is necessary to fully understand the exact molecular mechanisms
of the damages induced by AOPP.

Our study also demonstrated a new role for the protein DNA
topoisomerase 1 in SSc. This protein is known to be the selective
target of the immune response in patients with diffuse cutaneous
SSc (34). Such anti-DNA topoisomerase 1 Abs are neither detected
in patients with limited cutaneous SSc nor in those with other
connective tissue disorders. Interestingly, Casciola-Rosen et al.
(30) have shown that OH-, generated by the Fenton reaction, can
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cleave DNA topoisomerase 1. It was postulated that this modifi-
cation could increase DNA topoisomerase 1 antigenicity and thus
may be required for the development of anti-DNA topoisomerase
1 Abs. Our observations corroborate the findings of Casciola-
Rosen et al. (30). In our animal model, we found that exposition to
HOCI or OH-, generated via the Fenton reaction from H,0,, in-
duced high amounts of oxidized DNA topoisomerase in the skin
along with concomitantly high serum levels of anti-DNA topo-
isomerase 1 Abs. However, in addition to this known antigenic
property, we found a direct pathogenic role for oxidized DNA
topoisomerase 1 in SSc. Indeed, high amounts of oxidized DNA
topoisomerase 1 were detected in the skin of mice after exposition
to HOCI. We showed in vitro that oxidized DNA topoisomerase 1
was capable of triggering H,O, production by endothelial cells and
fibroblast proliferation, fully recapitulating the effects of whole
AOPP contained in the sera of HOCl-treated mice and of patients
with diffuse cutaneous SSc. These results were not reproduced
with other oxidized proteins, suggesting that the observed pheno-
types were solely due to the toxic properties of oxidized DNA
topoisomerase 1. As expected, when we depleted DNA topoisom-
erase 1 in SSc sera, ROS production and fibroblast proliferation
decreased close to baseline levels. Taken together, these results
suggest that DNA topoisomerase 1, exposed to a specific oxida-
tion, is not only the target of the immune response in SSc but is a
crucial factor responsible for the diffusion of the oxidative stress
and the induction of tissular damages in this mouse model and in
SSc patients.

The pathogenic role of oxidized DNA topoisomerase 1 per se
was confirmed by the development of SSc in SCID mice exposed
to HOCI. These results obtained in mice with no operational im-
mune system suggest that B and T lymphocytes are not required
for the development of the disease (35-37). However, the extent of
the HOCI-induced pulmonary fibrosis was lower in SCID mice
than in immunocompetent mice, indicating that the immune sys-
tem synergizes with the direct effects of oxidized proteins for the
full development of the systemic disease (see Supplemental Fig.
4).° This conclusion is consistent with the fact that, in mice ex-
posed to HOCI, the lung fibrosis is associated with a T cell infil-
trate, similar to that observed in human SSc (38).

Thus far, the classical model available to study SSc has been the
bleomycin model. Bleomycin is a well known profibrotic agent
that causes pulmonary fibrosis after tracheal instillation (39) and
skin and lung fibrosis following s.c. injections (40). However,
there are many features of bleomycin treatment that are not con-
sistent with human SSc. First, whereas bleomycin treatment does
not modify the phenotype of fibroblasts, fibroblasts obtained from
SSc patients display a high rate of spontaneous proliferation. Our
animal models reproduce this latter phenotype following treatment
with agents generating HOCL. Second, in the bleomycin-induced
SSc, systemic fibrosis is caused by the intrinsic chemical proper-
ties of the drug and involves the generation of cytokines such as
TGF-B (41, 42). This cytokine, able to stimulate fibroblasts to
produce matrix proteins in vitro, is not involved in our models and
seems not to be involved human SSc. Although the data regarding
the presence of this cytokine in the skin of SSc patients are con-
tradictory (43, 44), it has been clearly shown that fibroblasts from
patients with SSc do not secrete more TGF- than normal cells
(45). Thus, we believe that we have created a more representative
model of human SSc than the bleomycin model.

In conclusion, we provide new animal models recapitulating the
different clinical forms of human SSc. Using these models, we
demonstrate a novel, direct role for ROS in the induction of SSc.
We show that the nature of the ROS involved determines the ex-
tent of fibrosis and the specificity of the autoantibodies produced,
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thus dictating the form of the resulting SSc. In addition, we dem-
onstrate for the first time that specific oxidation of an autoantigen,
in this case DNA topoisomerase 1, can participate in the patho-
genesis of an autoimmune disease by not only inducing a breach in
tolerance, but also by exerting a direct toxic effect ultimately re-
sponsible for the initiation and systemic propagation of the disease.
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3.2 ARTICLE 2

L'inhibition de la voie ADAM-17/Notch bloque le
développement de la Sclérodermie systémique chez la souris

Targeting ADAM-17/Notch signaling abrogates the

development of systemic sclerosis in a murine model

Niloufar Kavian, Amélie Servettaz, Céline Mongaret, Andrew Wang,
Carole Nicco, Christiane Chéreau, Philippe Grange, Vincent Vuiblet, Philippe
Birembaut, Marie-Daniéle Diebold, Bernard Weill, Nicolas Dupin, Frédéric Batteux

Arthritis and Rheumatism, 2010

e travail a été réalisé afin d’évaluer le role de Notch dans la physiopathologie de la ScS.
Nous avons tout d’abord étudié I'expression de la forme active de Notch, Notch Intra
Cellular Domain (NICD), dans différents tissus de souris sclérodermiques et témoins,
et aussi chez des patients sclérodermiques et sujets sains. Les Western-Blots ont révélé de forts
taux de Notch IC dans la peau, les poumons, et les splénocytes de souris développant une

sclérodermie, et dans la peau des patients ScS.

Afin d’analyser l'effet de I'inhibition de Notch dans la sclérodermie, nous avons ensuite sou-
mis des souris a notre protocole d’induction de la maladie (injections quotidiennes d’"HOCI),
et nous les avons traitées de facon concomitante avec un inhibiteur de Notch : le GSI (Gam-
ma Secretase Inhibitor). Nous avons observé que le traitement par le GSI diminuait significa-
tivement 1'accumulation de collagéne dans la peau et les poumons induite par les injections
intra-dermiques d’"HOCI. Nous avons alors analysé 1’effet du GSI sur les fibroblastes afin de
déterminer le mécanisme de cette amélioration clinique de la fibrose. Les sérums de souris
HOCI traitées par le GSI entrainent une moindre prolifération des fibroblastes NIH-3T3 que
les sérums de souris HOCI non traitées. De méme, les fibroblastes cutanés extraits des peaux
de ces souris ont des taux de prolifération réduits par rapport aux souris HOCI non traitées.
De plus, nous avons confirmé 1’effet anti-prolifératif du GSI en traitant in vitro les fibroblastes

NIH-3T3 et les fibroblastes cutanés extraits des peaux de souris HOCI.
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Le traitement in vivo par le GSI a aussi eu un impact positif sur les propriétés pro-oxydatives
des sérums de souris ScS que nous avions mises en évidence lors de la mise au point du modele
murin. En effet, les sérums des souris HOCI traitées par le GSI avaient une diminution des taux
sériques d”’AOPP, et induisaient une production d'H,O, par les cellules endothéliales HUVEC
réduite par rapport aux sérums de souris HOCI non traitées. Nous avons pu montrer que le
GSI pouvait directement bloquer la production d’"H,O, des cellules endothéliales HUVEC de

maniére dose-dépendante.

Nous avons ensuite exploré 1'effet du GSI sur 1’activation du systéme immunitaire au cours
de la ScS. Nous avons observé une diminution du nombre et de 1’activation des cellules B splé-
niques chez les souris HOCI traitées par GSI, ainsi qu'une réduction des taux d'IgM totales et

d’auto-anticorps anti-DNA Topoisomérase-1.

Enfin, dans une derniére série d’expériences, nous avons exploré la voie ADAM17 dans
notre modéle murin de ScS et chez les patients. En effet, les protéines ADAM sont une famille
de protéines transmembranaires et secrétées impliquées dans diverses voies de signalisation.
ADAM17 peut déclencher la libération de 1’ecto-domaine de Notch, étape nécessaire a son acti-
vation. Comme ADAM17 est impliquée dans ’activation de Notch, et que de récentes données
ont montré qu’elle pouvait étre induite par le stress oxydant, il semblait pertinent de 1’étudier
dans ce travail. Nous avons observé une augmentation de I’activité d’ADAM17 dans la peau des
souris HOCI, corrélée avec 'augmentation de 'activation de Notch observée dans la premiere
partie de ce travail. Chez les patients atteints de sclérodermie diffuse, nous avons aussi mis en
évidence par western-blot et par immunofluorescence directe une forte expression d’ADAM17

corrélée avec I'augmentation de I’activation de Notch.

Grace a ce protocole, nous avons pu mettre en évidence le role de Notch dans les proces-
sus fibrosants de la sclérodermie systémique chez 1’animal, et aussi pour la premiére fois chez
I’homme. Ce travail montre I'existence d’un lien entre stress oxydant, induction d’”ADAM17
et activation de Notch, et nos données mettent en avant le role central de la voie Notch dans
le développement de la sclérodermie, et son effet direct sur les fibroblastes, les cellules endo-
théliales et 1’activation lymphocytaire B. L'inhibition de Notch par 1'utilisation d’inhibiteurs
de gamma-secrétase semble étre efficace pour lutter contre le développement des anomalies

clinico-biologiques de la ScS.

Nos résultats ont depuis été confirmés par d’autres équipes [226] [227].
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Targeting ADAM-17/Notch Signaling Abrogates the
Development of Systemic Sclerosis in a Murine Model
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Objective. Systemic sclerosis (SSc) is character-
ized by the fibrosis of various organs, vascular hyper-
reactivity, and immunologic dysregulation. Since Notch
signaling is known to affect fibroblast homeostasis,
angiogenesis, and lymphocyte development, we under-
took this study to investigate the role of the Notch
pathway in human and murine SSc.

Methods. SSc was induced in BALB/c mice by
subcutaneous injections of HOCI every day for 6 weeks.
Notch activation was analyzed in tissues from mice with
SSc and from patients with scleroderma. Mice with SSc
were either treated or not treated with the y-secretase
inhibitor DAPT, a specific inhibitor of the Notch path-
way, and the severity of the disease was evaluated.

Results. As previously described, mice exposed to
HOCI developed a diffuse cutaneous SSc with pulmo-
nary fibrosis and anti-DNA topoisomerase I antibodies.
The Notch pathway was hyperactivated in the skin, lung,
fibroblasts, and splenocytes of diseased mice and in skin
biopsy samples from patients with scleroderma. ADAM-
17, a proteinase involved in Notch activation, was over-
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expressed in the skin of mice and patients in response to
the local production of reactive oxygen species. In
HOCI-injected mice, DAPT significantly reduced the
development of skin and lung fibrosis, decreased skin
fibroblast proliferation and ex vivo serum-induced endo-
thelial H,O, production, and abrogated the production
of anti-DNA topoisomerase I antibodies.

Conclusion. Our results show the pivotal role of
the ADAM-17/Notch pathway in SSc following activa-
tion by reactive oxygen species. The inhibition of this
pathway may represent a new treatment of this life-
threatening disease.

In mammals, the Notch family consists of 4
transmembrane receptors (Notch-1 through Notch-4)
and 5 ligands (Jaggedl, Jagged2, Deltal, Delta3, and
Delta4) (1,2). The binding of the ligand to its cognate
receptor initiates metalloproteinase-mediated and ‘-
secretase-mediated proteolysis of the receptor. The
Notch intracellular domain (NICD) is then cleaved from
the plasma membrane and translocates into the nucleus
where it associates with transcription factors RBP-Jn/
CSL and mastermind-like-1 to form a heteromeric com-
plex. Notch signaling, initially known to be critical for
organism development, has recently been implicated in
the regulation of tissue homeostasis in adults (3).

Systemic sclerosis (SSc) is a connective tissue
disorder characterized by vascular hyperreactivity, fibro-
sis of skin and visceral organs, and immunologic dys-
regulation associated with autoantibodies (4). To date,
the mechanisms that determine the clinical manifesta-
tions remain unclear (5-7). Although it is not known
whether Notch plays a role in SSc, Notch signaling has
been reported to affect the behavior of endothelial cells
(angiogenesis) (8) and fibroblasts (9,10), 2 cell types that
play important roles in SSc. In addition, Notch partici-
pates in humoral and cellular immune responses that
are both dysregulated in SSc. Those observations have
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prompted us to investigate the role of the Notch pathway
in a recently designed animal model of SSc that recapit-
ulates the main features of the diffuse cutaneous form of
the human disease (11), as well as in human patients
with either diffuse or localized SSc.

Our results show that Notch signaling is activated
in humans and mice with SSc. In mice with experimental
SSc, the inhibition of Notch signaling by the y-secretase
inhibitor DAPT (N-S-phenyl-glycine-t-butyl ester) limits
both fibrosis and autoimmune activation. These findings
suggest that the Notch pathway could be a novel thera-
peutic target for the treatment of SSc.

MATERIALS AND METHODS

Animals, cells, and chemicals. Six-week-old female
BALB/c mice were purchased from Harlan. Human umbilical
vein endothelial cells were obtained by digestion of umbilical
cords as described in a previous report on endothelial cells (12)
and according to the method described by Jaffe et al (13)
(further information is available at https://sites.google.com/
site/notchssc/). NIH3T3 fibroblasts were obtained from Amer-
ican Type Culture Collection. All cells were cultured as
previously reported (14,15). All chemicals were from Sigma,
except for anti-Cleaved Notchl (Val 1744) Antibody (Cell
Signaling Technology), horseradish peroxidase (HRP)-
conjugated anti-IgG antibody (Santa Cruz Biotechnology),
ECL reagent (Amersham), and fluorogenic peptide substrate
IIT and anti-human ADAM-17 antibody (R&D Systems).

Experimental procedure. Induction of SSc by subcuta-
neous injections. Mice were randomly distributed into experi-
mental and control groups (n = 14 per group). One hundred
microliters of substances generating HOCI were injected sub-
cutaneously into the back of the mice every day for 6 weeks, as
previously described (11). Control groups received injections
of 100 ul sterilized phosphate buffered saline (PBS).

DAPT or vehicle treatment. Each mouse receiving sub-
cutaneous injections was randomized to treatment with DAPT
(Sigma) or vehicle control by gavage for 6 weeks. DAPT was
given 5 days a week at a dose of 5 mg/kg per day in corn oil.

Two weeks after the end of injections and treatment,
the animals were killed by cervical dislocation. Lungs were
collected and skin biopsies were performed on the back region
with a 6-mm diameter punch. Samples were stored at —80°C for
determination of collagen content or fixed in 10% formalin for
histopathologic analysis.

Western blot analysis of activated Notch proteins in
the skin, lungs, fibroblasts, splenocytes, and splenic B cells
from mice and in the skin of SSc patients. Skin, lung, and spleen
cell suspensions were mixed in radioimmunoprecipitation
assay lysis buffer. Fibroblasts were isolated from skin biopsy
samples taken in diseased areas of mice as described below. B
cells were isolated from splenocytes by magnetic cell sorting
using the B cell isolation kit (Miltenyi Biotec) according to the
manufacturer’s recommendations. For human samples, dis-
eased skin was obtained from 3 patients with localized sclero-
derma (morphea) and from 4 patients with diffuse cutaneous
SSc. Five normal skin samples served as controls.

Proteins (30 ug per well) were subjected to 15% poly-
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acrylamide gel electrophoresis, transferred onto nitrocellulose
membranes, blocked with 5% nonfat dry milk in Tris buffered
saline-Tween, then incubated overnight at 4°C with anti-Cleaved
Notch1 (Val 1744) Antibody. The membranes were then washed
and incubated with an HRP-conjugated secondary antibody for 1
hour at room temperature. Immunoreactivities were revealed
with ECL reagent. Optical densities were measured using Multi-
gauge Software (Fujifilm).

Immunofluorescence analysis of skin sections from SSc
patients and controls. Diseased skin was obtained from 4 patients
with early diffuse cutaneous SSc (different from the patients
whose skin had been used for Western blotting). Four patients
without SSc served as controls. Formalin-fixed paraffin-
embedded skin sections were dewaxed, and an enzymatic (Notch
staining) or heat-mediated (ADAM-17 staining) antigen retrieval
technique was used to overcome antigen masking. Slides were
washed with sodium borohydrate (NaBH,) to avoid spontaneous
autofluorescence and then blocked with mouse serum for 1 hour
at room temperature. Slides were stained with 1:200 anti-Cleaved
Notchl (Val 1744) Antibody or antiCADAM-17 antibody or
isotype control antibody overnight at 4°C. A secondary fluores-
cein isothiocyanate—labeled antibody was then applied on the
slides, and after washing in PBS, slides were observed with an
Olympus microscope equipped with an epifluorescence system,
and pictures were taken at 400X magnification with a digital
camera. Immunostaining of skin sections was analyzed using
ImageJ 1.36 b software (National Institutes of Health; http://
rsb.info.nih.gov/ij) for a quantitative assessment of fluorescence
intensity as described by Noursadeghi et al (16).

Dermal thickness assessment and histopathologic
analysis. One day before mice were killed, skin thickness of the
shaved back of mice was measured with a caliper and ex-
pressed in millimeters. A 5 um-thick tissue section was
prepared from the midportion of paraffin-embedded lung and
skin pieces and stained with hematoxylin and eosin. Slides were
examined using standard brightfield microscopy (Olympus
BX60) by a pathologist who was blinded to the animal’s group
assignment. Pictures were taken using the Olympus DP70
Controller Software.

Collagen content in skin and lung. Skin and lung
pieces were diced using a sharp scalpel, then mixed with pepsin
(1:10 weight ratio) and 0.5M acetic acid overnight at room
temperature under stirring. Collagen content assay was based
on the quantitative dye-binding Sircol method (Biocolor) (17).
Hydroxyproline content was measured as recommended by
Woessener (18).

Fibroblast assays. NIH3T3 fibroblasts (4 X 10° per
well) were incubated in 96-well plates (Costar) with 20 ul of
mouse serum and 180 ul of culture medium without fetal calf
serum at 37°C for 48 hours. Cell proliferation was determined
by pulsing the cells with *H-thymidine (1 uCi/well) during the
last 16 hours of culture. Results were expressed as absolute
numbers of counts per minute.

Skin samples were digested with “Liver Digest Me-
dium” (Invitrogen) for 1 hour at 37°C. After 3 washes in
complete medium, skin fibroblasts were cultured in Dulbecco’s
modified Eagle’s medium/GlutaMAX-I (Invitrogen) supple-
mented with 10% heat-inactivated fetal calf serum and anti-
biotics at 37°C. Primary fibroblasts (2 X 10° per well) were
seeded in 96-well plates and incubated with 150 ul of culture
medium for 48 hours. Cell proliferation was determined as
described above.
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Analysis of a-smooth muscle actin (a-SMA) expres-
sion and production of H,0,. The expression of a-SMA in
mouse skin was analyzed using Western blotting as described
above with an anti-mouse «a-SMA antibody (clone 1A4;
Sigma). Endothelial cells (8 X 10° per well) were incubated in
96-well plates with medium alone for 12 hours at 37°C. Culture
media were removed after 12 hours, and cells were preincu-
bated with 50 ul 2',7'-dichlorodihydrofluorescein diacetate
diluted 1:1,000 in PBS to test cellular H,O, production. After
30 minutes, 50 ul of mouse serum was added, and H,O,
production was monitored spectrofluorimetrically for 6 hours
(Fusion; PerkinElmer). Results were expressed in arbitrary
units (AU) per minute and per million cells.

Assessment of the effects of various concentrations of
DAPT on H,0, production by endothelial cells and on NIH3T3
fibroblast proliferation in vitro. Endothelial cells (2 X 10* per
well) were incubated in 96-well plates with medium alone or with
10, 20, or 40 uM DAPT for 12 hours at 37°C. Cellular H,O,
production was performed as described above. NIH3T3 fibro-
blasts (4 X 10? per well) were incubated in 96-well plates with 50
wul of 10, 20, or 40 uM DAPT and 50 ul of culture medium
supplemented with 1% fetal calf serum at 37°C for 48 hours. Cell
proliferation was determined as previously described.

Assessment of the effects of DAPT on the production of
type I collagen messenger RNA by human fibroblasts in vitro.
Human primary fibroblasts were seeded in 6-well plates and
incubated with complete medium either with 40 uM of DAPT
or with 100 uM of DAPT for 24 hours. Type I collagen and 28S
ribosomal RNA complementary DNA (cDNA) were quanti-
fied by real-time polymerase chain reaction (PCR) on a Light-
Cycler using the LightCycler-FastStart DNA Master SYBR
Green I kit (Roche Diagnostics).

Determination of advanced oxidation protein product
concentrations in sera. Advanced oxidation protein products
were measured by spectrophotometry as previously described
(19).

In vitro modulation of the expression of activated
Notch protein by N-acetylcysteine (NAC) and H,O, treat-
ments. Fibroblasts isolated from skin biopsy samples from
diseased mice were cultured in complete medium alone for
24 hours or with 5 mM of NAC added for 24 hours. Western
blots of activated cleaved Notch-1 protein were performed as
previously described. Primary human fibroblasts were cultured
in 6-well plates and incubated with 100 uM H,O, in complete
medium for 24 hours. Western blots of activated cleaved
Notch-1 protein were performed as previously described.

Detection of serum antibodies. Anti-DNA topo-
isomerase I IgG antibodies were detected using coated
enzyme-linked immunosorbent assay (ELISA) microplates
(Immunovision). Levels of total mouse IgG and IgM anti-
bodies, anti-double-stranded DNA (anti-dsDNA) IgG anti-
bodies, anticardiolipin IgG antibodies, and IgM rheumatoid
factors were measured using standard ELISAs as previously
described (20). A 1:50 serum dilution was used for the
determination of all autoantibodies.

Metalloproteinase activity of ADAM-17 protein in
mouse skin extracts and Western blot analysis of ADAM-17 in
skin biopsy samples from patients. Skin extracts were pre-
pared as previously described. Fluorogenic peptide substrate
IIT (25 wl) was directly added to 25 ul of skin extracts for 1
hour at 37°C. Fluorescence was recorded after 60 minutes on
a spectrofluorimeter (Fusion; Packard) at 320 nm and 405 nm
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as excitation and emission wavelengths, respectively. Diseased
skin was obtained from 3 patients with localized scleroderma
and from 4 patients with diffuse cutaneous SSc. Five normal
skin samples served as controls. Skin extracts were prepared as
described for Western blot analysis of Notch. Membranes were
incubated with an anti-human ADAM-17 antibody.

Analysis of Notch ligand and Notch member expres-
sion in mouse skin fibroblasts using real-time PCR. RNA was
extracted with TRIzol reagent (Invitrogen) from skin fibro-
blasts isolated from 5 PBS-treated mice and 5 HOCI-treated
mice. Notch ligand and Notch family member cDNA were
quantified using real-time PCR (further information is avail-
able at https://sites.google.com/site/notchssc/).

Statistical analysis. All quantitative data are expressed
as the mean = SEM. Data were compared using the Mann-
Whitney nonparametric test or Student’s paired ¢-test. When
analysis included more than 2 groups, one-way analysis of
variance was used. P values less than 0.05 were considered
significant.

RESULTS

Notch is hyperactivated in skin, lungs, and fibro-
blasts and in splenic B cells of mice with HOCl-induced
SSc, and this activation is abrogated in the skin by the
y-secretase inhibitor. First, we compared the activation
of Notch signaling in tissues from mice with HOCI-
induced SSc and in tissues from control animals. The
activation of the Notch receptor is followed by 2 subse-
quent cleavages of the activated receptor. High amounts
of the cleaved form of Notch-1 (NICD) were found in
the skin from mice with HOCl-induced SSc compared
with the skin from control mice (mean + SEM 14.16 +
1.64 AU versus 443 = 2.17 AU; P < 0.001). High
amounts of NICD were also found in lungs and spleen
cells as well as in purified skin fibroblasts and splenic B
cells from diseased mice (Figure 1A). In vivo treatment
of mice with the vy-secretase inhibitor DAPT down-
regulated Notch-1 activation (Figure 1B).

Notch is activated in the skin of patients with
localized scleroderma or diffuse cutaneous SSc. We next
investigated whether the activation of the Notch path-
way observed in our mouse model of SSc was relevant to
the human disease. As observed in mice, high amounts
of activated forms of Notch-1 were found by Western
blot analysis in the skin of patients with diffuse cutane-
ous SSc (n = 4) or with localized scleroderma (n = 3) as
compared with normal skin (n = 5) (Figure 1C). Quan-
titative determination of NICD showed a significant
increase in NICD proteins in the skin biopsy samples
from patients with diffuse cutaneous SSc (mean = SEM
0.75 = 0.07 AU) (P = 0.008 versus controls) and from
patients with localized scleroderma (mean * SEM
0.68 £ 0.08 AU) (P = 0.047 versus controls). The
difference between diffuse cutaneous SSc and localized
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Figure 1. Activation of Notch pathway in the skin, lung, and splenocytes
of mice developing HOCl-induced systemic sclerosis (SSc) and in the skin
of patients with localized or diffuse cutaneous SSc. This activation is
down-regulated by treatment with y-secretase inhibitor (GSI). Notch
intracellular domain (NICD) was determined by Western blotting in
protein extracts from mice exposed to HOCI or phosphate buffered saline
(PBS) with or without y-secretase inhibitor treatment (n = 7 per group)
as well as in protein extracts from human skin (7 SSc patients and 5
controls). A, Immunoblot of NICD in skin, lung, skin fibroblast, spleno-
cyte, and purified B cell extracts from HOCI- or PBS-injected mice (2
mice per group, representative of 7). B, Determination of NICD by
Western blotting in the skin of HOCl-injected mice with or without
y-secretase inhibitor treatment (2 mice per group, representative of 7). C,
Representative immunoblots of NICD in skin extracts from 1 patient with
localized scleroderma, 1 patient with diffuse cutaneous SSc, and 1 control
patient. The internal control was B-actin. D, Representative immunohis-
tochemistry of skin sections obtained from 2 controls and 2 patients with
SSc. Slides were stained with anti-NICD antibodies (original magnifi-
cation X 400).
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scleroderma was not significant (P = 0.28). In addition,
high amounts of NICD were also detected by immuno-
histochemistry in skin sections obtained from 4 other
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Figure 2. Effect of +y-secretase inhibitor on skin and lung collagen
contents after subcutaneous injections of HOCI-generating agents or PBS
in BALB/c mice. BALB/c mice were injected daily for 6 weeks with either
HOCI-generating agents or PBS (n = 7 per group) and simultaneously
treated with +y-secretase inhibitor or vehicle control by gavage. Skin and
lungs were collected at the time the mice were killed. A, Dermal thickness,
as measured on skin sections in the injected areas of BALB/c mice. B,
Representative skin sections taken from the injected areas in BALB/c
mice. Fibrosis in HOCl-injected mice is abrogated by treatment with
y-secretase inhibitor. Skin sections were treated with 1, PBS; 2, HOCI; 3,
PBS and +y-secretase inhibitor; 4, HOCI and y-secretase inhibitor. Tissue
sections were stained with hematoxylin and eosin (original magnifica-
tion X 20). C, Hydroxyproline content in 6-mm punch biopsy sample of
skin. D, Representative lung sections from BALB/c mice. Lung sections
were treated with 1, PBS; 2, HOCI; 3, PBS and +y-secretase inhibitor; 4,
HOCI and vy-secretase inhibitor. Tissue sections were stained with hema-
toxylin and eosin (original magnification X 10). E, Hydroxyproline
content in lung. Values in A, C, and E are the mean and SEM from all
mice in the experimental or control group. * = P < 0.05 by Mann-
‘Whitney unpaired U test. NS = not significant (see Figure 1 for other
definitions).
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patients with SSc as compared with skin sections from
4 normal controls (mean = SEM mean fluorescence
intensity 7.7 = 1.77 AU versus 4.04 + 1.98 AU; P =
0.03) (Figure 1D).

Notch inhibition decreases both skin and lung
fibrosis in mice with SSc. Subcutaneous injections of
HOCI induced significant dermal thickness in mice com-
pared with PBS injections (P = 0.002) (Figure 2A). His-
topathologic analysis revealed dermal fibrosis (Figure
2B). The concentration of collagen evaluated through
the concentration of hydroxyproline and by the Sircol
method in the skin extracts of HOCl-injected mice was
higher than in PBS-injected mice (P = 0.004) (Figure
2C) (further information is available at https://
sites.google.com/site/notchssc/). Notch inhibition by the
y-secretase inhibitor reduced the dermal thickness and
the accumulation of collagen induced by HOCI in the
skin (P = 0.005 for dermal thickness and P = 0.001 for
hydroxyproline concentration in the skin, versus un-
treated mice) (Figures 2A and C) (further information is
available at https://sites.google.com/site/notchssc/).
These results were confirmed by histopathologic analysis
of skin, which showed a decrease in dermal thickness in
HOClI-injected BALB/c mice that were simultaneously
treated with y-secretase inhibitor (Figure 2B).

In addition to skin fibrosis, HOCI-treated
BALB/c mice developed lung fibrosis, as shown by
histopathologic analysis (Figure 2D) and by the concen-
tration of collagen in the lungs of these mice, which was
higher than that in mice treated with PBS (P = 0.017)
(Figure 2E) (further information is available at https:/
sites.google.com/site/notchssc/). Treatment with
y-secretase inhibitor reduced the concentration of col-
lagen in lungs of HOCl-exposed mice compared with
HOCI-exposed mice treated with vehicle alone (P =
0.018) (Figures 2D and E) (further information is avail-
able at https://sites.google.com/site/notchssc/). Evalua-
tion of the antifibrotic role of y-secretase inhibitor in the
model of systemic fibrosis induced by subcutaneous
injections of bleomycin confirmed the results gained in
the HOCI model (further information is available at
https://sites.google.com/site/notchssc/).

Notch inhibition reduces the proproliferative
effect exerted by the sera from HOCI-injected mice
ex vivo, normalizes the rate of dermal fibroblast prolif-
eration, decreases type I collagen production, and de-
creases a-SMA expression in the skin of mice with
HOCI-induced SSc. Sera from mice exposed to HOCI
exerted a proproliferative effect on NIH3T3 fibroblasts
in vitro compared with sera from PBS-injected mice
(P = 0.032) (Figure 3A). Treatment with y-secretase
inhibitor abolished the proproliferative effect exerted by
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Figure 3. Effect of y-secretase inhibitor on fibroblast proliferation
and on a-smooth muscle actin (a-SMA) expression in mouse skin. A,
Effect of mouse sera on NIH3T3 fibroblast proliferation in vitro. Sera
were incubated with NIH3T3 fibroblasts for 48 hours (n = 7 per
group). B, Spontaneous proliferation of fibroblasts isolated from the
skin of mice. C, Effect of y-secretase inhibitor on NIH3T3 fibroblast
proliferation in vitro. NIH3T3 fibroblasts were incubated with
y-secretase inhibitor or PBS for 48 hours. D, Effect of y-secretase
inhibitor on the proliferation of fibroblasts isolated from the skin of
PBS- or HOCI-treated mice in the areas of injections. Fibroblasts were
incubated with y-secretase inhibitor or PBS for 48 hours. Results are
expressed as absolute cpm. E, Increased expression of a-SMA in
protein extracts from mouse skin after exposure to HOCI, as deter-
mined on Western blot. This expression is down-regulated by treat-
ment with y-secretase inhibitor. Values in A-D are the mean and SEM.
x = P < (.05 (versus PBS in C) by Mann-Whitney unpaired U test.
NS = not significant (see Figure 1 for other definitions).
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the sera of HOCI-injected mice compared with sera
from PBS-injected mice (P = 0.798) (Figure 3A).

We next investigated whether y-secretase inhibi-
tor administered to mice modified the growth of fibro-
blasts isolated from fibrotic skin areas injected with
HOCI. Skin fibroblasts isolated from HOCI-injected
mice not treated with +y-secretase inhibitor displayed a
higher proliferation rate than fibroblasts obtained from
mice injected with PBS (P < 0.0001) (Figure 3B).
Treatment with +y-secretase inhibitor significantly de-
creased the proliferation rate of fibroblasts isolated from
HOCl-injected mice (P = 0.026 versus HOCl-injected
mice not treated with y-secretase inhibitor) (Figure 3B).
Additional experiments were performed to assess
whether +y-secretase inhibitor by itself can influence the
rate of fibroblast proliferation in vitro. Consistent with a
direct role of vy-secretase inhibitor, we observed that
y-secretase inhibitor reduced the proliferation rate of
NIH3T3 fibroblasts in vitro in a dose-dependent manner
(Figure 3C). Fibroblasts isolated from fibrotic skin of
HOCI-treated mice and incubated with 40 uM
y-secretase inhibitor displayed a lower proliferation rate
than the same fibroblasts incubated without y-secretase
inhibitor (P = 0.032) (Figure 3D). In addition, Notch
pathway inhibition by either 40 or 100 uM vy-secretase
inhibitor significantly abrogated the production of type I
collagen by normal human fibroblasts, as compared with
fibroblasts exposed to medium alone (P < 0.05 and P <
0.01, respectively, for 40 or 100 uM +y-secretase inhibi-
tor) (further information is available at https://sites.
google.com/site/notchssc/).

Since a-SMA is overexpressed in SSc fibroblasts
in both human and animal models (21,22), we investi-
gated whether a modulation of the Notch pathway could
have consequences for a-SMA expression in our SSc
model. We found that a-SMA was overexpressed in the
skin and in the fibroblasts from mice with HOCI-induced
fibrosis (Figure 3E and data not shown). The in vivo
treatment of mice with +y-secretase inhibitor down-
regulated the expression of a-SMA in fibrotic skin.

Notch inhibition reduces serum concentrations
of advanced oxidation protein products, decreases en-
dothelial H,0O, production induced by sera from mice
exposed to HOCI, and directly reduces the production of
H,0, by endothelial cells in vitro. The sera from mice
injected with HOCI contained higher amounts of ad-
vanced oxidation protein products than the sera from
mice treated with PBS (P = 0.009) (Figure 4A). Treat-
ment with y-secretase inhibitor reduced the concentra-
tion of advanced oxidation protein products in the sera
of mice exposed to HOCI (P = 0.01) (Figure 4A). The
sera of mice exposed to HOCI induced a higher produc-
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Figure 4. Effect of y-secretase inhibitor on advanced oxidation
protein product (AOPP) concentrations and H,O, production by
endothelial cells. BALB/c mice were injected daily for 6 weeks with
either HOCl-generating agents or PBS (n = 7 per group) and
simultaneously treated with +y-secretase inhibitor or vehicle. Sera
were collected at the time the mice were killed. A, Concentrations
of advanced oxidation protein products. B, Effect of mouse sera on
H,O, production by endothelial cells. Endothelial cells were incu-
bated with 50 ul of mouse sera. H,O, production was monitored
spectrofluorimetrically for 6 hours. Results are expressed in arbi-
trary units (AU) per minute (mn) and per million cells. C, Effect of
y-secretase inhibitor on H,O, production by endothelial cells.
Endothelial cells were incubated with y-secretase inhibitor or PBS.
H,O, production was monitored spectrofluorimetrically for 6 hours.
D, Down-regulated overexpression of Notch (represented by
NICD) by SSc mouse skin fibroblasts exposed to N-acetylcysteine
(NAC) in vitro. Fibroblasts were isolated from skin biopsy samples
from mice treated with HOCI or PBS. Fibroblasts were cultured in
complete medium alone for 24 hours or with 5 mM of NAC added
for 24 hours, and Western blots of NICD were performed. E,
Activation of Notch on normal human fibroblasts by exogenous
addition of H,0,. Values in A-C are the mean and SEM. * = P <
0.05 (versus PBS in C) by Mann-Whitney unpaired U test. NS = not
significant (see Figure 1 for other definitions).
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Table 1. Effects of Notch inhibition on spleen cell count and on serum IgM, IgG, and autoantibody levels*

Anti-DNA
Serum IgM Serum IgG  topoisomerase I ~ Anti-dsDNA  Anticardiolipin IgM
Spleen cells, concentration, concentration, IgG antibodies, IgG antibodies, IgG antibodies, rheumatoid factor,
X 10° mg/ml mg/ml AU AU AU AU
Untreated mice
PBS-injected 70.18 0.93 3.08 0.39 = 0.02 0.32 = 0.01 0.01 = 0.01 0.28 = 0.05
HOCl-injected 87.54 1.69 3.47 1.18 £ 0.75 0.33 = 0.01 0.0 =0.07 0.37 = 0.31
P, PBS-injected vs. 0.016 0.005 0.788 0.003 0.792 0.343 0.792
HOClI-injected
Mice treated with
y-secretase
inhibitor
PBS-injected 74.18 1.15 2.72 0.54 = 0.12 0.30 = 0.01 0.06 = 0.06 0.20 = 0.05
HOCl-injected 90.92 1.19 3.03 0.65 = 0.24 0.28 = 0.03 0.02 += 0.01 0.031 = 0.13
P, PBS-injected vs. 0.026 0.534 0.383 0.535 0.259 0.535 0.073

HOCl-injected

* Values are the mean or mean = SEM. AU = arbitrary units; anti-dsDNA = anti-double-stranded DNA; PBS = phosphate buffered saline.

tion of H,O, by endothelial cells than the sera of mice
treated with PBS (P = 0.002) (Figure 4B). The inhibition
of Notch by y-secretase inhibitor tended to decrease the
effect of mouse sera on H,O, production by endothelial
cells, but the decrease was not statistically significant
(P = 0.23) (Figure 4B).

We next investigated whether y-secretase inhibitor
could by itself modify the production of H,O, by endothe-
lial cells. Adding increasing amounts of y-secretase inhib-
itor to endothelial cells incubated with sera from HOCI-
treated mice dose dependently reduced the levels of H,O,
released by endothelial cells (Figure 4C).

In vitro treatment with NAC decreases Notch
activation in skin fibroblasts from mice with HOCI-
induced SSc, while exogenous H,0O, activates Notch in
normal fibroblasts. NAC, an antioxidant molecule, was
used to assess the link between oxidative stress and the
activation of Notch. SSc mouse skin fibroblasts exposed
to NAC in vitro down-regulated Notch cleavage (Figure
4D). In contrast, addition of exogenous H,O, to normal
human fibroblasts favored Notch cleavage (Figure 4E).

Notch inhibition decreases the autoimmune re-
sponse induced by HOCI. Subcutaneous injections of
HOCI increased the total numbers of splenocytes as
compared with PBS injection (P = 0.016) (Table 1). We
then assayed the total serum IgM and IgG antibody
concentrations in control and HOCI-treated mice. Mice
exposed to HOCI displayed higher serum IgM antibody
levels than PBS-exposed mice (P = 0.005) (Table 1).
Treatment with vy-secretase inhibitor reduced serum
IgM antibody concentrations in those mice (P = 0.026).
No significant differences were observed in total serum
IgG antibody concentrations between HOCI- and PBS-
injected mice treated or not with -y-secretase inhibitor
(Table 1). We next tested the effects of Notch inhibition

on the specific autoimmune response that characterized
the SSc phenotype. Mice exposed to HOCI developed
anti-DNA topoisomerase I IgG antibodies (P = 0.003
versus mice exposed to PBS) (Table 1). In contrast, no
significant differences in levels of anti-dsDNA IgG anti-
bodies, anticardiolipin IgG antibodies, or IgM rheuma-
toid factors were detected in the sera of these mice
regardless of the product injected (Table 1). Mice
treated with -y-secretase inhibitor did not develop signif-
icantly more anti-DNA topoisomerase I IgG antibodies
following exposure to HOCI compared with untreated
control mice (P = 0.535) (Table 1).

The ADAM-17 proteinase that activates Notch
signaling is up-regulated in the skin from mice and
patients with SSc. The initiation of Notch signaling
requires the cleavage of Notch by proteinases of the
ADAM family, particularly ADAM-17. Thus, we ana-
lyzed ADAM-17 activity and expression in the skin from
mice and patients with scleroderma. The activity of this
metalloproteinase was higher in the skin of mice with
HOCI-induced SSc than in that of PBS-injected control
mice (P = 0.004) (Figure 5A). Immunoblotting and
immunohistochemistry experiments were performed on
extracts of skin obtained from 9 control patients and
from diseased areas in 8 patients with diffuse cutaneous
SSc and from the 3 patients with localized scleroderma.
ADAM-17 expression was higher in the skin obtained
from the 8 patients with diffuse cutaneous SSc and from
the 3 patients with localized scleroderma than in the
skin obtained from the 9 control patients (by immuno-
histochemistry, mean = SEM mean fluorescence inten-
sity 3.77 = 0.18 AU versus 1.61 = 0.03 AU; P = 0.006)
(Figures 5B and C). In contrast, no significant difference
in the expression of the Notch ligands (Jaggedl,
Jagged2, Deltal, Delta3, and Delta4) and of the differ-
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Figure 5. ADAM-17 is activated in the skin of mice developing HOCI-
induced SSc and is found in high amounts in the skin of patients with SSc.
A, Determination of the metalloproteinase activity of ADAM-17 in skin
extracts from the back of mice that had received HOCI or PBS for 6
weeks. Fluorescence was recorded on a spectrofluorimeter at 320 nm and
405 nm as excitation and emission wavelengths, respectively. Bars show
the mean = SEM. * = P = 0.004 by Mann-Whitney unpaired U test. B,
Representative immunoblot of ADAM-17 in skin extracts from 1 patient
with localized scleroderma, 1 patient with diffuse cutaneous SSc, and 1
control patient. The internal control was B-actin. C, Immunohistochem-
istry of skin sections obtained from 2 controls and 2 patients with SSc
representative of 4 controls and 4 patients with SSc. Slides were stained
with anti-FADAM-17 antibodies (original magnification X 400). See
Figure 1 for definitions.

ent members of the Notch family was found in skin
fibroblasts between mice exposed to HOCI and those
exposed to PBS (further information is available at
https://sites.google.com/site/notchssc/).

DISCUSSION

In this study, we demonstrate for the first time the
activation of the Notch pathway in the skin, lung, and
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splenocytes of mice with HOCl-induced SSc and in the skin
of patients with systemic and localized scleroderma. More-
over, we show that the inhibition of the Notch pathway can
represent an effective treatment that abrogates the fibrotic
process and the autoimmune activation that characterize
SSc, even though the number of patients studied is limited.

Notch signaling controls a variety of processes,
involving cell fate specification, differentiation, prolifera-
tion, and survival (23). In our study, Notch inhibition by the
y-secretase inhibitor DAPT decreased skin and lung fibro-
sis induced by HOCI and normalized the rate of prolifer-
ation of dermal fibroblasts. A hyperproliferative phenotype
of fibroblasts has been observed both in mice and in
humans with SSc (24,25). This phenotype and the in-
creased production of extracellular matrix proteins such as
type I collagen are both hallmarks of scleroderma (25,26).

The role of Notch in the control of cell proliferation
has led to some contradictory conclusions. In-
deed, Notch can function as a tumor promoter or a
suppressor depending on its cellular target and context. In
the skin, Notch signaling induces the arrest of cell growth
and differentiation of keratinocytes (27,28), suggesting a
role for Notch-1 as a tumor suppressor (29). However,
several studies have highlighted the activa-
tion of the Notch pathway as a novel mechanism of
melanocytic transformation (30). Moreover, in fibroblasts,
oncogenic Ras activates Notch-1 signaling, which is re-
quired to maintain the neoplastic phenotype in Ras-
transformed human fibroblasts (31). Interestingly, the hy-
perproliferative phenotype of SSc fibroblasts has
been associated with abnormalities in the Ras pathway,
since high amounts of Ha-Ras and Ki-Ras are found in
fibroblasts isolated from skin of SSc patients and from skin
of mice with HOCl-induced SSc (data not shown) (32). In
addition, the increase in fibroblast proliferation during
wound healing is correlated with Notch activation and can
be abrogated both in vitro and in vivo by vy-secretase
treatment (33), which is consistent with our results.

In the present work, the inhibition of the Notch
pathway reduces fibroblast proliferation through at least
2 mechanisms. First, Notch inhibition directly reduces
the rate of proliferation of SSc fibroblasts. Second,
y-secretase inhibitor reduces the production of reactive
oxygen species, particularly H,O,, by endothelial cells.
Consequently, Notch inhibition reduces the amount of
advanced oxidation protein products in the serum. Since
we have previously shown in our murine model of SSc
that advanced oxidation protein products stimulate the
proliferation of fibroblasts, this effect of Notch inhibi-
tion may also participate in the reduction of fibroblast
proliferation. Little is known about the role of Notch
in the control of oxidative stress. We had previously
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shown that sera from patients and mice with SSc trig-
gered the production of high amounts of H,O, on
human umbilical vein macrovascular endothelial cells,
even if SSc mostly involves microvascular endothelial
cells. Here, we show that Notch inhibition reduces this
endothelial production of H,O,. Our data are in ac-
cordance with a previous study showing that Notch
inhibition significantly reduces the production of reac-
tive oxygen species such as nitric oxide by macrophages
(34). Taken together, our data allow us to identify 2
causes of hyperproliferation of fibroblasts: high amounts
of serum oxidized protein (and especially of oxidized
DNA topoisomerase I) and activation of the Notch
pathway in SSc fibroblasts.

The skin and the lungs of SSc patients contain
myofibroblasts, a cellular population that produces
high amounts of collagen and expresses a-SMA (22,25).
This cell subset is also observed in our mouse model of SSc
induced by HOCI. Interestingly, Notch/CSL activation
induces «-SMA expression during epithelial-to-
mesenchymal transformation, and Notch activation is re-
quired for the expression of a-SMA in vascular smooth
muscle cells (35,36). Moreover, Notch-1 signaling in re-
sponse to FIZZ1 plays a significant role in myofibroblast
differentiation during lung fibrosis (37). Therefore, the
down-regulation of myofibroblast differentiation by
the y-secretase inhibitor DAPT can also participate in the
beneficial effects of Notch inhibition in SSc.

However, abundant evidence exists for activa-
tion of humoral and cellular immune mechanisms in SSc
that probably lead to vascular damage and fibrosis. In
our model, exposure to HOCI increased splenic B cell
numbers and activation by lipopolysaccharide (not
shown). In addition, exposure to HOCI increased total
IgM antibody levels in the serum and led to the produc-
tion of anti-DNA topoisomerase I autoantibodies,
which are a hallmark of SSc. Notch is known to play a
key role in lymphocyte development, since Notch-1 is
crucial for the T versus B lymphoid cell fate decision
(38,39). Notch-2 activation drives the development of
splenic marginal zone B cells (40). However, Notch
inhibition did not prevent the increase of splenic B cell
number induced by HOCI exposure, and no significant
difference was observed in marginal zone B cells be-
tween treated and untreated mice (data not shown). This
observation may be explained by the age of the mice
used in the experiments and by the short course of the
treatment. In mice exposed to HOCI and treated with
the Notch inhibitor, total IgM antibodies and anti-DNA
topoisomerase I autoantibody serum levels were re-
duced. This effect of Notch on B cell activation has been
recently reported (41,42), and its inhibition by DAPT
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treatment could participate in the benefits obtained by
the treatment with DAPT in our model.

ADAM-17, an activator of the Notch pathway
(43), is overexpressed in the skin of mice with HOCI-
induced SSc and in the skin of patients with both
systemic and localized scleroderma. The initiation of
Notch signaling requires the binding of a ligand to the
Notch ectodomain, triggering the shedding of that do-
main by the ADAM-10 or the ADAM-17 proteinase
(44). Importantly, no increase among the different
Notch ligands was found in the skin of mice exposed to
HOCI, in contrast to the effect of ADAM-17. ADAM-17
has been found to be overexpressed in a variety of
diseases, including cancers and autoimmune and inflam-
matory diseases (45,46). Recently, ADAM-17 synthesis
has been shown to be induced by oxidative stress (47,48).
Therefore, our results unravel a new mechanism through
which oxidative stress can activate the ADAM-17/Notch
pathway. While we consider reactive oxygen species—
induced ADAM-17 to be a major factor activating the
Notch pathway, other factors such as hypoxia or proin-
flammatory cytokines like transforming growth factor 8
can also amplify Notch activation in SSc (49,50).

In conclusion, we demonstrate for the first time a
direct link between oxidative stress, the induction of
ADAM-17, and the activation of the Notch pathway in
SSc development in a mouse model of the disease
(further information is available at https://sites.
google.com/site/notchssc/) and in the skin of SSc pa-
tients. The central role of this new pathway in the
development of human SSc could be confirmed by the
study of a larger cohort of patients. In addition, we
demonstrate that Notch inhibition by y-secretase inhib-
itor is effective and safe in our animal model of SSc.
Several y-secretase inhibitors have gone through clinical
trials, and results of these trials may provide a basis for
future clinical trials of other +y-secretase inhibitors in
patients at an early stage of SSc.
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Clinical Images: Ultrasonographic signs of gout in symmetric polyarthritis

The patient, a 66-year-old woman, was referred to our outpatient clinic after experiencing 6 months of persistent pain and stiffness in both
hands. She had symmetric polyarthritis with swelling and tenderness of the metacarpophalangeal (MCP) joints and proximal
interphalangeal joints of both hands, in addition to swollen ankle joints and tender knee joints. The patient had a history of hypertension
and type 2 diabetes mellitus. For >10 years, she had experienced self-limited episodes of arthritis in her feet. The clinical examination was
supplemented with ultrasound examination of the hands (representative findings from the second MCP joint, shown in A). In several MCP
joints, a double contour sign (arrow) and hyperechoic soft-tissue areas (arrowhead), indicative of urate deposits on the cartilaginous
surface and in the synovial membrane, were seen. Arthrocentesis of the second left MCP joint was performed with an injection of 0.5 ml
isotonic saline. Under polarized light microscopy, the aspirated joint showed characteristic needle-shaped crystals (B) that were seen to
be negatively birefringent on compensated double-phase polarized light microscopy. The patient was diagnosed as having polyarticular
gout and started treatment with low-dose colchicine, which yielded positive effects. Laboratory tests showed a serum urate level of 0.81
mmoles/liter (13.5 mg/dl), and treatment with allopurinol was subsequently initiated. Ultrasonography is becoming increasingly recognized
as a useful investigational tool in locating urate deposits in patients with suspected gout; these deposits can be aspirated and examined
in order to properly diagnose gout (Perez-Ruiz F, Dalbeth N, Urresola A, de Miguel E, Schlesinger N. Imaging of gout: findings and
utility. Arthritis Res Ther 2009;11:232).

Ole Slot, MD

Lene Terslev, MD, PhD
Glostrup Hospital
Glostrup, Denmark
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L’activation de la voie des récepteurs aux cannabinoides CB2
limite le développement de la fibrose et de I’auto-immunité
dans un modeéle murin de Sclérodermie systémique

Targeting the cannabinoid pathway limits the development of

fibrosis and auto-immunity in a mouse model of systemic sclerosis

Amélie Servettaz, Niloufar Kavian, Carole Nicco, Vanessa Deveaux, Christiane Chéreau,

Andrew Wang, Andreas Zimmer, Sophie Lotersztajn, Bernard Weill, Frédéric Batteux

American Journal of Pathology, 2010

es cannabinoides endogenes sont des molécules lipidiques produites par le systeme
nerveux central et divers tissus. L’Anandamide et le 2-arachidonoylglycerol sont les
deux molécules cannabinoides endogenes les plus étudiées. Il existe deux types de
récepteurs aux cannabinoides : CB1, exprimé par les cellules du systéme nerveux central, et
CB2 exprimé par les fibroblastes, les cellules endothéliales, et les cellules hématopoiétiques. De
récentes données suggerent que le systeme des cannabinoides endogenes pourait étre impliqué
dans des phénomenes de fibrose, notamment hépatique, et que la modulation de cette voie
pourrait limiter 1’étendue de la fibrose. L'objectif de ce travail était d’évaluer les roles de la voie
des canabinoides dans les phénoménes d’induction et de propagation de la maladie dans la

Sclérodermie systémique.

Nous avons utilisé le modéle murin de sclérodermie induite par 1’acide hypochloreux, mis
au point dans notre laboratoire. Dans un premier temps, les souris BALB/c ont été traitées de
fagon concomitante a I'induction de la maladie par des injections intra-péritonéales de WIN-
55212, un agoniste non-sélectif des récepteurs aux cannabinoides CB1 et CB2, ou par des injec-
tions intra-péritonéales de JWH-133, un agoniste sélectif des récepteurs CB2. Les souris controles
ont recu des injections de PBS. Dans un deuxiéme temps, nous avons appliqué le protocle d’in-
duction de la sclérodermie par 'acide hypochloreux a des souris déficientes en récepteurs CB2
(Cnr2 -/-). Nous avons évalué la fibrose cutanée et pulmonaire par histopathologie et par me-

sure des concentrations en collagene de type I dans ces organes. Les fibroblastes cutanés ont été
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extraits des peaux de souris, et nous avons déterminé leur taux de prolifération par incorpora-
tion de thymidine tritiée. Les titres des auto-anticorps ont été mesurés par technique ELISA. Les
populations de splénocytes ont été analysées par cytométrie de flux. Nous avons aussi réalisé

des études in vitro pour évaluer les propriétés anti-prolifératives du WIN-55212 et du JWH-133.

Le traitement des souris ScS par le WIN-55212 et le JWH-133 a permis de réduire le dévelop-
pement de la fibrose cutanée et pulmonaire, les taux de prolifération des fibroblastes cutanés,
ainsi que les taux d’auto-anticorps anti-ADN Topoisomérase-1. Les expériences réalisées chez
les souris déficientes en CB2 nous ont permis de confirmer le role de ces récepteurs dans le
développement de la fibrose et de 'auto-immunité puisque les souris Cnr2-/-soumises au pro-
tocole d’induction de la ScS par HOCI ont présenté un phénotype exacerbé de la maladie, avec
notamment une fibrose significativement plus importante au niveau cutané et pulmonaire que

les souris Wild-Type.

Ce travail nous a permis de démontrer le role des récepteurs CB2 dans les phénomeénes fibro-
tiques et auto-immuns observés dans la ScS. Les cannabinoides peuvent réguler les mécanismes
de fibrose directement en agissant au niveau de l’activation et de la prolifération fibroblastique
mais aussi indirectement en contrdlant I’activation des lymphocytes B et la réponse inflamma-
toire. La modulation de la voie des cannabinoides endogénes semble donc étre une nouvelle
approche thérapeutique pour la ScS, via la prolifération fibroblastique, 1’activation du systeme

immunitaire, et des interactions avec les cellules endothéliales.

Nos résultats ont depuis été confirmés par d’autres équipes [228] [115].
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Targeting the Cannabinoid Pathway Limits the
Development of Fibrosis and Autoimmunity in a
Mouse Model of Systemic Sclerosis
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Our aim was to evaluate the roles of the cannabinoid
pathway in the induction and propagation of sys-
temic sclerosis (SSc) in a mouse model of diffuse SSc
induced by hypochlorite injections. BALB/c mice in-
jected subcutaneously every day for 6 weeks with PBS
or hypochlorite were treated intraperitoneally with
either WIN-55,212, an agonist of the cannabinoid re-
ceptors 1 (CB1) and receptors 2 (CB2), with JWH-133,
a selective agonist of CB2, or with PBS. Skin and lung
fibrosis were then assessed by histological and bio-
chemical methods, and the proliferation of fibro-
blasts purified from diseased skin was assessed by
thymidine incorporation. Autoantibodies were detected
by ELISA, and spleen cell populations were analyzed by
flow cytometry. Experiments were also performed in
mice deficient for CB2 receptors (Cnr2~’7). Injections
of hypochlorite induced cutaneous and lung fibrosis as
well as increased the proliferation rate of fibroblasts
isolated from fibrotic skin, splenic B cell counts, and
levels of anti-DNA topoisomerase-1 autoantibodies.
Treatment with WIN-55,212 or with the selective CB2
agonist JWH-133 prevented the development of skin
and lung fibrosis as well as reduced fibroblast prolifer-
ation and the development of autoantibodies. Experi-

ments performed in CB2-deficient mice confirmed the
influence of CB2 in the development of systemic fibro-
sis and autoimmunity. Therefore, we demonstrate that
the CB2 receptor is a potential target for the treatment
of SSc because it controls both skin fibroblast prolifer-
ation and the autoimmune reaction. (4mJ Pathol 2010,
177:187-196; DOI: 10.2353/ajpath.2010.090763)

Systemic sclerosis (SSc) is a connective tissue disorder
characterized by vascular alterations, extensive fibrosis,
and immunological dysregulations associated with specific
autoantibodies (AAbs)." The involvement of visceral organs
determines the prognosis of the disease, which can be life
threatening. Despite progresses in the treatment of some
visceral complications, no treatment has been designed to
date that can cure SSc, in part because the mechanisms
underlying the disease remain unclear.?*

Endogenous cannabinoids are lipid molecules produced
by most cell types in the brain and various peripheral tis-
sues. They exert a broad range of biological effects that are
reproduced by A9-tetra-hydroxycannabinol, the main con-
stituent of marijuana. Anandamide and 2-arachidonoylglyc-
erol are the two most widely studied endocannabinoids.
They exert their effects through the binding to two protein
G-coupled specific receptors: cannabinoid receptors 1
(CB1) and receptors 2 (CB2).*° The CB1 receptor, pre-
dominantly expressed in brain, is present to a lesser extent
in endothelium and liver. The CB2 receptor has been initially
detected in hematopoietic and immune cells, but recent
studies have identified this receptor in fibroblasts, endothe-
lial cells, liver cells, and myocytes.®~'® Moreover, the ex-
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pression of the CB2 receptor can be influenced by various
pathological conditions such as inflammation.

In addition to their well-characterized psychoactive ef-
fects, cannabinoids modulate various key functions, es-
pecially cardiovascular and endothelial functions. The en-
docannabinoid pathway abrogates the activation of
endothelial cells isolated from sinusoidal vessels of human
liver and from human coronary arteries and prevents isch-
emia/reperfusion damages in the liver,'®"'® the heart, and
the brain.'® This role is assumed by CB2 agonists that act
as modulators of endothelial cell activation and endothelial/
inflammatory cell interaction and down-regulate adhesion
molecules such as intracellular cell adhesion molecule 1
and vascular cell adhesion molecule 1.'® Moreover, natural
or synthetic cannabinoids display immunomodulatory ef-
fects on the proliferation and apoptosis of T and B lympho-
cytes, the activation of macrophage, and the production of
cytokines and chemokines.'®2" Most of these effects are
CB2 receptor-dependent. In addition, recent data have
shown that CB2 receptor agonists counteract liver fibrogen-
esis.'®22 CB2 receptors are also present in the skin,?® and
their activation prevents bleomycin-induced dermal fibrosis
in the mouse.>*

Because endothelial cells, fibroblasts, and immune cells
are dysregulated in SSc and are also the targets of canna-
binoids, we were prompted to investigate the role of these
molecules in SSc. To this end, we used a recently described
murine model of SSc that recapitulates the main features of
the cutaneous diffuse form of the human disease.®®

Materials and Methods

Animals, Cells, and Chemicals

Specific pathogen-free 6-week-old female BALB/c and
C57BL/6 CB2*/* mice were purchased from Harlan
(Gannat, France) and maintained with food and water ad
libitum. To obtain single mutant mice with a targeted
mutation of the Cnr2 gene on an inbred congenic genetic
background, heterozygous Cnr2*/~ mice were back-
crossed with wild-type C57BI/6J animals (The Jackson
Laboratory, Bar Harbor, ME) over 10 generations. Het-
erozygous mice from the N10 generation were intercrossed
to homozygous Cnr2~/~ animals (CB2~/~ mice).?® All mice
were housed in autoclaved cages with free access to food
and water. They were given humane care according to the
guidelines of our institution. All cells were cultured as pre-
viously reported.?”28 All chemicals, except for monoclonal
antibodies, were from Sigma (Saint-Quentin Fallavier,
France) except JWH-133 (Tocris Bioscience, Ellisville, MO).

Induction of SSc by Subcutaneous Injections of a
HOCI-Generating Solution to BALB/c Mice

Six week-old BALB/c mice were randomly distributed
into experimental and control groups (n = 21 per
group). One hundred microliters of a solution generating
HOCI were injected subcutaneously into the shaved back
of the mice, using a 27-gauge needle, every day for 6
weeks, as previously described (HOCI mice).2® Control

groups received injections of 100 ul sterilized PBS (PBS
mice). All agents were prepared extemporaneously.
HOCI was produced by adding 166 ul NaCIlO solution
(2.6% as active chlorine) to 11.1 ml KH,PO, solution (100
mmol/L, pH 7.2).2° HOCI concentration was determined
by spectrophotometry at 292 nm (molar absorption coef-
ficient = 350 M~ ' cm™7).

Treatment by Cannabinoid Agonists

HOCI and PBS BALB/c mice were randomized and
treated simultaneously by intraperitoneal injections either
with WIN-55,212, a nonselective CB1 and CB2 agonist, or
JWH-133, a selective CB2 agonist, or vehicle alone for 6
weeks (n = 14 per group). Cannabinoid agonists were
given 5 days a week from Monday to Friday. The doses
increased each week: WIN-55,212 was started at 0.5
mg/kg per day the first week, and then 1, 2, 3, 4, and 5
mg/kg per day the following weeks; JWH-133 was started
at 1 mg/kg per day, and then 1.5, 2, 2.5, 3, and 4 mg/kg
per day. WIN-55,212 and JWH-133 were reconstituted
with DMSO, aliquoted, and stored as stock solutions at a
concentration of 1 mg/ml at —20°C. Each day, the stock
solutions were diluted in PBS. One week after the end of
the subcutaneous and peritoneal injections, the animals
were killed by cervical dislocation. Serum samples were
collected and stored at —80°C until use. Lungs were
removed from each mouse. One lung was stored at
—80°C for collagen assay. The remaining lung was rein-
flated by injection of 10% phosphate buffered formalin
fixative for 24 hours and then washed and stored in 70%
ethanol fixative. A skin biopsy was performed on the back
region with a punch (6 mm of diameter), involving the skin
and the underlying muscle of the injected area. Samples
were stored at —80°C for determination of collagen con-
tent or fixed in 10% neutral buffered formalin for his-
topathological analysis. All tissues were examined by a
pathologist blind with respect to the experimental groups.

Induction of SSc by Subcutaneous Injections

of a HOCI-Generating Solution to C57BL/6
CB2~’~ Mice

Ten-week-old C57BL/6 CB27/~ and CB2*/* mice were
randomly distributed into experimental and control groups
(n = 5 per group). The experimental procedure was
similar to that applied to BALB/c mice, except that

C57BL/6 CB2*/* and CB2~/~ mice were killed after three
weeks of subcutaneous injections.

Assessment of Dermal Thickness

Skin thickness of the shaved back of mice was measured
one day before sacrifice with a caliper and expressed in
millimeters.

Histopathological Analysis

Fixed lung and skin pieces were embedded in paraffin. A
5-um-thick tissue section was prepared from the midpor-
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tion of paraffin-embedded tissue and stained either with
hematoxylin eosin and safran or with picro-sirius red.
Slides were examined by standard brightfield micros-
copy (Olympus BX60, Tokyo, Japan) by a pathologist
who was blinded to the assignment of the animal group.

Collagen Content in Skin and Lung

Skin taken from the site of injection and lung pieces were
diced using a sharp scalpel, put into aseptic tubes,
thawed, and mixed with pepsin (1:10 weight ratio) and
0.5 M acetic acid overnight at room temperature under
stirring. Collagen content assay was based on the quan-
titative dye-binding Sircol method (Biocolor, Belfast, N.
Ireland).3©

Isolation of Fibroblasts from the Skin of Mice
and Proliferation Assays

Skin fragments from the back of mice were collected at
the time of sacrifice. Skin samples were digested with
“Liver Digest Medium” (Invitrogen) for 1 hour at 37°C.
After three washes in complete medium, cells were
seeded into sterile flasks and isolated fibroblasts were
cultured in DMEM/Glutamax-| supplemented with 10%
heat-inactivated fetal calf serum and antibiotics at 37°C in
humidified atmosphere with 5% CO2. For proliferation
assays, primary fibroblasts (2 X 10° per well) were
seeded in 96-well plates and incubated with 150 ul of
culture medium with 10% fetal calf serum at 37°C in 5%
CO, for 48 hours. Cell proliferation was determined by
pulsing the cells with [°H]thymidine (1uCi per well) dur-
ing the last 16 hours of culture. Results were expressed
as absolute numbers of counts per minute.

Effect of Various Concentrations of WIN-55,212
and JWH-133 on the in Vitro Proliferation of
Skin Fibroblasts

Fibroblasts isolated from the skin of HOCI BALB/c mice
were seeded in 96-well plates (4 X 10° per well) and
incubated with 10, 20, or 40 pmol/L WIN-55,212 or JWH-
133 in culture medium supplemented with 10% fetal calf
serum at 37°C in 5% CO, for 48 hours. Cell proliferation
was determined as previously described.

Flow Cytometric Analysis of Spleen Cell Subsets

Cell suspensions from spleens were prepared after hy-
potonic lysis of erythrocytes. Cells were incubated with
the appropriately labeled antibody (Ab) at 4°C for 45
minutes in PBS with 0.1% sodium azide and 5% normal
rat serum to block nonspecific binding. Cell suspensions
were then subjected to four-color analysis on a FACS
Canto flow cytometer (BD Biosciences, San Jose, CA).
The monoclonal Abs used in this study were as follows:
anti-B220-PE mAb, anti-CD11b-FITC mAb, anti-CD4-
APC-Cy7 mAb, and anti-CD8-PE-Cy7 mAb (BD Pharm-
ingen, Franklin, NJ).
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Assays of Serum Immunoglobulins and AAbs

Serum samples were frozen at the time of sacrifice, and all
samples were analyzed at the same time. Levels of anti-
DNA topoisomerase 1 IgG Abs were detected by ELISA on
microtiter plates (Immunovision, Springdale, AR) coated
with Scl 70 antigen. Levels of total mouse IgG and IgM Abs,
of anti-dsDNA IgG Abs, of anti-cardiolipin IgG Abs, and of
IgM rheumatoid factors were measured using standard
ELISA as previously described.®' A 1:50 serum dilution
was used for the determination of all AAbs.

Statistical Analysis

All quantitative data are expressed as means = SEM. Data
were compared using the Mann-Whitney nonparametric
test or the Student paired t test. When analysis included
more than two groups, one way analysis of variance was
used. A P value <0.05 was considered significant.

Results

Activation of the Cannabinoid Receptors
Prevents the Development of Skin Fibrosis
in HOCI mice

As previously observed, subcutaneous injections of HOCI in
BALB/c mice induced an increase in dermal thickness and
in the concentration of acid- and pepsin-soluble type | col-
lagen in the skin versus injections of PBS (P < 0.0001 in
both cases; Figure 1, A and B). Histopathological analysis
confirmed the dermal fibrosis (Figure 1A).

To evaluate whether the activation of cannaboid recep-
tors affects the development of dermal fibrosis in this
model of SSc, mice exposed to HOCI were simulta-
neously treated with WIN-55,212, an agonist of both CB1
and CB2 receptors. WIN-55,212 reduced the dermal
thickness and the accumulation of collagen induced by
HOCI (P = 0.0007 for dermal thickness and P = 0.0006
for collagen concentration in the skin, versus untreated
mice exposed to HOCI; Figure 1, A and B). Those results
were confirmed by histopathological analysis of skin bi-
opsies stained with hematoxylin and eosin (Figure 1C)
and with picro-sirius red staining (Figure 2A), which
showed a decrease in dermal thickness in HOCI-BALB/c
mice treated with WIN-55,212.

We next investigated the effect JWH-133, a selective
agonist of CB2, on the development of dermal fibrosis
induced by HOCI. JWH-133 significantly reduced the
dermal thickness and the accumulation of collagen in the
skin of HOCI mice (P = 0.0004 for dermal thickness and
P = 0.005 for collagen concentration in the skin, versus
untreated HOCI mice; Figure 1, A and B). These results,
confirmed by histopathological analysis (Figures 1C and
2A), show that the selective activation of CB2 is sufficient
to reduce the fibrotic process triggered by HOCI.
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Figure 1. Effects of cannabinoid agonists on HOCl-induced fibrosis of the skin and of the lung in BALB/c
mice. BALB/c mice were injected daily for six weeks with either an HOCl-generating agent or PBS (1 = 7
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Activation of the Cannabinoid Receptors Prevents
the Development of Lung Fibrosis in HOCI Mice

In addition to skin fibrosis, HOCI-treated BALB/c mice
developed lung fibrosis, as shown by histopathological
analysis (Figure 1D) and by the higher concentration of
type | collagen in the lungs of HOCI mice as compared
with mice treated with PBS (P = 0.0002; Figure 1E).
WIN-55,212 abrogated the development of lung fibrosis
induced by HOCI, as shown by histopathological analysis
and by the weaker accumulation of type | collagen in
lungs (P = 0.0002 for WIN-treated versus untreated HOCI
mice; Figures 1, D and E, and 2B).

The selective agonist of CB2, JWH-133, also reduced the
concentration of type | collagen in the lungs compared with
untreated HOCI mice (P = 0.002 for JWH-treated versus
untreated HOCI mice; Figure 1E). Those data were con-
firmed by the histopathological analysis of lung biopsies
stained with hematoxylin and eosin (Figure 1D) and with
picro-sirius red staining (Figure 2B), which showed a de-
creased fibrosis in BALB/c mice submitted to HOCI injec-
tions and simultaneously treated with JWH-133.

Immunohistochemistry analysis of lung tissue sections
from BALB/c mice injected with HOCI evidenced an in-
flammatory infiltrate mostly consisting of T lymphocytes.
WIN-55,212 and JWH-133 reduced the pulmonary T cell
infiltrate triggered by HOCI (see supplemental Figure S1
at http.//ajp.amjpathol.org).

Activation of Cannabinoid Receptors
Normalized the Rate of Dermal Fibroblast
Proliferation in Vivo and in Vitro

We next investigated whether the activation of the can-
nabinoid signaling pathway modified the growth of fibro-
blasts isolated from fibrotic skin. Skin fibroblasts isolated
from HOCI mice displayed a higher proliferation rate than
fibroblasts obtained from mice injected with PBS (P =
0.0004; Figure 3A). By contrast, the rate of proliferation of
fibroblasts isolated from HOCI mice treated with WIN-
55,212 was lower than that of fibroblasts isolated from
mice injected with PBS (P = 0.02 for HOCI mice treated
with WIN-55,212 versus HOCI mice not treated with WIN-
55,212; P = 0.71 for HOCI mice treated with WIN-55,212
versus PBS mice treated with WIN-55,212; Figure 3A).

The rate of proliferation of skin fibroblasts was also
reduced when HOCI mice were treated with the selective
CB2 agonist JWH-133, compared with that of fibroblasts
isolated from HOCI mice without any treatment (P = 0.02
for HOCI mice treated with JWH-133 versus HOCI mice
and untreated with JWH-133 and P = 0.13 for HOCI mice
treated with JWH-133 versus PBS mice treated with JWH-
133; Figure 3A).

Because fibroblasts from HOCI mice displayed an
abnormal phenotype with an excessive rate of prolifera-
tion, additional experiments were performed to assess
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Figure 2. Effects of cannabinoid agonists on HOCl-induced fibrosis of the skin
and of the lung in BALB/c mice: representative sections of skin and lung stained
with picro-sirius red. BALB/c mice were injected daily for six weeks with either
an HOCl-generating agent or PBS (72 = 7 per group) and simultaneously treated
or not with either WIN-55212, a nonselective CB1 and CB2 agonist, or JWH-133,
a selective CB2 agonist, or vehicle control. Skin and lungs from those mice were
collected at the time of sacrifice. A: Representative skin sections from BALB/c
mice WIN-55212 and JWH-133 treatment abrogated the development of HOCI-
induced skin fibrosis in mice. Tissue sections were stained with picro-sirius red
(Olympus DP70 Controller, X20). B: Representative lung sections from BALB/c
mice. Tissue sections were stained with picro-sirius red (Olympus DP70 Con-
troller, X10).

whether WIN-55,212 and JWH-133 could directly de-
crease the rate of fibroblast proliferation in vitro. Skin
fibroblasts from HOCI mice were incubated with 10, 20,
or 40 pmol/L WIN-55,212, or JWH-133 or PBS. WIN-
55,212 reduced the proliferation rate of fibroblasts in vitro
in a dose-dependent manner (P = 0.022 for each con-
centration of WIN-55,212 tested versus PBS; Figure 3B).
For JWH-133, the doses of 10 and 20 wmol/L did not
reverse the proproliferative of HOCI treatment, but at a
dose of 40 wmol/L JWH-133 significantly abrogated the
rate of proliferation of fibroblasts from HOCI mice (P =
0.914, P = 0.171, and P = 0.032 for the respective
concentrations of 10, 20, and 40 umol/L of JWH-133
versus PBS; Figure 3B). Thus, cannabinoid agonists
counteracted the proproliferative effect of HOCI on fibro-
blasts both in vivo and in vitro and prevented skin and
lung fibrosis.

Activation of CB2 Receptors Decreases the
Expansion of Splenic B-Cells in HOCI Mice

We next investigated the effects of the activation of can-
nabinoid receptors on the immune system because both
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Figure 3. Effect of cannabinoid agonists on fibroblast proliferation.
BALB/c mice were injected daily for 6 weeks with either an HOCI-
generating agent or PBS (1 = 7 per group) and simultaneously treated or
not with WIN-55212 or JWH-133 or with vehicle control. Skin biopsies
from the injected areas were collected at the time of sacrifice. Fibroblasts
were isolated by collagenase digestion of the skin then cultured in
complete medium. Cell proliferation was determined by pulsing the cells
with [3H]thymidine (1uCi/well) during the last 16 hours of culture.
A: Spontaneous rate of proliferation of fibroblasts isolated from fibrotic
skin of mice submitted to HOCI or PBS injections and simultaneously
treated in vivo with WIN-55212, JW-133, or vehicle alone. B: Direct in
vitro effect of WIN-55212 (10, 20, or 40 pmol/L) and JWH-133 (10, 20, or
40 wmol/L) on the growth of fibroblasts isolated from the skin of mice
submitted to HOCI injections for six weeks. Results are expressed as
absolute counts per minute (cpm). Values are means * SEM of data. Mean
values were compared using unpaired Mann-Whitney U tests. *P < 0.05;
NS indicates nonsignificant.

in humans and mice, diffuse SSc is characterized by B
cell activation and the production of AAbs. As previously
reported, exposure to HOCI for six weeks increased the
total numbers of splenic B220™ B cells compared with
PBS-injected mice (P = 0.011; Figure 4A). No significant
difference was observed in the numbers of CD11b™,
CD4™", or CD8" spleen cells between HOCI and PBS-
injected mice (data not shown).

Activation of the cannabinoid pathway by WIN-55,212
or by the selective CB2 agonist JWH-133 prevented the
increase in splenic B cell numbers in HOCI mice (P =
0.003 for HOCI mice treated by WIN-55,212 versus HOCI
mice; P = 0.003 for HOCI mice treated by JWH-133
versus HOCI mice; Figure 4A).

Activation of CB2 Receptors Decreases the
Serum Levels of Anti-DNA-Topoisomerase 1
AAbs Induced by HOCI

We next tested the effects of WIN-55,212 and JWH-133
on the specific autoimmune response to DNA-topoisom-
erase 1 that characterizes the cutaneous diffuse SSc
phenotype. As previously observed, mice exposed to
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Figure 4. Activation of the cannabinoid pathwuy abrogated splenic
B220" cell expansion and anti-DNA-topoisomerase Ab production in
HOCI mice. BALB/c mice were injected daily for six weeks with either an
HOCI-generating agent or PBS (n = 7 per group) and simultaneously
treated with WIN-55212, JWH-133, or vehicle control. Spleen and serum
from those mice were collected at the time of sacrifice. A: Absolute
numbers of splenic B220 positive B cells as assessed by flow cytometry.
B: Levels of serum anti-DNA-topoisomerasel AAbs as detected by ELISA.
Values are means * SEM of data gained from all mice. Mean values were
compared using unpaired Mann-Whitney U tests. *P < 0.05; NS indicates
nonsignificant.

HOCI developed anti-DNA topoisomerase 1 IgG Abs
(P = 0.002 versus PBS; Figure 4B). No significant levels
of anti-DNA IgG Abs, anticardiolipine IgG Abs or rheu-
matoid factors were detected in the sera of these mice
(data not shown).

Mice treated with WIN-55,212 or JWH-133 did not de-
velop anti-DNA topoisomerase1 IgG Abs after exposure
to HOCI compared with untreated mice (P = 0.002 for
HOCI mice treated by WIN-55,212 versus HOCI mice;
P = 0.03 for HOCI mice treated by JWH-133 versus HOCI
mice; Figure 4B).

Thus, the nonselective cannabinoid agonist WIN-55,212
and the selective CB2 agonist JWH-133 counteracted
the proproliferative effects of HOCI on B cells and
prevented the selective autoimmune response to DNA-
topoisomerase 1.

CB2~/~ Mice Develop an Enhanced Cutaneous
Fibrosis Compared with CB2™* Mice

To further evaluate the role of CB2 receptors in the devel-
opment of SSc, we performed subcutaneous injections of a
HOCI-generating solution or PBS in CB2~/~ mice and com-
pared the extension of the induced fibrosis to that observed
in CB2*/* mice submitted to the same regimen. Because of
the rapid establishment of the disease in CB2~/~ mice, all
animals were killed after 3 weeks of treatment to maximize
the differences. Subcutaneous injections of HOCI every day

for three weeks induced a significant dermal thickness
compared with PBS-injected mice both in CB2™/~ and
CB2*/* mice (P < 0.0001 for CB2~/~ mice and P = 0.0002
for CB2™* mice; Figure 5A). The dermis was thicker in
CB2~/~mice than in CB2™/* mice (P = 0.029; Figure 5A).
Those results were confirmed by histopathological analysis
of skin biopsies, which showed more skin fibrosis in CB2 /"~
mice than in CB2*/* mice submitted to HOCI injections
(Figure 5B). The concentration of acid- and pepsin-soluble
type | collagen in the skin extracts of both CB2~/~ mice and
CB2""* mice was higher than in their respective controls
injected with PBS (P = 0.029 for CB2™/~ mice and P =
0.016 for CB2™/™ mice versus their respective controls;
Figure 5C). The accumulation of collagen in the skin was
higher in CB2~/~ mice than in CB2*/* mice (P = 0.029;
Figure 5C).

CB2~"~ Mice Develop an Earlier and Enhanced
Lung Fibrosis Compared With CB2*'* Mice

In addition to skin fibrosis, CB2~/~ mice exposed to HOCI
subcutaneously for three weeks developed a lung fibrosis,
as shown by the higher concentration of type | collagen in
the lungs compared with PBS-injected CB2~/~ mice (P =
0.016; Figure 5D) and by histopathological analysis (Figure
5E). CB2*/* mice displayed a slight lung fibrosis as shown
by few foci of fibrosis on histological analysis (Figure 5E)
and by a 32% increase in type | collagen content of the
lung. However, after three weeks of treatment, this increase
did not yet reach significance (P = 0.413 versus PBS-
injected CB2™/* mice; Figure 5, D and E).

The Rate of Skin Fibroblast Proliferation Is
Higher in HOCI-CB2~~ Mice Than in
HOCI-CB2*"* Mice

We next investigated whether CB2 modulated the growth of
fibroblasts isolated from fibrotic skin areas of mice. Skin
fibroblasts isolated from HOCI-CB2~/~ mice displayed a
higher proliferation rate than fibroblasts obtained from
CB2~/~ mice injected with PBS (P = 0.032; Figure 5F).
Moreover, the rate of proliferation of fibroblasts isolated from
HOCI-CB2~/~mice was higher than that of fibroblasts from
HOCI-CB2*"* mice (P = 0.032; Figure 5F).

HOCI Injections Induced a Rapid and High
Increase in Splenic B Cells in CB2~~ Mice

The consequences of CB2 gene silencing on the activa-
tion of the immune system in this model of SSc were then
evaluated. Subcutaneous injections of HOCI induced a
significant increase in the total numbers of splenic B220™
B cells in CB2™/~ mice compared with PBS-injected
CB2~/~ mice (P = 0.016; Figure 6A), but no significant
difference was observed in the numbers of splenic B
cells in HOCI-CB2*/* mice compared with PBS-injected
CB2*/* controls (P = 0.86; Figure 6A) after only three
weeks of HOCI injections.
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CB2~"~ Mice Exposed to HOCI Display a
Strong and Selective Autoimmune Response
Directed Toward DNA-Topoisomerase 1

Finally, we tested the effect of the inhibition of CB2 sig-
naling on the specific autoimmune response that charac-
terizes the cutaneous diffuse form of SSc. As previously
observed in BALB/c mice, no significant levels of anti-
DNA IgG Abs, anticardiolipine IgG Abs, or rheumatoid
factors were detected in the sera of CB2*/* or CB2™/~
C57BL/6 mice after three weeks’ HOCI exposure,
whereas both CB2*/* and CB2 '~ mice developed anti-
DNA topoisomerase 1 IgG AAbs (P = 0.032 for CB2*/*
mice and P = 0.016 for CB2™/~ mice versus the respec-
tive PBS-injected control mice; Figure 6B and data not
shown). In addition, the level of anti-DNA topoisomerase
1 1gG Abs was higher in HOCI-CB2/~ mice than in
HOCI-CB2*/* mice (P = 0.032; Figure 6B).
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Figure 5. Effect of CB2 silencing on HOCI-
induced skin and lung fibrosis. CB2*/* and
CB27/~ C57BL/6 mice were injected daily for 3
weeks with either an HOCI-generating agent or
PBS (n = 7 per group). Skin and lungs from
those mice were collected at the time of sacri-
fice. A: Dermal thickness, as measured on skin in
the injected areas of CB2™/* and CB27/~
C57BL/6 mice treated or not with HOCI. B: Rep-
resentative skin sections taken in the injected
areas from CB2"/" and CB2™/~ C57BL/6 mice
treated or not with HOCI. Tissue sections were
stained with hematoxylin and eosin (Olympus
DP70 Controller, X10). Skin fibrosis was in-
creased in CB27/~ mice. C: Collagen content in
6-mm punch biopsies of skin as measured by the
quantitative dye-binding Sircol method. D: Col-
lagen content in lung as measured by the quan-
titative dye-binding Sircol method. E: Represen-
tative lung sections from CB2™/* and CB27/~
C57BL/6 mice treated or not with HOCL. Tissue
sections were stained with hematoxylin and eo-
sin (Olympus DP70 Controller, X10). CB27/~
mice displayed earlier and more extensive lung
damages compared with CB2*/* mice after
HOCI exposure. F: Spontaneous rate of prolifer-
ation of fibroblasts isolated from fibrotic skin of
CB2*/* and CB2™/~ C57BL/6 mice submitted to
HOCI or PBS injections. Skin biopsies from the
injected areas were collected at the time of sac-
rifice. Fibroblasts were isolated by collagenase
digestion of the skin, then cultured in complete
medium. Fibroblast proliferation was deter-
mined by pulsing the cells with [3H]thymidine
(1puCi per well) during the last 16 hours of cul-
ture. Results are expressed as absolute counts
per minute (cpm). In A, C, D, and F, values are
means = SEM of data. Mean values were com-
pared using unpaired Mann-Whitney U tests.
*P < 0.05; NS indicates nonsignificant.

Discussion

In this article, we have shown that the cannabinoid path-
way is involved in the control of skin and lung fibrosis and
of autoimmunity in SSc. Consequently, we suggest that
cannabinoid agonists could represent a new treatment in
this life-threatening disease.

In addition to their well-characterized psychoactive ef-
fects, cannabinoids display a broad range of properties,
through the binding to their receptors CB1 and CB2.
These receptors control several central and peripheral
functions including neuronal transmission, cardiovascu-
lar functions, inflammation, and autoimmunity. They can
also modulate cell motility, proliferation, and apoptosis.”
In our hands, both nonselective CB1/CB2 and selective
CB2 agonists prevent systemic fibrosis in a recently de-
scribed murine model of SSc mimicking the human dis-
ease. The disease, induced by chronic subcutaneous
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Figure 6. CB2 silencing increased splenic B220" B cell count and anti-
DNA-topoisomerase AAb production in HOCI-C57BL/6 mice. CB2*/* and
CB27/7 C57BL/6 mice were injected daily for 3 weeks with either an
HOCI-generating agent or PBS (72 = 7 per group). Spleen and sera from those
mice were collected at the time of sacrifice. A: Absolute numbers of splenic
B220-positive B cells as assessed by flow cytometry. B: Levels of serum
anti-DNA-topoisomerase 1 AAbs as detected by ELISA. Values are means =
SEM of data gained from all mice. Mean values were compared using
unpaired Mann-Whitney Utests. *P < 0.05; NS indicates nonsignificant.

injections of agents generating hypochlorous acid
(HOCI),?® includes cutaneous and lung fibrosis, kidney
involvement, and the production of serum anti-DNA topo-
isomerase 1 Abs—all features that characterize diffuse
cutaneous SSc in humans. Moreover, in these mice, the
lung fibrosis is associated with a T cell infiltrate, similar to
that observed in human SSc. Experiments performed in
SCID mice suggest that B and T lymphocytes are not
required for the development of the disease in this new
model of SSc. However, the extent of the HOCI-induced
pulmonary fibrosis was lower in SCID mice than in immu-
nocompetent mice, indicating that the immune system
synergizes with the direct effects of oxidative molecules
for the full development of the systemic disease.?® In this
model, cannabinoid agonists can counteract the profi-
brogenic effect of HOCI on skin and lung. Conversely,
mice lacking the CB2 receptor are more susceptible to
HOCI and develop enhanced and accelerated skin and
lung fibrosis. If CB2 receptor agonists have been found to
inhibit LPS-induced pulmonary inflammation,®? this is the
first report showing the role of the cannabinoid pathway
in lung fibrosis. On the other hand, several studies have
previously shown the antifibrogenic role of cannabinoid
agonists in dermal, cardiac, and liver fibrosis. In a recent
work by Akhmetshina et al,?* treating mice by the CB2
agonist JWH-133 prevented the profibrotic effect of bleo-
mycin in the skin. In the same model, inhibiting of CB2
signaling increased bleomycin-induced dermal fibrosis.
CB2 stimulation by JWH-133 has been shown to protect

murine hearts against fibrosis after myocardial infarction,
whereas hearts from CB2/~ mice displayed fibrosis,
myocyte hypertrophy, and cardiac dysfunction four
weeks after ischemia/reperfusion injury.'® In addition, ev-
idence has been reported for the involvement of the
cannabinoid pathway in liver fibrosis. Thus, the expres-
sion of CB1 and CB2 receptors is up-regulated in cir-
rhotic liver," but CB1 and CB2 stimulations exert oppo-
site effects. Indeed, whereas CB1 is profibrogenic, CB2
activation abrogates the fibrotic process by arresting
growth and triggering the apoptosis of myofibroblasts in
human cirrhotic liver in vitro. In line with this result, mice
lacking CB2 receptors develop enhanced liver fibrosis
after chronic carbon tetrachloride treatment.'® Further-
more, CB2 activation not only limits the development of
fibrosis but can induce the regression of pre-existing
fibrosis, as demonstrated in cirrhotic rats. In those ani-
mals, JWH-133 decreases the inflammatory infiltrate in
the liver, the number of activated stellate cells and the
extension of the fibrosis and increases the expression of
the matrix metalloproteinase MMP-2.2? We also observed
a tendency of pre-existing skin fibrosis to decrease in
our mouse model of systemic fibrosis with the canna-
binoid agonist WIN-55212 (see supplemental Figure
S2 at http.//ajp.amjpathol.org). Those results showing a
protective role of cannabinoid agonists, especially CB2
agonists, are concordant with those previous results ob-
tained in other fibrotic diseases.

Beside skin and visceral fibrosis, SSc is characterized
by B and T cell activation and by the production of AAbs,
whose targets differ in the cutaneous limited and in the
cutaneous diffuse subtype of SSc. As observed in the
cutaneous diffuse form of the human disease, BALB/c
and C57BL/6 mice exposed to HOCI develop AAbs that
selectively target DNA topoisomerase 1. In our hands, the
use of agonists of cannabinoid receptors and of mice
with silenced CB2 genes as well, has shown the involve-
ment of the cannabinoid pathway to abrogate B cell
proliferation and the production of anti-DNA topoisomer-
ase 1 AAbs. The part played by the cannabinoid pathway
in immune cell development and activation has been well
established. Cannabinoid receptors are expressed in vir-
tually all human peripheral blood immune cells, espe-
cially on B cells. However, both human and mouse im-
mune cells express CB2 at higher levels than CB1.3%34
The best studied vegetal cannabinoid, A9-tetrahydrocan-
nabinol, is immunosuppressive both in vivo and in vitro, and
a reduction in B cell proliferation and in antibody produc-
tion has been observed on treatment with cannabinoid
agonists.?%® Our results in a mouse model of SSc are in
agreement with those observations and with the benefi-
cial effects of cannabinoid agonists in other mouse mod-
els of inflammatory autoimmune diseases, such as colla-
gen-induced arthritis®® and experimental autoimmune
encephalitis.®”

Altogether, the effects of cannabinoid agonists on fi-
brogenesis, on the immune system, and on endothelial
activation can associate to abrogate the development of
SSc. However, the mechanisms through which the can-
nabinoid pathway controls fibrosis are not fully under-
stood and may be different according to the topography
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of the phenomenon and to its etiology. In our hands,
cannabinoid agonists significantly decrease in vitro and in
vivo the proliferation rates of dermal fibroblasts. These
data argue for a direct role of the cannabinoid pathway
on fibroblasts to limit the fibrotic process. It is in agree-
ment with the demonstration that, in hepatic myofibro-
blasts derived from human cirrhotic liver, CB2 agonists
induce both growth arrest and apoptosis through COX-2
activation and reactive oxygen species production, re-
spectively.'? Importantly, in our experiments, the nonse-
lective CB1 and CB2 agonist WIN-55,212 dramatically
reduces the proliferation rate of fibroblasts in vitro,
whereas JWH-133, a selective CB2 agonist, exerts a
more moderate inhibitory effect on the proliferation of
fibroblasts. Nevertheless, JWH-133 limits the develop-
ment of skin and lung fibrosis as efficiently as WIN-55,212
in mice exposed to HOCI. Thus, the cannabinoid system
might affect the outcome of fibrosis not only by reducing
fibroblast proliferation but also indirectly by controlling B
cell activation. Consistent with this hypothesis, we ob-
served a decrease in B cell proliferation and in the pro-
duction of anti-DNA topoisomerase 1 AAbs in mice
treated with agonists of cannabinoid receptors and in
CB2~/~ mice. Other reports are consistent with this hy-
pothesis, suggesting that the cannabinoid pathway limits
the fibrotic process by controlling the inflammatory re-
sponse.’*'® In mice exposed to bleomycin, CB2 medi-
ates its antifibrogenic properties by inhibiting leukocyte
infiltration in the skin.?* In this model of fibrosis, the
increased susceptibility of CB2~/~ mice to experimental
fibrosis was fully replicated by transplantation of CB2-
deficient bone marrow cells into CB2*/* mice.?* In car-
diac remodeling after ischemia/reperfusion injuries, CB2
activation prevents fibroblast activation and limits macro-
phage infiltration and TGF-B production.™ In addition,
the cannabinoid system has been shown to activate the
synthesis of matrix metalloproteinases that control colla-
gen deposition.?2:38

In conclusion, modulation of the endocannabinoid sys-
tem is a novel approach for the treatment of various
inflammatory diseases. SSc appears as a privileged con-
dition because the cannabinoid pathway modulates fi-
broblast proliferation, immune cell activation, and the
interaction between endothelial cells and immune cells,
all targets that determine the tissular damages in SSc. In
this report, we demonstrate for the first time the highly
protective role of cannabinoid agonists in SSc. Because
these agonists are available and well-tolerated under
clinical conditions, our data offer a new therapeutic op-
portunity in this life-threatening disease.
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Le sunitinib inhibe la phosphorylation du PDGF-récepteur 5 dans la peau
des souris sclérodermiques et prévient le développement de la maladie.

Sunitinib inhibits the phosphorylation of PDGF-receptor § in the skin of mice

with scleroderma-like features and prevents the development of the disease.

Niloufar Kavian, Amélie Servettaz, Wioleta Marut, Carole

Nicco, Christiane Chéreau, Bernard Weill, Frédéric Batteux

Arthritis and Rheumatism, 2011

es membres de la famille du "Platelet-derived growth factor" (PDGF) jouent un role ma-

jeur dans ’'homéostasie des tissus conjonctifs chez 1’adulte. On retrouve des niveaux

élevés de PDGF et des récepteurs au PDGF (PDGFR) dans les biopsies de peau et de
poumons de patients sclérodermiques. Des auto-anticorps activateurs anti-PDGFR sont égale-
ment présents dans le sérum des patients ScS et peuvent induire dans les fibroblastes la pro-
duction de FRO et I'activation des MAP kinases, conduisant a la prolifération de ces cellules.
Le VEGE ("Vascular endothelial growth factor") récepteur (VEGFR) a aussi été impliqué dans la
physiopathologie de la ScS. On retrouve notamment des taux élevés de VEGF-A et de VEGFR
dans la peau des patients ScS, et plusieurs données suggerent une dérégulation de cette voie
dans la ScS, avec pour conséquence la microangiopathie observée chez les patients. Nous avons
étudié dans ce travail les effets de deux molécules inhibitrices de tyrosine-kinase ciblant le PDG-
FR, le sunitinib et le sorafenib, sur le développement de la ScS. Nous avons induit la maladie
chez des souris BALB/c grace au protocole d'induction par HOCI mis au point au laboratoire,
et les souris ont été traitées de maniére concomitante par gavage avec le sunitinib, le sorafenib
ou le placebo (PBS). Apres 6 semaines, nous avons mesuré par western-blot les taux de PDG-
FR phosphorylé et de VEGFR phosphorylé dans les fibroblastes extraits des peaux des souris.
Nous avons également évalué 1'étendue de la fibrose cutanée et pulmonaire, et 1’activation im-
munitaire par détection des auto-anticorps et analyse des populations spléniques. Nous avons
observé dans les fibroblastes de peaux des souris atteintes de sclérodermie induite par HOCl
une augmentation de la phosphorylation du PDGFR et du VEGFR par rapport aux fibroblastes

extraits de peaux de souris témoins. Le traitement in vivo par le sunitinib et le sorafenib des
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souris ScS a entrainé une diminution de la phosphorylation, et donc de I’activation du PDGFR
et dans une moindre mesure du VEGFR. Cliniquement, les souris traitées par le sunitinib ont
développé un phénotype modéré de ScS par rapport aux souris non traitées avec une fibrose
cutanée et pulmonaire réduites. Cette amélioration clinique était corrélée au taux de proliféra-
tion spontanée des fibroblastes cutanés, qui était réduit chez les souris traitées par rapport aux
souris non traitées. Des expériences in vitro nous ont montré que le sunitinib et le sorafenib
avaient une action anti-proliférative sur les fibroblastes cutanés des souris ScS. Cependant le
sunitinib avait une CI50 (Concentration Inhibant 50% de la prolifération) inférieure a celle du
sorafenib, démontrant la supériorité de 'activité anti-proliférative du sunitinib par rapport au
sorafenib. Les deux inhibiteurs de tyrosine kinase ont permis in vivo de réduire la production
d’auto-anticorps anti-ADN Topoisomérase-1, d'IL-6 et de TGF-f par les lymphocytes B. Notre
travail est ainsi le premier a décrire un effet du sunitinib sur l’activation du systéme immuni-
taire, et il est possible que cet effet mette en jeu la voie du VEGF qui joue un role important dans
I'inflammation. Enfin, nous avons mesuré les taux sériques de VCAM soluble, un marqueur de
l'atteinte endothéliale chez les souris. Ce marqueur est augmenté chez les souris ScS non trai-
tées par rapport aux souris témoins saines, attestant I’atteinte vasculaire dans notre modele de
ScS. Le traitement in vivo par sunitinib et sorafenib a permis une réduction des taux de VCAM

soluble relargué dans la circulation, et ainsi une amélioration de l'atteinte endothéliale.

Notre travail souligne 1’activation du PDGF-RB dans les fibroblastes sclérodermiques, et
le role central de 1'axe PDGF/PDGEF-Rp dans l'induction de la fibrose, de I'auto-immunité, et
des anomalies vasculaires de la ScS. Nos résultats dans ce modéle in vivo suggerent égale-
ment qu'une activation de I’axe VEGF/VEGEF-R est délétere et directement impliquée dans la
microangiopathie de la ScS. Finalement, nous suggérons que certains inhibiteurs de tyrosine
kinases ciblant le PDGF-R et le VEGF-R pourraient étre testés comme nouveaux outils thérapeu-

tiques dans la ScS, agissant sur la fibrose, I’activation immunitaire et les anomalies vasculaires.
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Sunitinib Inhibits the Phosphorylation of Platelet-Derived
Growth Factor Receptor 8 in the Skin of Mice With
Scleroderma-like Features and Prevents the Development of
the Disease

Niloufar Kavian,! Amélie Servettaz,> Wioleta Marut,' Carole Nicco,! Christiane Chéreau,’
Bernard Weill,! and Frédéric Batteux®

Objective. Systemic sclerosis (SSc) is character-
ized by fibrosis of the skin and visceral organs, vascular
dysfunction, and immunologic dysregulation. Platelet-
derived growth factors (PDGFs) have been implicated in
the development of fibrosis and dysregulation of vascu-
lar function. We investigated the effects of sunitinib and
sorafenib, two tyrosine kinase inhibitors that interfere
with PDGF signaling, in a mouse model of diffuse SSc.

Methods. SSc was induced in BALB/c mice by
subcutaneous injections of HOCI daily for 6 weeks. Mice
were randomized to treatment with sunitinib, sorafenib,
or vehicle. The levels of native and phosphorylated
PDGEF receptor 3 (PDGFRp) and vascular endothelial
growth factor receptor (VEGFR) in the skin were as-
sessed by Western blot and immunohistochemical ana-
lyses. Skin and lung fibrosis were evaluated by histo-
logic and biochemical methods. Autoantibodies were
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1

detected by enzyme-linked immunosorbent assay, and
spleen cell populations were analyzed by flow cytometry.

Results. Phosphorylation of PDGFRB and
VEGFR was higher in fibrotic skin from HOCl-injected
mice with SSc than from PBS-injected mice. Injections
of HOCI induced cutaneous and lung fibrosis, increased
the proliferation rate of fibroblasts in areas of fibrotic
skin, increased splenic B cell and T cell counts, and
increased anti—-DNA topoisomerase I autoantibody lev-
els in BALB/c mice. All of these features were reduced by
sunitinib but not by sorafenib. Sunitinib significantly
reduced the phosphorylation of both PDGF and VEGF
receptors.

Conclusion. Inhibition of the hyperactivated
PDGF and VEGF pathways by sunitinib prevented the
development of fibrosis in HOCl-induced murine SSc
and may represent a new SSc treatment for testing in
clinical trials.

Systemic sclerosis (SSc) is a connective tissue
disorder characterized by fibrosis of the skin and visceral
organs, vascular dysfunction, and immunologic dysregu-
lation associated with autoantibodies (1). To date, the
mechanisms that determine the clinical manifestations
of the disease remain unclear (2-4).

Platelet-derived growth factors (PDGFs) are po-
tent mitogens and chemoattractants for cells of mesen-
chymal and neuroectodermal origin (5). Members of the
PDGEF family play a major role during embryonic devel-
opment and contribute to the maintenance of connective
tissue in adults (6). Increased levels of PDGF and PDGF
receptors (PDGFRs) have been found in skin and lung
biopsy samples from patients with scleroderma (7-9).
Moreover, sera from patients with SSc may contain
autoantibodies directed toward PDGFRs (10). These
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antibodies can induce the production of reactive oxygen
species that activate the MAP kinase/ERK-1/2 pathway
and lead to fibroblast proliferation (11). Transforming
growth factor B (TGFp) and interleukin-1a (IL-1a) can
also trigger PDGFR signaling through increasing either
PDGFR levels or PDGF synthesis by fibroblasts (12).
Thus, SSc skin and lung fibroblasts are more sensitive to
mitogenic stimulation by PDGF than normal fibroblasts
are. The functional significance of the activation of
PDGEF signaling in fibroblasts has not been fully evalu-
ated in scleroderma, but it may contribute to their
enhanced proliferative, migratory, and contractile po-
tential both in vitro and in vitro (13)

Protein tyrosine kinase inhibitors (TKIs) are a
new class of therapeutic agents that were initially devel-
oped for the treatment of cancers (14,15). They can
inhibit proliferative signals via the blockade of the
tyrosine kinases Bcr-Abl or c-Kit. Sunitinib and
sorafenib also block the tyrosine kinase activity of
PDGFRs, as well as the VEGF/VEGFR pathway, which
plays a role in the pathogenesis of SSc (16). The aim of
this study was to investigate the effects of sunitinib and
sorafenib in the HOCI-induced mouse model of SSc
(17). We found that these TKIs prevent fibrosis devel-
opment, immune activation, and endothelial dysfunction
in SSc, and thus appear to be attractive therapeutic tools
for this disease.

MATERIALS AND METHODS

Animals, cells, and chemicals. Six-week-old female
BALB/c mice were purchased from Harlan and were given
humane care according to our institutional guidelines. The
project was approved by the Regional Ethics Committee on
Animal Experimentation. All chemicals were obtained from
Sigma, except for sunitinib, which was from Pfizer, and
sorafenib, which was from Bayer Health Care.

Experimental procedure. Induction of SSc. Mice were
randomly distributed into experimental and control groups
(n = 14 per group). A total of 200 ul of substances that
generate HOCI was injected intradermally into the back of the
mice everyday for 6 weeks, as previously described (17).
Control groups received injections of 200 ul of sterilized
phosphate buffered saline (PBS).

Treatment with TKIs. Each mouse receiving subcutane-
ous injections was randomized to receive 6 weeks of oral
treatment (by gavage) with sunitinib (50 mg/kg/day), sorafenib
(50 mg/kg/day), or vehicle alone. The dosage of 50 mg/kg/day
was chosen as being consistent with the report from the
European Medicines Agency on sunitinib malate and sorafenib
tosylate.

One week after the end of the injections and treat-
ment, the animals were euthanized by cervical dislocation.
Lungs were collected, and biopsies of the skin of the back were
performed with a punch (6 mm in diameter). Samples for
determination of collagen content were stored at —80°C.

KAVIAN ET AL

Samples for histopathologic analysis were fixed in 10%
formalin.

Immunofluorescence analysis of skin sections. Dis-
eased skin was taken from each mouse in each treated and
untreated group. Formalin-fixed paraffin-embedded skin sec-
tions were dewaxed, and an enzymatic antigen retrieval
method was used to overcome antigen masking. Slides were
washed for 1 hour at room temperature with sodium borohy-
drate and then blocked with mouse serum. Slides were stained
overnight at 4°C with a 1:200 dilution of anti-PDGFRp,
anti-phosphorylated PDGFRp, anti-VEGFR, or anti-
phosphorylated VEGFR monoclonal antibodies or with iso-
type control (all from Santa Cruz Biotechnology). A secondary
fluorescein isothiocyanate (FITC)-labeled antibody was then
applied, and after washing in PBS, slides were examined using
an Olympus microscope equipped with an epifluorescence
system. Photographs were captured with an Olympus DP70
camera and analyzed with accompanying controller software as
previously described (18).

Western blot experiments. Proteins for pPDGFR/
PDGFR analysis were extracted from purified primary skin
fibroblasts; those for pVEGFR/VEGFR analysis were ex-
tracted from the skin. Proteins (30 pg per sample) were
subjected to immunoprecipitation with PDGFR antibodies
and VEGFR antibodies, respectively, using a protein G immu-
noprecipitation kit (Sigma-Aldrich). Samples were then sub-
jected to 10% polyacrylamide gel electrophoresis, transferred
onto nitrocellulose membranes, blocked for 2 hours with 5%
dry milk in Tris buffered saline-Tween (TBST), and then
incubated overnight at 4°C with anti-PDGFRp antibody, anti—
phosphorylated PDGFR antibody Tyr'%*!, anti-VEGFR (fe-
tal liver kinase 1) antibody, or anti-phosphorylated VEGFR
antibody Tyr??®. The membranes were then washed and incu-
bated for 1 hour at room temperature with a horseradish
peroxidase—conjugated secondary antibody (all from Santa
Cruz Biotechnology).

For a-smooth muscle actin (a-SMA) Western blots,
primary skin fibroblasts were treated with several doses of
sorafenib or sunitinib. Cell pellets were then thawed and mixed
in radioimmunoprecipitation assay buffer and stored at —80°C.
Proteins were then subjected to 10% polyacrylamide gel
electrophoresis, transferred onto nitrocellulose membranes,
blocked for 1 hour with 5% dry milk in TBST, and then
incubated overnight at 4°C with an anti-a-SMA antibodies
diluted 1:2,000 (clone 1A4; Sigma-Aldrich). As an internal
control, we used B-actin.

Assessment of dermal thickness. The thickness of the
skin of the shaved back of each mouse was measured with
calipers, and the results were expressed in millimeters. Mea-
surements were performed every week and on the day of
euthanization by the same operator. Two sides on the back of
each mouse were measured, and the mean was calculated and
recorded.

Histopathologic analysis. A 5-um-thick tissue section
was prepared from the midportion of paraffin-embedded lung
and skin pieces and stained with hematoxylin and eosin. Slides
were examined under standard brightfield microscopy (Olym-
pus BX60 microscope) by a pathologist who was blinded to the
group assignment of the animal.

Measurement of collagen content in skin and lung
tissues. Skin and lung pieces were diced using a sharp scalpel
and were mixed with pepsin (1:10 weight ratio) and 0.5M acetic
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SUNITINIB ABROGATES THE DEVELOPMENT OF SSc IN MICE
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Figure 1. Effects of sunitinib and sorafenib on the levels of platelet-derived growth factor receptor (PDGFR) and phosphorylated PDGFR in the
skin of mice exposed to HOCI. A, Detection of pPDGFRs by immunofluorescence in skin sections from a representative mouse from each of the
4 experimental groups (n = 7 per group): phosphate buffered saline (PBS) injected, HOCl injected, HOCl injected and sorafenib treated, and HOCI
injected and sunitinib treated. Original magnification X <. B, Quantification of pPDGFR staining in skin sections, as determined using ImageJ
software. Values are the mean = SEM of 7 mice per group. * = P < 0.05; #* = P < e+ by Mann-Whitney unpaired U test. NS = not significant.
C, Levels of native and phosphorylated PDGFR, as determined by Western blotting of protein extracts from purified fibroblasts isolated from mouse
skin. B-actin was used as an internal control. Levels of pPDGFR were increased in skin fibroblasts from HOCI-injected mice. Sunitinib
down-regulated the phosphorylation of PDGFR. Results are from 2 representative mice (n = 7 per group).

acid overnight at room temperature, with constant stirring.
The collagen content assay was based on the quantitative
dye-binding Sircol method (Biocolor) (19).

Isolation of skin fibroblasts and proliferation assays.
Skin fibroblasts were extracted as previously described. Pri-
mary fibroblasts (2 X 10%/well) were seeded in 96-well plates
and incubated for 48 hours with 150 ul of culture medium or
a solution of sorafenib (0.75-100 mg/ml) or sunitinib (0.16-25
mg/ml). Cell proliferation was determined by pulsing the cells
with *H-thymidine (1 wCi/well) during the last 16 hours of
culture. Results were expressed as absolute counts per minute
or as the ratio of the absolute counts per minute with sorafenib
or with sunitinib to the absolute counts per minute with
medium alone.

Detection of serum antibodies. Levels of anti-DNA
topoisomerase I IgG (anti-topo I IgG) antibodies were de-
tected using DNA topo I-coated enzyme-linked immunosor-
bent assay (ELISA) microplates (ImmunoVision). A 1:50
serum dilution was used for the determination of anti—topo I
IgG antibodies.

Flow cytometric analysis of spleen cell subsets. Cell
suspensions from spleens were prepared after hypotonic lysis
of erythrocytes. Cells were incubated with the appropriate
labeled antibodies for 45 minutes at 4°C in PBS with 0.1%
sodium azide and 5% normal rat serum. Cells were then
analyzed with a FACSCanto flow cytometer (BD Biosciences).
The antibodies used in this study were FITC-conjugated
anti-CD11b, phycoerythrin (PE)-conjugated anti-B220, allo-
phycocyanin (APC)-Cy7-conjugated anti-CD4, PE-Cy7-
conjugated anti-CDS8, PerCP-Cy-conjugated anti-CD3, PE-

conjugated anti-CD11b, and FITC-conjugated anti-B7.1
monoclonal antibodies (BD PharMingen).

ELISA determination of IL-6 and TGF 8 production by
B cells. B cells were isolated from splenocytes with CD45R
(B220) microbeads and MS columns according to the manu-
facturer’s instructions (Miltenyi Biotec). B cell suspensions
were then seeded (1 X 10° cells) in 96-well flat-bottomed
plates and cultured for 48 hours in complete medium in the
presence of 10 ug/ml of lipopolysaccharide (Sigma-Aldrich).
Supernatants were collected, and IL-6 and TGFf concentra-
tions determined by ELISA (eBioscience). Results are ex-
pressed in nanograms per milliliter.

ELISA determination of soluble vascular cell adhesion
molecule (sVCAM) in serum. Levels of sVCAM in mouse
serum were measured by ELISA. A 1:800 serum dilution and
a mouse sSVCAM/CD106 DuoSet kit were used according to
the manufacturer’s instructions (R&D Systems).

Statistical analysis. All quantitative data were ex-
pressed as the mean = SEM. Data were compared using a
nonparametric Mann-Whitney test or Student’s paired ¢-test.
When the analysis included more than 2 groups, one-way
analysis of variance was used. P values less than 0.05 were
considered significant.

RESULTS

High levels of phosphorylated PDGFRJ in skin
fibroblasts from mice with HOCI-induced fibrosis.
Higher amounts of phosphorylated PDGFRB were
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Figure 2. Effects of sunitinib and sorafenib on skin and lung collagen contents following subcutaneous injections of an HOCl-generating agent or
phosphate buffered saline (PBS) in BALB/c mice (n = 7 per group). Skin and lungs were collected at the time of euthanization. A, Dermal thickness
in the injected areas of skin from the 4 experimental groups of BALB/c mice. B, Representative sections of injected skin from BALB/c mice. Fibrosis
was inhibited by sunitinib more than by sorafenib. Hematoxylin and eosin stained; original magnification X 20. C, Collagen content in skin samples
obtained with a 6-mm punch biopsy, as measured by the quantitative dye-binding Sircol method. D, Representative sections of lung from BALB/c
mice. Lung fibrosis was inhibited by sunitinib more than by sorafenib. Hematoxylin and eosin stained; original magnification X 20. E, Collagen
content in the lung, as measured by the quantitative dye-binding Sircol method. Sunitinib inhibited both skin and lung fibrosis. Values in A, C, and
E are the mean = SEM of 7 mice per group. * = P < 0.05 by Mann-Whitney unpaired U test. NS = not significant.

found in fibrotic areas of skin from HOCI-injected mice
than in skin from PBS-injected mice, as demonstrated by
immunohistochemistry (Figures 1A and B) and by West-
ern blotting using protein extracts from fibroblasts (Fig-
ure 1C). Treatment of mice with HOCl-induced SSc with
the TKI sunitinib abrogated the phosphorylation of
PDGFRB in skin fibroblasts, whereas phosphorylated
PDGFRs could still be detected in the skin of mice with
SSc treated with sorafenib (Figures 1A—C). No signifi-
cant difference in the expression of nonphosphorylated
PDGFRs in mice exposed to HOCI versus control mice
exposed to PBS was observed (Figures 1B and C).

Better prevention of skin fibrosis in HOCI-
injected mice by sunitinib than by sorafenib. As previ-
ously observed, subcutaneous injections of HOCI in
BALB/c mice increased dermal thickness and the con-
centration of acid- and pepsin-soluble type I collagen in
the skin as compared with injections of PBS (P < 0.001
for dermal thickness and P = 0.003 for collagen concen-

tration in the skin) (Figures 2A and C). Histopathologic 2

analysis confirmed the presence of dermal fibrosis (Fig-
ure 2B).

To evaluate whether the inhibition of tyrosine
kinases affects the development of dermal fibrosis in this
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model of SSc, mice exposed to HOCI were simultane-
ously treated with sorafenib or sunitinib, two different
TKIs that interfere with the PDGF pathway.

Sorafenib moderately reduced the dermal thick-
ness (P = 0.001) and the accumulation of collagen (P =
0.529) induced by HOCI as compared with untreated
mice exposed to HOCI (Figures 2A and C). These
results were confirmed by histopathologic analysis of
skin biopsy samples stained with hematoxylin and eosin
(Figure 2B), which showed a moderate decrease in
dermal thickness in HOCl-injected BALB/c mice treated
with sorafenib.

In contrast, sunitinib significantly reduced dermal
thickness and accumulation of collagen in the skin of
HOClI-injected mice (P = 0.0003 and P = 0.039, respec-
tively, versus untreated HOClI-injected mice) (Figures
2A and C). These results were confirmed by histopatho-
logic analysis (Figure 2B).

Better prevention of lung fibrosis in HOCI-
injected mice by sunitinib than by sorafenib. In addition
to skin fibrosis, HOCI-injected mice developed lung
fibrosis, as shown by histopathologic analysis (Figure
2D) and by the higher concentration of type I collagen in
the lungs of HOCl-injected mice than in PBS-injected
mice (P < 0.001) (Figure 2E). Sorafenib did not abro-
gate the development of lung fibrosis induced by HOCI,
as shown by histopathologic analysis and by the accumu-
lation of type I collagen in lungs (P = 0.139 versus
untreated HOCl-injected mice) (Figures 2D and E).

In contrast, sunitinib significantly reduced the
concentration of type I collagen in the lungs as com-
pared with untreated HOCl-injected mice (P = 0.012)
(Figure 2E). These findings were confirmed by histo-
pathologic analysis of lung biopsy sections stained with
hematoxylin and eosin (Figure 2D), which showed a
more marked decrease in lung fibrosis in BALB/c mice
treated with sunitinib than in untreated HOCI-injected
mice.

Analysis of bronchoalveolar lavage fluid from 4
mice showed a significant increase in the numbers of
total leukocytes (P = 0.029), neutrophils (P = 0.028),
monocytes (P = 0.036), and lymphocytes (P = 0.032) in
HOCI-injected mice, which were decreased with
sunitinib (P = 0.079, P = 0.88, and P = 0.048, respec-
tively) (data not shown).

Normalization of the rate of dermal fibroblast
proliferation by sunitinib and sorafenib treatment. We
next investigated whether treatment with various TKIs
modified the growth of fibroblasts isolated from the
fibrotic skin of mice with SSc. As previously reported,
skin fibroblasts isolated from HOCI-injected mice dis-

played a higher rate of proliferation than did fibroblasts
from mice injected with PBS (P = 0.007) (Figure 3A).
The rate of proliferation of fibroblasts isolated from
HOCI-injected mice treated with sorafenib or sunitinib
was lower than that of fibroblasts isolated from HOCI-
injected mice treated with PBS (P = 0.028 for sorafenib
and P < 0.001 for sunitinib) (Figure 3A). Sunitinib was
more efficient than sorafenib in reducing the rate of
dermal fibroblast proliferation (P = 0.019) (Figure 3A).

We then analyzed the in vitro effects of both
TKIs on fibroblast proliferation. At low doses (0.16-0.75
mg/ml), sunitinib had no effect, whereas at 3.125 mg/ml,
the proliferation rate was reduced by 75% (Figure 3C).
In vitro treatment with sorafenib also had major effects
on fibroblast proliferation, but effective doses were 4
times higher than the effective doses of sunitinib (Figure
3D). Indeed, the 50% inhibition concentration (ICs,) of
sunitinib was 2.75 mg/ml, whereas for sorafenib, the ICs,
was 9.75 mg/ml (P = 0.029). These results were con-
firmed by Western blotting showing a-SMA expression
in fibroblasts after in vitro exposure to different doses of
sorafenib or sunitinib (Figure 3B).

Decreased serum levels of HOCl-induced anti-
topo I autoantibodies by sunitinib and sorafenib treat-
ment. We next tested the effects of the two TKIs on the
specific autoimmune response to DNA topo I that
characterizes the diffuse cutaneous SSc phenotype. IgG
antibodies directed toward DNA topo I were found, as
usual, in the sera of mice exposed to HOCI for 6 weeks
(P < 0.001 versus PBS-injected mice) (Figure 4C). As
previously observed, no significant levels of other auto-
antibodies, such as anti-DNA IgG antibodies, anti—
cardiolipin IgG antibodies, or theumatoid factors, could
be detected in the sera of HOCl-injected mice (data not
shown).

Both sunitinib and sorafenib prevented the de-
velopment of anti—topo I IgG antibodies in mice ex-
posed to HOCI (P < 0.001 for comparison of each TKI
versus untreated mice) (Figure 4C).

Decreased expansion of splenic B cells in HOCI-
injected mice by sunitinib, but not sorafenib, treatment.
We next investigated the effects of the 2 TKIs on the
different spleen cell populations. Daily subcutaneous
exposure to HOCI for 6 weeks increased the numbers of
splenic B220+ B cells and CD4+ T cells in the HOCI-
injected mice as compared to PBS-injected mice (P <
0.001 for each comparison) (Figures 4A and B).
Sunitinib prevented the increase in splenic B cell and
CD4+ T cell numbers in mice exposed to HOCI (P =
0.002 and P = 0.004, respectively, versus untreated mice)
(Figures 4A and B). Moreover, treatment with sunitinib

page 119

F3

F4



AQ: 20

AQ: 12

AQ: 13

rich3/zar-anr/zar-anr/zar00612/zar9824d12g | springj | S=4 | 3/30/12 | 14:53 | 4/Color Figure(s): 1,2,5 | Art: 11-0192 | |

A
5 * =
S 125001 n
8 10000 £
e
22 75001
5 5000 3
g2
S& 25001 /
s® 0 4
J P e e
P FHES
¥ XS
AC‘ISO-
5
=
o
[
Eg 100+
s5
2 5
’.E:,_g 50+
=2
=
R

T T T T T T

G P & 2 » » o D

FF NP PP
Sunitinib dose (mg/mL)

KAVIAN ET AL

-
B t £ E |
g
®» g 92 E
E 5, E B
0 N 9 £
o it - [T,
- 8 5 2
v 2 2 a o
5 § § T E
o % s £ E
£ 5 &8 5 5
3 (2] (2] (7] (7]
O-SMA S . G e S,
B-actin '
§150
-]
-
<
g§1|:|o
Q
£ 9 s
- &
53
=
=
; 0-

——r—
e PP P

& &
Sorafenib dose (mg/mL)

Figure 3. Proliferative properties of skin fibroblasts. A, Fibroblasts were isolated from injected areas of skin of the 4 experimental groups obtained
at the time of euthanization, and cell proliferation was determined by measurement of *H-thymidine (1 pCi/well) incorporation during the last 16
hours of culture. Fibroblasts from HOCl-injected mice treated with sunitinib showed a lower proliferation rate than those from HOCl-injected mice
treated with vehicle alone. Values are the mean = SEM. # = P < 0.05 by Mann-Whitney unpaired U test. NS = not significant; PBS = phosphate
buffered saline. B-D, Fibroblasts from HOCl-injected mice were isolated and treated in vitro with various doses of sunitinib or sorafenib. Western
blotting for the expression of a-smooth muscle actin (a-SMA) was performed in untreated cells and in cells treated with 2 different concentrations
of sorafenib or sunitinib (B). B-actin was used as an internal control. The fibroblast proliferation rate was measured after exposure to increasing
concentrations of sunitinib (C) or sorafenib (D). Results in C and D are expressed as the ratio of proliferation with sunitinib or sorafenib,

respectively, to the proliferation with medium alone.

reduced the expression of B7.1 on splenic B cells (P =
0.0089). Sorafenib tended to decrease B cell and CD4+
T cell numbers and B7.1 expression on B cells, but these
results didn’t achieve significance (P = 0.095, P = 0.48,
and P = 0.21, respectively) (Figures 4A, B, and D).
Reduced production of IL-6 and TGFf by B cells
in HOCl-injected mice by sunitinib, but not sorafenib,
treatment. Since sunitinib and sorafenib exerted benefi-
cial effects on autoantibody production and B cell
activation, we tested their actions on the production of
profibrotic cytokines by B cells. Both sorafenib and
sunitinib decreased the production of IL-6 (P = 0.032
and P = 0.029, respectively) and TGFB (P = 0.097 and
P = 0.010, respectively) (Figures 4E and F).
Significant reduction of phosphorylated VEGFR
concentrations in the skin of mice with HOCIl-induced
fibrosis by sunitinib treatment. Since VEGF signaling
has been found to be abnormal in SSc patients, we
investigated the level of phosphorylation of VEGF
receptors in the fibrotic skin of HOCl-injected mice and
the effect of the two TKIs on this pathway. Higher levels
of phosphorylated VEGFRs were detected in the dis-

eased areas of skin from HOCI-injected mice than in
skin from control mice (Figure 5). Sunitinib prevented
the phosphorylation of this receptor, since no phosphor-
ylated VEGFRs were found in the diseased areas of skin
from HOCl-injected mice treated with sunitinib, as
assessed by immunohistochemistry and Western blotting
(Figure 5). In contrast, sorafenib had only a weak effect
(Figure 5).

Prevention of increased serum levels of VCAM by
sunitinib and sorafenib treatment. Elevated serum lev-
els of markers of endothelial cell damage such as
sVCAM are observed in SSc. This was confirmed in mice
exposed to HOCI as compared with those exposed to
PBS (P = 0.037) (Figure 6). Sunitinib and sorafenib
prevented the increase in SVCAM in mice exposed to
HOCI (P = 0.015 for sunitinib versus vehicle alone and
P = 0.010 for sorafenib versus vehicle alone) (Figure 6).

DISCUSSION

In the present study, we describe the hyperacti-
vation of PDGFRB and VEGFR in areas of fibrotic skin
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Figure 4. Effects of sunitinib and sorafenib on spleen cells, anti-DNA topoisomerase I (anti-topo I) autoantibody production, and interleukin-6
(IL-6) and transforming growth factor B (TGFp) production. BALB/c mice were injected daily for 6 weeks with either an HOCI-generating agent
or phosphate buffered saline (PBS) and treated with sunitinib, sorafenib, or vehicle alone. Spleens and sera were collected at the time of
euthanization, and cells were enumerated by flow cytometry. A, Total numbers of B220+ cells in the spleen. B, Total numbers of CD4+ T cells in
the spleen. C, Levels of anti-topo I antibodies (Abs), as determined by enzyme-linked immunosorbent assay (ELISA) in sera, expressed in arbitrary
units (AU). D, Percentages of B7.1+ B cells in the spleen. E, Concentrations of IL-6 in supernatants from B cells stimulated for 48 hours with
lipopolysaccharide (LPS). F, Concentrations of TGF in supernatants from B cells stimulated for 48 hours with LPS. Sunitinib treatment decreased
splenic B cell and CD4+ T cell numbers, the concentration of anti—topo I antibodies, and the level of activation of B cells. Values are the mean *=
SEM of 7 mice per group. * = P < 0.05; s = P < e by Mann-Whitney unpaired U test. NS = not significant.

obtained from mice with HOCl-induced SSc. In addi-
tion, we show that TKIs targeting the PDGF and VEGF
pathways can represent effective treatments in SSc by
abrogating the fibrotic process, endothelial damage, and
autoimmune activation that characterize the disease.

PDGFs and their receptors are physiologically
involved in the embryogenesis of many organs and in the
formation of blood vessels (6). They are also implicated
in various diseases. Autocrine or paracrine activation of
PDGF signaling pathways has been demonstrated in
certain type of cancers and has been shown to affect
tumor growth, angiogenesis, invasion, and metastasis.
PDGFs and their receptors also play a role in vascular
disorders, such as atherosclerosis and pulmonary hyper-
tension, as well as in fibrotic diseases, including pulmo-
nary fibrosis, liver cirrhosis, and cardiac fibrosis.

We first assessed the presence of high levels of
PDGFRp and its phosphorylation in the fibrotic skin of
HOCI-injected mice. The elevated rate of phosphoryla-
tion, which reflects receptor hyperactivation, is consis-
tent with the role played by PDGF in several fibrotic
diseases. For example, high levels of phosphorylated
PDGFRs have been reported in a histologic study of 2
patients with SSc (20). In other studies in which the
phosphorylation levels were not investigated, elevated

expression of PDGFs or PDGFRs in various tissues
obtained from SSc patients have been reported. In
contrast, PDGF is almost undetectable in healthy skin or
lung (7,8). Similarly, elevated levels of PDGF-A and
PDGF-B have been found in bronchoalveolar lavage
fluid from scleroderma patients (9). PDGFRs and their
signaling pathway may be activated not only by the
binding of PDGF, but also by the autoantibodies found
in SSc patients (10). Another possible mechanism, which
has been observed in SSc fibroblasts, is that TGFp
released by platelets or infiltrating mononuclear cells
increases the expression of PDGFRs and enhances the
mitogenic effect of PDGF-A (21). Taken together, those
data strongly suggest a crucial role of the PDGF signal-
ing pathway in the pathogenesis of SSc.

We therefore undertook an investigation of the
potential inhibiting effects of 2 TKIs that interfere with
the PDGF signaling pathway: sunitinib and sorafenib.
Sunitinib was more effective than the same dosage of
sorafenib in preventing skin and lung fibrosis in the
HOCI-induced SSc model. The higher capacity of
sunitinib over sorafenib to prevent fibrosis was associ-
ated with a stronger reduction of the phosphorylation
rates of PDGFRB and VEGFRs. Sorafenib can in fact
reduce some features of autoimmunity and abrogate
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Figure 5. Effects of sunitinib and sorafenib on the levels of phosphorylated vascular endothelial growth factor receptor (pVEGFR) in the skin of
mice injected with HOCI. A, Immunohistochemistry of skin sections obtained from a representative mouse from each of the 4 experimental groups
(n = 7 per group). Slides were stained with anti-pVEGFR monoclonal antibody. Original magnification X ¢ <. PBS = phosphate buffered saline.
B, Quantification of pVEGFR staining in skin sections, as determined using ImagelJ software. Values are the mean = SEM of 7 mice per group.
* = P < 0.05 by Mann-Whitney unpaired U test. NS = not significant. C, Levels of native and phosphorylated VEGFR, as determined by Western
blotting of protein extracts from the skin. Sunitinib reduced the levels of pVEGFR in the skin of HOCl-injected mice. Results are from 2

representative mice (n = 7 per group).

endothelial cell damage, but because of its low capacity
to prevent fibrosis, the drug, when administered at a
dosage of 50 mg/kg/day, is not able to prevent the
development of disease; in contrast, sunitinib acts simul-
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Figure 6. Effects of sunitinib and sorafenib on serum concentrations
of soluble vascular cell adhesion molecule (sVCAM). BALB/c mice
were injected daily for 6 weeks with either an HOCI-generating agent
or phosphate buffered saline (PBS) and treated with sunitinib,
sorafenib, or vehicle alone. Sera were collected at the time of
euthanization, and concentrations of sVCAM were determined by
enzyme-linked immunosorbent assay. Soluble VCAM concentrations
were lower in sera from HOCI-injected mice treated with sunitinib
than in those from HOClI-injected mice treated with vehicle alone.
Values are the mean = SEM of 7 mice per group. * = P < 0.05 by
Mann-Whitney unpaired U test. NS = not significant.

taneously on the vascular, immune, and fibrotic features
of the disease.

Many differences between sorafenib and
sunitinib can account for the superiority of the latter
drug in our experiments. First, sorafenib has a shorter
half-life (22), being 30-40 hours, whereas the half-life of
sunitinib is 80-100 hours. Second, sunitinib is metabo-
lized as the active metabolite SU012662, increasing the
duration of the effects of the molecule. SU012662 is
2-fold less potent than sunitinib, but it inhibits PDGF
and VEGEF receptors and contributes to the pharmaco-
logic activity of sunitinib. Third, sorafenib and sunitinib
do not have identical activity on their target receptors
(23). With regard to PDGFR}, for example, the ICs, of
sorafenib is 1129 nM, whereas it is 75 nM for sunitinib
(i.e., >15-fold less). Moreover, the two TKIs do not have
identical kinase selectivity, as they both are multikinase
inhibitors. Sunitinib has a wider spectrum of inhibition
than sorafenib and could inhibit additional receptors,
possibly affecting the development of scleroderma in our
model (23). Despite these differences, however, it is
possible that sorafenib would have been more potent in
SSc at higher doses, and further studies are needed to
confirm the effects of sorafenib on fibrosis and vascular
dysfunctions.

The reduction of dermal fibrosis induced by the
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profibrotic drug bleomycin has been observed in studies
using other TKIs that target PDGFRs, such as imatinib,
dasatinib, and nilotinib (24,25). However, the effects on
lung fibrosis have not yet been studied. Sorafenib, in
contrast, has been shown to attenuate intrahepatic fibro-
genesis, hydroxyproline accumulation, and collagen de-
position in 2 rat models of liver fibrosis (26). Our study
is the first to show clearcut effectiveness of sunitinib on
the development of lung fibrosis in experimental SSc. A
study of 5 SSc patients with lung fibrosis treated with a
combination of imatinib and cyclophosphamide re-
ported variable results among the patients (27). How-
ever, the small number of patients and the absence of a
control group render the interpretation of these data
difficult (27).

The skin and lungs of patients with SSc contain
myofibroblasts, a cell population that produces high
amounts of collagen, expresses a-SMA, and displays an
excessive rate of proliferation (28-30). The same obser-
vation has been made in the mouse model of HOCI-
induced SSc (18). The reduction of fibroblast prolifera-
tion by sunitinib and sorafenib in fibrotic areas of the
skin of mice exposed to HOCI is consistent with the
inhibitory role of other TKIs: imatinib has been shown
to inhibit the proliferation of normal and scleroderma-
tous human fibroblasts in the presence or absence of
PDGF or TGFR in vitro (8,20). Moreover, treatment
with dasatinib and nilotinib was shown to strongly de-
crease the number of myofibroblasts in bleomycin-
induced dermal fibrosis (25).

In addition to the inhibition of fibroblast prolif-
eration and myofibroblast differentiation, we suggest
that 2 other mechanisms can also lead to the reduction
of skin fibrosis by sunitinib and, to a lesser extent,
sorafenib in our SSc model. First, by inhibiting the
phosphorylation of PDGFRs, sunitinib and sorafenib
may directly decrease collagen production by fibroblasts.
This phenomenon has been observed in 2 models of liver
fibrosis in which sorafenib treatment directly reduced
collagen production by hepatic stellate cells in vitro (26).
Dasatinib and nilotinib, 2 other TKIs that interfere with
the PDGF pathway, have been shown to decrease colla-
gen synthesis in dermal fibroblasts from bleomycin-
treated mice or from scleroderma patients (25). Alter-
natively, sunitinib and sorafenib can indirectly mediate a
reduction in collagen deposition by decreasing the ex-
pression of tissue inhibitor of metalloproteinases 1
(TIMP-1), thereby potentially enhancing extracellular
matrix degradation. Such a phenomenon, which is
caused by an alteration in the balance between matrix
metalloproteinase 13 and TIMP-1, has been observed in

hepatic stellate cells treated with sorafenib and in der-
mal fibroblasts exposed to dasatinib or nilotinib (26).

As in patients with diffuse cutaneous SSc, the
mice with HOCl-induced SSc develop anti-topo I auto-
antibodies, and increased numbers of B cells and CD4+
T cells are found in the spleens of these mice. Both
sunitinib and sorafenib prevent the development of
these autoantibodies as well as the B cell production of
IL-6 and TGFpB. However, only sunitinib significantly
limits the expansion of B cells and CD4+ T cells in the
spleen and B cell activation through down-regulation of
B7.1. To our knowledge, the effects of sunitinib on the
immune system have not previously been reported.

Imatinib may induce a reversible dose-dependent
lymphopenia and hypogammaglobulinemia, inhibit the
development of dendritic cells derived from human
CD34+ progenitor cells, and inhibit the expansion of
memory cytotoxic T lymphocytes without affecting pri-
mary T cell or B cell responses (31,32). These effects of
imatinib may be linked to the inhibition of the Abl
protein tyrosine kinase, but the exact mechanism re-
mains unclear. Sunitinib only slightly interferes with Abl,
but it strongly inhibits the VEGF receptor. VEGFs play
a key role in activating naive T cells (33). VEGFR-1,
which is expressed in monocyte/macrophages at both the
messenger RNA and protein levels, is involved in the
migration of these cells and in chronic inflammation
(34,35). Mice lacking VEGFR-1 do not develop type II
collagen arthritis because they display a decreased in-
flammatory response of monocyte/macrophages and he-
matopoietic proliferation (35).

Based on these findings, we hypothesize that the
effects of sunitinib on the immune cells observed in our
SSc model may be dependent on the inhibition of the
phosphorylation of VEGFR. Moreover, sunitinib
strongly inhibits B7.1 expression on B cells. The effects
of B7.1 downstream signaling on B cell/T cell coopera-
tion may also explain why sunitinib is more effective
than sorafenib in preventing disease progression. In-
deed, experiments using SCID mice have clearly dem-
onstrated that the immune system is required for the
systemic spreading of the disease in the HOCI model of
SSc (17).

In addition to fibroblast hyperproliferation and
collagen hyperproduction, SSc is characterized by vascu-
lar abnormalities. High levels of soluble VCAM, a
marker of damage to the endothelium, are found in the
sera of SSc patients (36) and in sera from mice with
HOCI-induced SSc. Sunitinib and, to a lesser extent,
sorafenib prevent the elevation of VCAM in the sera of
these mice. Little is known about the events that initiate
vascular injury, prevent its repair, and lead to loss of
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angiogenesis (37). Early stages of SSc are characterized
by an exaggerated angiogenic response, which is later
followed by fibrosis (38,39). One of the predominant
growth factors associated with vascular endothelial pro-
liferation, migration, and survival is VEGF (40). VEGF
binds to 2 major receptors, VEGFR-1 and VEGFR-2.
The VEGF-A/VEGFR-2 signaling pathway promotes
the proliferation, survival, adhesion, and migration of
endothelial cells. Several groups of investigators have
reported the up-regulation of VEGF-A and its receptors
VEGFRs in sclerodermatous skin (41-43), consistent
with the data reported herein.

Taken together, all of these studies indicate a
dysregulation of the VEGF/VEGFR axis in SSc. This
dysregulation varies with the stage of the disease but is
undisputable. A chronic and uncontrolled activation of
VEGF-A/VEGFR-2 signaling may play a role in the
microangiopathy of SSc (41). In addition, a prolonged
exposure to VEGF and uncontrolled activation of
VEGFRs can induce the formation of irregularly abnor-
mal vessels with reduced blood flow in vitro (44). Both
sunitinib and sorafenib block the kinase activity associ-
ated with VEGFRs. The beneficial effects following the
use of these 2 drugs on the markers of endothelium
damage emphasize the above hypothesis that excessive
activation of the VEGFR signaling pathway may trigger
the endothelial dysfunction in SSc.

In conclusion, the findings of this study empha-
size the pivotal role of the PDGF/PDGFR} signaling
pathway in SSc by showing a steady phosphorylated state
of PDGFR in the fibrotic skin of a mouse model of
SSc. In addition, the results of this work strengthen the
hypothesis that the uncontrolled activation of the
VEGF/VEGFR pathway could be deleterious in this
disease and could be directly involved in the microangi-
opathy of SSc. Our findings also suggest that some TKIs
that target both PDGFRs and VEGFRs could be a new
and attractive therapeutic tool for use in SSc by acting
on the fibrotic, immune, and vascular components of the
disease.
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omme nous l’avons vu dans les travaux précédents, les fibroblastes de la peau des

souris sclérodermiques HOCI ont un phénotype activé, et produisent des FRO qui

stimulent leur prolifération et la synthése de collagene. Par analogie avec les cellules
tumorales qui entrent en apoptose sous l’action de molécules qui augmentent le niveau de FRO
au dessus d’un seuil 1étal, nous avons testé dans un premier volet de ce travail 'efficacité du
trioxyde d’arsenic (As,O;), un agent cytotoxique utilisé en thérapeutique humaine notamment
dans la leucémie aigue promyélocytaire, sur les fibroblastes activés sclérodermiques dans notre
modele murin de ScS. In vitro, le trioxyde d’arsenic cible de facon sélective les fibroblastes ac-
tivés extraits de peaux de souris ScS par rapport aux fibroblastes normaux extraits de peaux de
souris témoins, comme le montre 'expression du marqueur d’apoptose Yopro dans ces cellules
traitées avec I’arsenic. Sous I’action de I’arsenic, les fibroblastes ScS produisent un excés d'H, O,
qui ne peut pas étre contre-balancé par leur faible concentration en glutathion (GSH). Cet exces

d'H,O, entraine 'apoptose et la mort des fibroblastes ScS.

Dans un deuxieme volet de ce travail, nous avons utilisé le trioxyde d’arsenic in vivo dans
notre modele murin de ScS. En traitant les souris ScS avec le trioxyde d’arsenic pendant 6 se-
maines, nous avons observé une amélioration de la fibrose cutanée et pulmonaire comme en
témoignent les analyses histopathologiques de peaux et de poumons chez les souris traitées par

rapport aux souris contrdles, ainsi que la concentration en collagéne dans ces deux organes. De
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plus, le traitement in vivo par le trioxyde d’arsenic a entrainé une réduction des anomalies vas-
culaires (notamment du marqueur VCAM-1), et de l’activation lymphocytaire avec diminution
de la production d’auto-anticorps et modification du profil cytokinique des lymphocytes T de
la rate (IL-4, IL-13).

Ces résultats apportent des arguments pour I’évaluation du trioxyde d’arsenic dans le trai-
tement de la ScS. IlIs nous ont poussé a continuer notre étude par 'évaluation de 'effet du
trioxyde d’arsenic dans un autre modele de ScS : le modéle de ScS associée a la réaction du
greffon contre I'hote.
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ABSTRACT

Objective: In systemic sclerosis, activated fibroblasts produce reactive oxygen species that
stimulate their proliferation and collagen synthesis. By analogy with tumor cells that undergo
apoptosis upon cytotoxic treatment that increases reactive oxygen species levels beyond a
lethal threshold, we tested whether activated fibroblasts could be selectively killed by the
cytotoxic molecule arsenic trioxide (As;Os3) in a murine model of systemic sclerosis.
Methods: Systemic sclerosis was induced in BALB/c mice by daily intradermal injections of
hypochlorous acid. Mice were simultaneously treated with daily intraperitoneal injections of
As,0s. Results: As,O; limited dermal thickness and inhibited collagen deposition as assessed
by histological examination and measurement of skin and lung collagen contents. As;O;
abrogated vascular damages as shown by determination of serum VCAM-1, and inhibited the
productions of auto-antibodies, IL-4 and IL-13 produced by activated T cells. Those
beneficial effects were mediated through reactive oxygen species generation that selectively
killed activated fibroblasts, that contained low levels of glutathione. Conclusions: The
dramatic improvement of skin and lung fibrosis provides a rationale for the evaluation of

As;0s; in patients affected by systemic sclerosis.
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INTRODUCTION

Disruption of the oxidant/antioxidant balance is a crucial step in the initiation and the
development of most systemic fibrotic diseases, particularly of liver, pancreatic, renal, and
lung fibrosis (1-5). Systemic sclerosis (SSc) is a prototypic systemic fibrotic disease involving
skin and visceral organs. The first stage of the disease associates inflammation and vascular
abnormalities followed by the spreading of fibrosis. During this early stage, reactive oxygen
species (ROS) overproduced by fibroblasts from the skin and internal organs trigger the
proliferation of fibroblasts and the synthesis of type I collagen (4). The role of ROS in the
initiation of SSc has been recently highlighted by a new murine model based on intradermal
injections of HOCl-generating agents that induce skin and visceral fibrosis, vascular disease
and autoimmunity, all features characterizing SSc (6). On the other hand, the involvement of
the immune system is reflected by the production of various autoantibodies (AAbs). The
AAbs to the platelet-derived growth factor receptor activate fibroblasts to produce ROS (7)
and establish a loop that perpetuates the disease.

The early inflammatory process and the development of fibrosis caused by fibroblast
proliferation and collagen production are stimulated by endogenous ROS up to a certain level
of concentration beyond which ROS induce cell apoptosis. This ambivalent effect of ROS has
been clearly shown in cancer cells, since chronic exposure to low levels of ROS induce
carcinogenesis and tumor progression, whereas the oxidative burst induced by cytotoxic drugs
leads to the apoptosis of tumor cells (8).

Since SSc is associated with the activation of fibroblasts that overproduce ROS, we tested the
therapeutic effect of the cytotoxic agent arsenic trioxide (As;Os) that raises the intracellular

level of ROS (9). As;05 is an inorganic trivalent salt that exhibits potent antitumor effects in
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vitro and in vivo (10, 11) especially in the treatment of haematological malignancies (12). It
can affect many cellular functions such as proliferation, apoptosis, differentiation, and
angiogenesis in various cell lines. Transformed keratinocytes (13) or activated autoimmune
lymphocytes (14) can also be killed by ROS-mediated apoptosis triggered by As,;Os.

In this study, we have evaluated the effects of As,Os on the fibrotic, vascular and immune
dysregulations of the disease, in HOCl-induced SSc, an inflammatory model of SSc

characterized by an early activation of fibroblasts by ROS.
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METHODS

Isolation of fibroblasts from the skin of mice

Fragments of diseased skin were collected from the back of mice at the time of sacrifice. Skin
samples (from control- or HOCI-induced-SSc-mice) were digested with “Liver-Digest-
Medium” (Invitrogen) for 1h at 37°C. After three washes, cells were seeded into sterile flasks
and isolated fibroblasts (control- or SSc-fibroblasts) were seeded in 96-well plates (Costar,
Corning, USA), then cultured in DMEM/Glutamax-I supplemented with 10% heat-inactivated

fetal calf serum and antibiotics.

Measurement of intracellular levels of GSH and H,0, and O2° released by fibroblasts in
response to in vitro treatment with As;Os

Fibroblasts were coated in triplicate in 96-well microplates (8x10° cells/well) and incubated
with complete medium for 24h at 37°C, and various doses of As,O3 (0 to 40 uM) were added
in the last 6 hours of culture. Levels of H,O,, 02%, and GSH were assessed by
spectrofluorometry (Fusion, PerkinElmer, Wellesley, MA) using 2')7'-
dichlorodihydrofluorescein  diacetate (H,DCFDA), dihydroethidium (DHE,), or
monochlorobimane respectively (Molecular-Probes, Netherlands). Cells were incubated with
200 uM H,DCFDA, DHE, or 50 uM monochlorobimane in PBS for 30 minutes at 37 °C.
Fluorescence intensity was read every hour for 6 hours. Results are expressed as arbitrary

units of fluorescence intensity per million of viable cells.

In vitro assay of As,O; cytotoxicity on mouse fibroblasts
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Fibroblasts coated in triplicate (8 x 10° cells/well), and incubated with complete medium alone
or 10 uM As,Oj; for 48h at 37°C. The numbers of viable cells were evaluated by cristal violet

assay. Results are expressed as percentages of viability among cells exposed to As,O3 or not.

Modulation of ROS metabolism in control- and SSc-fibroblasts

Isolated normal or SSc fibroblasts (2x10* cells/well) were seeded in 96-well plates and
incubated for 24 hours in complete medium alone or with the following molecules: 3.2 mM
N-acetylcysteine (NAC), 1.6 mM BSO, 20 U PEG-catalase, 400 uM AT, or 8§ uM DDC.
As;O; (10 uM) was added in the last 6 hours. Cells were then washed three times with PBS
and incubated with 100 pl per wells of 200 pM H,DCFDA or 50 uM monochlorobimane for

30 min. H,O, and GSH levels were expressed as described above.

HOCI-induced SSc

Induction of SSc by intra-dermal injections of HOCI-generating solution to BALB/c mice

Six week-old female BALB/c mice were purchased from Harlan (Gannat, France) and
maintained with food and water ad libitum. They were given humane care according to the
guidelines of our institution. Mice were randomly distributed into experimental and control
groups (n = 21 per group). SSc was induced according the protocol of Servettaz et al with
minor modifications as described herein (6). Four hundred microliters (two injections of 200
puL) of a solution generating HOCI were prepared extemporaneously and injected intra-
dermally into the shaved back of the mice, using a 27 gauge needle, everyday for 6 weeks
(HOCI-mice). HOCI was produced by adding NaClO solution (9.6 % as active chlorine) to
KH,POy4 solution (100 mM, pH 6.2) (15). HOCI concentration was determined by measuring
the optical density of the solution at 292 nm, and then adjusted to obtain an O.D between 0.7

and 0.9. Control groups received injections of 400 pl sterilized PBS (PBS-mice).
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Treatment of HOCl-mice with As;0;

Mice were randomized and treated simultaneously by HOCI-generating solution or PBS and
by intra-peritoneal injections of As,Oj; or vehicle alone for 6 weeks (n = 14 per group). A
stock solution was prepared extemporaneously by dissolving As,Os powder (Sigma Aldrich)
in 1M NaOH, and diluted 1:200 in PBS. As,03; was given intraperitoneally 5 days a week at a
dose of 5 pg/g body weigh., Bobé P et al tested several doses of As,Os3 in mice and the dose
of 5 ug/g seemed to be optimal(14). Control mice received intraperitoneal PBS added with
NaOH (1:200) 5 days a week.

Three days after the end of the injections, animals were sacrificed by cervical dislocation.
Serum samples were collected and stored at —80°C. Lungs were removed from each mouse
and a skin biopsy was performed on the back region with a punch (4 mm of diameter),
involving the skin and the underlying muscle of the injected area. Spleens were also collected
and splenocyte suspensions were prepared after hypotonic lysis of erythrocytes in potassium

acetate solution.

Assessment of collagen accumulation

Skin thickness

Skin thickness of the shaved back of mice was measured one day before sacrifice with a
caliper and expressed in millimeters.

Histopathological analysis

Fixed lung and skin pieces were embedded in paraffin. A 5-pm-thick tissue section was
prepared stained with hematoxylin eosin or with picro-sirius red. Slides were examined by
standard brightfield microscopy (Olympus BX60, Japan) by a pathologist who was blinded to
the assignment of the animal group.

Collagen content in skin and lung
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Skin and lung pieces were diced using a scalpel, put into tubes, thawed and mixed with pepsin
(1:10 weight ratio) and 0.5 M acetic acid overnight at room temperature under stirring. The
assay of collagen content was based on the quantitative dye-binding Sircol method (Biocolor,

Ireland).

Immunohistochemistry of phospho-Smad2/3 on diseased skin of mice

Sections of diseased skin were deparaffinized and antigen retrieval was performed by
incubating the slides with proteinase-K (Dako, France) for 20 min. Slides were then incubated
with 3% H,0, for 10 min, then with 5% bovine serum albumin and 1% rabbit serum to block
non-specific binding. Slides were immunostained with a monoclonal mouse antibody directed
to Phospho-Smad2/3 (Cell Signalling Technology, USA) for one h. After washing in Tris-
Buffer-Solution-Tween, slides were incubated with alkaline-phosphatase-labeled secondary
rabbit anti-mouse antibody (Rockland, USA) for 1 hour. Staining was visualized with
Diaminobenzidine solution kit (Sigma, France). Irrelevant isotype-matched-antibodies were
used as negative controls. All slides were analyzed by two independent pathologists blinded
with regard to the groups. Pictures were taken with a digital camera on a BX60 microscope
(Olympus, France), using DP Manager software, at a magnification of x100, and analyzed

using Image] Software (1.36 version).

Western-Blot analysis of a-SMA protein in mouse fibroblasts
Fibroblasts were isolated from skin biopsies as described above. Proteins (30 pg per well)
were subjected to 10% polyacrylamide gel electrophoresis, transferred onto nitrocellulose

membranes, blocked with 5% nonfat dry milk in Tris Buffer Solution-Tween, then incubated
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overnight at 4°C with an o-SMA antibody (Clone 1A4, Sigma, France). The membranes were
then washed and incubated with a HRP-conjugated secondary antibody (Santa-Cruz, France)

for one hour. Immunoreactivities were revealed with ECL (Amersham).

Measurement of oxidized derivatives in sera

Advanced oxidation protein products (AOPP) concentration

AOPP were measured by spectrophotometry as previously described(16). The assay was
calibrated using Chloramine-T.

Nitrate levels

Nitrate levels were measured by spectrophotometry using oxidation catalysed by cadmium
metal (Oxis, Bioxytech, USA), which converts nitrates into nitrites. The detection limit for

nitrites was 0.1 pmol/l.

Measurement of intracellular glutathione (GSH) levels in fibroblasts from treated mice
Fibroblasts were isolated from the skin of mice (10 per group) and seeded as described above.
The levels of GSH were assessed by spectrofluorometry using monochlorobimane staining, as

described above. The number of viable cells was evaluated by the cristal violet assay.
Determination of sVCAM-1 concentrations in the sera. Levels of sVCAM-1 in sera were
measured by ELISA using a 1:800 dilution of sera and the Mouse VCAM-1/CD106 Duoset

kit (R&D-Systems, USA) following the manufacturer’s instructions.

Flow cytometric analysis of spleen cell subsets
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Cell suspensions from spleens were prepared after hypotonic lysis of erythrocytes in
potassium acetate solution. Cells were incubated with the appropriate labelled Ab at 4°C for
30 min in PBS with 0.1% sodium azide and 5% normal rat serum. Flow cytometry was
performed on FACS Canto flow cytometer (BD-biosciences, USA) according to standard
techniques. The monoclonal Abs used in this study were: anti-B220-PE-Cy7, anti-CD11b-
Biotin, anti-CD4-PERCP, and anti-CD8-PE-Cy7, monoclonal Abs (BD-biosciences). Data

were analyzed with Flow-Jo software (Tree Star, Ashland, USA).

Assays of serum immunoglobulins and autoantibodies

Levels of anti-DNA topoisomerase 1 IgG Abs were detected by ELISA on microtiter plates
(Immunovision, Springdale, AR, USA). Levels of total mouse IgG and IgM Abs were
measured using standard ELISA as previously described.(17) A 1:50 serum dilution was used

for the determination of all antibodies.

Determination of IL-4, IL-13, IFN-y production by splenocytes by ELISA

Spleen cells were cultured in RPMI-1640 supplemented with antibiotics, Glutamax
(Invitrogen Life Technologies), and 10% heat-inactivated FCS (Invitrogen Life Technologies)
(complete medium). Spleen cell suspensions were seeded in 96-well flat-bottom plates and
cultured (2x 10° cells) in complete medium for 48h in the presence of 5pug/mL concanavalin
A. Supernatants were collected and cytokine concentrations determined by ELISA (for IL-4,

IL-13 and IFN-y: Ebioscience, San Diego, USA). Results are expressed in ng/mL.

Analysis of IL-13 expression in mouse skin fibroblasts by RT-PCR
RNA was extracted with Trizol reagent (Invitrogen) from skin fibroblasts isolated from mice

(7 mice per group). IL-13 cDNAs were quantified by semi-quantitative RT-PCR, using the
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following primers: F 5’-CCTGGCTCTTGCTTGCCTT-3" and R 5-
GGTCTTGTGTGATGTTGCTCA-3". IL-13 cDNA levels were normalized to the level of
expression of B-actin, using the following primers: F 5’-GTGGGCCGCTCTAGGCACCAA-

3’ and R 5’-CTCTTTGATGTCACGCACGATTTC-3".

Statistical Analysis
All the quantitative data are expressed as means + SEM and have been analyzed by Prism
Version 5 (GraphPad) with one-way ANOVA as appropriate. A P value < 0.05 was

considered statistically significant.
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RESULTS

As,03 exerted cytotoxic and pro-oxidative effects on SSc fibroblasts in vitro

Fibroblasts from control- and SSc-mice were exposed in vitro to increasing concentrations of
As,;05 from 0 to 40 pM.

The basal production (without arsenic) of H,O, was increased by 34 % in SSc-fibroblasts
compared to normal fibroblasts (p=0.035, figure 1A). Incubation of control-fibroblasts with
low doses (2.5 to 10 uM) of As,Os didn’t affect significantly their production of H,O,. Only
high doses of As,O; (20 to 40 uM) were able to increase significantly H,O, production in
those cells. In contrast, HOCI-SSc-fibroblasts were hyper-sensitive to the prooxidative effects
of As;Os. At 2.5 and 5 pM, As,O; raised the production of H,O, by HOCI-SSc-fibroblasts by
34 % and 64 % (p=0.06 and p=0.004 vs untreated-HOCI-SSc-fibroblasts respectively, figure
1A), and from 10 to 40 uM the production of H,O, was increased by 85 % and more (p=0.025
for HOCI-SSc-fibroblasts with 10 uM arsenic vs untreated-HOCI-SSc-fibroblasts, figure 1A).

The basal level of GSH, an essential cofactor of H,O, catabolism, was decreased by 51 % in
SSc fibroblasts compared to normal fibroblasts (p=0.0007, figure 1B). As,O; dose-
dependently induced a drop in the glutathione (GSH) content in control- and HOCI-SSc-
fibroblasts. In control-fibroblasts, As,O3; had this effect only at high concentrations (from 10
to 40 uM), whereas in HOCI-SSc-fibroblasts the molecule was able to reduce significantly the
intracellular GSH content from 5 pM (p=0.042, figure 1B).

We also investigated the effects of As;O3; on O," production. The basal production of O,”
didn’t differ between control-fibroblasts and HOCI-SSc-fibroblasts (data not shown). The
addition of arsenic in the culture medium didn’t affect the production of O, by control- or
HOCI-SSc-fibroblasts, even at high concentrations (data not shown).

As,05 had a powerful cytotoxic effect on HOCI-SSc-fibroblasts compared to PBS-fibroblasts.

Indeed, the rate of viability of fibroblasts from control mice was affected only slightly by in
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vitro treatment with arsenic as it varied from 98 % with 2.5 uM As,0; to 78 % with 20 uM
As203 (figure 1C). Inversely, the viability rate of HOCI-SSc-fibroblasts in the presence of
As;03 was 85 % with 2.5 uM (p=0.059 vs untreated HOCI-SSc-fibroblasts), 68 % with 5 uM
(p = 0.006 vs untreated HOCI-SSc-fibroblasts), 50 % with 10 uM (p = 0.003 vs untreated
HOCI-fibroblasts), 38 % with 20 uM (p=0.003 vs untreated SSc- fibroblasts, and 27% with 40
uM (p=0.002, figure 1C).

Finally, after these dose-effects experiments, the dose of 10 uM was chosen for further

experiments of modulation of ROS metabolism by As,0Os.

Modulation of H,O, metabolism by arsenic

Using specific modulators of enzymatic and non-enzymatic systems involved in H,O,
metabolism, we investigated the mechanism of action of As,0Os;. Control- and HOCI-SSc-
fibroblasts were incubated with or without 10 uM As;Os in association with N-acetylcystein
(NAC), buthionin sulfoximine (BSO), catalase, diethyldithio-carbamate (DDC) or
Aminotriazole (AT).

NAC, a precursor of GSH, decreased significantly the production of H,O, and increased the
intracellular levels of GSH in untreated control- and HOCI-SSc-fibroblasts. Co-incubation of
As;O3; with NAC decreased by more than 70 % the production of H,O; in both control- and
HOCI-SSc-fibroblasts (p=0.003 for both cell types, figure 1D) and increased by 180 % the
intracellular levels of GSH in control-fibroblasts and by 800% in HOCI-SSc-fibroblasts
(p<0.001 for both cell types figure 1E). In addition, incubation with BSO, a molecule that
blocks the synthesis of GSH by selectively inhibiting gamma-glutamylcysteine synthetase,
increased significantly the production of H,O, by HOCI-SSc-fibroblasts (p=0.002 versus cells
without BSO, figure 1D) and inversely significantly decreased the concentration of GSH in

those cells (p=0.003, figure 1E). Moreover, HOCI-SSc-fibroblasts co-incubated with As,O;
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and BSO displayed an H,O, production of 7522.9+206.9 A.U versus 6078+207.3 A.U when
incubated with BSO alone, showing the additive effect of Arsenic and BSO (p=0.0048). We
observed the same additive effect concerning intracellular levels of GSH in HOCI-SSc-
fibroblasts (mean of 3797.1£429.3.7 A.U for HOCI-SSc-fibroblasts with BSO alone, and
528.3£118.1 A.U for HOCI-SSc-fibroblasts with BSO and As,Os, p=0.0042). Increasing the
cellular levels of catalase, an enzyme that converts hydrogen peroxide into H,O, by adding
PEG-catalase to medium culture with arsenic had no effects on H,O, cell production or GSH
intracellular levels in both types of fibroblasts (p=0.127 for and p=0.245 respectively, figure
1D and 1E). In addition, blocking catalase with aminotriazole or adding DDC didn’t affect the
production of H,O, and GSH content in control- or HOCI-SSc-fibroblasts (p=0.262 and
p=0.312 respectively, figure 1D and 1E). Moreover, adding DDC, an inhibitor of SOD, has no
effects on both parameters, confirming the non involvement of O, in As,O;3 cytotoxicity.
Altogether, these results indicate that As,O; targets selectively HOCI-SSc-fibroblasts by

depleting GSH and increasing H,O, production.

As,03reduced skin and lung fibrosis in HOCl-mice

A significant increase in dermal thickness was observed in mice injected with HOCI
compared to PBS (p<0.001, figure 2A). Dermal fibrosis was also significantly increased in
HOCI- mice versus controls as demonstrated by the histopathological analysis of the skins
(Figure 2B) and by measurement of type-I collagen concentration in the skin extracts
(p<0.001, figure 2C). In vivo treatment with As,O; reduced the dermal thickness, histological
signs of fibrosis and the accumulation of type-I collagen in the skin of HOCl-mice (p=0.023,
figure 2A, 2B, 2C). The myofibroblast marker o -Smooth-Muscle-Actin (a-SMA) was

overexpressed in the skin of HOCI-treated mice compared to PBS-mice and was significantly
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reduced by As,Os treatment (Figure 2E). Additionally, the expression of Phospho-Smad2/3, a
key intracellular mediator of fibrosis, was strongly increased in the skins from HOCI-mice
compared to unaffected skins from control mice (6.712.3 versus 23.212.9, p=0.0021, figure
2D). As;Os treatment of HOCI-mice significantly reduced the expression of Phospho-
Smad2/3 in the skins (10.712.5, p=0.0042 versus untreated HOCl-mice, figure 2D).

As in some patients with SSc, lung fibrosis developed in HOCI-mice. Figures 2F and 2G
show the hematoxylin-eosin staining of lung biopsies and the significant increase in type-I
collagen concentrations in lungs of HOCl-treated mice compared to control mice (p=0.037).
As,05 abrogated the development of lung fibrosis induced by HOCI, as shown by the weaker
accumulation of type-I collagen in the lungs of those mice (p=0.006, figure 2E).

The anti-fibrotic effects of arsenic trioxide were confirmed in the model of bleomycin-
induced scleroderma. Indeed, skin thickness as well as skin and lung collagen contents were
significantly reduced in mice receiving bleomycin and concomitantly treated with As,O;
compared to mice receving bleomycin alone (for skin thickness: p<0.0001 , for skin collagen
content: p=0.0127, for lung collagen content: p=0.0079, supplemental figure 1). The
histopathological analysis of skin and lung sections confirmed those results (supplemental

figure 1 B and 1D).

In vivo treatment with As,0O; reduced local and systemic oxidative stress and prevented
endothelial injuries

Because ROS are major mediators implicated in the development of SSc and particularly in
HOCI-induced SSc, we investigated the in vivo effects of As;O; on systemic oxidative stress
markers at the local and systemic levels. We measured the intracellular levels of GSH, a
major antioxidant involved in the cellular defense against ROS, in skin fibroblasts isolated

from normal or diseased mice. HOCI-mice displayed lower levels of GSH in their skin
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fibroblasts than PBS-mice (p=0.0049, figure 3A). In vivo treatment of HOCIl-mice with As,03
prevented this drop in GSH concentration, since skin fibroblasts displayed GSH levels similar
to those observed in control-mice (p=0.003, figure 3A). In addition, fibroblasts isolated from
HOCI-SSc-mice treated with As,Os displayed lower levels of H,O, than fibroblasts isolated
from untreated HOCI-SSc-mice (mean of 2535+131 for fibroblasts from As,Os;—treated
HOCI-SSc-mice versus 3652+114 for fibroblasts from PBS-treated SSc-mice, p=0.079, figure
3B). The sera from HOCI-mice contained higher amounts of AOPP, a major marker of the
systemic oxidative stress in SSc, than the sera from mice treated with PBS (p=0.048, figure
3C). As;O3 reduced by 40 % the serum concentrations of AOPP in mice exposed to HOCI
(p=0.029, figure 3C). The concentration of nitrates, a marker of the nitrosative stress, reached
0.37 umol/g of protein in the sera of HOCl-mice versus 0.21 pmol/g of protein in control mice
(p=0.04, figure 3D). In vivo treatment of HOCl-mice with As,O5; decreased the concentration
of nitrates to 0.20 umol/g of protein (p=0.042, figure 3C). HOCl-mice displayed higher levels
of sVCAM-1 in their sera than PBS-mice (1249174 pg/mL versus 969+61 pg/mL for HOCI-
and PBS-mice, respectively, p=0.026, figure 3E). As,O3 reduced sVCAM-1 levels in the sera

of treated-HOCI-mice (p=0.024, figure 3E).

Arsenic down-regulated the expansion of splenic B cells and decreased the serum levels
of anti-DNA-Topoisomerase 1 autoantibodies in HOCl-mice.

We next tested the effects of As,O3; on splenic cell populations. HOCIl-mice showed an
increase in total splenocytes (p=0.039, figure 4A), B (p=0.035, figure 4B), CD4+ (p=0.048,
figure 5A), and CD8+ T cells (p=0.006, figure 5B) compared to PBS-mice. As,O3 inhibited
the increase in splenic B (p=0.043, figure 4B), CD4+ (p<0.001, figure 5A) and CD8+
(p<0.001, figure 5B) T cell numbers in HOCl-mice and treated by As,O3; versus untreated

HOC]I-mice.
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Levels of total IgG were elevated in the sera from HOCI-mice (p=0.0048 versus PBS-mice,
figure 4C), and treatment with As,O; allowed a decrease of that parameter (p=0.001 for
HOC]I-mice treated with As203 versus HOCl-non treated-mice, figure 4C). IgG Abs directed
to DNA-Topoisomerase-1 were found in the sera from mice after 6 weeks of HOCI injections
(p=0.043, figure 4D) but not in the sera from HOCI-mice treated with As,O3; (p=0.05 versus

HOC]I-non treated-mice).

In vivo administration of arsenic reduced the ex vivo production of IL-4 and IL-13 by
spleen cells of HOCl-mice.

The supernatants of splenocytes from HOCI-mice contained higher concentrations of IL-4 and
IL-13 than supernatants from normal mice (0.10+0.03 versus 0.07+0.01 ng/mL for IL-4 and
0.30+0.07 versus 0.22+0.06 ng/mL for IL-13, p=0.044 and p=0.045 respectively,, figure 5C
and 5E). As,0; reduced the concentrations of both cytokines by 30% (p=0.011 and p=0.05
respectively, figure 5C and S5E). The IFN-y production was modified neither by HOCI-
injections nor by As,Os treatment (Figure 5D). Moreover, As;O; abrogated the local
production of IL-13 in the skin of HOCl-mice, as shown by the measurement of IL-13 mRNA

levels in fibroblasts (Figure 5F).
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DISCUSSION

In the present study, we report that As;Os, a common chemotherapeutic drug used to treat
hematological malignancies, can inhibit the development of systemic fibrosis in a chemically-

induced murine model of SSc.

We first investigated the mechanisms through which As,O3 can exert this therapeutic effect.
Among the factors that determine the cellular susceptibility to As,Os, the balance between
ROS generation and detoxification plays a major role (18). We observed that HOCI-SSc-
fibroblasts from HOCIl-mice are more prone to As,Os-induced apoptosis than normal
fibroblasts. This difference in arsenic-susceptibility between SSc- and normal-fibroblasts
correlates with different oxidant/antioxidant status in the two cell types. Indeed, skin
fibroblasts isolated from HOCI-mice show a higher intracellular concentration of H,O, and a
lower level of GSH than skin fibroblasts from control mice. Moreover, NAC, a GSH
precursor, has a protective effect against As,Os-induced apoptosis in HOCI-SSc-fibroblasts,
while BSO, that depletes intracellular GSH, increases arsenic-cytotoxicity. Our data on
fibroblasts are in agreement with previous reports on other cell types. In NB4 cells, GSH
depletion increases the apoptosis triggered by arsenic (19), and hydrogen-peroxide-resistant
CHO cells are less susceptible to As;Os (20). In addition, GSH can bind to arsenic and protect
its target through the formation of a transient As(GS); complex, thus explaining the enhanced
susceptibility of HOCI-SSc-fibroblasts to As,Os (21).

In vivo, diseased skin fibroblasts are selectively killed by arsenic, while normal fibroblasts
survive and grow in place of the latter. Thus, fibroblasts isolated from As,Os-treated-SSc-

mice display levels of GSH approaching those of fibroblasts from PBS-mice. Therefore,
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despite its prooxidative activity, As,O3 paradoxically improves the antioxidant status of the
SSc-skin.

This effect of As,O; is also observed at the systemic level. AOPP are oxidized proteins
generated by fibroblasts in the skin of SSc-mice. AOPP are responsible of the spreading of the
disease from skin to visceral organs via the systemic circulation (6). Levels of AOPP are
decreased in As,Os—treated-SSc-mice compared to untreated SSc-mice. Since AOPP are
released by HOCI-SSc-fibroblasts, the selective killing of those cells early in the course of the
disease explains the decrease of serum AOPP levels in SSc-mice treated with As;Os.

In HOCl-induced SSc, AOPP can elicit the apoptosis of endothelial cells and cause vascular
damages (6). In vivo treatment of SSc-mice with As,O; reduces the levels of AOPP and
consequently the concentration of nitrates and sVCAMI1, markers of vascular activation and
injury in murine and human SSc (22, 23), reflecting the beneficial effect of arsenic on the

vascular component of the disease.

Another major beneficial effect of As;O; in SSc-mice consists in an inhibition of skin and
lung fibrosis. Smad2 and Smad3 are transcription factors constitutively upregulated in human
SSc fibroblasts, that activate the promoter COL1A2 in SSc fibroblasts and the synthesis of
collagen (24, 25). The expression of phosphor-Smad2/3 is downregulated in the skin of SSc-
mice treated with As;O; compared to untreated SSc-mice, in agreement with recent data
showing that As,O; alters the phosphorylation of Smad2/3 in fibroblasts (24). Moreover,
TGF-B-induced Smad2/3 phosphorylation is inhibited by NAC, glutathione and L-cysteine, a
thiol antioxidant, emphasizing the role of ROS in the activation of the Smad2/3 pathway (26).
Thus, in our model, the decreased phosphorylation of Smad2/3 is consecutive to the reduced

oxidative damages observed in SSc-skin following the selective killing of diseased-fibroblasts
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by arsenic. Globally, the decrased phosphorylation of Smad2/3 contributes to inhibit an

excessive deposition of collagen leading to fibrosis.

The breach of natural tolerance and the development of an auto-immune reaction is a key
feature of SSc in both humans and rodents. As,Os exerts an immuno-regulating effect in SSc-
mice, reflected by the reduction in B, CD4 and CD8 T cell numbers in the spleens of treated
mice, and in the decrease in serum anti-DNA-topoisomerase-1Ab levels. The beneficial effect
of As,Os3 on the immune system also results in the decrease in spleen production of IL-4 and
IL-13, two closely linked cytokines that trigger the synthesis of collagen in human skin
fibroblasts, and whose concentrations are elevated in the serum and the affected skin of SSc
patients (27-29). By deleting HOCI-SSc-fibroblasts, As,O3 abrogates the chronic production
of ROS and the consequent oxidation of proteins (especially of DNA-topoisomerase-1).
Oxidized DNA-topoisomerase-1 is particularly immunogen and implicated in the breach of
immune tolerance in SSc. Therefore, in vivo treatment with As,Os could inhibit the induction
of the auto-immune reaction by limiting the production and the spreading of the auto antigen.
However, a direct effect of arsenic on activated T cells leading to an abrogation of the auto
immune response cannot be ruled out. Indeed, previous reports have shown that the elevated
concentration of H,O, in acute promyelocytic leukemia cells renders them extremely
susceptible to the pro-apoptotic effects of As,Os. The same effects have been observed in

other cell lines, and particularly in lymphocytes during systemic autoimmunity (14, 30-32).

In conclusion, we propose that the selective cytotoxic action of As,Os3 on activated fibroblasts

that produce high amounts of H,O, could be used in the treatment of systemic sclerosis in

addition to hematological or solid malignancies.
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FIGURE LEGENDS

Figure 1. Dose-response effect and modulation of ROS metabolism in fibroblasts treated with
arsenic trioxide. A, B, C, Control- and HOCI-SSc-fibroblasts were seeded in a 96-wells plate
in triplicate and exposed to various doses of As;O3 ranging from 2.5 to 40 umol/l or medium
alone for 6 hours (8.103 cells/well). Production of H202 (A), intracellular levels of GSH (B),
and viability (C) were measured on a spectrofluorometer. * p<0.05 , SSc- versus control-
fibroblasts, p<0.05 f SSc- or control-fibroblasts in vitro treated with arsenic versus untreated
SSc- or control-fibroblasts, respectively. D, E, F, Fibroblasts from control- or SSc-mice ( 3
mice per group) were seeded in a 96-well plate in triplicate (8.103/well) with various
chemical and enzymatic modulators (NAC, BSO, Catalase, DDC, Aminotriazole) for 24 hours
and exposed to As;Os for the last 6 hours of culture. Production of H202 (D), intracellular
levels of GSH (E), and viability (F) were measured on a spectrofluorometer. * p<0.05, SSc-
or control-fibroblasts untreated or treated with 10 umol/l arsenic with ROS modulator versus

without ROS modulator.

Figure 2. Arsenic trioxide reduced skin and lung fibrosis in HOCl-induced SSc mice.
BALB/c mice received daily intradermal injections of HOCI or PBS and were concomitantly
treated with As,O3 5 pg/g or vehicle alone for 6 weeks (n=10 per group). A. Dermal
thickness, in the injected skin areas of BALB/c mice, expressed in millimeters. B.
Representative skin sections taken in the injected skin areas from BALB/c mice and stained
with hematoxylin-eosin. (Olympus DP70 Controller, X 20). C. Collagen content in 6 mm
punch biopsies of skin as measured by the quantitative dye-binding Sircol method. D.
Phospho-Smad2/3 expression in skin by immunohistochemistry. Skin sections taken in the

injected areas from BALB/c mice were stained with an anti-phospho-Smad2/3 antibody and
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revealed with DAB. E. a-SMA western-blot in skin extracts (3 mice representative of 10) F.
Collagen content in lungs as measured by the quantitative dye-binding Sircol method. G.
Representative lung sections from BALB/c mice stained with hematoxylin-eosin. Values are
means + SEM of data gained from all mice in the experimental or control group. Mean values
were compared using paired Mann Whitney U- tests. * P < 0.05; NS: non significant

differences.

Figure 3. In vivo treatment with arsenic trioxide exerted beneficial effects on the local and
systemic oxidative stress and abrogated endothelial injuries. BALB/c mice received daily
intradermal injections of HOCI or PBS and were concomitantly treated with As203 5 pg/g or
vehicle alone for 6 weeks (n=10 per group). A. Intracellular GSH levels in skin fibroblasts
from mice. Fibroblasts were isolated at the time of sacrifice from skin areas injected with
HOCI, and GSH levels were determined by spectrofluorimetry. Results are expressed as
optical density (O.D) per viable cells. B. Levels of H202 production by skin fibroblasts from
mice, determined by spectrofluorimetry. C. Serum AOPP levels (umol/l of chloramin T
equivalents). D. Serum nitrate levels (umol/g of proteins). E. Serum VCAM-1 concentrations
(pg/mL). Values are means = SEM of data. Mean values were compaired using paired U-tests.

* p<0.05.

Figure 4. In vivo treatment with arsenic trioxide inhibits the production of autoantibodies in
HOCl-induced SSc. SSc was induced in BALB/c mice by daily injections of an HOCI-
generating solution. As,O3 was administered simultaneously by intra-peritoneal injections at a
dose of 5 pg/g. A. Total splenocyte numbers on the day of sacrifice (millions of cells). B.
Splenic B cell numbers, as assessed by flow cytometry (millions of cells). C. Total serum IgG

Ab levels measured by ELISA (ng/mL). D. Serum anti-topoisomerase-1 Ab levels measured
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by ELISA (A.U). Values are means + SEM of data gained from all mice in the experimental

or control groups. Mean values were compared using paired Mann Whitney U- tests. * P <

0.05.

Figure 5. In vivo administration of arsenic trioxide reduced the numbers of T splenocytes and
the production of IL-4 and IL-13 by splenocytes from HOCIl-mice. SSc was induced in
BALB/c mice by daily injections of an HOCI-generating solution. As;O; was administered
simultaneously by intra-peritoneal injections at a dose of 5 pg/g. A. Splenic CD4 T cell
numbers (millions). B. Splenic CD8 T cell numbers (millions). C. IL-4 concentrations in
spleen cell supernatants (ng/mL). D. IFN-y concentrations in spleen cell supernatants
(ng/mL). E. IL-13 concentrations in spleen cell supernatants (ng/mL). F. IL-13 mRNA levels
in the skin (O.D). Values are means = SEM of data gained from all mice in the experimental

or control groups. Mean values were compared using paired Mann Whitney U- tests. * P <

0.05.
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Figure 1. Dose-response effect and modulation of ROS metabolism in fibroblasts treated with [ control-fibroblasts

arsenic trioxide. A, B, C, Control- and HOCI-SSc-fibroblasts were seeded in a 96-wells plate control-fibroblasts + As,0, 10uM
in triplicate and exposed to various doses of arsenic trioxide ranging from 2.5 to 40 umol/l or ,

medium alone for 6 hours (8.103 cells/well). Production of H202 (A), intracellular levels of — HOCI-SSc-f!brobIasts

GSH (B), and viability (C) were measured on a spectrofluorometer. * p<0.05 , HOCI-SSc- B HOCI-SSc-fibroblasts + As,0; 10uM
versus control-fibroblasts, p<0.05 f HOCI-SSc- or control-fibroblasts in vitro treated with

arsenic versus untreated HOCI-SSc- or control-fibroblasts, respectively. D, E, F, Fibroblasts

from control- or SSc-mice ( 3 mice per group) were seeded in a 96-well plate in triplicate

(8.103/well) with various chemical and enzymatic modulators (NAC, BSO, Catalase, CDD,

Aminotriazole) for 24 hours and exposed to As,O, for the last 6 hours of culture. Production

of H202 (D), intracellular levels of GSH (E), and viability (F) were measured on a

spectrofluorometer. * p<0.05, HOCI-SSc- or control-fibroblasts untreated or treated with 10

umol/l arsenic with ROS modulator versus without ROS modulator.
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Figure 2. Arsenic trioxide reduced skin and lung fibrosis in HOCIl-induced SSc mice. BALB/c mice
received daily intradermal injections of HOCI or PBS and were concomitantly treated with As203 5 ug/g
or vehicle alone for 6 weeks (n=10 per group). A. Dermal thickness, in the injected skin areas of BALB/c
mice, expressed in millimeters. B. Representative skin sections taken in the injected skin areas from
BALB/c mice and stained with hematoxylin-eosin. (Olympus DP70 Controller, X 20). C. Collagen content
in 6 mm punch biopsies of skin as measured by the quantitative dye-binding Sircol method. D. Phospho-
Smad2/3 expression in skin by immunohistochemistry. Skin sections taken in the injected areas from
BALB/c mice were stained with an anti-phospho-Smad2/3 antibody and revealed with DAB. E. a-SMA
westemn-blot in skin extracts (3 mice representative of 10) F. Collagen content in lungs as measured by
the quantitative dye-binding Sircol method. G. Representative lung sections from BALB/c mice stained
with hematoxylin-eosin. Values are means + SEM of data gained from all mice in the experimental or
control group. Mean values were compared using paired Mann Whitney U- tests. * P < 0.05; NS: non
significant differences.
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Figure 3. In vivo treatment with arsenic trioxide exerted beneficial effects on the local and systemic
oxidative stress and abrogated endothelial injuries. BALB/c mice received daily intradermal injections of
HOCI or PBS and were concomitantly treated with As,O, 5 ug/g or vehicle alone for 6 weeks (n=10 per
group). A. Intracellular GSH levels in skin fibroblasts from mice. Fibroblasts were isolated at the time of
sacrifice from skin areas injected with HOCI, and GSH levels were determined by spectrofluorimetry.
Results are expressed as optical density (O.D) per viable cells. B. Levels of H,0, production by skin
fibroblasts from mice, determined by spectrofluorimetry. C. Serum AOPP levels (umol/l of chloramin T
equivalents). D. Serum nitrate levels (umol/g of proteins). E. Serum VCAM-1 concentrations (pg/mL).
Values are means = SEM of data. Mean values were compaired using paired U-tests. * p<0.05.
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Figure 4. In vivo treatment with arsenic trioxide inhibits the production of autoantibodies in
HOCI-induced SSc. SSc was induced in BALB/c mice by daily injections of an HOCI-
generating solution. As,O, was administered simultaneously by intra-peritoneal injections
at a dose of 5 ug/g. A. Total splenocyte numbers on the day of sacrifice (millions of cells).
B. Splenic B cell numbers, as assessed by flow cytometry (millions of cells). C. Total
serum IgG Ab levels measured by ELISA (ng/mL). D. Serum anti-topoisomerase-1 Ab
levels measured by ELISA (A.U). Values are means + SEM of data gained from all mice in
the experimental or control groups. Mean values were compared using paired Mann
Whitney U- tests. * P < 0.05.
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Figure 5. In vivo administration of arsenic trioxide reduced the numbers of T splenocytes and the
production of IL-4 and IL-13 by splenocytes from HOCI-mice. SSc was induced in BALB/c mice by
daily injections of an HOCI-generating solution. As203 was administered simultaneously by intra-
peritoneal injections at a dose of 5 pg/g. A. Splenic CD4 T cell numbers (millions). B. Splenic CD8
T cell numbers (millions). C. IL-4 concentrations in spleen cell supernatants (ng/mL). D. IFN-y
concentrations in spleen cell supernatants (ng/mL). E. IL-13 concentrations in spleen cell
supernatants (ng/mL). F. IL-13 mRNA levels in the skin (O.D). Values are means + SEM of data
gained from all mice in the experimental or control groups. Mean values were compared using
paired Mann Whitney U- tests. * P < 0.05.
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Supplemental figure 1. FACS analysis of a-SMA (o-smooth muscle actin)
expression in skin fibroblasts extracted from PBS- and HOCI-mice. Fibroblasts
were extracted from the skin of PBS- or HOCI-mice (n = 4 per group). Cells were
cultured and then harvested for a-SMA labelling using an anti- o-SMA-FITC
antibody. A. a-SMA expression in PBS-fibroblasts. B. a-SMA expression in HOCI-
SSc-fibroblasts. C. overlay of a-SMA expression in PBS- and HOCI-SSc-
fibroblasts. Data are representative of 4 mice per group.
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Supplemental figure 2. Arsenic trioxide reduced skin and lung fibrosis in mice with bleomycin-induced-SSc. BALB/c mice received daily subcutaneous
injections of bleomycin (100 ug/mL) or PBS and were concomitantly treated with As,0, 5 ug/g or vehicle alone for 5 weeks (n=7 per group). Pictures were
taken with the Nikon Eclipse 80l microscope and the Nikon Digital Sight DS-U3 camera A. Dermal thickness, in the injected skin areas of BALB/c mice,
expressed in millimeters. B. Representative skin sections taken in the injected skin areas from BALB/c mice and stained with pirco-sirius red. (x10). C.
Collagen content in 6 mm punch biopsies of skin as measured by the quantitative dye-binding Sircol method. D. Representative lung sections stained with
pirco-sirius red. (x10). E. Collagen content in lungs as measured by the quantitative dye-binding Sircol method, expressed in mg of collagen per lung lobe.
Values are means + SEM of data gained from all mice in the experimental or control group. Mean values were compared using paired Mann Whitney U-
tests. * P < 0.05; NS: non significant differences.
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Supplemental figure 3. Levels of AOPP in skin fibroblasts isolated from mice. Fibroblasts were
isolated at the time of sacrifice from skin areas injected with HOCI or PBS and AOPP levels were
measured as described in the Materials and Methods section. Results are expressed in pmol/l of
chloramin T equivalents per mg of proteins. Values are means + SEM of data gained from all mice in
the experimental or control group. Mean values were compared using paired Mann Whitney U- tests. *
P < 0.05; NS: non significant differences.
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3.6 ARTICLE 6

Le trioxyde d’arsenic prévient le développement de la
sclérodermie associée a la réaction du greffon contre 1’hote

Arsenic trioxide prevents murine sclerodermatous-graft-versus-host disease

Niloufar Kavian, Wioleta Marut, Amélie Servettaz, Héléne Laude,

Carole Nicco, Christiane Chéreau, Bernard Weill, Frédéric Batteux

Journal of Immunology, 2012

ans le précédent travail, nous avons montré que le trioxyde d’arsenic pouvait causer
I’apoptose sélective des fibroblastes cutanés sclérodermiques via 'induction d’une
production de peroxyde d’hydrogéne H,O, dépassant le seuil 1étal pour ces cellules
déficientes en glutathion. En traitant les souris ScS in vivo par le trioxyde d’arsenic, nous avons
observé une amélioration clinique significative de la maladie. Nous avons voulu poursuivre ce
travail en testant cette molécule dans un autre modéle murin de ScS: le modéle de ScS associée
a la réaction du greffon contre 1'hote. Dans ce modele, I’activation du systéme immunitaire
s’accompagne d"une fibrose cutanée et viscérale. Ces phénomeénes résultent d’incompatibilités
mineures au niveau du Complexe Majeur d’Histocompatibilité entre donneur du greffon et

receveur entrainant l’activation de lymphocytes T alloréactifs.

Nous avons induit la maladie en greffant des cellules hématopoiétiques de rate (2.10° cel-
lules) et de moelle osseuse (1.10° cellules) de souris B10.D2 (H29) a des souris BALB/c (H29)
irradiées de maniere sublétale (7 Grays). Des souris contréles BALB/c ont requ un greffon syn-
génique provenant de souris BALB/c. Les souris ont commencé a recevoir le traitement par
injections intra-péritonéales de trioxyde d’arsenic a 5 mg/kg a J7 post-greffe, et ont été sacri-

fiées a ]28 post-greffe.

Les souris greffées et traitées par I’arsenic ont présenté une réduction significative des symp-
tomes de la GVH : diarrhées, alopécie, vascularite, fibrose de la peau et des poumons. Ces effets
bénéfiques étaient associés a une déplétion en lymphocytes T CD4" de phénotype mémoire ac-

tivé (CD62L~ CD44%) et en cellules dendritiques plasmacytoides (pDCs). In vitro, I’arsenic a
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également entrainé 1’apoptose de ces cellules par une déplétion en glutathion et une surpro-
duction en H,O, dépassant le seuil cytotoxique. Cette action de I'arsenic était sélective envers

les cellules T CD4+ B10.D2 activées par les cellules BALB/c irradiées et les pDCs activées.

Ce travail souligne les effets bénéfiques du trioxyde d’arsenic dans la GVHD chronique et
ses manifestations associées partageant des similitudes avec la ScS (fibrose cutanée et systé-
mique, activation du systéme immunitaire, anomales endothéliales). De plus, ils renforcent les
données obtenues dans l'article 5 dans notre modeéle murin de ScS induite par HOCL. Ainsi,
nous suggérons que le trioxyde d’arsenic, molécule utilisée chez I’homme dans le traitement
d’hémopathies lymphoides et bien tolérée, pourrait étre testée dans le traitement de la GVHD

chronique.
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Arsenic Trioxide Prevents Murine Sclerodermatous
Graft-versus-Host Disease

Niloufar Kavian,*"! Wioleta Marut,*! Amélie Servettaz,** Hélene Laude,**
Carole Nicco,* Christiane Chéreau,* Bernard Weill,*" and Frédéric Batteux*"

Chronic graft-versus-host disease (GVHD) follows allogeneic hematopoietic stem cell transplantation. It results from alloreactive
processes induced by minor MHC incompatibilities triggered by activated APCs, such as plasmacytoid dendritic cells (pDCs), and
leading to the activation of CD4 T cells. Therefore, we tested whether CD4* and pDCs, activated cells that produce high levels of
reactive oxygen species, could be Kkilled by arsenic trioxide (As,03), a chemotherapeutic drug used in the treatment of acute
promyelocytic leukemia. Indeed, As,O3 exerts its cytotoxic effects by inducing a powerful oxidative stress that exceeds the lethal
threshold. Sclerodermatous GVHD was induced in BALB/c mice by body irradiation, followed by B10.D2 bone marrow and
spleen cell transplantation. Mice were simultaneously treated with daily i.p. injections of As,03. Transplanted mice displayed
severe clinical symptoms, including diarrhea, alopecia, vasculitis, and fibrosis of the skin and visceral organs. The symptoms were
dramatically abrogated in mice treated with As,0;. These beneficial effects were mediated through the depletion of glutathione
and the overproduction of H,0, that killed activated CD4"* T cells and pDCs. The dramatic improvement provided by As,0; in
the model of sclerodermatous GVHD that associates fibrosis with immune activation provides a rationale for the evaluation of

As,03 in the management of patients affected by chronic GVHD. The Journal of Immunology, 2012, 188: 000-000.

of morbidity following allogeneic hematopoietic stem cell

transplantation, with variable clinical presentations (1, 2).
Chronic GVHD emerges from alloreactive processes between
donor-derived immune cells and host cell populations induced by
minor MHC incompatibilities between donor and recipient. Its
pathophysiology is poorly understood in contrast to that of acute
GVHD (1, 3). Donor CD4* T cells are involved in the induction of
chronic GVHD, but the effector mechanisms through which they
mediate tissue inflammation are unclear; the recognition of MHC
class II alloantigens on host dendritic cells (DCs) is sufficient to
prime donor CD4" T cells and induce GVHD (3-5). Moreover,
among APCs, plasmacytoid DCs (pDCs) were shown to be
pathogenic in GVHD. In the absence of other APCs, pDCs alone
can stimulate donor T cells to trigger GVHD, and total-body
irradiation is crucial for their maturation and the subsequent
priming of alloreactive CD4" T cells (6).

C hronic graft-versus-host disease (GVHD) is a major factor
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Chronic GVHD often mimics autoimmune diseases (7).
Sclerodermatous-GVHD (Scl-GVHD) makes up 10-15% of cases
of chronic GVHD (8). This clinical form of GVHD resembles
systemic sclerosis, because it includes fibrotic changes and
chronic inflammation of the skin, lung, and gastrointestinal tract.
Several animal models have been developed to help define the
pathophysiology of chronic GVHD. One of them is based on the
transfer of donor immune cells into sublethally irradiated host
mice with mismatched minor MHC histocompatibility Ags, re-
sulting in full donor lymphoid chimerism (9). This model recapitu-
lates the clinical features of Scl-GVHD, with fibrosis of the skin
and visceral organs 14 d following the graft.

Activated T cells with a high rate of production of reactive
oxygen species (ROS) play a pivotal role in the development of Scl-
GVHD. Therefore, we investigated whether a cytotoxic molecule
that acts by enhancing ROS production beyond a lethal threshold
could be of any help in treating chronic GVHD.

Arsenic trioxide (As;O3) is an inorganic trivalent salt that
exhibits potent antitumor effects in vitro and in vivo, especially in
the treatment of hematological malignancies, such as acute pro-
myelocytic leukemia refractory to all-trans retinoic acid (10).
Several reports suggested that As,O5 can affect many cellular
functions, such as proliferation, apoptosis, differentiation, and
angiogenesis, in various cell lines. An important cellular event
occurring after As,O; treatment is the elevation of intracellular
ROS levels (11). This ROS generation appears to be regulated
through several pathways, including NADPH oxidase, mitochon-
drial electron transport chain, and inhibition of antioxidant en-
zymes (12-14). The ROS-mediated apoptosis triggered by As,O3
can impact hematological tumor cells; under certain circum-
stances, it can also affect nontumor cells, such as keratinocytes,
fibroblasts, or activated autoimmune lymphocytes (15-17).

In this study, we tested the therapeutic effects of As,O3 in
a murine model of Scl-GVHD generated by grafting B10.D2
(H-2%) bone marrow and spleen cells into sublethally irradiated
BALB/c mice (H-2%). We show that As,O; limits both the acti-

page 165

2102 ‘7z 11dy uo 310 jounwwif mmam WOIj papeo[umo(]



2 ARSENIC TRIOXIDE PREVENTS MURINE SCLERODERMATOUS GVHD

vation of the immune system and fibrosis in mice with Scl-GVHD.
As,03 induces apoptosis in alloreactive CD4™ T cells and activated
pDCs, thus limiting the development of GVHD reaction in mice.

Materials and Methods

Animals, cells, and chemicals

Specific pathogen-free, 6-wk-old female BALB/c and male B10.D2 mice
were purchased from Harlan (Gannat, France) and maintained with food and
water ad libitum. They were given humane care, according to the guidelines
of our institution (Université Paris Descartes). All cells were cultured as
previously reported (18). All chemicals were from Sigma-Aldrich (Saint-
Quentin Fallavier, France).

Experimental procedure in Scl-GVHD mice

Induction of GVHD in BALB/c mice. GVHD following bone marrow
transplantation (BMT) was induced in BALB/c mice (H-2%; Janvier Lab-
oratory, Le Genest Saint Isle, France) by grafting cells from 7-8-week-old
female B10.D2 mice (H-2%; Janvier Laboratory), as previously described
by Jaffee and Claman (19). Briefly, recipient mice were lethally irradiated
with 750 ¢Gy from a Gammacel ['¥7Cs] source. Three hours later, they
were injected i.v. with donor spleen cells (2 X 10%mouse) and bone
marrow cells (1 X 10%mouse) suspended in RPMI 1640. A control group
of BALB/c recipient mice received BALB/c spleen and bone marrow cells
(syngeneic BMT, referred to as control animals). Transplanted animals
were maintained in sterile microisolator cages (Lab Products, Langen-
selbold, Germany) and supplied with autoclaved food and sterile water.
Animals were sacrificed by cervical dislocation 4 wk after BMT.
Treatment of Scl-GVHD mice with As;O3. Scl-GVHD and control mice
were randomized and treated for 3 wk with i.p. injections of either As,O3 or
vehicle alone beginning on day 7 post-BMT (10 mice/group). A stock
solution was prepared extemporaneously, as described above. As,O3 was
given 5 d/wk at a dose of 5 pg/g body weight, as described by Bobé et al.
(17). Control mice received i.p. injections of PBS 5 d/wk. Four weeks after
BMT, the animals were sacrificed by cervical dislocation.

Assessment of collagen accumulation

Skin thickness. Skin thickness of the shaved back of mice was measured
1 d before sacrifice with a caliper and expressed in millimeters.
Histopathological analysis. Fixed lung and skin pieces were embedded in
paraffin. A 5-pum-thick tissue section was stained with H&E or Picrosirius
Red. Slides were examined by standard bright-field microscopy (Olympus
BX60, Rungis, France) by a pathologist who was blinded to the assignment
of the animal group.

Collagen content in skin and lung. Skin and lung pieces were diced using
a scalpel, put into tubes, thawed, and mixed with pepsin (1:10 weight ratio)
and 0.5 M acetic acid overnight at room temperature under stirring. The
assay of collagen content was based on the quantitative dye-binding Sircol
method (Biocolor, Belfast, Ireland).

Disease severity score

To determine the incidence and severity of disease, we assigned a score to
each mouse using the following criteria: 0: no external sign; 1: piloerection
on back and underside, 1: hunched posture or lethargy; 1: weight loss
>10%; 0.5: alopecia <1 cm?; 1: alopecia >1 cm?; 1: vasculitis (one or
more purpural lesions); and 1: eyelid sclerosis (blepharophymosis). The
severity score is the sum of these values and ranges from 0 (unaffected) to
a maximum of 6. The incidence and severity score was recorded every
week by two blinded scientists.

Flow cytometric analysis of spleen cell subsets

Cell suspensions from spleens were prepared after hypotonic lysis of
erythrocytes in potassium acetate solution. Cells were incubated with the
appropriate labeled Ab at 4°C for 30 min in PBS with 0.1% sodium azide
and 5% normal rat serum. Flow cytometry was performed using a FACS-
Canto flow cytometer (BD Biosciences, San Jose, CA), according to
standard techniques. The mAbs used in this study were anti-B220-PE-
Cy7, anti-CD11b-biotin, anti-CD11¢c-FITC, anti-CD4-PerCP, and anti—
CD8-PE-Cy7 (BD Biosciences). Data were analyzed with FlowJo software
(Tree Star, Ashland, OR).

Determination of IL-4 and IL-17 production by splenocytes

Spleen cells were isolated by gentle disruption of the tissues, and the
erythrocytes were lysed by hypotonic shock in potassium acetate solution.

Spleen cells were cultured in RPMI 1640 supplemented with antibiotics,
GlutaMAX (Invitrogen Life Technologies), and 10% heat-inactivated FCS
(Invitrogen Life Technologies) (complete medium). CD4 T cells were
isolated from spleen cell suspensions by positive selection using CD4
microbeads and LS columns (Miltenyi Biotec, Paris, France), according to
the manufacturer’s instructions. CD4 T cell suspensions were then seeded
in 96-well flat-bottom plates and cultured (2 X 10° cells) in complete
medium for 48 h in the presence of 5 pg/ml Con A. Supernatants were
collected, and cytokine concentrations were determined by ELISA (for
IL-4: eBioscience, San Diego, CA; for IL-17: DuoSet; R&D Systems).
Results are expressed in ng/ml.

Assays of serum anti-DNA topoisomerase 1 autoantibodies

Levels of anti-DNA topoisomerase 1 IgG Abs were detected by ELISA on
microtiter plates (ImmunoVision, Springdale, AR). A 1:50 serum dilution
was used for the ELISA.

Effects of As;O3 on B10.D2 CD4 T cells in vitro

Suspensions of spleen cells from a male B10.D2 mouse and a female BALB/c
mouse were prepared after hypotonic lysis of erythrocytes. The BALB/c
cell suspension was irradiated at 30 Gy. A B10.D2 cell suspension was
also prepared and irradiated at 30 Gy for syngeneic control.

B10.D2 cells were labeled with PKH26 dye, according to the manu-
facturer’s instructions (Sigma-Aldrich).

Measurement of H,O» concentration in CD4 T cells. B10.D2 cells labeled
with PKH26 were incubated with irradiated BALB/c cells and complete
medium for 24 h. After this incubation period, cells were washed without
serum and incubated with 5 wM CM-H,DCFDA (Sigma-Aldrich) at 37°C
for 20 min. After washing, cells were incubated with 10 uM As,0O3, with
or without 4 mM N-acetylcysteine (NAC), for 5 h at 37°C. Cells were then
washed and labeled with anti-CD4 mAb.

Measurement of glutathione concentration in CD4 T cells. B10.D2 cells
labeled with PKH26 were incubated with or without irradiated BALB/c
cells and complete medium, with or without 10 uM As,O5 and with or
without 4 mM NAC, for 24 h. Cells were washed and labeled with 100 uM
monochlorobimane at 37°C for 20 min, followed by labeling with anti-
CD4 mAb for 20 min.

Determination of apoptosis in CD4 T cells. B10.D2 cells labeled with
PKH26 were incubated with or without irradiated BALB/c spleen cells and
complete medium alone, with 10 uM As,0Oj3 alone, or with 4 mM NAC for
24 h. Cells were then washed and stained with anti-CD4 mAb (eBio-
science) at 4°C for 20 min and Yopro-1 (Sigma-Aldrich) at room tem-
perature for 10 min.

Effects of As;O3 on B10.D2 pDCs in vitro

A suspension of spleen cells from a male B10.D2 mouse was prepared after
hypotonic lysis of erythrocytes.
Measurement of H,O, concentration in pDCs. B10.D2 cells were incubated
in complete medium, washed without serum, and incubated with 5 uM CM-
H,DCFDA (Sigma-Aldrich) at 37°C for 20 min. After washing, cells were
incubated with 10 uM As,03, with or without 4 mM NAC, for 5 h at 37°C.
Cells were then washed and labeled with anti-B220, anti-CD11b, and anti-
CDl1c mAb (BD, Le Pont de Claix, France).
Measurement of glutathione concentration in pDCs. B10.D2 cells were
incubated with complete medium with or without 10 wM As,0O3 and with or
without 4 mM NAC for 24 h. Cells were then washed and labeled with 100
M monochlorobimane at 37°C for 20 min, followed by labeling with anti-
B220, anti-CD11b, and anti-CD11c mAb (BD) for 20 min.
Determination of apoptosis in pDCs. B10.D2 cells were incubated with
complete medium alone, with 10 uM As,O5 alone, or with 10 pM As,0O3
and 4 mM NAC for 24 h. Cells were then washed and stained with anti-
B220, anti-CD11b, and anti-CD11c mAb (BD) at 4°C for 20 min and
Yopro-1 (Sigma-Aldrich) at room temperature for 10 min. _
For all flow cytometry analyses, pDCs were defined as B220*CD11¢™
CD11b"Y. Data were acquired on a FACSCanto II flow cytometer (BD
Biosciences) and analyzed with FlowJo software (Tree Star).

Measurement of in vitro IFN-a production by pDCs

pDCs were isolated from the spleen of a BALB/c mouse using the pDC
isolation kit and MS columns (Miltenyi Biotec). pDCs were then coated in
six-well plates and incubated with 10 pg/ml Gardiquimod (InvivoGen,
Toulouse, France) and increasing doses of As,O; (from 0 to 25 pM) or
with medium alone for 24 h. Supernatants were harvested, and IFN-a was
assayed as described by Dubois et al. (20). Briefly, L929 cells (5 X 10Y
well; kindly provided by P. Lebon, Laboratoire de Virologie, Hopital
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Cochin, Paris, France) were coated in 96-well plates and cultured in RPMI
1640 at 37°C with 5% CO, until confluence. Culture media were dis-
carded, and plates were incubated for an additional 24 h with 50 wl 2-fold
serial dilutions (from 1:2 to 1:256 in RPMI 1640) of supernatant samples
or with serial dilutions of a standard solution of murine IFN-«. Thereafter,
vesicular stomatitis virus was added; the final concentration was 1:400 of
a stock solution previously shown to cause complete lysis of L929 cells at
a dilution of 1:2000. We considered the dilution that destroyed half of the
cell layer at 24 h, and IFN-« units were determined by comparison with
cells incubated with 2-fold serial dilutions of mouse IFN-a (kindly pro-
vided by P. Lebon).

Statistical analysis

All of the quantitative data are expressed as mean = SEM and were an-
alyzed with Prism 5 (GraphPad), using one-way ANOVA or the Student ¢
test, as appropriate. A p value <0.05 was considered statistically signif-
icant.

Results
As,03 prevented clinical symptoms of systemic sclerosis
induced by GVHD

We investigated the effects of As,O3 on the development of Scl-
GVHD, a fibrotic variant of GVHD. As,05; was administered daily
from day 7 following BMT, and mice were sacrificed 21 d later.
Lethally irradiated BALB/c mice transplanted with bone marrow
and spleen cells from B10.D2 mice developed skin fibrosis, as
shown by the measurement of ear skin thickening in Fig. 1A.
Control BALB/c animals with syngeneic grafts did not develop
skin fibrosis or GVHD (Fig. 2). In addition to skin thickening, the
engrafted animals displayed alopecia (100% of mice), vasculitis
(>80% of mice), or diarrhea (100% of mice). On day 21, the
disease severity score of ScI-GVHD mice was =5, whereas that of
control animals (syngeneic graft) was 0 (Fig. 2B). As,O; effec-
tively prevented severe GVHD; the mean severity score of treated
mice at day 14 was 2.5 = 0.2 versus 5 * 0.4 in untreated Scl-
GVHD mice (p < 0.001, Fig. 2B). Scl-GVHD mice treated with
As,05 displayed a reduction in skin thickness >40% compared
with untreated Scl-GVHD mice (p = 0.007, Fig. 1B). Moreover,
type 1 collagen content in the skin of Scl-GVHD mice treated

BALB/c

FIGURE 1. As,05 reduces the fibrotic changes in
mice with ScI-GVHD. GVHD was induced by allo-
geneic transplant of B10.D2 bone marrow and spleen
cells into irradiated BALB/c mice. Control mice re-
ceived syngeneic transplants. As,O; was administered
from day 7 post-BMT at a dose of 5 pg/g. Mice were
sacrificed on day 28. Data from two independent ex-
periments were pooled (n = 10/group). (A) Representa-
tive Picrosirius Red staining of the skin (objective X 10).
(B) Skin thickness measured with a caliper and ex-
pressed in millimeters. (C) Collagen content in skin of
mice expressed in pg/punch biopsy. Values are mean +
SEM of data from all mice in the experimental or
control groups. *p < 0.05, paired Mann—Whitney U
test.

BALB/cl+As,0,

with As,O3 was 45% lower than in untreated Scl-GVHD mice
(p = 0.002, Fig. 1C). Picrosirius Red staining of ear sections
showed important collagen deposits in the ears from Scl-GVHD
mice but not in those of Scl-GVHD mice treated with As,O5 (Fig.
1A). Also, type 1 collagen concentration was higher in the lungs
of Scl-GVHD mice than in ScI-GVHD mice treated with As,O3
(data not shown). Altogether, these results show that As,O; limits
the deposition of collagen and prevents the development of alo-
pecia, vasculitis, and diarrhea in Scl-GVHD mice.

As,0; altered spleen cell subsets in Scl-GVHD mice

GVHD is caused by a donor T cell antihost reaction. We inves-
tigated whether the clinical improvement observed in Scl-GVHD
mice treated with As,O; correlated with quantitative or qualitative
alterations in spleen cell subsets. Flow cytometric analysis of
splenocytes showed that As,0O3 decreased the percentage of CD4™
T cells (p = 0.049 versus untreated Scl-GVHD mice). This re-
duction involved the CD44*CD62L" effector memory CD4 sub-
set, because the ratio of CD4*CD44"€"CD62L°"/CD4*CD44'Y
CD62L"" cells was 15.7 = 4.6 in Scl-GVH mice versus 3.6 *
0.7 in Scl-GVHD mice treated with arsenic (p = 0.001, Fig. 3A—
C). Furthermore, the percentage of splenic pDCs, defined as
B220*CD11¢*CD11b"", was three times lower in arsenic-treated
Scl-GVHD mice compared with untreated Scl-GVHD mice
(p = 0.021, Fig. 3D).

As,03 modified the splenic production of cytokines and the
serum levels of autoantibodies in Scl-GVHD mice

In addition, we explored the splenic production of IL-4 and IL-17,
two cytokines implicated in the development of GVHD in mice
(21). Scl-GVHD mice produced more IL-4 and IL-17 than did
control mice (IL-4: 0.24 = 0.023 for Scl-GVHD mice and 0.12 *+
0.021 for control mice, p = 0.011; IL-17: 0.64 = 0.083 for Scl-
GVHD mice and 0.37 = 0.088 for control mice, p = 0.042; Fig.
3E, 3F). As,0; significantly reduced the production of the two
cytokines (p = 0.043 and p = 0.022 for IL-4 and IL-17, respec-
tively, versus nontreated mice, Fig. 3E, 3F). We then investigated
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A

FIGURE 2. As,05 improves the clinical symptoms
of Scl-GVHD in mice. GVHD was induced by allo-
geneic transplant of B10.D2 bone marrow and spleen
cells into irradiated BALB/c mice. Control mice re-
ceived syngeneic transplants. As,O3 was administered
from day 7 post-BMT at a dose of 5 pg/g. Mice were
sacrificed on day 28. Data from two independent
experiments were pooled. (A) Representative photo-
graphs of mice on day 28 post-BMT (n = 10/group).
(B) Disease severity scores (mean = SEM).

syngeneic graft
+As,0,

the presence of anti-DNA topoisomerase 1 Abs, a hallmark of
the Scl-GVHD model, which are generally detected 3-9 wk fol-
lowing the onset of disease (9). On the day of sacrifice, 80% of
Scl-GVHD mice and only 20% of Scl-GVHD mice treated with
As,05 were positive for anti-DNA-topoisomerase 1 Abs (p = 0.048,
Fig. 3G).

As,0; triggered apoptosis of activated B10.D2 CD4™ T cells
by enhancing ROS production

In vitro, ROS production was higher in B10.D2 CD4* T cells
stimulated with BALB/c splenocytes than in B10.D2 CD4*
T cells stimulated with B10.D2 splenocytes (syngeneic controls)
(mean fluorescence intensity [MFI] = 1721 *= 40 versus 1186 =+
92, p = 0.032). Treatment of stimulated B10.D2 CD4* T cells with
As,05 further increased their production of H,O, that reached an

syngeneic graft

B

6:

Scl-GVHD

severity score

N A > o o
Days post-BMT

-8 Scl-GVHD
<©- Scl-GVHD+As,03
- syngeneic grafts

- +,
Scl-GVHD+As,0, % syngeneic grafts+As,0;

MFI of 2172 = 103 (p = 0.031 versus stimulated B10.D2 CD4*
T cells without As,O3, Fig. 4A). The enhancement of ROS pro-
duction was abrogated by incubation with 4 mM NAC (MFI: 1636 =
87, p = 0.021 versus As,O; alone, Fig. 4A). The level of gluta-
thione (GSH) in B10.D2 CD4™ T cells was in accordance with
those results. Syngeneic stimulated cells displayed elevated levels
of GSH (mean of 45 = 2% of GSH" cells), whereas allogeneic
stimulated cells had a slight decrease in their GSH content (mean
31 * 2.5% of positive cells) (p = 0.041, Fig. 4B). Incubation with
10 wM As,0; dramatically decreased the GSH content in stimu-
lated B10.D2 CD4" T cells (Fig. 4B). In addition, Yopro-1 staining
of activated B10.D2 CD4" T cells indicated that arsenic dramat-
ically triggered apoptosis in those cells. Apoptosis correlated with
ROS production measured by flow cytometry and was downreg-
ulated by incubation with 4 mM NAC (p = 0.0009, Fig. 4C).
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FIGURE 3. Treatment of ScI-GVHD mice with As,Oj3 altered the balance between memory and naive CD4" T cells and decreased numbers of splenic
pDCs. Mice were treated with As,O; from day 7 post-BMT at a dose of 5 pg/g (n = 10/group). Spleen cells were harvested on day 28 post-BMT. (A)
Numbers of CD4* naive T cells in untreated and treated Scl-GVHD mice. (B) Numbers of CD4" effector memory T cells. (C) Effector memory/naive CD4"*
T cell ratio. (D) Numbers of splenic pDCs in untreated and treated Scl-GVHD mice. (E) Numbers of splenic ¢cDCs in untreated and treated Scl-GVHD mice.
(F) Percentages of CD86" pDCs in untreated and treated Scl-GVHD mice. Values are mean = SEM of data from all mice in the experimental or control

groups. *p < 0.05, **p < 0.01, **¥p < 0.001, paired Mann-Whitney U test.
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FIGURE 4. In vivo treatment with As,O5 reduced the production of IL-4, IL-17, and autoantibodies in ScI-GVHD mice. Mice were treated with As,O3
from day 7 post-BMT at a dose of 5 pg/g (n = 10/group). Spleen cells were harvested on day 28 post-BMT, and CD4 T cells were purified as described in
Materials and Methods. (A) IL-4 secretion measured in supernatants of CD4 T cells by ELISA (ng/ml). (B) IL-17 secretion measured in supernatants of
CD4 T cells by ELISA (ng/ml). (C) Anti-DNA-topoisomerase 1 autoantibody concentrations in the sera (A.U.). Values are mean = SEM of data from all
mice in the experimental or control groups. *p < 0.05, paired Mann—Whitney U test.

As,0; also triggered apoptosis of pDCs by enhancing H,O,
production

We observed the same effects on ROS production and apoptosis
in B10.D2 pDCs incubated with 10 uM As,0Oj3. Indeed, the basal
detection MFI of CM-H,DCFDA by flow cytometry was 5405 =
12 for B10.D2 pDCs and 6527 = 25 when treated with As;O;.
Adding NAC reduced H,0, production by pDCs, as shown by the
CM-H,DCFDA MFI of 3675 = 15 (Fig. 5). Monochlorobimane
staining was also reduced in pDCs treated with arsenic compared
with untreated pDCs (MFI = 707 = 10 versus 1583 = 80),
whereas coaddition of NAC and As,O; increased the intracellular
content of GSH (MFI = 1541 = 8). The effects of As,O3 were also
studied on conventional DCs (cDCs). There was a tendency to-
ward an increase in H,O, production and a decrease in GSH
content in cDCs upon treatment with arsenic, but those results did
not reach significance (for H,O, levels: MFI = 1,118 = 90 for
c¢DCs alone, 1,445 + 86 for ¢cDCs + As,03, 1,325 * 76 for
¢DCs + As,O3 + NAC; p = 0.08 for ¢cDCs versus cDCs + As,O3,
p = 0.09 for ¢cDCs + As,O; + NAC versus ¢cDCs + As,03; for
GSH levels: MFI = 24,308 * 395 for ¢cDCs alone, 21,719 *= 384
for ¢cDCs + As,Os3, 23,000 = 376 for cDCs + As,O3; + NAC;
p = 0.089 for ¢cDCs versus cDCs + As,03, p = 0.10 for ¢cDCs +
As,03 + NAC versus ¢cDCs + As,03).

As,03 blocked IFN-a production of B10.D2 pDCs

To assess the specificity of As,O5 against pDCs, we investigated
its effect on the production of IFN-a by splenic pDCs, with and
without activation by the TLR7 agonist Gardiquimod. Fig. 6
shows that, in the absence of stimulation of pDCs, As,O3 has a
significant effect on the production of IFN-« only at the highest
concentrations tested (10 and 25 pM). In contrast, after stimula-
tion of TLR7 and incubation with 10 and 25 puM As,03, the levels
of IFN-a in cell supernatants were strongly decreased (p = 0.002
for 10 pM As,03). Incubation with 5 uM As,O3 decreased the
concentration of IFN-a in the supernatants >2-fold, whereas
lower doses of As,O; had no effect on IFN-a production (Fig. 7).

Discussion
This study shows that As,O3 selectively deletes activated CD4*
T cells and pDCs that have low levels of GSH and overproduce
H»0, and, thus, ameliorates ScI-GVHD in mice.

We tested the effects of As,0O3, a chemotherapeutic drug used in
hematological malignancies, on the development of Scl-GVHD in
mice. This model of chronic GVHD shares typical features with

systemic sclerosis, including skin and visceral fibrosis and auto-
immune manifestations (22). As,O; dramatically improved the
clinical outcome of sublethally irradiated BALB/c mice trans-
planted with B10.D2 hematopoietic cells; weight loss, fibrosis,
vasculitis, and alopecia were markedly reduced in treated versus
untreated mice.

The percentages of effector memory CD4" T cells (CD4"
CD44"£"CD62L'") decreased in mice with Scl-GVHD that were
treated with arsenic. The pathophysiology of chronic GVHD
remains poorly understood, although a large amount of evidence
suggests that, in contrast to acute GVHD, which is dependent on
CDS8* T cells, the manifestations observed in chronic GVHD are
dependent on the activation of minor histocompatibility Ag-
specific donor CD4" T cells (4, 23-26). After transplantation of
B10.D2 lymphoid cells into irradiated BALB/c mice, naive donor
CD4" T cells initiate the disease. As a result, donor CD4* T cells
infiltrate the skin, recruit macrophages and monocytes, and induce
fibrosis and destructive changes. Because activated CD4" T cells
play a pivotal role in the induction of the disease and are de-
creased by in vivo treatment with arsenic, we investigated the
mechanism of action of arsenic on those cells. We show that B10.
D2 CD4* T cells stimulated with irradiated BALB/c spleen cells
display lower GSH contents and produce higher levels of H,O,
than do unstimulated CD4* T cells. These results are in agreement
with previous studies showing that, upon activation, T cells
overproduce ROS (23, 24). Then, we showed that the high lev-
els of ROS production by activated CD4" T cells make them
hypersensitive to arsenic-induced apoptosis. Indeed, in vitro treat-
ment with arsenic induced an important decrease in GSH content
and a subsequent increase in H,O, levels beyond a lethal thresh-
old, inducing cell apoptosis. These data confirm the role of the
oxidant/antioxidant balance as a crucial factor that determines cell
susceptibility to arsenic (25). Several studies demonstrated that
GSH can bind arsenic from attacking its target by formation of
a transient As(GS); complex and that GSH depletion in acute
promyelocytic leukemia cells synergizes with As,Oj3 in the in-
duction of apoptosis (27).

We next investigated whether an alteration in the profile of
cytokine production by splenocytes from mice with Scl-GVHD and
treated with As,O3 could reflect changes in splenic T cell pop-
ulations. Splenic IL-17 production was lower in arsenic-treated
Scl-GVHD mice than in untreated mice. These data are consis-
tent with a large number of recent studies conducted in mice that
concluded that Th17 cells are implicated in GVHD development
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FIGURE 5. As,03 induced apoptosis of activated B10.D2 CD4* T cells in culture through ROS production. B10D2 spleen cells were incubated with
irradiated B10.D2 splenocytes (B 10, syngeneic control) or BALB splenocytes (|BALB) and treated or not with 10 uM As,O3 with or without NAC. Flow
cytometry analysis was gated on CD4" T cells. Results are representative of four experiments carried out in duplicates. Data were analyzed with FlowJo
software. (A) Increase in H,O, generation by As,Os, measured by flow cytometry using CM-H,DCFDA. (B) GSH content in B10.D2 CD4 T cells,
measured by flow cytometry using monochlorobimane staining. (C) Induction of apoptosis by As,Os3, measured by flow cytometry using Yopro staining.

Mean values were compared using paired Mann—Whitney U tests.

in mice. Among them, a study reported that amplification of IL-17
production by the use of the stem cell mobilization factor G-CSF
leads to a cutaneous fibrosis occurring late after the graft, as in
Scl-GVHD (21). Consistent with those data, another recent article
stated that the use of an anti-IL-17 mAb can ameliorate skin
symptoms in chronic GVHD (20, 26). Moreover, Nishimori et al.
(28) recently showed the beneficial effects of the synthetic retinoid

Am80, which belongs to the same family as all-trans retinoic
acid, on chronic GVHD. These effects are mediated through the
downregulation of Th17 cells. Because other synthetic retinoids,
such as N-(4-hydroxyphenyl)retinamide, can induce apoptosis
through increased production of ROS, it is possible that Am80
also acts on Th17 cells through the induction of ROS, because

As,0;5 does in our model (29).
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FIGURE 6. Effects of in vitro treatment with As,O3 on B10.D2 pDCs. B10.D2 spleen cells were incubated with 10 wM As,O5 with or without NAC for
24 h. Flow cytometry analysis was gated on pDCs subsets defined as B220"CD11¢™CD11b'". Results are representative of four experiments carried out in
duplicates. Data were analyzed with FlowJo software. (A) Induction of ROS formation by As,O3, measured by flow cytometry using CM-H,DCFDA. (B)
Arsenic induces a decrease in the GSH content in pDCs, measured by flow cytometry using monochlorobimane staining. (C) Induction of apoptosis in pDCs

by As,Os3, measured by flow cytometry using Yopro staining.

The decrease in splenic CD4" effector memory cells in Scl-
GVHD mice treated with As,Os5 also correlates with a reduction
in the Th2 cytokine IL-4 produced in vitro by activated spleno-
cytes. Following the graft of B10.D2 spleen and bone marrow
cells into sublethally irradiated BALB/c mice, Zhou et al. (30)
observed an increase in the expression of type 2 cytokines in the
skin of Scl-GVHD mice compared with syngeneic grafts.
Moreover, in other chronic GVHD models, type 2 polarized im-
mune responses are required for the induction of skin GVHD in
mice and the development of fibrosis in the skin and visceral
organs (31). Thus, the decreased production of IL-4 observed
in our study probably contributes to the improvement of skin
fibrosis.
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As a whole, the alterations in splenic production of cytokines in
our model are consecutive to a reduced immune activation after
treatment with arsenic and, thus, contribute to the amelioration of
Scl-GVHD symptoms.

Chronic GVHD is associated with other autoimmune manifes-
tations, such as the production of autoantibodies in relation to the
production of Th2 cytokines. As described by others, we observed
the production of anti-DNA-topoisomerase 1 Abs in mice with
Scl-GVHD. The levels of these autoantibodies were decreased by
As,03 in our model. Similar effects of As,O; were reported in
a lupus mouse model (MRL/lpr mice), with a decrease in the
production of autoantibodies (anti-dsDNA and rheumatoid fac-
tors) (17). Consistent with these data, we conclude that As,O3
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8 ARSENIC TRIOXIDE PREVENTS MURINE SCLERODERMATOUS GVHD

prevents the development of an autoimmune reaction in Scl-
GVHD mice by specifically targeting CD4* T cells.

In contrast, the role of APCs in chronic GVHD was recently
emphasized by the observation that costimulation of donor T cells
through CD80 or CD86 on either host or donor APCs is necessary
to induce chronic GVHD (32). pDCs are especially involved in the
physiopathology of GVHD because the adoptive transfer of ma-
ture pDCs exacerbates GVHD, and they can stimulate donor
T cells to trigger GVHD in the absence of other APCs (6, 33). Yet,
the state of maturation of pDCs seems to be crucial in their ability
to trigger GVHD. On the one hand, total-body irradiation induces
inflammation and maturation of pDCs, which can subsequently
activate T cells (6). On the other hand, Banovic et al. (34) showed
that precursors of pDCs, but not mature pDCs, can attenuate the
symptoms of GVHD, emphasizing the differential functions of
pDCs depending on the environment and the model of GVHD.
In our hands, the pDC subset was decreased in treated mice
compared with untreated mice. As observed for CD4* T cells, the
increased levels of H,O, production, along with the decreased
GSH content, render pDCs sensitive to As,Os-induced apoptosis.
The action of arsenic on pDCs was confirmed in vitro by the
decrease in IFN-a production following stimulation of pDCs by
a TLR-7 agonist. This selective effect of arsenic on pDCs could
also lead to interesting insights about IFN-a—related diseases, such
as systemic lupus erythematosus. Indeed, Bobé et al. (17) showed
the beneficial effects of As,O5; in MRL/lpr lupus-prone mice. In
accordance with our results, they reported a cytotoxic effect of
As,03 on activated CD4* T cells through the reduction in GSH
levels, but the beneficial effects observed in their model could also
be mediated through regulation of IFN-a production by pDCs.

In summary, our work highlights the beneficial effects of As,O5
in chronic GVHD. As,0; could be a therapeutic tool in hemato-
logic and solid malignancies, as well as in chronic GVHD (10).
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Chapitre 4
Discussion

n 2012, la ScS reste une maladie a la physiopathologie obscure malgré de nombreux

travaux de recherche dans de multiples directions. Cette obscurité est probablement

liée a la complexité des facteurs conjointement impliqués dans la physiopathologie de
la maladie, mais aussi a sa grande hétérogénéité d’expression clinique. En effet, on peut penser
que les différentes formes cliniques de la maladie et ses différentes complications résultent de
mécanismes plus ou moins distincts, ce qui rend difficile la compréhension des mécanismes.
Pourtant on discerne dans toutes les formes de la maladie un dysfonctionnement des fibro-
blastes et des cellules endothéliales, une activation du systeme immunitaire, une synthése de
cytokines et d’auto-Ac et des facteurs environnementaux, notamment de toxiques. Il apparait
cependant difficile de déterminer si ces différents facteurs agissent en synergie ou s’ils sont

chacun en cause a une phase précise de la maladie.

Le stress oxydant parait jouer un réle majeur dans la ScS car il est capable de modifier la
structure et I'antigénicité des protéines. Plusieurs arguments, cliniques, épidémiologiques et
biologiques, plaident en effet en faveur de I'imputabilité d"un stress oxydant au début de la
ScS. Sur le plan clinique d’abord, il est remarquable que plus de 90% des sujets présentent des
phénomenes digitaux répétés d’ischémie - reperfusion au cours des années qui précedent le
développement d'une ScS (ces phénomenes surviennent six ans en moyenne avant le dévelop-
pement d'une ScS cutanée limitée, et deux ans et demi en moyenne avant le développement
d’un ScS cutanée diffuse). Or ce phénomene génére une grande quantité de FRO, notamment
d’O5” et d’'ONOO™. Sur le plan épidémiologique, plusieurs toxiques impliqués dans le déclen-
chement de ScS ou d’entités proches exercent leur action via la génération de FRO. C’est le cas
de la silice qui induit directement la formation de FRO a sa surface par réaction de Fenton, et
indirectement par l’activation de cellules phagocytaires. Le syndrome des huiles toxiques, qui
partage des similitudes avec la ScS, semble aussi faire intervenir des radicaux libres. Enfin, sur
un plan biologique, il a été montré que les monocytes et des fibroblastes de patients scléroder-
miques produisaient de grandes quantités d’Oj™. Dans une premiere partie du travail réalisé

sur la ScS, nous avons donc essayé d’évaluer I'importance, la nature et les conséquences du
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stress oxydant dans la ScS. Un premier travail a été réalisé en exposant des souris directement
a des FRO et a permis la création d’un nouveau modéle murin de ScS. Plusieurs autres travaux
ont découlé de celui-ci pour I'étude des dysfonctionnements fibroblastiques et la recherche de

nouvelles approches thérapeutiques.

Dans un précédent travail mené au laboratoire, il a été observé que les sérums de patients
atteints de ScS sont capables d’induire un stress oxydant [225]. Ce stress est véhiculé par des
produits protéiques oxydés sériques (AOPP) et induit des effets opposés sur les fibroblastes
(stimulation de la prolifération) et les CE (inhibition de la prolifération). Néanmoins, d’impor-
tantes différences existaient parmi les patients sclérodermiques étudiés. Ainsi, les sérums des
patients présentant une maladie fibrosante pulmonaire induisent une plus grande proliféra-
tion des fibroblastes et une plus grande synthése d’"H,O, que les patients avec ScS sans atteinte
pulmonaire. Les sérums des patients avec des complications vasculaires graves induisent une
libération de NO par les CE, et inhibent fortement leur croissance. Contrairement aux sérums

des patients atteints de fibrose pulmonaire, ils ne stimulent pas la croissance des fibroblastes.

L'observation d'une corrélation entre la production de FRO induite par le sérum (quanti-
tativement et qualitativement) et les complications cliniques présentes chez les patients est un
argument fort en faveur d"un réle des FRO dans la physiopathologie de la ScS. Nous avons
donc souhaité confirmer cette hypothése et avons réalisé le travail de 'article 1 qui présente un

nouveau modele murin de ScS induite par certaines FRO.

Nous avons injecté dans le tissu sous-cutané dorsal de souris BALB/c des solutions capables
de générer différents types de stress oxydant. Parmi les solutions injectées, celles qui génerent
OH?* ou HOCl induisent chez ces souris une maladie systémique proche de la forme dite «cuta-
née diffuse» de la ScS humaine caractérisée par une fibrose cutanée et pulmonaire, et la présence
d’Ac anti-ADN Topoisomérase-1. Les injections de solutions contenant ONOO™ induisent une
fibrose cutanée, mais pas pulmonaire et des Ac anti-CENP B, mais pas d’Ac anti-ADN Topoi-

somérase 1. Cette maladie se rapproche de la forme, dite «cutanée limitée» de la ScS humaine.

De plus, comme chez les patients, il existe dans ce modéle murin une corrélation entre les
propriétés des sérums des souris et la forme de la maladie développée. En effet, les sérums des
souris injectées avec OH® ou HOCI et qui développent une fibrose pulmonaire, contiennent de
plus grandes quantités d’AOPP que les sérums de souris exposées a ONOO™, souris qui ne

développent pas de fibrose pulmonaire. Ces résultats montrent que la simple exposition a un
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stress oxydant de maniere répétée peut induire des lésions systémiques trés proches de celles
observées dans la ScS et confirment donc que certains FRO peuvent étre des acteurs majeurs

dans la genese de la maladie humaine.

Ce travail ouvre également de nouvelles pistes dans la compréhension des différentes étapes
conduisant d'une anomalie cutanée a la véritable maladie systémique qu’est la ScS. En effet,
nous montrons que le sérum des souris présentant une maladie proche de la ScS, comme celui
des patients, véhicule un stress oxydant. Nous faisons I’hypothése que le stress oxydant pro-
gresse via la circulation systémique, de la peau vers les autres organes (notamment vers les

poumons et les reins), entrainant des lésions a distance de atteinte initiale.

De plus, nos travaux suggerent que les AOPP ne sont pas seulement un marqueur du stress
oxydant, mais en sont également la forme de diffusion et la forme active. En effet, nous avons
montré que des AOPP oxydés in vitro induisent sur les CE et les fibroblastes les mémes effets
que le sérum total de patients et de souris, c’est-a-dire générent une production de FRO par
les CE et stimulent la prolifération des fibroblastes. Inversement, la déplétion des sérums de
patients en AOPP par le f-mercaptoéthanol réduit les effets de ces sérums sur les CE et les
fibroblastes.

Ce role directement pathogéne des AOPP a été récemment rapporté par d’autres équipes.
I1 a été montré que ces produits, que 'on croyait étre jusqu’ici le seul reflet du stress oxydant,
sont capables de stimuler I'explosion oxydative au niveau des monocytes et des neutrophiles
[229]. En effet, les AOPP issus de sérums de patients insuffisants rénaux hémodialysés, comme
des AOPP issus de I'oxydation in vitro par HOCI de I’albumine activent la NADPH oxydase et
la myéloperoxydase des neutrophiles [230]. Ces produits peuvent également activer les cellules
dendritiques in vitro [231], [84]. In vivo, dans un modéle d’insuffisance rénale par néphrectomie
subtotale chez le rat, I'injection d’AOPP par voie intraveineuse (albumine oxydée in vitro par
HOCI) aggrave les lésions rénales avec apparition de signes de fibrose précoce [232], démon-
trant un role pathogene des AOPP dans ce modele. Nos résultats, obtenus dans un modéle trés
différent apres exposition par voie sous-cutanée aux AOPP, suggerent aussi un role pathogene,

profibrosant, des AOPP, qui pourrait étre crucial dans les lésions de ScS.

Néanmoins, nos travaux suggerent que ce pouvoir pathogene des AOPP n’est pas généra-
lisable a tous les AOPP. En effet, dans nos expériences, les propriétés des AOPP de synthese

étaient trés variables et dépendaient de la protéine utilisée et du type d’oxydation appliqué.
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Nous avons obtenu la meilleure reproduction des effets des sérums de patients sclérodermiques
avec de I’ADN Topoisomérase 1 oxydée par de 'HOCI. D’autres protéines (albumine, . . .) oxy-
dées par HOCI entrainaient des effets moindres ; et inversement, I’ADN Topoisomérase-1 non
oxydée, ou oxydée avec d’autres FRO avait beaucoup moins d’effet sur les CE et les fibroblastes.
Il a d’ailleurs été rapporté récemment que des injections de protéines ADN Topoisomérase-1
humaines recombinantes non oxydées n'induisaient pas de sclérodermie dans diverses souches
de souris et n"aggravaient pas les lésions histologiques des souris Tsk/+. Néanmoins, certaines
souches de souris exposées a de grandes quantités d’ADN Topoisomérase-1 développaient des

Ac dirigés contre cette molécule [233].

Les facteurs conduisant a la baisse du seuil de tolérance vis-a-vis de différentes protéines
dans la ScS sont inconnus. Néanmoins, dans la ScS, plusieurs hypothéses ont été avancées,
étayées ou non sur un plan expérimental : hypothese d'une libération massive d’antigénes par
les CE apoptotiques [156] ; hypothese d'une stimulation du systéeme immunitaire par un agent
infectieux tel que le CMV, dont la protéine UL70 présente une homologie avec I’ADN Topoi-
somérase 1 [234] ; hypothese biochimique, basée sur les propriétés physico-chimiques des pro-
téines devenant antigéniques. En effet, une équipe a montré que CENP B et I’ADN Topoiso-
mérase 1 étaient particulierement sensibles a I’action de la protéase granzyme B des granules
T cytotoxiques [235]. De plus, ’ADN Topoisomérase-1 et I’ARN polymérase III (un autre anti-
géne cible chez certains patients atteints de ScS) peuvent étre clivées sous l'effet de 'oxydation
par la réaction de Fenton [155]. Les modifications ainsi subies par ces protéines modifient leur
conformation et favorisent vraisemblablement une rupture de tolérance. Dans nos expériences,
nous avons mis en évidence des Ac anti-CENP B chez les souris exposées a OH®* ou HOCI ou
ONOO™. En revanche, seules les souris exposées a OH®* ou HOCI développent des Ac anti-
ADN Topoisomérase-1 a un taux significatif. Nous faisons I’hypothése que ces molécules sont
devenues antigéniques en raison de leur oxydation qui a modifié leur conformation, fait appa-
raitre des épitopes cryptiques, et facilité leur reconnaissance et internalisation par des cellules
présentatrices d’antigenes. Dans cette hypothese, la baisse de tolérance serait initialement limi-
tée aux épitopes oxydés, puis pourrait s'étendre a d’autres régions de la protéine (ou lipide).
Un mécanisme similaire de déclenchement de I’auto-immunité est envisageable dans d’autres
maladies humaines, en dehors de la ScS, notamment dans le lupus érythémateux systémique
et le diabéte de type 1. Dans le lupus érythémateux systémique, plusieurs marqueurs évoquent

un stress oxydant important, comme une élévation des protéines oxydées dans le sérum et un
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défaut d’activité des enzymes anti-oxydantes superoxyde-dismutases (SOD) [236]. Certains pa-
tients développent des Ac dirigés contre des molécules de LDL cholestérol oxydées, Ac dont la
présence est corrélée avec celle d’Ac dirigés contre les phospholipides [237]. De plus, l'injection
de Ro oxydé, une ribonucléoprotéine de 60 kDa antigene cible fréquemment reconnu par les
autoAc de patients atteints de lupus, sous une forme oxydée accélere sa reconnaissance par le
systéme immunitaire et le développement d’une maladie proche du lupus chez le lapin, par
rapport a 'injection de la méme protéine Ro non oxydée [238]. Ces résultats suggérent dans ce
modele de lupus, comme dans notre modéle de ScS, un réle déterminant de I'oxydation d’an-

tigenes dans le déclenchement de la réponse immunitaire auto-immune.

La réponse immunitaire associée a la présence d’auto-Ac chez les souris HOCI qui déve-
loppent une maladie proche de la ScS, relance la question du réle du systéme immunitaire
dans notre modele et dans la ScS en général. Aucun role pathogene direct n’a été démontré
pour les Ac anti-centromere chez ’'homme. Les Ac anti-ADN Topoisomérase-1 peuvent exercer
un certain role pathogeéne en facilitant 'adhérence des monocytes aux fibroblastes puis 1'acti-
vation des fibroblastes [159], [158]. Néanmoins, il est difficile de tirer des conclusions globales
a partir de ces expériences réalisées in vitro. Pour tenter de répondre a cette question in vivo,
nous avons exposé des souris BALB/c SCID a des solutions contenant des oxydants dans les
mémes conditions que les souris BALB/c non SCID. Chez les souris immunodéprimées, nous
avons observé une fibrose systémique, mais le dép6t de collagéne au niveau pulmonaire était
moindre que chez les souris avec un systeme immunitaire fonctionnel. Ce résultat suggere que,
dans ce modele de ScS induit par des FRO, le systéme immunitaire est peu impliqué dans le
déclenchement des lésions de fibrose mais exerce un role amplificateur en stimulant la synthése

de matrice extracellulaire par les fibroblastes.

Finalement, nous proposons un double mécanisme physiopathologique : un mécanisme
toxique, impliquant un exces de FRO particuliéres (HOCl et OH® conduisant plutot a une forme
diffuse de ScS, ONOO™ déclenchant une forme cutanée limitée) et un mécanisme immunolo-
gique. Nous suggérons que ces deux mécanismes ne s’'opposent pas mais au contraire entrent

en synergie, du moins en ce qui concerne la forme cutanée diffuse de la maladie.

Dans cette hypothese pathologique, le facteur déclenchant initial correspond a une expo-
sition a de grandes quantités de FRO au niveau cutané. Ces FRO entrainent localement une
activation des fibroblastes, une apoptose des CE et une oxydation de certaines protéines abou-

tissant a I’apparition de nouveaux épitopes reconnus par les cellules présentatrices d’antigenes
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locales. Rapidement, ces cellules recrutent des lymphocytes T dans le derme, lymphocytes T
oligoclonaux reconnaissant spécifiquement les auto-antigenes oxydés. Les lymphocytes B éga-
lement spécifiques des premiers antigenes oxydés sont aussi activés, entrainant rapidement
I'apparition d’auto-Ac (Ac anti-ADN Topoisomérase 1 en cas d’exposition initiale 8 HOCI ou

OH?®, Ac anti-centromere apres exposition a ONOQO™).

Les premiers signes cliniques de la maladie apparaissent localement. En cas d’exposition
a HOCI ou OH®, de grandes quantités d’AOPP sont formées et diffuseraient dans tout l'or-
ganisme via la circulation systémique. Ces molécules seraient responsables de la diffusion du
stress oxydant et la progression des lésions a distance, dans la peau, les poumons et les reins,
aboutissant a une forme cutanée diffuse de ScS. La figure 4.1 ci-dessous montre 'effet de I'ex-
position cutanée a HOCl ou OH?* sur les fibroblastes et leur activation puis au niveau systé-
mique. En cas d’oxydation initiale par ONOO~, un stress oxydant quantitativement et qualita-
tivement différent serait généré, responsable de lésions cutanées plus limitées et de 1’absence
d’atteinte pulmonaire interstitielle. Cette hypothese physiopathologique fait du stress oxydant
un élément-clé du développement de la ScS. Se pose donc, dans cette hypothese, la question de
l'origine des FRO. Il est possible que les FRO soient initialement d’origine environnementale,
I'exposition pouvant alors étre professionnelle (cas des patients développant une ScS apres ex-
position a la silice) ou domestique. Néanmoins, il est probable que ces sources de FRO exogenes
ne suffisent pas a entretenir ’ensemble des processus conduisant a une ScS. Des FRO d’origine
endogeéne peuvent expliquer I'entretien des mécanismes pathologiques. Les travaux de I'équipe
de Gabrielli ont mis a jour en 2006 plusieurs mécanismes conduisant a une synthese accrue de
FRO endogenes chez les patients atteints de ScS. Les monocytes et les fibroblastes de patients
sclérodermiques produisent en effet une grande quantité de O3~ [8], [7]. Cette synthese est dé-
pendante d’auto-Ac présents dans le sérum des patients. Ils reconnaissent le récepteur du PDGF
a la surface des fibroblastes et forment une boucle d’activation dans ces cellules aboutissant a
une synthese permanente de FRO [44], [46]. Cette synthese endogéne de FRO observée chez les
patients atteints de ScS a une phase d’état de la maladie pourrait donc prendre le relais d'une
source de FRO initialement exogéne. A ce stade, les mécanismes pathologiques deviennent in-
dépendants de facteurs extrinséques et deviennent peu sensibles aux thérapeutiques actuelle-
ment disponibles. La présence de ces auto-Ac anti-PDGF chez les patients sclérodermiques est
aujourd’hui discutée par d’autres équipes, mais nombre d’arguments prouvent que les FRO

sont synthétisées de maniére endogene chez les patients sclérodermiques.
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Figure 4.1 Induction du phénotype sclérodermique chez la souris aprées injections quoti-
diennes intra-dermiques pendant 6 semaines de HOCl ou OH®. Batteux F. et al, Curr. Op.
Rheumatol, 2011.

Dans la seconde partie de notre travail, nous présentons nos résultats sur les nouvelles voies

d’activation fibroblastique et les approches thérapeutiques qui pourraient en découler.

Dans le travail présenté dans 'article 2, nous avons mis en évidence pour la premiere fois
l'activation de Notch dans la peau, les poumons et les splénocytes des souris sclérodermiques.
Nous avons aussi observé cette activation dans la peau de patients atteints de sclérodermie loca-
lisée de type morphée et de ScS. Plusieurs hypotheses peuvent expliquer 1’activation de Notch
dans la ScS. Tout d’abord, la faible concentration en oxygéne dans la peau saine fait augmenter
les taux d’ARNm de Notch 1 grace au facteur HIF-1a. Dans la ScS, I'ischémie tissulaire, due au
défaut d’angiogénese, peut activer HIF-1a et celui-ci peut induire I'expression de genes de la
matrice extra-cellulaire dans les fibroblastes du derme. De plus, dans un modéle d’ischémie-
reperfusion du rein chez le rat, les ARNm de Delta-1 (ligand de Notch), Notch 2, et Hes-1 (cible
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de Notch) sont fortement exprimés et régulent la régénération et la prolifération des tubules
rénaux. Enfin, le TGF-p, cytokine clairement impliquée dans la physiopathologie de la ScS, est
capable d’induire fortement 'expression du ligand de Notch Jagged-1, contribuant ainsi au

dévelopement de la fibrose dans un modele murin de fibrose rénale [239].

Le traitement in vivo par un inhibiteur de gamma-secrétase (GSI) réduit de fagon signifi-
cative la fibrose cutanée et pulmonaire chez nos souris sclérodermiques, et réduit le taux de
prolifération aberrant des fibroblastes dermiques. Grace a un test in vitro nous avons égale-
ment pu montrer que le GSI pouvait directement normaliser la prolifération des fibroblastes
extraits de peau sclérodermique. Dans la ScS, le phénotype hyperprolifératif des fibroblastes
a été démontré chez la souris et chez I'homme, et est, avec la surproduction de protéines de
matrice extracellulaire, un des signes biologiques caractéristiques de la ScS [30]. La diminution
de la prolifération des fibroblastes ex vivo sous l'effet du GSI suivie de I'inhibition de I'accumu-
lation de collagéne dans la peau et les poumons expliquent les effets bénéfiques de 1'inhibition

de Notch dans notre modéle.

Le role de Notch dans le cycle cellulaire apparait tres complexe. Il peut induire 1’apoptose
ou la prolifération selon les types cellulaires et le contexte [240]. Dans les fibroblastes, 1’'on-
cogene Ras peut activer la voie Notch, ce qui permet de maintenir le phénotype néoplasique
des fibroblastes transformés [241]. Dans un modele de plaie-cicatrisation, 'augmentation de la
prolifération fibroblastique est corrélée a I’activation de Notch et peut étre annulée par un trai-
tement in vitro et in vivo par le GSI [242]. D’autre part, une étude récente réveéle une réduction
de la fibrose hépatique chez les patients atteints du syndrome d’Alagille (di a des mutations af-
fectant les signaux transmis par Jagged1) [243]. Ces données démontrant le role pro-prolifératif
de Notch dans les fibroblastes concordent avec notre modéle et expliquent le bénéfice obtenu

chez les souris sclérodermiques avec le traitement par le GSI.

Dans notre étude, I'inhibition de Notch réduit les concentrations sériques en AOPP et dimi-
nue la production endothéliale d’'H,O, induite par les sérums de souris sclérodermiques. De
plus, nous avons montré que 1'incubation in vitro du GSI avec des cellules endothéliales rédui-
sait le niveau d’H,O, relargué par ces cellules proportionnellement a la concentration de GSI
utilisée. Nous disposons de peu de données sur le role de Notch dans la régulation du stress
oxydant. Cependant, un article récent met en évidence le role de Notch dans la transcription
de certains genes dans les macrophages : les agonistes des Toll-like récepteurs induisent une

surexpression de Notch 1 et de ses genes cibles. L'inhibition de Notch entraine une baisse du
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TNF alpha, de I'IL-6, et du NO libérés par les macrophages [244]. Ces données, ainsi que les

notres, indiquent que 1'inhibition de Notch favorise une réponse anti-inflammatoire.

Les anomalies vasculaires sont un des signes majeurs de la ScS. Les sérums des souris ex-
posées a HOCI contiennent de grandes quantités de substances oxydées telles que les AOPD,
capables de générer a leur tour la production d'H,O, par les cellules endothéliales, et donc de
participer a la formation de lésions vasculaires. Les altérations vasculaires entrainent secondai-
rement des perturbations du flux vasculaire aboutissant a 1'hypoxie tissulaire, I'inflammation
et la fibrose. L'inhibition de Notch par le GSI a pu abolir ce phénomeéne, confirmant ainsi le role

majeur de la voie Notch dans le contrdle du développement et de la physiologie vasculaire.

Comme nous I’avons décrit dans le chapitre 1, il existe une activation de I'immunité cellu-
laire et humorale dans la ScS. Les mécanismes immunitaires et inflammatoires jouent certaine-
ment un role dans les lIésions vasculaires et 1’activation de voies conduisant a la fibrose. Dans
notre modele, I'exposition des souris a HOCl entraine une hausse du nombre de cellules B splé-
niques et de leur activation par le LPS. De plus, on note chez ces souris une augmentation des
IgM et IgG sériques totales et des taux d’anticorps anti-ADN Topoisomérase 1, caractéristiques
de la ScS. L'inhibition de Notch par le traitement au GSI fait baisser le nombre de cellules B
spléniques, leur activation, et les niveaux d'IgG, IgM, et d’anti-ADN Topoisomérase-1. Le role
de Notch dans le développement lymphocytaire a été trés étudié et est aujoud’hui bien connu.
Notch 1 est un médiateur-clé dans le développement lymphoide T [245]. Notch 2, 1ui, est requis
dans les lymphocytes B destinés a devenir des lymphocytes de la zone marginale (ZM). Ainsi,
les souris présentant une délétion conditionnelle de Notch 2 n’ont pas de lymphocytes B de la
ZM [246]. Les lymphocytes de la ZM sont des cellules non circulantes, a longue durée de vie,
qui répondent a des Ag T-dépendants ou T-indépendants, et qui se différencient rapidement
en plasmocytes. Le role de ces cellules dans la ScS n’est pas bien connu, mais on sait qu’il existe
parmi elles un grand nombre de clones auto-réactifs et elles ont été incriminées dans plusieurs
modeles d’auto-immunité. En effet, I'amplification de ces cellules a été décrite dans un modeéle
murin de lupus [247]. De méme, la surexpression de BAFF associée au phénotype lupique chez
la souris entraine 'augmentation du compartiment des lymphocytes B de la ZM. 1l apparait
clairement aujourd’hui que la réponse B joue un role important dans la pathogénie de la ScS.
Un modéle de ScS induit par la bléomycine chez des souris KO pour le CD19 montre une réduc-
tion de la fibrose et de la production d’Ac [149]. En outre, chez 'homme, des niveaux élevés de

BAFF sont détectés chez des patients sclérodermiques, et correlent avec I’étendue de la fibrose
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cutanée [150]. Il est ainsi possible que les cellules B de la ZM soient impliquées dans la pathogé-
nie de la ScS. Le traitement par le GSI pourrait entrainer la diminution de cette population via
I'inhibition de Notch 2, et ainsi réduire les mécanismes immunitaires pathogéniques impliqués
dans la ScS.

ADAMI17/TACE

/.*.

Notch
ectodomain

ADAM17/TACE :
‘ 2 cleavage ™

membrane
Activated
receptor
nucleus
Fibrosis

Activation of Notch L Vasc“lf“' dam'age
target genes Auto-immunity

Figure 4.2 Voie d’activation de Notch dans la ScS selon notre modele. Les FRO pro-
duites lors des phénomenes d’ischémie-reperfusion chez ’homme ou lors des injections
d’HOCl activent ADAM17, qui est capable de libérer le domaine actif intra-cellulaire de
Notch NICD. Ce dernier peut alors transloquer au noyau et activer la transcription de
ses genes cibles, ayant pour effets la prolifération fibroblastique et la fibrose, le dévelop-
pement d"une auto-immunité, et des 1ésions vacsulaires.
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Plusieurs hypothéses peuvent expliquer I’activation de Notch observée dans la ScS chez ’homme
et chez la souris. Nous avons retrouvé une surexpression d’ADAM dans la peau des souris ex-
posées a HOCI et dans celle des patients atteints de sclérodermie systémique et morphée. Les
protéines ADAM sont une famille de protéines transmembranaires et secrétées qui sont impli-
quées dans plusieurs voies de signalisation. ADAM17 est impliquée dans I’activation de la voie
Notch. Le déclenchement du signal Notch requiert la fixation d"un ligand a 'ecto-domaine de
Notch, déclenchant la libération de ce domaine par la protéase ADAM17 [74]. ADAM17 est sur-
exprimée dans un grand nombre de maladies, comme les cancers mais aussi certaines maladies
auto-immunes et inflammatoires. Une étude a récemment montré que la synthese d’ADAM17
pouvait étre induite par le stress oxydant [248]. Nos résultats soulignent le fait qu ADAM17, et
également Notch, peuvent étre activés par le stress oxydant. La figure 4.2 représente 1" activation
possible de Notch dans notre modeéle. Il ne faut cependant pas négliger I'importance d’autres
facteurs capables d’activer la voie Notch, tels que 1’hypoxie et les cytokines pro-inflammatoires
comme le TNF-a [249].

Dans la suite de notre travail sur I'activation fibroblastique et les nouvelles approches thé-
rapeutiques dans la ScS, nous avons évalué le role d’une autre voie possible d’activation des
fibroblastes : la voie des cannabinoides. Nous avons ainsi mis en évidence que cette voie était
impliquée dans le contrdle de la fibrose cutanée et pulmonaire et dans le développement de
la réponse immunitaire dans la ScS. Outre leurs effets psychoactifs, les cannabinoides peuvent
jouer un role dans de nombreux autres processus tels que I'inflammation et ’auto-immunité. Ils
peuvent aussi moduler la motilité cellulaire, la prolifération et I’apoptose. Dans ce travail, nous
avons démontré que les agonistes non-sélectifs de CB1/CB2 (WIN-55212) et sélectifs de CB2
(JWH-133) étaient efficaces dans la prévention de la fibrose systémique dans le modéle murin de
ScS que nous avions récemment décrit. Ainsi, les agonistes des cannabinoides peuvent bloquer
les effets profibrosants de 1’acide hypochloreux HOCI dans la peau et le poumon. De plus, nous
avons montré que les souris déficientes en récepteur CB2 étaient plus sensibles a 1'induction de
la maladie par HOCl et qu’elles développaient un phénotype exacerbé de fibrose cutanée et pul-
monaire. Les agonistes des récepteurs CB2 sont capables d’inhiber I'inflammation pulmonaire
induite par le LPS dans un modele murin, et nos résultats ont apporté de nouvelles données
concernant leur rdle dans la fibrose pulmonaire. D’autres études avaient déja rapporté leurs
propriétés anti-fibrosantes dans des modeéles de fibrose cutanée, cardiaque et hépatique [106],

[114], [111]. Une autre équipe a d’ailleurs publié des résultats intéressants concernant 1’activité
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anti-fibrosante du JWH-133 dans le modéle de ScS induite par la bléomycine de maniere conco-
mitante avec la publication de nos travaux [114]. Dans le cceur, il a été montré que la stimulation
des récepteurs CB2 par le JWH-133 protégeait de la fibrose post-infarctus, et que les coeurs des
souris CB2-/- présentaient des signes histologiques de fibrose et une hypertrophie des myo-
cytes 4 semaines apres I'induction de lésions d’ischémie-reperfusion. Dans le foie, I’expression
des récepteurs CB1 et CB2 est augmentée au cours de la cirrhose, et CB1 et CB2 exercent des
effets opposés. CB1 aurait ainsi des propriétés pro-fibrosantes, alors que 1’activation de CB2
permettrait d’abroger le processus fibrosant en inhibant la survie des myofibroblastes et en
déclenchant leur apoptose [250], [111]. De plus, les souris CB2-/- développent une fibrose hé-
patique exacerbée apreés exposition chronique au tetrachlorure de carbone [110]. L'activation du
récepteur CB2 peut non seulement limiter le développement de la fibrose de maniere préven-
tive, mais peut aussi permettre la régression d"une fibrose pré-existante via 'augmentation de
I'expression de la métalloprotéase MMP-2 [112]. Nous avons également pu démontrer 1’action
des récepteurs CB2 sur la fibrose pré-existante en débutant le traitement par WIN-55212 quatre

semaines apres induction de la ScS par injections d’"HOCL.

Comme nous l'avons vu dans la premiere partie de ce travail, la forme diffuse de la ScS est
caractérisée par une activation lymphocytaire T et B et par le production d’auto-Ac. L'utilisation
des agonistes des cannabinoides et des souris déficientes en CB2 nous a permis de montrer que
cette voie jouait un role dans I’activation immunitaire de la ScS. En effet, le traitement in vivo
des souris ScS par le WIN-55212 et le JWH-133 a permis une réduction de la prolifération lym-
phocytaire B et de la production d’auto-Ac anti-ADN Topoisomérase-1. CB2 est exprimé par
les cellules immunitaires, et de fagon particulierement élevée par les lymphocytes B. D’autres
études ont montré dans différents modéles infectieux que le traitement par agoniste des CB pou-
vait diminuer l’activation des lymphocytes B et ainsi la production d’Ac [251], [252]. Dans des
modeéles de maladies auto-immunes inflammatoires telles que 1’arthrite induite au collagene
et ’encéphalite auto-immune expérimentale, les agonistes des CB ont également fait preuve
d’efficacité [253].

Nos résultats suggerent que les effets des récepteurs aux cannabinoides sur les fibroblastes,
les cellules immunitaires, et les cellules endothéliales s’associent pour inhiber le développe-
ment de la maladie. Nous avons réalisé des expériences in vitro afin d’évaluer les propriétés
du JWH-133 et du WIN-55212 sur les fibroblastes ScS. En effet, comme nous 1’avons montré
dans le travail précédent, les fibroblastes des souris ScS exposées a HOCI ont un phénotype hy-

perprolifératif, caractéristique biologique également observée chez I'homme. Les expériences
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réalisées in vitro ont montré que les deux agonistes étaient capables d’inhiber la prolifération
des fibroblastes extraits de peaux de souris ScS. Ces résultats sont en faveur d"une action directe
de la voie des cannabinoides sur les fibroblastes. Ils concordent avec ceux obtenus dans la cir-
rhose hépatique humaine, ot le JWH-133 est également capable d’induire 1’arrét de croissance
et "apoptose des myofibroblastes. Nos résultats montrent, de fagon surprenante, que 1’agoniste
non-sélectif WIN-55212 réduit plus fortement la prolifération des fibroblastes ScS que 1’agoniste
sélectif de CB2 JWH-133, alors que les deux molécules témoignent d'une efficacité semblable
sur la fibrose dans nos expériences in-vivo. Il est ainsi possible que l’activation du récepteur
CB2 réduise la fibrose non seulement par une action directe sur les fibroblastes ScS mais aussi
par une action indirecte sur 'activation lymphocytaire B. Plusieurs de nos résultats confortent
cette hypothese :1a réduction de la prolifération cellulaire B chez les souris ScS traitées par WIN-
55212 et JWH-133, et la diminution de la production d"auto-Ac anti-ADN Topoisomérase-1 chez
les souris ScS traitées par les deux agonistes. D’autres équipes ont également rapporté que la
voie des cannabinoides pouvait moduler la réponse inflammatoire [254], [255]. Dans le modéle
de ScS induit par la bléomycine, 'activation du récepteur CB2 inhibe l'infiltrat inflammatoire
dans la peau, et ainsi réduit la fibrose cutanée. Aprés des lésions d’ischémie-reperfusion, I’acti-
vation des récepteurs CB2 empéche 'activation des fibroblastes mais limite également l'infiltrat

macrophagique et la production de TGF-.

L'activation des récepteurs CB2 apparait donc comme une nouvelle approche thérapeutique
possible dans la ScS, compte-tenu de ses effets sur la prolifération fibroblastique et 1’activation

immunitaire.

Compte-tenu des hypotheses concernant le role de la voie des récepteurs au PDGF dans le
développement de la ScS, il convenait d’étudier son implication dans notre modele. Les com-
posants de la voie du PDGF sont impliqués dans de multiples processus physiologiques et
pathologiques tels que la croissance tumorale et 'angiogénese, I’athérosclérose, I’hypertension
artérielle pulmonaire et la fibrose pulmonaire, hépatique et cardiaque. Notamment, dans la
fibrose cutanée et pulmonaire chez '’homme, 1’expression du PDGF est corrélée avec I'expan-
sion de myofibroblastes contribuant a la synthese de collagene [43]. Nous avons donc cherché
a savoir si la sclérodermie que nous avions réussi a reproduire chez la souris grace a des injec-
tions d’"HOCI partageait cette caractéristique biologique avec I'homme. Pour cela, nous avons
réalisé des western-blots dans les fibroblastes cutanés de souris ScS et de souris controles pour
quantifier I’expression du PDGFR dans sa forme phosphorylée et activée (p-PDGFR) ou non-

phosphorylée (PDGFR) dans ces cellules. Ces premiers résultats montraient une augmentation

page 185



de la phosphorylation du PDGEFR, et donc de son activation, dans les fibroblastes des souris
ScS par rapport aux fibroblastes des souris controles. Ce résultat rapprochait donc encore notre
modele murin de la maladie humaine puisqu’une étude immunohistochimique rapportait que
les patients sclérodermiques présentaient des taux élevés de pPDGEFR dans la peau lésée, alors
qu’ils étaient indétectables dans la peau de patients contrdles [256]. D’autres études ont rap-
porté une augmentation des ligands du PDGFR: PDGF-A et PDGF-B dans les lavages bron-
choalvéolaires des patients sclérodermiques, suggérant qu’ils pouvaient induire une activation
des récepteurs dans les poumons et ainsi étre responsables de la fibrose. Il est aussi possible
que d’autres facteurs activent le PDGFR. Ainsi, comme nous l'avons vu précédemment, des
auto-Ac activateurs anti-PDGFR ont été décrits chez les patients sclérodermiques [45]. Aussi,
le TGF-$ libéré par les cellules mononucléees infiltrantes est capable d’augmenter 1’expression
du PDGER et d’accroitre les effets du PDGF-A [257].

Comme l'activation du PDGFR semblait cruciale dans 1’activation fibroblastique de la ScS
dans notre modéle murin mais aussi chez ’homme, nous avons entrepris de tester I'effet d"une
inhibition de cette voie dans notre modele murin. En effet, plusieurs molécules inhibitrices de
tyrosine kinases capables de cibler le PDGFR étaient disponibles et utilisées en thérapeutique
humaine en oncologie. Nous avons choisi de tester le sunitinib et le sorafenib car parmi les
molécules inhibitrices de tyrosine kinases ces deux molécules ont la plus forte affinité pour le
PDGEFR. Les souris ScS ont été traitées avec la méme dose de sunitinib ou sorafenib. Pourtant
le sunitinib a montré une efficacité supérieure au sorafenib dans la prévention du développe-
ment de la fibrose cutanée et pulmonaire de notre modéle murin de ScS induite par I'HOCI.
Le sunitinib réduisait également de maniére plus importante la phosphorylation du PDGFR
dans les fibroblastes des souris ScS traitées, que le sorafenib. L'étude de l'effet des deux molé-
cules sur les différents parametres biologiques de fibrose, d’activation immunitaire et de 1ésions
endothéliales montre que le sorafenib n’est pas efficace a 50 mg/kg/jour pour prévenir le dé-
veloppement de la ScS, contrairement au sunitinib. Plusieurs différences entre les 2 molécules
peuvent expliquer ce phénomene. Tout d’abord, le sorafenib a une demi-vie plus courte que le
sunitinib (30-40 heures versus 80-100 heures). De plus, le sunitinib possede un métabolite actif:
le SU012662, qui permet d’augmenter sa durée d’action, ce qui n’est pas le cas du sorafenib. Le
métabolite actif SU012662, bien que deux fois moins puissant que le sunitinib, a également la
propriété d'inhiber le PDGFR et le VEGEFR, et contribue ainsi a ’activité du sunitinib. Enfin, le
sorafenib et le sunitinib n‘ont pas la méme activité vis a vis du PDGFR: la concentration inhi-
bant 50% de l'activité du PDGFR (CI50) est de 1129 nM pour le sorafenib alors qu’elle est de 75
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nM pour le sunitinib, c’est a dire 15 fois inférieure. Il faut, de plus, considérer que ces molécules
inhibitrices de tyrosine kinase ne sont pas sélectives vis a vis d'un récepteur mais au contraire
ciblent de multiples récepteurs. Ainsi, le sunitinib a un spectre d’inhibition de récepteurs plus
large que le sorafenib et pourrait donc avoir une action bénéfique sur d’autres récepteurs impli-
qués dans I’activation fibroblastique et le développement de la ScS dans notre modele. D’autres

expériences seraient nécessaires pour clarifier ce point.

Comme nous l’avons vu dans les premiers articles sur l’activation fibroblastique, la peau de
nos souris ScS contient, comme celle des patients sclérodermiques, une population particuliere
de fibroblastes: les myofibroblastes. Ils expriment I'a-SMA, produisent de fortes quantités de
collagéne et de FRO, et sont hyperprolifératifs. Afin de mieux caractériser l'effet des 2 molé-
cules inhibitrices de tyrosine kinases sur la fibrose, nous avons réalisé plusieurs expériences
in vitro. Tout d’abord, nous avons réalisé un test de prolifération spontanée des fibroblastes
extraits des peaux de souris contrdles (PBS), de souris HOCI, de souris HOCl+sorafenib, de
souris HOCl+sunitinib. Les fibroblastes des souris ScS traitées in vivo par le sorafenib et le su-
nitinib ont une capacité de prolifération réduite par rapport a ceux extraits des peaux de souris
ScS non traitées. Les deux molécules étaient capables d’inhiber de fagon proportionnelle a leur
concentration la prolifération fibroblastique, mais a la méme dose le sunitinib avait une capacité
d’inhibition plus importante que le sorafenib. Cette expérience nous a apporté la preuve directe
des propriétés anti-prolifératives des deux molécules sur les fibroblastes ScS. Afin de confirmer
ce résultat, nous avons évalué 1’expression de 'a-SMA dans les fibroblastes ScS traités in vitro
ou non avec différentes doses de sunitinib et de sorafenib. Le traitement par 1'une ou l'autre
molécule permettait une diminution de I’expression de I'a-SMA, suggérant une diminution du

nombre de myofibroblastes en culture au profit des fibroblastes normaux.

Outre l'effet d’inhibition de la prolifération fibroblastique et de la différenciation myofibro-
blastique, il est possible que le sunitinib, et dans une moindre mesure le sorafenib, inhibent
directement la synthese de collagéne par les fibroblastes. C’est en tout cas ce que suggerent
les résultats obtenus dans deux modeles de fibrose hépatique ot le sorafenib est capable de
réduire in vitro directement la production de collagéne par les hépatocytes [258]. Deux autres
TKI, le dasatinib et le nilotinib ont montré des résultats similaires sur les fibroblastes du derme
de souris ScS induite par la bléomycine et de patients sclérodermiques. De plus, le sunitinib et
le sorafenib pourraient également réduire les dépots de collagene via une action inhibitrice sur

TIMP-1, ce qui améliorerait 1’action des métalloprotéases et donc la dégradation de la matrice

page 187



extra-cellulaire. La-encore, ce phénomene a été observé dans un modele de fibrose hépatique
ot le sorafenib altere 1’équilibre entre MMP-13 et TIMP-1 en agissant en défaveur de TIMP-1.

Le role du systéme immunitaire dans la ScS et dans notre modéle a été abordé dans 'article
1 grace a nos expériences sur souris SCID qui démontrent que le systéeme immunitaire joue un
role dans I’amplification systémique de la maladie. Ainsi, dans les différents travaux réalisés in
vivo sur l'activation fibroblastique, nous avons toujours observé une activation du systeme im-
munitaire. Dans le travail de I’article 4 sur le PDGFR et les inhibiteurs de tyrosine kinases dans
la ScS, nous avons aussi observé cette activation du systéme immunitaire chez les souris ScS
avec augmentation des populations spléniques B et T CD4+ ainsi que la production d’auto-Ac.
Le traitement par sunitinib et sorafenib a permis de réduire la production d’auto-Ac. Ce phé-
nomene était corrélé a une diminution de la production d’IL-6 et de TGF-f par les lymphocytes
B spléniques en culture. Le sunitinib était également capable de réduire 1’expansion splénique
des lymphocytes B, et leur activation puisque les cellules positives pour 1’expression du mar-
queur B7.1, impliqué dans la coopération B-T, était diminuée sur les cellules B des souris ScS
traitées par sunitinib comparé au souris ScS non traités. Les effets du sunitinib sur le systéme
immunitaire n’‘ont jamais été rapportés auparavant. Cependant, il est connu que 'imatinib, un
autre TKI, peut induire une lymphopénie et une hypogammaglobulinémie chez I'homme, et
affecter ’expansion des lymphocytes T cytotoxiques mémoires [259]. Le mécanisme de ces ef-
fets de I'imatinib restent obscurs. Concernant les effets du sunitinib sur le systeme immunitaire
observés dans notre modeéle, il ne faut pas négliger que cette molécule interagit également avec
le VEGFR. La voie du VEGF joue un réle important dans 1’activation des lymphocytes T naifs
[260]. Le VEGFR-1 est exprimé par les monocytes/macrophages et est impliqué dans leur mi-
gration et dans I'inflammation chronique [261], [262]. Ainsi, les souris déficientes en VEGFR-1
ne développent pas d’arthrite induite au collagéne car elles ont une réponse moindre des mo-
nocytes/macrophages dans un contexte inflammatoire [262]. Il est donc possible, dans notre
modele, que le sunitinib ait une action anti-inflammatoire et réduise 1'activation immunitaire
dans ce contexte d’activation fibroblastique induite par le stress oxydant via une inhibition du
VEGEFR.

En plus des anomalies fibrosantes et immunitaires, la ScS est caractérisée par des anoma-
lies vasculaires et endothéliales qui ont été présentées dans le chapitre 1. Grace a la mise au
point du modéle murin, nous avons montré que les protéines oxydées (AOPP) générées dans la
peau peuvent migrer dans la circulation systémique, activer les cellules endothéliales et favori-

ser leur production de FRO, entrainant a nouveau la formation d’AOPP capables de provoquer
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des lésions de I’endothélium. Dans notre travail sur le PDGEF et les TKI dans la ScS, nous avons
mis en évidence une augmentation des taux de VCAM sériques chez les souris ScS, qui était
réduite par le traitement in vivo par le sunitinib. Le VCAM est un marqueur de souffrance endo-
théliale qui est également élevé chez les patients sclérodermiques. Le VEGF est un des facteurs
majeurs associés a la prolifération des cellules endothéliales vasculaires, a leur migration et a
leur survie. Il peut se lier a deux récepteurs, le VEGFR-1 et le VEGFR-2. Les signaux médiés
par le VEGFR-2 favorisent la prolifération, la survie, la migration et I’adhésion des cellules en-
dothéliales. Plusieurs équipes ont décrit une activation de cette voie dans la peau des patients
sclérodermiques. Nos résultats apportent également la preuve de I’activation du VEGFR (via
une augmentation de sa phosphorylation) dans la peau des souris de notre modele murin, ce
qui concorde avec les observations réalisées chez ’homme. L'activation chronique de la voie du
VEGFR?2 pourrait étre impliquée dans la microangiopathie sclérodermique, comme le suggere
I’équipe de Jinnin [263]. L'activation incontrolée du VEGFR ou l’exposition prolongée au VEGF
peut induire la formation de néo-vaisseaux anormaux. Comme le sunitinib et le sorafenib sont
tous deux capables d’inhiber le VEGFR, nos résultats apportent des arguments supplémen-
taires en faveur du réle d'une hyper-activation de la voie du VEGFR dans le déclenchement

des anomalies endothéliales dans la ScS.

Nos résultats apportent de nouvelles pistes concernant le role de la voie du PDGFR dans
'activation fibroblastique et celui de la voie du VEGFR dans la microangiopathie de la ScS.
Les inhibiteurs de tyrosine kinases ciblant le PDGFR et le VEGFR constituent ainsi une nou-
velle piste thérapeutique dans la ScS puisque ces molécules sont déja utilisées chez I’homme
en oncologie et qu’elles ont témoigné d’une efficacité certaine sur les composants fibrotiques,

immuns et vasculaires dans notre modeéle murin de ScS.

Dans l'article 5 de nos travaux personnels, nous avons exploré le statut oxydo-réducteur des
fibroblastes cutanés des souris de notre modéle de ScS, et les avons exploitées afin de tester les
propriétés du trioxyde d’arsenic sur ces cellules. Comme nous 'avons vu précédemment, les
FRO jouent un role certain dans la physiopathologie de la ScS et 1’équilibre des systemes oxy-
dants versus anti-oxydants est crucial dans le développement des maladies fibrosantes telles
que la ScS. Ainsi, les FRO peuvent stimuler la croissance et la prolifération des fibroblastes jus-
qu’a un certain seuil, au-dela duquel elles vont induire I’apoptose cellulaire (voir chapitre 2).
Cette propriété ambivalente des FRO est d’ailleurs bien connue dans le cas des cellules cancé-
reuses ol des faibles niveaux de FRO entrainent la prolifération des cellules tumorales alors que

des concentrations élevées de FRO induites par les molécules anticancéreuses entrainent leur
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apoptose [199]. Il est connu que les fibroblastes des patients sclérodermiques surproduisent
des FRO et nous avons confirmé cette propriété dans notre modele murin. Nous avons donc
testé l'effet thérapeutique du trioxyde d’arsenic (As,O;), molécule cytotoxique utilisée en on-
cologie dans la leucémie aigué promyélocytaire (LAM3) notamment, dans la ScS puisque cette

molécule est capable d’augmenter les taux intracellulaires de FRO dans les cellules de LAM3.

Nous avons tout d’abord exploré les propriétés du trioxyde d’arsenic sur les fibroblastes. La
sensibilité cellulaire a I’arsenic est déterminée par I'équilibre entre la génération de FRO et leur
détoxification. En exposant in vitro a des doses croissantes d’arsenic des fibroblastes extraits
de peaux de souris HOCl et de témoins, nous avons mesuré la production d” H,O,, le contenu
intracellulaire en glutathion (GSH), et la viabilité des cellules. Nous avons ainsi observé des
différences de sensibilité vis a vis de I’arsenic entre les 2 types cellulaires: il faut 8 fois moins de
trioxyde d’arsenic pour induire I'apoptose de fibroblastes HOCI que pour induire l'apoptose
de fibroblastes normaux. Cette apoptose met en jeu une explosion oxydative caractérisée par
une surproduction importante d"H,O, et un déficit en GSH. En effet, les fibroblastes ScS ont
une production basale d’H,O, importante et corréle avec de faibles réserves intracellulaires en
GSH. Ces cellules ont donc un statut oxydant/anti-oxydant déséquilibré qui les rend particu-
lierement sensibles a I’action de 1’As,O;, ce qui n’est pas le cas des fibroblastes normaux. Suite
a ces résultats, nous avons modulé le métabolisme des FRO dans les fibroblastes avec divers
agents chimiques. La N-acteylcysteine (NAC), un précurseur du GSH, a eu un effet protecteur
vis a vis de l'apoptose induite par 'arsenic dans les fibroblastes ScS. Au contraire, la BSO, un
agent qui déplete les taux intracellulaires de GSH, a intensifié la cytotoxicité de 1’arsenic. Nos
résultats concordent ainsi avec ceux obtenus sur les cellules NB4 de LAMS3 ot la déplétion en
GSH augmente la sensibilité de ces cellules a I'apoptose induite par 'arsenic [264]. De plus,
le GSH peut se lier a l’arsenic et protéger ainsi la cellule de I'apoptose [265]. Ces différentes
données expliquent donc la sensibilité accrue des fibroblastes ScS déficients en GSH et surpro-

duisant de I'H, 0O, au trioxyde d’arsenic.

Suite a ces premiers résultats in vitro, nous avons entrepris de tester les propriétés théra-
peutiques de 'arsenic in vivo dans notre modeéle de ScS. Les fibroblastes des souris ScS traitées
par As,O; présentent des niveaux de GSH comparables a ceux des souris contrdles (PBS) et
supérieurs a ceux des souris ScS (HOCI). Ce résultat indique que les myofibroblastes "malades"
présents dans la peaux des souris ScS sont sélectivement tués par ’arsenic et remplacés par les
fibroblastes normaux qui survivent et croissent. En effet, comme chez ’'homme, la peau des

souris ScS contient une population mixte de myofibroblastes "malades"” majoritaires (environ
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70%) et de fibroblastes normaux minoritaires (environ 30%). Ici, avec le traitement par 'arse-
nic, ce sont les myofibroblastes surproduisant de 'H,O, et déficitaires en GSH qui entrent en
apoptose et les fibroblastes normaux ayant un contenu suffisant en GSH qui survivent. C’est
pour cette raison que malgré ses effets pro-oxydants, 1’arsenic exerce paradoxalement in vivo

une activité globale anti-oxydante dans la peau des souris ScS.

Nous avons aussi observé cet effet anti-oxydant également au niveau systémique puisque
les niveaux d’AOPP sériques étaient diminués chez les souris traitées par ’arsenic par rapport
aux souris ScS non traitées. Comme nous l'avons vu dans l'article 1, les AOPP sont générés au
niveau cutané par les fibroblastes ScS qui surproduisent des FRO, et sont acheminés ensuite
par la circulation dans les tissus. Ici, les fibroblastes ScS étant sélectivement tués par 1’arsenic,

la source des AOPP est éliminée, ce qui explique la baisse de leurs taux sériques.

Le traitement par le trioxyde d’arsenic a aussi eu un impact bénéfique sur le composant
vasculaire de la maladie. Dans notre modéle de ScS, les AOPP sont les médiateurs du stress
oxydant et de la maladie et peuvent ainsi induire 1’apoptose des cellules endothéliales et les
lésions vasculaires. La diminution des taux d’AOPP sériques chez les souris ScS traitées permet
donc de réduire les lésions endothéliales, ce qui explique la normalisation des taux sériques de
VCAM1 chez ces souris.

La fibrose cutanée et pulmonaire est réduite chez les souris ScS traitées par ’arsenic. Ce ré-
sultat est corrélé avec la diminution de la phosphorylation du facteur de transcription Smad2/3
dans la peau des souris ScS traitées par rapport aux souris ScS non traitées. Smad2/3, qui est
augmenté dans la peau des patients sclérodermiques [266], est capable d’activer le promoteur
du géne du procollagene COL1A2 induisant ainsi la synthese de collagéne. Le trioxyde d’arse-
nic est capable d’altérer la phosphorylation de Smad2/3 et ainsi de réduire son activation et ses
effets. La phosphorylation de Smad2/3 peut également étre induite par le TGF-f et inhibée par
des agents anti-oxydants in vitro tels que la NAC, le glutathion et la L-cystéine, ce qui souligne
le r6le des FRO dans 'activation de la voie Smad?2/3. Ainsi, dans notre modéle, la diminution
de phosphorylation de Smad2/3 est consécutive a la réduction des anomalies oxydatives obser-
vées dans la peau des souris ScS traitées par arsenic puisque celui-ci a un effet pro-apoptotique
sur les fibroblastes ScS. Cette diminution d’activation de Smad2/3 contribue a inhiber ’exces

de dépdt de collagéne conduisant a la fibrose.
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Comme avec les précédents traitements in-vivo administrés aux souris, nous avons obser-
vé que le trioxyde d’arsenic exercait des effets immuno-régulateurs chez les souris ScS. En ef-
fet, les souris ScS traitées par I’As,O, présentent une diminution du nombre de lymphocytes
B, et T CD4+ spléniques et des concentrations d’auto-Ac sériques. De plus, cet effet immuno-
modulateur est aussi observé au niveau cytokinique avec une baisse de la production splénique
d’IL-4 et d’IL-13, deux cytokines capables de déclencher la synthése de collagene par les fibro-
blastes (voir chapitre 1). Les concentrations de ces cytokines sont d’ailleurs augmentées dans
le sérum et la peau des patients sclérodermiques [57], [267], [63]. En délétant de maniére sé-
lective les fibroblastes “malades”, I’As,O, abroge la production chronique de FRO et 'oxyda-
tion consécutive de protéines (en particulier d’ADN Topoisomérase-1). Comme nous ’avons
vu dans l'article 1 sur la mise au point du modele murin, I’ADN Topoisomérase-1 oxydée est
particuliérement immunogene et est responsable de la rupture de tolérance immunologique
dans la ScS. Ainsi, I’arsenic, en inhibant ’oxydation protéique, empéche I'induction d"une ré-
action auto-immune en limitant la production de I’auto-antigéne. Cependant, il n’est pas exclu
que le trioxyde d’arsenic ait également un effet direct sur les cellules T activées pour inhiber le
développement de la réponse auto-immune. En effet, il a été montré dans différents modéles
cellulaires et animaux que les lymphocytes activés pouvaient surproduire de 1'H,O, et deve-
nir hyper-sensibles a I'effet pro-apoptotique de 1’arsenic. Nous avons donc souhaité tester cette
hypothese dans le travail présenté dans l’article 6 en utilisant un autre modele de ScS basé sur

'activation lymphocytaire dans un contexte d’histo-incompatibilités mineures.

A la suite des résultats obtenus dans l’article 5 concernant la régulation de la réaction auto-
immune, nous avons voulu savoir sil’arsenic pouvait avoir un effet sur les lymphocytes activés.
En effet, I’As, O, a une efficacité démontrée sur les cellules hématopoiétiques malignes puisqu’il
est utilisé en thérapeutique chez 1’homme depuis quelques années pour traiter certaines hémo-
pathies malignes comme la LAM3 [268], ([269]. En outre, un article de 2010 a montré qu’en
plus de son activité sur les cellules malignes, I’arsenic pouvait induire ’apoptose de lympho-
cytes auto-immuns dans un modéle de lupus murin via un mécanisme mettant en jeu le stress
oxydant [270]. L'activation immunitaire joue un réle indéniable dans 1’entretien de la maladie
dans la ScS (voir chapitre 1.3 et article 1). D’ailleurs, la forme chronique de réaction du greffon
contre 'hote (GVHD) qui est causée par des phénomeénes alloréactifs entre cellules immuni-
taires du donneur et du receveur, est souvent comparée a la sclérodermie sur le plan clinique.

En effet, dans 15% des cas de GVHD chronique, on parle de réaction du greffon contré I'hote
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"sclérodermiforme". Des modeles animaux de sclérodermie basés sur la transplantation de cel-
lules hématopoiétiques chez un hote irradié, avec des incompatibilités HLA mineures entre
donneur et receveur ont d’ailleurs été mis au point (chapitre 1 voir 1.6). Afin d’étudier 1'im-
pact du trioxyde d’arsenic in vivo sur les lymphocytes activés, nous avons utilisé un modéle
animal de sclérodermie associée a la GVHD (Scl-GVHD), et avons traité les souris avec I’As,O,
sept jours apres la transplantation. Dans le modéle utilisé, des souris BALB/c irradiées ont été

transplantées avec des cellules de moelle-osseuse et de rate de souris B10.D2.

Quatre semaines apres la transplantation, les souris non traitées ont développé une fibrose
cutanée et viscérale et diverses manifestations cliniques proches de celles observées chez1’homme.
Les souris traitées par I’As,O, ont présenté une amélioration clinique manifeste avec un score

clinique global a ]28 de 2 versus 5 pour les souris ScI-GVHD non traitées.

Le traitement in vivo par 'arsenic a entrainé une diminution du nombre des lymphocytes
T CD4+ activés mémoires (CD4+ CD44high CD62L""). Les manifestations observées dans la
GVHD chronique dépendent de l’activation de cellules CD4+ du donneur spécifiques pour
certains antigenes HLA mineurs, alors que la GVHD aigué serait plutét dépendante des lym-
phocytes T CD8+ [271] [272] [273] [274] [275]. A la suite de la transplantation des cellules B10.D2
aux souris BALB/c irradiées, les lymphocytes T CD4+ naifs du donneur vont s’activer et dé-
clencher la maladie en infiltrant la peau, en y recrutant des macrophages et des monocytes, et

en induisant une fibrose.

Puisque les T CD4+ activées sont les cellules initiatrices de la maladie et que le traitement par
'arsenic entraine une réduction de cette population chez les souris, nous avons étudié le mé-
canisme d’action de l’arsenic sur ces cellules. Nous avons ainsi pu montrer par des expériences
in vitro que les lymphocytes T CD4+ B10.D2 stimulés par les splénocytes de BALB/c irradiés
contenaient de faibles concentrations de GSH et produisaient de fortes quantités d’'H,O, par
rapport aux T CD4+ B10.D2 stimulés par des splénocytes de B10.D2 irradiés. De précédentes
études avaient également rapporté une surproduction de FRO par les lymphocytes T dans cer-
taines conditions d’activation [272]. Nous avons ensuite montré que les forts taux d"H,O, pro-
duits par les T CD4+ activés rendaient ces cellules particuliérement sensibles a 1’action de I’arse-
nic et a 'apoptose induite par ’arsenic. Ainsi, dans nos expériences in vitro, I’arsenic induit une
chute des taux de GSH intra-cellulaires associée a une augmentation de la production d'H,O,

au-dela du seuil 1étal pour la cellule, induisant son apoptose. Nos résultats confirment donc
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le role joué par le statut oxydant/anti-oxydant du lymphocytes dans sa sensibilité a 1’arsenic

comme nous l’avons observé pour les fibroblastes.

Dans ce modele de ScS basé sur l'activation immunitaire, nous avons ensuite exploré les
altérations du profil cytokinique des splénocytes induites par I’arsenic, pensant qu’elles pour-
raient refléter les modifications des populations spléniques que nous avions observées. La pro-
duction splénique d’IL-17 était réduite chez les souris ScI-GVHD traitées par rapport aux sou-
ris Scl-GVHD non traitées. L'IL-17 semble jouer un role important dans le développement de la
GVHD. Ainsi, une étude a rapporté que 'amplification de la production d'IL-17 via l'utilisation
du G-CSF dans un modéle de GVHD chronique conduisait a ’apparition d'une fibrose cutanée
exacerbée [276]. Une autre équipe a utilisé un anticorps monoclonal dirigé contre I'IL-17 dans
la GVHD et a montré que ce traitement pouvait améliorer la fibrose cutanée [274][275]. Tres
récemment, 1’équipe de Nishimori a montré que l'acide rétinoique de synthése Am80 (appar-
tenant a la famille de I’acide-tout-trans-rétinoique ATRA) avait un effet bénéfique sur la GVHD
chronique via un effet régulateur sur les lymphocytes Th17 sécréteurs d'IL-17 [277]. Puisque
les acides rétinoiques de synthése augmentent la production cellulaire de FRO, il est possible
qu’ils aient une action toxique pro-oxydante vis-a-vis des LT Th17, comme 1’arsenic dans notre
modele. Outre la réduction de la production d’IL-17, nous avons observé une diminution des
taux d’IL-4 produits par les lymphocytes T spléniques activés des souris Scl-GVHD traitées par
rapport aux souris Scl non traitées. L'équipe de Zhou a observé dans le méme modele de sclé-
rodermie associée a la GVHD une augmentation des taux des cytokines Th2 dans la peau des
souris Scl-GVHD par rapport aux souris greffées de maniére syngénique [278]. Dans d’autres
modeles murins de GVHD chroniques, la réponse Th2 est requise pour le développement de la
fibrose cutanée et viscérale [154]. Ainsi, la diminution de la production d'IL-4 que nous avons
observée chez les souris Scl-GVHD traitées par 1’arsenic contribue probablement a ’'améliora-
tion de la fibrose. Globalement, les modifications des productions spléniques de cytokines dans
notre modele sont consécutives a une réduction de l’activation immunitaire apres traitement

par le trioxyde d’arsenic, et contribuent a ’amélioration des symptdmes cliniques.

Les concentrations d’anticorps anti-ADN Topoisomérase-1 étaient diminuées chez les sou-
ris Scl-GVHD traitées par l’arsenic par rapport aux souris ScI-GVHD non traitées. Le trioxyde
d’arsenic a eu le méme effet sur la production d’auto-anticorps (anti-DNA et facteurs rhuma-
toides) chez les souris lupiques MRL/lpr [12]. Il est possible que dans ce modele comme dans
le nodtre, 'arsenic prévienne le développement de la réaction auto-immune en ciblant spécifi-

quement les LT CD4+.
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Le role des cellules présentatrices de 1’antigéne (CPA) dans la GVHD chronique a récem-
ment été mis en avant. En effet, la co-stimulation des LT du donneur via I’expression de CD80
ou CD86 par les CPA de I'hote ou du donneur est nécessaire pour induire une GVHD chronique
[279]. Les pDCs sont tout particulierement impliquées dans la physiopathologie de la GVHD.
Ainsi, le transfert adoptif de pDCs matures chez le receveur entraine 1’exacerbation de la ré-
action de GVHD [280]. De plus, elles peuvent stimuler les cellules du donneur et induire une
réaction de GVHD en 'absence d’autres sous-populations de CPA [281]. L'irradiation du rece-
veur induit une inflammation et la maturation des pDCs, qui pourront ensuite activer les LT
[280]. Cependant, il a été récemment montré que les cellules précurseurs des pDCs pouvaient
atténuer les symptomes de la GVHD [282]. Ces derniers résultats soulignent les différentes
fonctions des pDCS selon I’environnement et le modéle de GVHD étudié [282]. Dans notre cas,
la population des pDCs spléniques était réduite chez les souris Scl-GVHD traitées par 1’arsenic
par rapport aux souris non traitées. Nous avons observé dans cette population une produc-
tion élevée d'H,O, et un contenu intra-cellulaire réduit en GSH, comme pour les LT CD4+
alloréactifs, rendant ces cellules sensibles a I'apoptose induite par I’arsenic. Nous avons confir-
mé l’action cytotoxique de l'arsenic sur les pDCs in vitro par la diminution de la production
d’IFN-a apres stimulation des pDCs par un agoniste du TLR-7. Cet effet sélectif de 1’arsenic sur
les pDCs pourrait apporter des éléments intéressants concernant le lupus érythémateux systé-
mique puisque I'I[FN-alpha a un rdle central dans la physiopathogénie de cette maladie [283],
[284]. Ainsi, I’équipe de Bobé a montré les effets bénéfiques de I’arsenic dans le modele de sou-
ris lupique MRL/lpr [270]. Comme nous, ils ont rapporté un effet cytotoxique de 'arsenic sur
les LT CD4+ activés via une réduction du GSH intra-cellulaire dans ces cellules, mais les effets
bénéfiques observés dans leur modele pourraient aussi étre médiés via une régulation de la

production d’IFN-alpha par les pDCs.

Les travaux que nous avons conduits sur les effets de 1'utilisation du trioxyde d’arsenic dans
deux modeles animaux de ScS (induite par 'HOCI et associée a la GVHD) suggerent que cette
molécule déja utilisée en hématologie clinique pourrait étre utilisée dans le traitement des dif-

férentes formes de cette maladie.
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Chapitre 5
CONCLUSION ET PERSPECTIVES

otre travail montre que le stress oxydant est au centre de la physiopathologie de la
ScS. Ainsi, grace au modéle murin mis au point au laboratoire et aux différents tra-
vaux d’étude de ses voies d’activation, nous avons établi que les FRO étaient impli-
quées dans I'induction de la maladie. Le stress oxydant contribue directement a la dérégulation
de diverses voies de signalisation aboutissant au phénotype hyperprolifératif des fibroblastes.
Ceux-ci apparaissent comme un phénomene-clé dans l'initiation de la maladie. L'activation du
systéme immunitaire semble, elle, étre secondaire a I'oxydation de protéines telles que 'ADN
Topoisomérase-1 qui provoque l'apparition de néo-épitopes et la rupture de tolérance du sys-
teme immunitaire. Les cellules immunitaires activées participent alors aux mécanismes lésion-

nels en association avec les FRO.
Les données présentées ici ouvrent plusieurs perspectives.

Tout d’abord, tenter d’identifier 'origine du stress oxydant initial chez les malades. En effet,
les FRO impliquées peuvent étre d’origine endogéne des le début de la maladie, mais égale-
ment d’origine environnementale chez certains malades. Une étude épidémiologique permet-
tant d’identifier les substances susceptibles de générer des FRO pourrait étre conduite afin de
renforcer les mesures préventives vis a vis de ces substances et de diminuer 'incidence de la

maladie ou au moins retarder son apparition.

La dérégulation de nouvelles voies de signalisation fibroblastique telles que la voie Notch,
celle des récepteurs aux cannabinoides, ainsi que les voies du PDGF et du VEGF, a été mise
en évidence dans ce travail. Nos résultats mettent en avant le lien entre stress oxydant et dys-
fonctionnement fibroblastique via la dérégulation de ces différentes voies de signalisation. Elles
représentent ainsi de nouvelles cibles thérapeutiques et ouvrent de nouvelles perspectives pour
le traitement de la sclérodermie systémique, alors méme que les cliniciens disposent de peu de
ressources thérapeutiques efficaces pour les patients. Plusieurs molécules agissant sur les voies
de signalisation étudiées sont actuellement testées en phase I ou II dans d’autres maladies, et

ont fait preuve de leur inocuité chez ’homme. Nos résultats apportent des arguments pour de
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futurs essais cliniques avec certaines de ces molécules, ainsi qu’avec I’arsenic trioxide, chez les

patients en phase précoce de développement de la sclérodermie systémique.
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Chapitre 6
ANNEXES

ous présentons dans ce chapitre nos autres travaux réalisés sur la sclérodermie sys-

témique.
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Purpose of review

To discuss the most recent published studies on chemical-induced animal models of
systemic sclerosis (SSc) and to precise the important signalling pathways that lead to
the initiation and progression of the disease in these models.

Recent findings

Environmental factors undoubtedly contribute to the initiation and the development of
SSc. Among those factors, bleomycin has been identified as a possible SSc-inducing
substance in mice. The bleomycin model mimics the inflammatory changes observed in
the early phase of the disease. This model has been extensively studied and has allowed
identification of several key pathways activated in the human disease. More recently, a
new chemical-induced model of scleroderma has been developed in mice using daily
intradermal injections of a solution generating hypochlorous acid (HOCI)-model. This
HOCI-model recapitulates the whole spectrum of the human disease, as fibrosis,
inflammation, autoimmunity and vasculopathy can be observed in mice and brought new
arguments for a major role of reactive oxygen species in the induction of local and
systemic fibrosis.

Summary

Chemically induced models truly develop a SSc-like disease and argue for a crucial role
of ROS in SSc.
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extensive fibrosis and vascular abnormalities. In addition,
features of autoimmunity can be observed. In this review,
we will focus on the chemically induced models that

Introduction
Despite growing efforts in the field of scleroderma

research, the pathogenesis of this possible life-threaten-
ing disease remains mysterious. More importantly, no
treatment has allowed full recovery from this disorder
to date. Therefore, animal models are needed to help
clarify the mechanisms involved in the development
of this condition and open new therapeutic avenues.
Systemic sclerosis (SSc) is a complex multifaceted
disease characterized by fibroblast dysfunction leading
to skin and sometimes systemic fibrosis, early endo-
thelium damages and production of specific autoanti-
bodies (AAbs) targeting nuclear proteins. Several animal
models, mostly murine, have been proposed to study one
or several of the aspects of the disecase [1-3]. Their
main features are given in Table 1. Avian models have
been helpful in assessing endothelial apoptosis [4,5].
Significant physiopathological and clinical differences
are observed between these models of SSc (Table 1).
In some of them, the animals develop an organ-specific
disease with a limited fibrosis, whereas in other models,
the animals display a more systemic disease including

recapitulate the systemic pattern of the disease. We will
detail their main clinical features and update some
pathophysiological mechanisms that have been recently
unravelled.

Bleomycin-induced fibrosis

The model of bleomycin-induced skin fibrosis is widely
used in the research on SSc. Yamamoto e a/. [6] have
established this murine model of skin fibrosis using daily
subcutaneous injections of bleomycin over a 4-week
period.

Overall features of bleomycin-induced fibrosis in mice
In this model, histopathological examination reveals
dermal sclerosis with cellular infiltrates that mimics the
histological features of human scleroderma (Table 1).
Hydroxyproline and type-I collagen contents are signifi-
cantly higher in bleomycin-treated skin than in normal
skin [6,7]. Alpha-smooth muscle actin (a-SMA)-positive

1040-8711 © 2011 Wolters Kluwer Health | Lippincott Williams & Wilkins DOI:10.1097/BOR.0b013e32834b 1606
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512 Raynaud phenomenon, scleroderma, overlap syndromes and other fibrosing syndromes

myofibroblasts differentiate progressively in the dermis
of bleomycin-treated mice and their count parallels the
development of dermal sclerosis [8]. The fibrosis is not
isolated, but is infiltrated by T cells, monocytes/macro-
phages and mast cells that are not pivotal in the induction
of fibrosis as the lesions can be induced in immunodefi-
cient and in mast cell-deficient mice [9-11]. The cuta-
neous changes are localized to the area surrounding the
injected site and persist at least 6 weeks after the end of the
treatment. In addition, lung fibrosis with cellular infiltrates
and damaged lung architecture can appear following
the administration of very high doses of subcutaneous
bleomycin [12]. Antinuclear AAbs, such as anti-Scl-70,
anti- U1-RNP, and antihistone antibodies also reflect the
development of a systemic immune reaction [13]. The
severity of the disease varies with the murine strain [7].

Role of the inflammatory process in bleomycin-induced
systemic sclerosis

The model of bleomycin-induced skin fibrosis mimics
early inflammatory changes in SSc. Indeed, bleomycin
triggers the production of reactive oxygen species (ROS)
that damage the surrounding cells, in particular endo-
thelial cells, and upregulate the expression of adhesion
molecules [14]. This sequence of events leads to the
attraction of leukocytes and the activation of resident
fibroblasts [6]. Activated fibroblasts produce and release
large amounts of extracellular matrix (ECM) proteins
that lead to skin fibrosis. In addition, activated fibroblasts
produce TGFR [8,15,16] that plays a key role in the
pathogenesis of fibrosis through synthesis of type-I and
type-1II collagens or fibronectin.

In the bleomycin model, T'GFB is produced by fibro-
blasts and infiltrating cells that predominantly comprise
macrophages at the sclerotic stage. Lesional skin not only
shows upregulated T'GFB production, but also increased
phosphorylated Smad2/3 [16], coactivators of the TGEFB/
Smad pathway, such as histone acetyltransferase p300
[17], and C'TGF [18] but decreased the expression of
Smad7. The role of the Smad3 pathway is confirmed
by the scarce fibrosis observed in Smad3-null mice [19]
and by the beneficial effect of novel inhibitor of Smad-
dependent transcriptional activation, HSc025, on bleo-
mycin-induced dermal and lung fibrosis [20°]. However,
in this model, T'GFB-stimulated collagen production is
also upregulated via Smad-independent signals with
chronic upregulation of the early growth response factor
(Egr)-1[21]. Mice with targeted deletion of Nab2, a factor
blocking Egr-1-dependent transcriptional responses,
display collagen accumulation in the dermis [22].

Bleomycin-induced skin fibrosis is widely used to mimic
the inflammatory stage of SSc and evaluate the potential
role of individual proinflammatory genes that could play a
role in the early phase of SSc. For instance, the mPGES-1

e Chemically induced models develop a systemic
disease with skin and lung fibrosis, autoimmunity
and some signs of vasculopathy that mimics the
human disease.

e In these models, particularly in the case of the
HOCI-model, the immune system does not seem
crucial for the initiation of the disease, but is
involved in the spreading of the damages.

e Both bleomycin and HOCIl-models emphasize the
role of reactive oxygen species in the pathogenesis
of systemic sclerosis.

isoenzyme (microsomal prostaglandin E2 synthase),
an enzyme that catalyzes the conversion of PGHZ to
PGEZ2 [23] in response to inflammation [24], is elevated in
SSc fibroblasts from both patients, and bleomycin-treated
mice and mPGES-1-null mice are resistant to bleomycin-
induced inflammation and fibrosis [25°].

Chemokines are also proinflammatory molecules that
play a pivotal role in SSc. Proinflammatory cytokines
and ROS are potent stimulators of CCL2 in skin fibro-
blasts [26]. CCL.2 and its receptor CCR2 are upregulated
in dermal fibroblasts and inflammatory cells from SSc
patients and from bleomycin-treated mice [27]. CCL2
upregulates TGFB gene expression and subsequently
the expression of type I collagen in fibroblasts [28].
Bleomycin administration to CCL2 knockout mice
reduces early inflammatory infiltrates and fibrosis [29].
The role of the inflammatory processes in the bleomycin
model has been further emphasized by the observation
that stat4 '~ mice are protected. The signal transducer
and activator of transcription-4 (STAT4) is a central
mediator of inflammation [30], and STAT4 variants have
been established as genes of susceptibility for SSc [31].
Consistent with a primary role of STAT4 in inflam-
mation, STAT4 deficiency is not associated with a
decrease in fibrosis in tsk-1 mice [32].

The role of cannabinoid agonists as anti-inflammatory
and antifibrotic agents has been demonstrated in several
inflammatory and fibrotic diseases. In bleomycin-induced
and HOCI-induced SSc, CB2 agonists limit leukocyte
infiltration and fibrosis, whereas CB2(—/—) mice display a
more severe disease in chemically induced models of SSc
[33,34°]. In fibroblasts from patients with SSc, both CB1
and CB2 receptors are increased and their exposure to
CB2 agonist or CB2/CB1 agonists reduces the deposition
of extracellular matrix and the differentiation into myofi-
broblasts [35]. The role of the CB1 receptor in controlling
the inflammatory and fibrotic process in SSc is less clear,
but CB1(—/—) mice display mild dermal infiltrates of
leukocytes and fibrosis following bleomycin injections
[34°,36].

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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Serotonin, also known as 5-hydroxytryptamine (5-H'T), is
released upon platelet activation. Platelets from SSc
patients are hyperactivated and serum levels of 5-H'T
are clevated [37]. Serotonin is a key mediator between
microvascular injury and tissue fibrosis in SSc and
injection of bleomycin in 5-HT,5 '~ mice induces only
minor dermal fibrosis [38°].

Immunological alterations in mice with bleomycin-
induced systemic sclerosis

The role of the various T helper subsets has been
extensively studied in SSc. Fibrosis has been associated
with a T-helper (Th)-2 immune response, partly con-
secutive to the downregulation of the antifibrotic Thl
cytokine interferon (IFN)-y. IL-4 is produced by
activated memory Th-2 cells and mast cells and promotes
fibroblast proliferation and synthesis of ECM proteins
[39,40]. IL-4 upregulates T'GFB production in eosino-
phils and T cells [41]. Increased IL.-4 levels are detected
in the sera or in diseased skin from patients with SSc [42]
and from bleomycin-treated mice [43,44]. Mice deficient
for T-bet, a Th1 initiating factor, show increased and
faster development of fibrosis with an exaggerated
immune response and a constitutive elevation of I1.-13
[45,46]. 1L.-13 is a potent stimulator of fibroblast prolifer-
ation and of collagen production [47,48] either directly
[49] or indirectly through TGFB [50]. In the bleomycin
model, IL.-13 synthesis is increased in the lesional skin,
and IL-13 receptor (IL-13R-a2) expression is increased
in the mononuclear cells and macrophages of the skin
infiltrate [44]. Furthermore, 11.-13-deficient mice fail to
develop skin sclerosis following bleomycin treatment
[46], confirming the role of 11.-13 in bleomycin-induced
scleroderma.

As in scleroderma, autoantibodies have been detected in
the bleomycin model. The transfer of CD4(+) T-cells
from bleomycin mice into untreated BALB/c nude mice
reproduce the clinical, histological and biological changes
of the conventional model, supporting the immunological
basis of the experimental disease [13]. On the other hand,
activated peripheral B cells also play a major role in
SSc through antibody or cytokine production [51]. In
CD19-deficient mice, induction of dermal and lung
fibrosis, cytokine expression and autoantibody produc-
tion are inhibited [12].

Consistent with the implication of B and 'I" cells in the
pathophysiology of SSc, a deficiency in ICOS, a member
of the CD28 family involved in the B-"T" cell cooperation,
also attenuates lung and skin fibrosis in bleomycin-
induced SSc [52°].

Signalling through adhesion molecules is activated in
fibroblasts from SSc patients and believed to be a key
step in the formation of fibrosis. Indeed, the deletion of

B1 integrin results in resistance to bleomycin-induced
fibrosis [53]. Moreover, L-selectin and ICAM-1 regulate
Th2 and Th17 cell accumulation in skin and lung,
leading to the development of fibrosis, and P-selectin,
E-selectin, and PSGL-1 regulate Thl cell infiltration,
resulting in the inhibition of fibrosis [54°°].

In terms of pharmacological treatment, if rapamycin, an
immunosuppressive drug with mT'OR inhibitory proper-
ties, inhibits fibrosis and immunological abnormalities by
decreasing the production of profibrotic cytokines such as
14, IL6, .17 and TGF in bleomycin-injected animals
[55°], methotrexate fails to exert any antifibrotic or any
anti-inflammatory effect in this model [56].

Reactive oxygen species-mediated animal
models of systemic sclerosis

T'he role of ROS in the pathophysiology of SSc has been
stressed by several observations in human and in
murine models [57-63]. Indeed, skin fibroblasts from
SSc patients spontaneously produce large amounts of
ROS that trigger collagen synthesis [61,64]. Moreover,
in SSc patients, AAbs to the platelet-derived growth
factor (PDGF) receptor expressed on fibroblasts also
induce the production of ROS [65]. In addition, sera
from patients with SSc can induce the production of
ROS by endothelial cells, and also the proliferation of
fibroblast [60].

Implication of reactive oxygen species in the
pathogenesis of systemic sclerosis

The release of ROS by fibroblasts and endothelial cells
can activate several pathological processes triggering the
development of SSc. Thus, ROS can oxidize DNA-
topoisomerase-1 and induce the breach of tolerance to
this nuclear autoantigen [66,67]. The autoimmune
phenomenon can be amplified by the inflammatory
reaction that results from the overproduction of ROS.
The fibrotic process can also be stimulated by the
disequilibrium in the redox status. Indeed, ROS elicit
the differentiation of fibroblasts into myofibroblasts
cither directly or through the activation of the ADAM17/
NOTCH pathway [68°] or through the release of TGF-3
from activated cells [69]. Finally, ROS can also stimulate
the growth of dermal fibroblasts through the activation of
the Ras pathway and thus explain the proproliferative
capabilities of SSc fibroblasts extracted from diseased SSc
skin [70].

Phenotype of hypochlorous acid-induced systemic
sclerosis

Recently, limited and diffuse forms of SSc have been
reproduced in mice by repeated intradermal injections
of agents generating various types of ROS [67].
Those experiments not only provide an additional

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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demonstration of the implication of ROS in the
development of SSc, but also provide new animal models
of SSc mimicking limited or diffuse SSc. The intradermal
injections of agents generating peroxynitrite anions
(ONOO") into the skin of BALB/c mice induce limited
cutaneous fibrosis and the production of anti-CENP-B
antibodies in the absence of lung involvement. This dis-
ease shares numerous features with the limited cutaneous
form of SSc in human. On the other hand, intradermal
injections of agents generating hydroxyl radicals (OH®)
or hypochlorous acid (HOCI) to BALB/c mice induce
cutaneous and lung fibrosis, characteristic kidney damages
along with the production of serum anti-DNA-topoisome-
rase-1 antibodies, all features that characterize diffuse
cutaneous SSc in humans (Fig. 1 and Table 1).

The phenotype of mice exposed to HOCI injections
has been further investigated. These mice develop an

515

extensive skin and lung fibrosis after 6 weeks of daily
intradermal HOCI injections. As in the bleomycin-model,
cutaneous changes are localized in the area surrounding
the injected site. However, skin fibrosis persists at
least 10 weeks after the end of HOCI administration.
HOCI-induced SSc can be induced in various strains
of mice including BALB/c, C57BL6, DBA/1 or NZB
mice. The skin of mice exposed to HOCI contains
myofibroblasts that produce high amounts of collagen,
express a-SMA and display a high proliferation rate.
HOCI injection increases B-cell and CD4% T-cell
numbers in the spleens and total serum IgG and IgM
Ab levels, with the production of anti-DNA topoisome-
rase-1 AAbs, which are a hallmark of SSc. In the lungs,
immunohistochemical analysis evidences inflammatory
infiltrates that mostly comprise T' lymphocytes. In this
model, endothelial cell damages occur early as suggested
by the high amounts of endothelial microparticles and of

Figure 1 Injections of an HOCI solution generating hydroxyl radicals (OH") intradermally for 6 weeks induces a systemic sclerosis

phenotype in mice
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sVCAM-1 and sE-selectin found in the bloodstream of
HOCI mice.

Pathophysiology of hypochlorous acid-induced
systemic sclerosis

The pathophysiological mechanisms of the HOCI-model
are not fully understood but HOCI injections produce
inflammatory changes as in the early phase of SSc. ROS
play a direct role in the induction of local and systemic
fibrosis, in the autoimmune process and in the vascular
damages. Intradermal HOCI stimulates fibroblasts to
produce ROS that increase the phosphorylation of
ERK1/2, activate the Ras pathway and confer a hyper-
proliferative phenotype to discased fibroblasts. As in
humans, this phenomenon becomes autonomous,
because fibroblasts extracted from diseased skin and
cultured in the absence of HOCI still display a hyper-
proliferative rate and an overproduction of ROS after
several passages. The production of ROS induces the
differentiation into a-SMA-expressing myofibroblasts,
stimulate the production of type-I collagen and leads to
skin fibrosis. In addition, ROS decreases the intracellular
pool of reduced glutathione and allows the production
of oxidized intracellular proteins, especially of oxidized
DNA-topoisomerase-1. Remarkably, the sera of both
HOCI-mice and SSc patients contain high amounts of
oxidized proteins that reflect the severity of the disease
and whose release into the bloodstream participates
in the spreading of the disease. Indeed, the serum of
HOCI-mice and of SSc patients triggers the in-vitro
production of high amounts of H,O, when applied to
fibroblasts or endothelial cells. The oxidized proteins
contained in those sera are necessary and sufficient to
reproduce the whole pro-oxidative properties of the sera.
Among them, oxidized DNA-topoisomerase-1 is especi-
ally involved in the progression of the disease. Oxidized
DNA-topoisomerase-1 activates fibroblasts to produce
ROS, to proliferate and to synthesize type I collagen.
Oxidized DNA-topoisomerase-1 is a modified auto-
antigen probably responsible for the breach of tolerance
to native DNA-topoisomerase-1. Indeed, AAbs to DNA-
topoisomerase-1 show a higher avidity to the oxidized
than to the native protein. The role of the immune
system in this model has been extensively studied.
In addition to AAbs, HOCIl-mice have higher numbers
of T" and B cells than normal mice. Moreover, activated
T cells overproduce the two Th2 profibrotic cytokines
IL-13 and IL-4. The immune reaction essentially
affects lung fibrosis which is abrogated in SCID mice,
whereas skin fibrosis is the same as in immunocompetent
mice. Thus, the autoimmune process is essential for the
systemic spreading of the disease in the HOCI-model.
Several pathways are involved in the induction of the
disease by HOCI: less TGFR is found in the skin of
HOCI-mice than in the bleomycin-model but the same
increase in phosphorylated Smad2/3 is found in the skin

of both models. This discrepancy can be explained by
the increased catabolism of skin TGFB because of HOCI
injections. In patients as in both HOCI and bleomycin
models, the activation of the Notch pathway plays a
central role in the development of fibrosis and auto-
immunity. Moreover, Notch inhibition by a +y-secretase
inhibitor effectively abrogates the development of the
disease [68°,71]. In the HOCIl-model, the overproduction
of ROS activates ADAM 17, a protease involved in
NOTCH cleavage [68°]. As in patients [72-74], the
diseased skin of HOCI-mice contains high levels of
activated phosphorylated PDGFRs and vascular endo-
thelial growth factors (VEGERs). The PDGF/PDGFRs
signalling pathway could induce fibrosis as suggested in
the human disease, whereas the uncontrolled activation
of the VEGF/VEGFRs pathway could be responsible for
the microangiopathy. In HOCI-mice, the simultaneous
inhibition of the phosphorylation of VEGFR and
PDGFR by the tyrosine kinase inhibitor sunitinib
prevents the development of skin and lung fibrosis
(N. Kavian e a/., unpublished observation).

Conclusion

Among the numerous models that may help researchers
in the field of scleroderma, chemically induced models
are casy to handle and reproducible. These models can
be induced in several different strains of mice. More
importantly, these models truly develop a systemic
disease with skin and lung fibrosis, autoimmunity and
some signs of vasculopathy. If the mechanisms of both
bleomycin-induced and HOCI-induced models are not
fully understood to date, both models argue for a crucial
role of ROS in SSc, data that are confirmed in human SSc.

Nevertheless, there is no doubt that none of these models
can fully encompass all the features of SSc, which is all
the more true given the heterogeneity of the human
disease. Consequently, the most important point to keep
in mind may be to know the limits of each model, and to
test, as soon as possible, the hypothesis drawn from
animal experiments in SSc patients.
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ABSTRACT

The Notch pathway is an evolutionary conserved signalling mechanism that regulates cellular
fate and development in various types of cells. The full spectrum of Notch effects has been
well studied over the last decade in the fields of development and embryogenesis. But only
recently several studies emphasized the involvement of the Notch signalling pathway in
fibrosis. This review summarizes the structure and activation of the Notch family members,
and focuses on recent findings regarding the role of Notch in organ fibrogenesis, in humans

and in animal models.
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INTRODUCTION

The treatment of tissue fibrosis is a challenge for the medical community. Indeed, 40 % of the
developed world mortality is caused by fibrotic diseases and, to date, no efficient therapy is
available. Over the past two years, an increasing number of papers have reported the
involvement of new mediators in fibrogenesis, including the Notch-signalling pathway. In the
present review, we will first present the Notch family members, their functions and structures.
Then, we will focus on the implication of Notch-signalling in fibrosis and develop its role in
the development of fibrotic diseases affecting various organs especially in the context of

rheumatic diseases.

STRUCTURE, ACTIVATION AND FUNCTIONS OF NOTCH RECEPTORS AND LIGANDS

Notch proteins are single-pass transmembrane receptors with a conserved expression among
animal species during evolution. Their principal function is the regulation of many
developmental processes, including proliferation, differentiation and apoptosis [1]. Four
Notch proteins have been described in mammals (Notch 1 to 4), and they have non-redundant

functions during embryogenesis [2].

Structure of Notch receptors and ligands
Notch receptors are located at the cell surface with extracellular and intracellular portions
linked in a non-covalent manner (figure 1). The binding of the extracellular portion to its
ligand triggers two successive proteolytic cleavages in the receptor. The second cleavage
leads to the release of the intracellular portion of the receptor in the cytoplasm and its
translocation to the nucleus. The Notch extracellular domain is characterized by numerous
EGF-like repeat domains (29 to 36) that are critical for the binding of the ligand [3]. EGF-like

repeats are followed by three cystein-rich domains (LIN) that prevent signalling in the
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absence of ligation [4]. The intracellular portion of Notch receptors (NICD, Notch Intra-
Cellular Domain) contains regions which mediate signal transduction: a RBP-J-associated-
molecule (RAM) domain, ankyrin repeats (ANK) which interact with downstream proteins, a
transactivation domain (TAD) and a C-terminal PEST (Prolin, Glutamic acid, Serin,
Threonin) domain that is pivotal for the stability of the protein. Vertebrates and mammals
have four different Notch receptors, that differ mainly in the number of EGF-like repeats and
C-terminal sequences located between the ANK and PEST domains.

Notch ligands are transmembrane proteins with a large extracellular portion. They are
encoded by genes of the Jagged (JAG1 and JAG2) and Delta-like (DLL1, 3 and 4) families
[4]. Each ligand contains EGF-like domains and a “Delta-Serrate-Lag” (DSL) sequence,
conserved among Drosophila melanogaster, Caenorhabditis elegans and vertebrates (figure 1).
Depending on the context, the ligand can be produced by a cell from the same lineage as the
cell expressing Notch receptor or from a disctinct population [5]. Also, ligands can interact
with Notch within the same cell (cis-interactions), and inhibit Notch signalling [6]. The
mechanisms leading to the expression of an active ligand on the cell surface are still not clear,

and further molecular studies are needed.

Activation of Notch receptors
The activation of the Notch-signalling pathway requires cell to cell contact. The binding of
Notch to one of its ligands triggers an extracellular cleavage by the ADAM17 metalloprotease
(also named TACE, for Tumor-necrosis-factor Alpha Converting Enzyme), thus leading to the
formation of a membrane-tethered cleaved form of Notch (called NEXT), which is not the
active form of the receptor [7]. This first step is followed by a second cleavage achieved by a
y-secretase complex [8]. The Notch cleavage by the y-secretase enzymatic complex allows the

release of the intracellular domain of Notch (NICD), the active form of Notch proteins [9].
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The y-secretase complex is the target of DAPT, a pharmacological inhibitor of the Notch
pathway used in several preclinical studies mentioned below. NICD translocates to the
nucleus where it induces target genes, that belong mainly to the Hes and Hey family [1, 2].

The release of the intracellular portion of Notch receptors is a key-step in the activation of the
Notch pathway because NICD is directly involved in the transcriptional regulation of nuclear
target genes, without relying on second messengers or phosphorylation cascades [5]. Not only
is the activity of Notch receptors regulated by ligand binding and proteolytic cleavages, it is
also regulated through post-transcriptional mechanisms such as glycosylation, endocytosis, ,

endosomal trafficking and recycling, and ubiquitination [3, 5].

Functions of Notch receptors
Notch-signalling controls the developmental fate and differentiation of cells. Thus, mutations
of Notch receptors and ligands in mice lead to dysfunctions in many tissues, including the
vascular system and the immune system. In humans, mutations of genes coding for different
members of the Notch pathway have been linked to hereditary diseases, including the Alagille
syndrome, CADASIL syndrome (Cerebral Autosomal Dominant Arteriopathy with
Subcortical Infarcts and Leucoencephalopathy), tetralogy of Fallot, and spondylocostal
dysostosis [10, 11]. Moreover, deregulation of Notch signalling can lead to cancer [12]. The
involvement of Notch in the development of haematological malignancies, such as T-acute
lymphoid leukemia, is now established, and recent studies have reported a role for Notch in
solid tumours [11]. Indeed, depending on the cell type and context, Notch can act as a tumor

promoter or suppressor [12].

NOTCH AND EPITHELIAL-MESENCHYMAL TRANSITION (EMT)
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Epithelial-mesenchymal transition is a process, initially described in early embryogenesis,
through which epithelial cells acquire a mesenchymal-like phenotype [13]. Epithelial cells
lose their epithelial characteristics, including E-cadherin expression and apical-basal polarity,
and reorganize their cytoskeleton to acquire a motile behaviour and the phenotype of
myofibroblasts. This dynamic process has been well studied in the embryonic development,
but also plays a key role in the genesis of new fibroblasts during the development of organ
fibrosis in adult tissues. Indeed, in mature tissues, epithelium can undergo EMT following
epithelial stress such as inflammation or wounding, leading to fibroblast proliferation and
fibrogenesis [14]. Thus, epithelia contribute to fibrosis by creating new fibroblasts that coexist

with resident fibroblasts to produce extracellular matrix in excess.

A large bulk of evidence suggests that EMT is associated with fibrotic diseases such as
progressive chronic kidney disease, lung fibrosis and, possibly, liver fibrosis [14, 15].
Recently, several studies have shown that the Notch pathway is involved in the EMT
induction process [16, 17]. In 9.5 days old mouse embryos Timmerman and colleagues
demonstrated that Notch is critical for the promotion of EMT in the developing heart. In this
study, mice with a targeted deletion of Notchl receptor or its effector RBP-JK-CSL exhibited
abnormal maintenance of intracellular endocardial adhesion complexes and abortive
endocardial EMT in vivo and in vitro. In another recent study [17], Aoyagi-lkeda and
colleagues have shown in RLE-6TN cells (rat alveolar epithelial cells) that the activation of
the Notch pathway by ectopic expression of NICD or by co-culture of RLE-6TN cells with
Jagged-1, induces the expression of a-SMA, a marker of myofibroblasts, type-1 collagen and
vimentin. They showed that the Jagged1/Notch signalling pathway induces epithelial-to-
mesenchymal transition by interactions with the TGF-f pathway. Indeed, Notch induces the

production of TGF-1 and the phosphorylation of Smad3 that favours the expression of a-
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SMA and leads to EMT. Thus, overexpression of Notch family members can induce EMT and

fibrogenesis in various organs.

NOTCH AND FIBROTIC DISEASES
Recently, several papers have suggested that overexpression of Notch signalling may have
fibrogenic effects in a wide spectrum of diseases, including scleroderma [18, 19], idiopathic

pulmonary fibrosis [20], kidney fibrosis [21], and cardiac fibrosis [22].

Skin fibrosis and systemic sclerosis

In humans, Notchl is expressed in all epidermal layers. Notch ligands Jagged and Delta-like
are also expressed in the epidermis. Notchl induces the differentiation of keratinocytes
through the expression of early markers such as keratinl and involucrin [23]. Notchl, 2, and 3
are also expressed in the hair follicle and are essential for its homeostasis.

Interestingly, Notchl is also expressed in skin fibroblasts, and is able to induce the
transcription and expression of a-SMA through the activation of FIZZ1 (also known as
resistin-like molecule-o,, RELM-a., or hypoxia-mediated inducible factor), thus triggering the

differentiation of fibroblasts into myofibroblasts.

Systemic sclerosis (SSc) is a connective tissue disease characterized by vascular dysfunction,
fibrosis of skin and visceral organs, and immunologic dysregulation associated with the
presence of autoantibodies [24]. Although environmental and genetic factors have been
incriminated, the mechanisms that are directly implicated in the pathogenesis of the disease

are still unclear [25]. Some advances have been made to treat vascular complications, but no
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treatment has shown convincing effectiveness to reduce skin and visceral fibrosis. An
increasing amount of evidence suggests that the Notch pathway is implicated in the
development of the fibrosis that characterizes SSc in both rodent and human [18, 26, 27].
Indeed, Notchl is activated in the lesional skin of SSc patients and in their fibroblasts [18,
26]. Mice with ROS-induced SSc, bleomycin-induced SSc and Tskl-mice also display
elevated levels of NICD in skin and lungs. This accumulation of NICD is associated with the
overactivation of ADAM17 (TACE), a proteinase involved in Notch activation through the
first cleavage of the Notch receptor [18]. Moreover, treating mice with DAPT, a y-secretase
inhibitor that blocks the release of NICD, can reduce the collagen content in skin and lungs
and the production of autoantibodies, thus preventing the development of SSc in the different
mouse models [18, 26, 27]. Similarly, treating SSc-mice with Notch siRNA prevented dermal
thickening and fibrosis [27].

The activation of the Notch cascade has major implications on the activation of fibroblasts in
SSc. Indeed, the stimulation of SSc fibroblasts with a recombinant Jag-1-Fc chimera results in
their differentiation into myofibroblasts expressing high levels of a-SMA and producing high
amounts of collagen and ECM [26]. The pharmacological blockade of Notch-signalling with
DAPT can also normalize the proliferation rate of dermal fibroblasts extracted from lesional
skin. In a wound-healing mouse model, the increase in fibroblast proliferation has been
correlated with the activation of the Notch pathway and can be blocked by the treatment of
mice with DAPT, showing that Notch-signalling plays important roles in the proliferative
properties of fibroblasts [28].

These data emphasize the role of Notch in the fibrotic process observed in SSc in humans and
in several animal models.

Several hypotheses can explain the overactivation of Notchl in SSc. First, reactive oxygen

species (ROS) could activate Notch in SSc-fibroblasts. Indeed, the involvement of ROS in the
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pathophysiology of SSc [29-33] has been emphasized in a large number of studies, and we
have developed a model of murine SSc induced by ROS [34]. In this model, skin fibrosis is
induced by intradermal generation of HOCI that oxidizes skin proteins. Among those proteins,
oxidized DNA topoisomerase-1 itself can generate an oxidative stress. This stress leads to the
stimulation and proliferation of fibroblasts and to the overproduction of collagen and fibrosis.
It also involves endothelial cells and is, at least partly, responsible for a vasculopathy. The
development of fibrosis is not limited to the skin, because DNA topoisomerase-1 and other
oxidized proteins can circulate and determine a systemic fibrosis. Figure 2 describes the
hypothetical mechanisms of activation of Notch receptors in ROS-mediated SSc during this
process. Intradermal ROS can also induce the synthesis of the metalloprotease ADAM17 [18,
35, 36]. ADAMI17 that triggers the first step of Notch activation, that is the shedding of the
ectodomain of the receptor. ROS-induced ADAM17 could be a major factor of activation of
the Notch pathway in SSc. In addition, the ischemia-reperfusion process can activate HIF-1a
and lead to an increase in Notchl mRNA levels. In Ras-transformed human fibroblasts,
oncogenic Ras activates Notchl-signalling, which is required to maintain the neoplastic
phenotype of these cells [37]. In SSc, the hyperproliferative phenotype of fibroblasts has been
associated with elevated levels of Ha-Ras and Ki-Ras [38]. Ha-Ras and Ki-Ras could activate
the Notch pathway and thus trigger their differentiation into myofibroblasts with elevated
proliferative capacities.

Altogether, the data obtained in skin fibroblasts both in vitro and in vivo, demonstrate a
pivotal role for Notch-signalling in the development of skin fibrosis especially in patients with

SSc.

Pulmonary fibrosis
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Progressive primary idiopathic or secondary pulmonary fibrosis as observed in SSc, is a
rapidly progressive illness whose pathophysiology remains poorly understood. The
histological lesions show fibroblast foci where mesenchymal cells proliferate and produce
aberrant levels of ECM. Some studies suggest that TGF-p is involved in the recruitment of the
fibroblasts [39]. Active pulmonary fibrosis is characterized by fibroblast proliferation,
emergence of myofibroblasts, ECM deposition and tissue remodelling. A recent study on the
abnormal differentiation of respiratory epithelial cells in idiopathic pulmonary fibrosis has
reported the activation of the Notch pathway in the lung. Hes-1, a Notch target gene, was
highly expressed in lung mucus cells from patients with chronic obstructive pulmonary
disease, idiopathic pulmonary arterial hypertension and idiopathic pulmonary fibrosis [20].

FIZZ-1 is expressed by airway epithelial cells and alveolar epithelial cells and is endowed
with fibrogenic properties [40]. In the lung, TGF-p and FIZZ-1 can induce myofibroblast
differentiation and stimulate a-SMA expression in fibroblasts [41]. A study published by Liu
and colleagues has shown that the Jaggedl/Notch-signalling pathway is upregulated in
response to FIZZ-1 and is crucial for the myofibroblast differentiation of lung fibroblasts [42].
Using FX-ko mice that exhibit deficient Notch-signalling in the absence of exogenous fucose
supplementation, they showed that Notch is required for the upregulation of a-SMA induced
by FIZZ-1. They used the model of bleomycin-induced pulmonary fibrosis to confirm that
FI1ZZ-1 induces and promotes myofibroblast differentiation in vivo through Notch-signalling.
Pulmonary fibrosis is associated with a TH2 cytokine response modulated in part by Jagged
1/Notch 1 signalling that regulates TH2 differenciation and the transcription of the gene of IL-
4 (33). Interestingly, the induction of pro-inflammatory and pro-fibrotic factors (MCP-1,

TNF-a, IL-4, TGF-P) was impaired in Notch-deficient mice.

Chronic kidney disease
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Renal fibrosis is characterized by the increased deposition of collagen and extracellular
matrix, proliferation of myofibroblasts, migration of leukocytes, dysfunctions of epithelial
cells and loss of capillaries. During kidney injury, fibroblasts can originate from various
sources. Recent experiments have suggested that 15 % of fibroblasts originate from bone-
marrow, 35 % from local EMT involving tubular epithelial cells under inflammatory
conditions, and the rest results from local proliferation [14]. Several pathways have been
implicated in the development of renal fibrosis, and a growing number of data indicate that
Notch-signalling plays a key role in its pathogenesis.

During kidney development, Notchl and Notch2 are expressed but do not play redundant
roles [43]. Both receptors are required for proximal tubule and podocyte developments. In
mature human and rodent developed kidneys, Notch activity is not detected, indicating that
the pathway is mostly silenced once kidney development is complete [44]. The reactivation of
this pathway is implicated in various renal disorders in humans and in animal models. Murea
and colleagues have shown that elevated levels of Notch ligands and receptors are detected in
several glomerular diseases, such as membranous nephropathy, lupus nephritis, crescentic
glomerulonephritis and tubulointerstitial fibrosis [44, 45]. A correlation was found between
the severity of the tubulointerstitial fibrosis and the expression of cleaved Notchl in the
tubulointerstitium. Concomitantly, another study showed that Notch plays a key role in the
development of tubulointerstitial fibrosis in patients and in mouse models [21]. Using
pharmacologic and genetic in vivo and in vitro experiments, the authors demonstrated that the
expression of Notch in renal tubular epithelial cells is necessary and sufficient for the
development of tubulointerstitial fibrosis. Moreover, genetic deletion of the Notch pathway in
these cells reduced renal fibrosis. A previous report had shown that transgenic mice with
elevated expression of Notchl in podocytes develop albuminuria and sclerosis of the

glomerule and die by the age of 3 weeks [46].
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Taken together, all these data indicate that the Notch pathway plays a key role in kidney
fibrosis. Pharmacological inhibition of the Notch pathway could be an important therapeutic
strategy for chronic kidney diseases and further studies are needed to determine the

effectiveness of such treatments.

Cardiac repair
Notch-signalling plays a central role in heart development. In humans, the Alagille syndrome,
an autosomal dominant disorder characterized by congenital heart deficiency with pulmonary
artery stenosis, enlarged right ventricle and atrial and ventricular septation defects, is linked to
Jagl and Notch2 mutations [47]. In mice, null mutants for Jagl, Notchl, Notch2 and RBPJK
display multiple cardiac defects leading to early embryonic mortality [48]. In the mammalian
adult heart, Notch-signalling is downregulated [49]. The mammalian adult heart responds to
injury with fibrosis, and recent findings suggest that Notch-signalling is critical for cardiac
repair. Increasing Notchl signalling in mesenchymal-stem cells leads to decreased infarction
size and improved cardiac function after myocardial infarction [50]. Furthermore, Russell and
colleagues showed that the Notch pathway is activated in epicardial-derived cells and drives
their transdifferentiation into fibroblasts after injury, through an EMT process [22]. Finally,

these data provide new evidence for a role for Notch in cardiac repair.

CONCLUSION
The Notch pathway, first described for its major role in the development of organisms, is also
a key mediator in fibrogenesis as demonstrated by recent studies on skin, lung, kidney and

cardiac fibrosis. Further studies are needed, especially in vivo and in patients, to determine
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whether the inhibition of Notch ligands, receptors or downstream target genes could be

effective curative strategies to treat established fibrosis.
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ORIGINAL ARTICLE

The Organotelluride Catalyst (PHTE),NQ Prevents
HOCI-Induced Systemic Sclerosis in Mouse

Wioleta K. Marut'#, Niloufar Kavian'#, Amélie Servettaz'?, Carole Nicco', Lalla A. Ba®, Mandy Doering3,
Christiane Chéreau', Claus Jacob®, Bernard Weill' and Frédéric Batteux'

Systemic sclerosis (SSc) is a connective tissue disorder characterized by skin and visceral fibrosis, microvascular
damage, and autoimmunity. HOCI-induced mouse SSc is a murine model that mimics the main features of the
human disease, especially the activation and hyperproliferation rate of skin fibroblasts. We demonstrate here
the efficiency of a tellurium-based catalyst 2,3-bis(phenyltellanyl)naphthoquinone ((PHTE),NQ) in the treatment
of murine SSc, through its selective cytotoxic effects on activated SSc skin fibroblasts. SSc mice treated with
(PHTE),NQ displayed a significant decrease in lung and skin fibrosis and in alpha-smooth muscle actin (¢-SMA)
expression in the skin compared with untreated mouse SSc animals. Serum concentrations of advanced
oxidation protein products, nitrate, and anti-DNA topoisomerase | autoantibodies were increased in SSc mice,
but were significantly reduced in SSc mice treated with (PHTE),NQ. To assess the mechanism of action of
(PHTE),NQ, the cytotoxic effect of (PHTE),NQ was compared in normal fibroblasts and in mouse SSc skin
fibroblasts. ROS production is higher in mouse SSc fibroblasts than in normal fibroblasts, and was still
increased by (PHTE),NQ to reach a lethal threshold and kill mouse SSc fibroblasts. Therefore, the effectiveness
of (PHTE),NQ in the treatment of mouse SSc seems to be linked to the selective pro-oxidative and cytotoxic
effects of (PHTE),NQ on hyperproliferative fibroblasts.

Journal of Investigative Dermatology advance online publication, 26 January 2012; doi:10.1038/jid.2011.455

INTRODUCTION

Systemic sclerosis (SSc) is an autoimmune disease of
unknown etiology, characterized by fibrosis of the skin and
internal organs, vascular dysfunction, and impaired immunity
(LeRoy and Medsger, 2001). However, the mechanisms that
underlie the clinical manifestations of the disease remain
unclear (Gabrielli et al., 2009). Several reports have shown
that reactive oxygen species (ROS) are involved in the
pathogenesis of SSc (Simonini et al., 1999; Sambo et al.,
2001; Allanore et al., 2004; Ogawa et al., 2006; Servettaz
et al., 2007; Avouac et al., 2010). Indeed, skin fibroblasts in
SSc patients spontaneously produce large amounts of ROS
that trigger collagen synthesis (Sambo et al., 1999, 2001).
Intradermal injection of specific ROS-generating substances
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can reproduce the main features of local and systemic mouse
SSc, depending on the type of ROS generated (Servettaz et al.,
2009). In addition, anti-PDGFR (Platelet-Derived Growth
Factor Receptor) autoantibodies found in SSc patients
trigger the production of ROS (Svegliati Baroni et al., 2006).
Recently, we have reported that sera from patients with SSc
can induce the production of ROS not only by endothelial
cells but also by the proliferation of fibroblasts (Servettaz
et al., 2007). The release of ROS by fibroblasts and
endothelial cells can activate several processes that trigger
the development of SSc. In fact, ROS can oxidize specific SSc
antigens such as DNA topoisomerase 1 and lead to this
autoantigen’s breach of tolerance (Casciola-Rosen et al.,
1997; Servettaz et al., 2009). The autoimmune phenomenon
can be amplified by the inflammatory reaction that results
from the overproduction of ROS. This fibrotic process may
also be related to the imbalance of the oxidant/antioxidant
status in SSc. For instance, in vitro studies have shown that
ROS triggers the differentiation of fibroblasts into myofibro-
blasts, either directly or through the activation of the
ADAM17/NOTCH pathway (Kavian et al., 2010), and also
through the release of transforming growth factor-B from
activated cells (Bellocq et al., 1999). Finally, ROS can
stimulate the growth of dermal fibroblasts through the
activation of the RAS pathway, which explains the hyper-
proliferative properties of SSc skin fibroblasts (Svegliati et al.,
2005). However, if intracellular ROS can stimulate cell
growth, they can also induce cell death beyond a certain
threshold, as seen in tumor cells (Laurent et al., 2005; Morgan
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and Liu, 2010; Coriat et al., 2011; Lonkar and Dedon, 2011).
Interestingly, some catalytic agents called “’sensor/effector”
multifunctional redox catalysts can modulate the intracellular
redox balance by generating more reactive oxidants or by
targeting cysteine residues in proteins. These molecules seem
to be particularly effective and selective (Fry and Jacob,
2006). Among the ‘“sensor/effector” multifunctional redox
catalyst agents, quinone- and chalcogen (selenium, tell-
urium)-containing agents have shown an in vitro cytotoxic
activity against various types of tumor cells (Doering et al.,
2010; Coriat et al.,, 2011; Lilienthal et al., 2011). These
observations have prompted us to try these new cytotoxic
organotelluride catalysts in the treatment of mouse SSc.

The organotelluride catalyst, 2,3-bis(phenyltellanyl)-
naphthoquinone ((PHTE),NQ), is a prototypical member of
this newly described family (Fry and Jacob, 2006; Shabaan
et al., 2009; Ba et al., 2010; Jamier et al., 2010). Within this
family of compounds, (PHTE),NQ has been the most widely
studied compound in vitro on tumor cells (Doering et al.,
2010; Jamier et al., 2010), and it has also been the only one
used in vivo on mice (Coriat et al.,, 2011). Intracellular
oxygen radicals and H,O, associate with the quinone moiety
of the (PHTE);,NQ and strongly oxidize cellular thiols in a
reaction catalyzed by the tellurium part of the molecule. This
reaction significantly increases the intracellular level of ROS.
Therefore, cells already overproducing H,O,, which are
treated with (PHTE),NQ, are likely to significantly increase
their intracellular concentration of ROS over its cytotoxic
level, to ultimately get pushed over a critical “life and death
(redox) threshold”” (Fry and Jacob, 2006; Mecklenburg et al.,
2009). As mouse SSc fibroblasts produce high amounts of
H,O, as opposed to normal fibroblasts, we hypothesize that
(PHTE),NQ could selectively kill disease fibroblasts in
murine HOCI-induced SSc (Servettaz et al., 2009) and inhibit
the development of the disease.

RESULTS

(PHTE);NQ exerted cytotoxic effects on normal and SSc
fibroblasts in vitro

Fibroblasts from normal mice and from HOCI mice were
exposed in vitro to increasing amounts of (PHTE),NQ
(Supplementary data, Supplementary Figure 7 online) to
assess the cytotoxic properties of this “‘sensor/effector”
multifunctional redox catalyst agent on those different types
of fibroblasts. In the presence of 1 pm (PHTE);NQ, the rate of
viability of normal fibroblasts was 72% (P=0.0001 vs.
untreated fibroblasts) and 68% with 4pm (PHTE),NQ
(P=0.0001 vs. untreated fibroblasts; Figure Ta). (PHTE),NQ
had a more powerful cytotoxic effect on diseased SSc
fibroblasts than on normal fibroblasts. In the presence of
1pum (PHTE);NQ, the rate of viability of SSc fibroblast was
45% (P=0.0001 vs. untreated fibroblasts and vs. normal
fibroblasts) and 30% with 4 um (PHTE),NQ (P=0.0001 vs.
untreated fibroblasts and vs. normal fibroblasts; Figure 1a).

(PHTE);NQ exerted pro-oxidative effects in vitro

The basal production of H,O, was increased by 56% in SSc
fibroblasts compared with normal fibroblasts (P=0.001).
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Figure 1. Effects of 2,3-bis(phenyltellanyl)naphthoquinone ((PHTE),NQ) on
normal and diseased systemic sclerosis (SSc) fibroblasts in vitro. Primary
skin fibroblasts extracted from three different normal skins (normal fibroblasts)
or three different diseased skins (SSc fibroblasts) were tested. (a) Cytotoxic
effects of (PHTE),NQ on normal and diseased SSc fibroblasts in vitro.
Cytotoxicity was assayed using the crystal violet method. Results are
expressed as the percentage of viable treated cells compared with untreated
cells. (b) Production of hydrogen peroxide by fibroblasts incubated with
increasing concentrations of (PHTE),NQ. H,O, levels were analyzed
spectrofluorometrically using 2’,7’-dichlorodihydrofluorescein diacetate
(H,DCFDA). (c) Production of nitric oxide (NO) by fibroblasts incubated with
increasing concentrations of (PHTE),NQ. NO levels were analyzed
spectrofluorimetrically using diaminofluorescein-2 diacetate (DAF-2DA).

(d) Intracellular glutathione levels in fibroblasts treated with various
concentrations of (PHTE),NQ. Glutathione (GSH) levels were analyzed
spectrofluorimetrically using monochlorobimane. *P<0.05, **P<0.01, and
*#*P<0.001. AU, arbitrary units; NS, not significant.

Production of nitric oxide (NO) was also higher in SSc
fibroblasts than in normal fibroblasts (P=0.01). Incubation of
normal fibroblasts and SSc fibroblasts with increasing
amounts of (PHTE),NQ dose-dependently increased the
production of H,O, (P=0.009 and P=0.001, respectively)
and NO (P=0.018 in both cases; Figure 1b and c).

Imbalance of glutathione (GSH) metabolism in fibroblasts
GSH is an essential cofactor of H,O, catabolism. The basal
level of GSH was decreased by 22% in SSc fibroblasts
compared with normal fibroblasts (P=0.0032). The level of
intracellular glutathione was higher (P=0.0001) in normal
fibroblasts following exposure to 1pum (PHTE);NQ than in
untreated normal fibroblasts. By contrast, the treatment of
diseased SSc fibroblasts with (PHTE),NQ failed to increase
the level of intracellular glutathione (Figure 1d).

Modulations of H,O, metabolism in SSc fibroblasts

We next investigated the mechanism of action of (PHTE);NQ
using specific modulators of the enzymatic and nonenzy-
matic systems involved in H,O, catabolism. Hydrogen
peroxide is converted into H,O by two sets of enzymes,
catalase and the GSH/GPx system. The latter uses reduced
glutathione as the cofactor. Depleting GSH with buthionine
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Figure 2. Modulation of H,O, metabolism by 2,3-bis(phenyltellanyl)naphthoquinone ((PHTE),NQ) in systemic sclerosis (SSc) fibroblasts. (a) Percentage of
H,O, production by treated fibroblasts compared with untreated fibroblasts in the presence of specific modulators of the enzymatic systems involved in reactive
oxygen species (ROS) metabolism. The concentrations used were as follows: 3.2 mm N-acetylcysteine (NAC), 0.8 mm buthionine sulfoximine (BSO), 400 um
aminotriazol (ATZ), and 20 U catalase (Cat). (b) Viability of normal and SSc fibroblasts in the presence of 3.2 mm NAC, 0.8 mm BSO, 400 um ATZ, and 20 U
catalase. (c) Cytotoxic effects of (PHTE),NQ on normal and diseased SSc fibroblasts in vitro. Cytotoxicity was assayed using the crystal violet method. Results

are expressed as percentage of viable treated cells compared with untreated cells. *P<0.05, **P<0.01, and ***P<0.001.
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Figure 3. Analysis of cell death by fluorescence-activated cell sorting. Apoptosis/necrosis was analyzed by flow cytometry using the Membrane Permeability/
Dead Cell Apoptosis Kit with YO-PRO-1 and propidium iodide (Pl) on isolated normal and systemic sclerosis (SSc) fibroblasts treated with 4 um of 2,3-
bis(phenyltellanyl)naphthoquinone ((PHTE),NQ) for 48 hours (a). Necrotic cells are Pl-positive and YO-PRO-1 positive or negative. Apoptotic cells are Pl
negative and YO-PRO-1 positive. Viable cells are negative for both dyes. Analysis of cell death is presented over 48 hours (b).

sulfoximine (BSO) significantly increased H,O, production in
SSc fibroblasts (P=0.0007) and normal fibroblasts (P=0.0029;
Figure 2a). Moreover, incubation with (PHTE);NQ in
association with BSO increased H,O, production by 10.9%
in normal fibroblasts and by 22% in SSc fibroblasts compared
with BSO alone (P=0.001, data not shown). By contrast,
adding N-acetylcysteine, a precursor of GSH, decreased
H,O, production in normal fibroblasts (P=0.04) but had no
effect on SSc fibroblasts (Figure 2a). On the other hand,
specific inhibition of catalase by aminotriazol, or addition of
exogenous catalase, had no effect on the levels of H,O, in
normal and SSc fibroblasts (Figure 2a). Depleting GSH with
BSO significantly decreased the viability of SSc fibroblasts
(P=0.0026) and normal fibroblasts (P=0.017). By contrast,
specific inhibition of catalase by aminotriazol had no effect
on the viability of normal and SSc fibroblasts (Figure 2b).
Moreover, suboptimal doses of BSO and (PHTE),NQ worked
jointly to kill SSc fibroblasts more efficiently than (PHTE),NQ
alone (P=0.0168) (Figure 2c).

Determination of cell death pathway in normal and SSc
fibroblasts

Fibroblasts from normal and HOCI mice were incubated with
1, 2, and 4 um of (PHTE),NQ for 12, 24, 36, or 48 hours. The

highest cytotoxic effect of (PHTE),NQ was observed at a
concentration of 4 pm. At this concentration, the viability was
decreased by 73% for SSc fibroblasts and only by 14.2% for
normal fibroblasts (P=0.001). A kinetic analysis of cell death
between 12 and 48hours indicated that the (PHTE),NQ
effects are mainly mediated through a necrotic process
(Figure 3).

(PHTE);NQ decreased both skin and lung fibrosis in mice
with SSc

Clinically, HOCI-induced SSc in mice (HOCI-mice) is
associated with an increase in dermal thickness that is
significantly reduced by (PHTE),NQ (P=0.0001 vs. un-
treated SSc mice; Figure 4a). Histopathological analysis of
skin (Figure 4c) and lung (Figure 5a) biopsies stained with
hematoxylin and eosin, and lung biopsy stained with
Sirius Red (Figure 5c), confirmed the dermal thickness
reduction and evidenced a decrease in fibrosis in both tissues
(Figures 4c, and 5a, c). (PHTE),NQ reduced the accumulation
of type | collagen induced by HOCI in the skin compared
with untreated mice (Figure 4b). We also investigated the
effects of (PHTE),NQ in the bleomycin model and found the
data to yield results similar to those obtained by the HOCI
model in terms of skin fibrosis. However, no lung fibrosis was
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Figure 4. Effect of 2,3-bis(phenyltellanyl)naphthoquinone ((PHTE);NQ) on skin fibrosis induced by HOCI in BALB/c mice. Subcutaneous injections of

HOCI or phosphate-buffered saline (PBS) were administered every day for 6 weeks in the back of mice, and intraveneous injections of (PHTE),NQ (10mgkg™")
were administered once a week for 6 weeks (n=7-10 mice per group as described in the materials and methods section). (@) Dermal thickness, as measured
on skin sections in the injected areas of BALB/c mice. (b) Collagen content in 4-mm punch biopsy of skin as assayed by the Sircol method. (c) Representative
skin sections comparing dermal fibrosis in the injected areas from BALB/c mice. 1, PBS; 2, (PHTE),NQ; 3, HOCI; 4, HOCI + (PHTE),NQ. Tissue sections
were stained with hematoxylin and eosin. Bar =100 um (Olympus DP70 Controller). (d) Curative treatment of SSc mice with (PHTE),NQ. (e) Percentage of

positive areas for alpha-smooth muscle actin (a-SMA). (f) a-SMA expression in mouse skin by immunohistochemistry. *P<0.05 and ***P<0.001.
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Figure 5. Effect of 2,3-bis(phenyltellanyl)naphthoquinone ((PHTE);NQ) on lung fibrosis induced by HOCI in BALB/c mice. Subcutaneous injections

of HOCI or phosphate-buffered saline (PBS) were administered every day for 6 weeks in the back of mice, and intraveneous injections of (PHTE),NQ
(10mgkg™") were administered once a week for 6 weeks (n=7-10 mice per group as described in the materials and methods section). (a) Representative lung
sections from BALB/c mice. 1, PBS; 2, (PHTE),NQ; 3, HOCI; 4, HOCI + (PHTE),NQ. Tissue sections were stained with H&E. Bar= 100 pm (Olympus DP70
Controller). (b) Collagen content in lung as assayed by the Sircol method. (c) Sirius Red staining for lung sections, 1, PBS; 2, (PHTE),NQ; 3, HOCI;

4, HOCI + (PHTE),NQ. *P<0.05.

observed after 5 weeks of bleomycin injections (Supplemen-
tary data, Supplementary Figure 8 online).

Furthermore, alpha-smooth muscle actin  (a-SMA)
staining in skin sections showed that HOCI-treated SSc
animals displayed increased numbers of myofibroblasts
(9.53% £ 0.483 of positive area) compared with phosphate-
buffered saline (PBS)-injected mice (2.46% +0.555 of
positive area, P=0.0001); Figure 4e and f). The number
of myofibroblasts was reduced by 47.6% after treating
HOCI-mice with (PHTE),NQ (P=0.0005). (PHTE),NQ
also reduced the concentration of type | collagen in the
lungs of HOCI-mice by 26.7% (P=0.0106; Figure 5a
and b).

Journal of Investigative Dermatology

Decrease of dermal thickness in SSc mice through (PHTE),NQ
curative treatment

(PHTE),NQ decreased dermal thickness when administered
as a curative treatment. Mice with SSc were treated with
(PHTE),NQ (10 mg kg’1 of (PHTE),NQ), which was adminis-
tered intravenously once a week for 2 weeks. After 2 weeks,
the dermal thickness in treated mice was significantly less
than that in the untreated group (P=0.0151; Figure 4d).

(PHTE),NQ reduced the concentration of serum AOPP and
nitrite production

Advanced oxidation protein products (AOPP), a marker of
systemic oxidative stress, increased in the sera of HOCl-mice
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Anti-DNA topoisomerase 1 O

Effect of the organotellurium compound 2,3-bis(phenyltellanyl)naphthoquinone ((PHTE);,NQ) on advanced oxidation protein products (AOPP)

nitrite concentration, and anti-DNA topoisomerase 1 antibodies (Abs) in mice sera. HOCI or PBS was injected subcutaneously every day for 6 weeks in
the back of mice. (PHTE),NQ (10 mgkg™") was similarly injected once a week for 6 weeks (n=7-10 mice per group as described in the Materials and
Methods section). Sera were collected at the time of sacrifice. (a) Serum concentration of AOPP in the sera of mice. (b) Serum concentration of nitrite in the
sera of mice. (c) Levels of serum anti-DNA topoisomerase 1 Abs. Values are means * SEM of data gained from all mice in the experimental or control
groups. *P<0.05 and ***P<0.001. AU, arbitrary units; PBS, phosphate-buffered saline.

compared with PBS control mice (P=0.0001; Figure 6a).
Treatment of HOCI-mice with (PHTE),NQ reduced the levels
of AOPP by 40%, compared with untreated SSc animals
(P=0.0001; Figure 6a). The level of nitrite in the sera, a
marker of systemic nitrosative stress, increased in HOCl-mice
compared with PBS control mice (P=0.0006; Figure 6b).
Treatment with (PHTE),NQ in HOCI mice reduced the levels
of serum nitrite by 18% compared with untreated SSc mice
(P=0.039; Figure 6b).

(PHTE),NQ reduced serum concentration of anti-DNA
topoisomerase 1 Abs

The sera of HOCI mice contained significantly higher amounts
of DNA topoisomerase | Abs than the sera of mice treated with
PBS (P=0.0008). The level of anti-DNA topoisomerase | Abs
significantly reduced in HOCI mice treated with (PHTE),NQ
compared with untreated HOCI mice (P= 0.04; Figure 6c).

DISCUSSION

In this report, inspired by recent results obtained—by us and
others—in cancer therapy using selective pro-oxidative
molecules, we demonstrated that organotelluride catalysts
can combine with endogenous oxidative species generated
“naturally” in mouse SSc fibroblasts to selectively kill cells
through a necrotic process.

Primary fibroblasts extracted from diseased skin areas
display an elevated basal level of ROS, which is amplified by
(PHTE),NQ to generate a lethal oxidative burst in contrast
with healthy fibroblasts that display a normal level of
endogenous ROS and resist the action of (PHTE);NQ.
The cytotoxic effects of ROS result from an imbalance
between their rate of production and the activity of various
detoxification systems (Laurent et al., 2005). Indeed, in SSc
fibroblasts, the level of GSH is low and is not modified by
(PHTE),NQ, whereas in normal fibroblasts this level is higher
and is raised by (PHTE),NQ. Thus, when normal fibroblasts
are exposed to (PHTE),NQ), the pro-oxidative activity of the
compound is counterbalanced by the rise of GSH and no
oxidative stress can be induced. In contrast, in diseased
fibroblasts, (PHTE),NQ induces a huge increase in ROS that
is not counterbalanced by the low level of induced GSH, and

thus reaches a lethal threshold. Because the level of
endogenous ROS in SSc fibroblasts is close to that threshold,
exposure to ROS-generating, redox-modulating agents, such
as (PHTE),NQ, enhances the rate of cell death. As normal
fibroblasts are not targeted by (PHTE),NQ, this information
could have important clinical implications (Amstad et al.,
1991; Rodriguez et al., 2000; Hussain et al., 2004; Laurent
et al., 2005).

The depletion of GSH by BSO, and the consecutive
increase of (PHTE),NQ toxicity in SSc and normal fibroblasts,
confirms the role of the GSH pathway in mediating the
cytotoxic effects of (PHTE),NQ. In contrast, blocking the
catalase pathway or adding polyethylene glycol catalase
showed that this pathway has no effect on cell survival,
regardless of the considered cell type. Thus, H,O,-mediated
(PHTE),NQ toxicity is controlled by the glutathione pathway
and not by the catalase pathway, as already observed with
several cytotoxic molecules (Jing et al., 1999; Hussain et al.,
2004; Laurent et al., 2005; Alexandre et al., 2006). These
findings are significant, as they seem to identify disturbances
in the GSH household (and subsequent increases in ROS
levels), rather than ROS generation per se, as the prime
activity of such redox modulating agents.

In SSc, local oxidative stress is associated with a systemic
oxidative state, as demonstrated by the significant increase in
the serum concentrations of advanced oxidation protein
products, and of nitrite, in HOCl-treated SSc mice that are
compared with PBS-injected animals. Therefore, (PHTE),NQ
induces a lethal oxidative burst in cells with increased levels
of intracellular ROS, but it is not a systemic pro-oxidative
molecule, as already observed in various cancer models (Fry
and Jacob, 2006; Doering et al., 2010; Coriat et al., 2011).
Several reports have linked the intracellular oxidative burst
and the initiation of the immune response in human or murine
models of SSc (Simonini et al., 1999; Hardardo et al., 2010).
Indeed, local generation of HOCI or hydroxyl radicals
triggers the production of anti-DNA-topoisomerase 1 auto-
antibodies; consequently, the generation of peroxynitrite
triggers the production of anti-centromeric protein B Abs.
The mechanism through which the breach of tolerance to
DNA topoisomerase 1 occurs, following exposure to HOCI or
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hydroxyl radicals, is related to the oxidation and cleavage of
DNA topoisomerase 1 within the cells (Servettaz et al., 2009).
The selective destruction of diseased fibroblasts that chroni-
cally produce high levels of intracellular ROS by (PHTE),NQ
probably explains the decreased concentration of circulating
oxidized proteins in the sera, and especially of oxidized
DNA topoisomerase 1 anti-DNA-topoisomerase 1 Abs.
Furthermore, oxidized topoisomerase 1 exerts a proprolifera-
tive effect on fibroblasts and increases the intracellular level
of H,O, in fibroblasts and endothelial cells. The decrease of
circulating oxidized proteins linked to the selective destruc-
tion of diseased fibroblasts also explains the decrease in
fibroblast proliferation.

One of the major consequences of oxidative stress in
diseased fibroblasts is their transformation into myofibroblasts
and their increased production of type | collagen (Sambo
et al., 2001; Toullec et al., 2010). As for autoantibodies and
fibroblast proliferation, the selective destruction of diseased
mouse SSc fibroblasts by (PHTE),NQ is followed by a
decrease in the number of myofibroblasts. These phenomena
were associated with the inhibition of the development of
mouse SSc because they were correlated with a decrease in the
concentration of type | collagen in the skin of treated animals.

Altogether, our results show that the organotelluride
catalyst (PHTE),NQ can interact with intracellular ROS
generated in SSc fibroblasts to selectively kill the cells. This
observation suggests a new therapeutic strategy in SSc, based
on the modulation of the intracellular redox state of activated
fibroblasts. Indeed, new molecules, such as (PHTE),NQ,
could help selectively eliminate the activated cells respon-
sible for the development of skin and visceral fibrosis and,
indirectly, be used for autoimmunity. Preliminary data
suggest that the molecule is not only efficient as a preventive
treatment, but also as a curative treatment of SSc.

MATERIALS AND METHODS

Animals and chemicals

Specific pathogen-free, 6-week-old female BALB/c mice were used
in all experiments (Harlan, Gannat, France). All mice were housed in
autoclaved ventilated cages with sterile food and water ad libitum.
They were given humane care according to the guidelines of
our institution. HOC| was administered as previously described
(Servettaz et al., 2009). Briefly, 300 ul of HOCI was injected sub-
cutaneously into the back of the mice 5 days per week for 6 weeks.
One week after the end of the injections, the animals were killed by
cervical dislocation. Serum and tissue samples were collected from
each mouse and stored at —80°C until use or fixed in 10% acetic
acid formol for histopathological analysis. For (PHTE),NQ admin-
istration, BALB/c mice treated with HOCI (n=10) or not treated
(n=7) were injected intravenously with (PHTE),NQ (10 mg kg’1 per
injection diluted in PBS once per week for 6 weeks). As the control
group, BALB/c mice treated with HOCI (n=10) and those that were
not (n=7) were injected intravenously with sterilized PBS once per
week for 6 weeks.

All cells were cultured as reported previously (Servettaz et al.,
2009). All chemicals were from Sigma-Aldrich (Saint Quentin Fallavier,
France), except when specified. The detailed synthesis of (PHTE),NQ
appears in Supplementary data online.
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Isolation of fibroblasts from the skin of mice

HOCI or PBS was injected in the same skin area in all mice. Skin
samples were then collected from that area for experimental
purposes. The samples were digested with “’Liver Digest Medium”’
(Invitrogen Life Technologies, Grand Island, NY) for 1 hour at 37°C.
After three washes in complete medium, cells were seeded into
sterile flasks, and isolated fibroblasts were cultured in DMEM/
Glutamax-I supplemented with 10% heat-inactivated fetal calf
serum and antibiotics, at 37°C in a humidified atmosphere contain-
ing 5% CO,.

Viability assays

Isolated normal and SSc fibroblasts (4 x 10° cells per well; Costar,
Corning, NY) were incubated in 96-well plates with complete
medium alone, or with 1, 2, or 4 um of (PHTE),NQ for 48 hours at
37°C. The number of viable cells was evaluated by the crystal violet
assay. In brief, cells were stained in 0.5% crystal violet and 30%
ethanol in PBS for 30 minutes at room temperature. After two washes
in PBS, the stain was dissolved in 50% ethanol and absorbance was
measured at 560 nm on a microplate reader (Fusion, PerkinElmer,
Wellesley, MA). Results are expressed as percentage of viable treated
cells compared with untreated cells.

H>0; and NO production, and levels of intracellular reduced
glutathione

Isolated normal and SSc fibroblasts (2 x 10* cells per well) were
seeded in 96-well plates (Costar) and incubated for 24 hours at 37°C
with either medium alone or with 0.5, 1, or 2 um of (PHTE),NQ.
Levels of H,O, and NO were assessed spectrofluorometrically
(Fusion, PerkinElmer) using 2',7'-dichlorodihydrofluorescein diace-
tate and diaminofluorescein-2 diacetate, respectively.

Cells were incubated with 200 pm of 2,7'-dichlorodihydrofluor-
escein diacetate or 200pm diaminofluorescein-2 diacetate in
PBS for 1hour at 37°C. The excitation and emission wavelengths
used were 490 and 535nm for 2',7'-dichlorodihydrofluorescein
diacetate and 485 and 530 nm for diaminofluorescein-2 diacetate,
respectively.

The levels of intracellular glutathione were assessed spectro-
fluorometrically using monochlorobimane staining. Cells were then
washed and incubated with 50 pm monochlorobimane for 15 min-
utes at 37°C. The fluorescence intensity was measured with
excitation and emission wavelengths of 380 and 485 nm, respec-
tively. The intracellular H,O, and NO levels, and the intracellular
glutathione level, were expressed as arbitrary units of fluorescence
intensity normalized by the number of viable cells. The number of
viable cells at the end of the experiments was evaluated by the
crystal violet assay as described above.

Analysis of ROS metabolism of normal and SSc fibroblasts
Isolated normal or SSc fibroblasts (2 x 10" cells per well) were
seeded in 96-well plates and incubated for 24 hours in complete
medium alone or with the following molecules: 3.2mm N-
acetylcysteine, 1.6mm BSO, 400 um aminotriazol, or 20U poly-
ethylene glycol catalase. Cells were then washed three times with
PBS and incubated with 100 pl per well of 200 um 2’,7'-dichloro-
dihydrofluorescein diacetate for 30 minutes. Fluorescence intensity
was read as described above. Intracellular H,O, levels were also
expressed as described above.
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Synergistic effect of BSO and (PHTE);NQ on normal and SSc
fibroblasts

Isolated normal or SSc fibroblasts (2 x 10* cells per well) were
seeded in 96-well plates and incubated for 24 hours in complete
medium alone or with the following molecules: 0.8 mm BSO and
0.5 um (PHTE),NQ, alone or in association. The number of viable
cells at the end of the experiments was evaluated by the crystal violet
assay as described above.

Analysis of cell death by fluorescence-activated cell sorting
Cell death was analyzed by fluorescence-activated cell sorting
(FACS)Canto Il flow cytometer (Becton Dickinson, Franklin Lakes,
NJ), using the Membrane Permeability/Dead Cell Apoptosis Kit
with  YO-PRO-1 and propidium iodide for flow cytometry
(Invitrogen), under the manufacturer’s recommendations. Briefly,
1.2 x 10" normal or SSc fibroblasts isolated from the skin were
incubated with 1, 2, or 4um (PHTE),NQ for 12, 24, 36, or
48 hours. After the incubation period, the cells were collected,
washed twice with PBS, stained on ice for 10 minutes with 1.5 um
propidium iodide and 0.1 um YO-PRO-1, and analyzed by flow
cytometry.

Dermal thickness
Skin thickness was measured 1 day before killing using a calliper and
was expressed in millimeters (Servettaz et al., 2010).

Collagen content in skin and lung

Skin was taken from the back region of mice with a punch (6 mm of
diameter), and lung pieces from each mouse were diced using a
sharp scalpel and then put into aseptic tubes, thawed, and mixed
with pepsin (1:10 weight ratio) and 0.5m acetic acid. Collagen
content was assayed using the quantitative dye-binding Sircol
method (Biocolor, Belfast, N. Ireland; Burdick et al., 2005). The
concentration values were read at 540 nm on a microplate reader
(Fusion, PerkinElmer) versus a standard range of bovine collagen
type | concentrations (supplied as a sterile solution in 0.5m acetic
acid).

Curative treatment

BALB/c mice were injected subcutaneously with 300ul HOCI
5 days per week for 5 weeks to induce mouse SSc. SSc mice were
then distributed randomly into two groups. The experimental group
of treated mice (n=15) received 10 mg kg’1 of (PHTE),NQ adminis-
tered intravenously once a week for 2 weeks. The control group
(n=>5) received intravenous saline. Dermal thickness in SSc mice
was measured after 2 weeks of treatment with (PHTE),NQ.

Histopathological analysis

Fixed lung and skin pieces were embedded in paraffin. A 5-pm-thick
tissue section was prepared from the mid-portion of the paraffin-
embedded tissue and stained with either hematoxylin eosin or Sirius
red. Slides were examined by a pathologist blinded to the animal
group assignment, via standard bright-field microscopy (Olympus
BX60, Tokyo, Japan).

Analysis of a-SMA expression in mouse skin
Expression of a-SMA in mouse skin was analyzed by immunohis-
tochemistry. Tissue sections were dewaxed and then incubated with
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200mgml~" proteinase K for 15minutes at 37°C for antigen
retrieval. Specimens were then treated with 3% hydrogen peroxide
for 20 minutes at 37°C to inhibit endogenous peroxidases, and then
blocked with 5% BSA for 30minutes at 4°C. Sections were
incubated with a 1:100 dilution of a monoclonal anti-a-SMA,
alkaline phosphatase-conjugated Ab (Sigma-Aldrich). Antibody
binding was visualized using Nitro blue tetrazolium chloride/
5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP). The slides were
examined by standard bright-field microscopy (Olympus BX60).
Appropriate controls with irrelevant alkaline phosphatase-conju-
gated Ab were performed.

Determination of AOPP concentrations in sera

AOPP was measured by spectrophotometry as previously described
(Servettaz et al., 2009). Calibration used chloramine-T within the
range of 0100 umol =", AOPP concentrations were expressed as
pmol 17" of chloramine-T equivalents.

Quantification of nitrite in mouse sera

The concentration of nitrite was determined in sera by a spectro-
photometric assay using oxidation catalyzed by cadmium metal
(Oxis, Portland, OR), which converts nitrate into nitrite. The total
determined nitrite corresponds to NO production. The detection
threshold for nitrite was 0.1 umol I (Sastry et al., 2002).

Detection of serum autoantibody

Serum anti-DNA topoisomerase 1 1gG Abs were assayed by ELISA
using purified calf thymus DNA topoisomerase 1 bound to the wells
of a microtiter plate (Immunovision, Miami, FL). Plates were blocked
with PBS-1% BSA, and 100 pl of 1:20 mouse serum was added and
allowed to react for 1hour at room temperature. Bound Abs
was detected with alkaline phosphatase-conjugated goat anti-
mouse 1gG Ab, and the reaction was developed by adding
p-nitrophenyl phosphate. Optical density was measured at 405 nm
using a Dynatech MR 5000 microplate reader (Dynex Technology,
Chantilly, VA).

Statistical analysis

All quantitative data were expressed as means £ SEM. Data were
compared using the Mann-Whitney nonparametric test or Student’s
t-paired test.
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Résumé

Nous soutenons la thése que le stress oxydant joue un role majeur dans le déclenchement et le dévelop-
pement de la sclérodermie systémique (ScS). Afin de démontrer cette theése, nous avons mis au point un
modéle murin ol la maladie est déclenchée par divers types de stress oxydant, puis nous avons exploré
les différentes voies d’activation des fibroblastes sous 1'effet des formes réactives de 'oxygene, afin de dé-
terminer d’éventuelles cibles thérapeutiques. Pour apprécier les effets d'un stress oxydant chronique, des
solutions contenant différents oxydants ont été injectées dans la peau de souris BALB/c et BALB/c SCID.
Les solutions contenant le radical hydroxyl OH® ou HOCI ont induit une maladie caractérisée, comme
la ScS diffuse, par une fibrose cutanée et viscérale, et des auto-anticorps anti-ADN topoisomérase-1. Les
sérums de ces souris contenaient de grandes quantités de dérivés oxydés des protéines et induisaient la
prolifération des fibroblastes et la production de formes réactives de I'oxygene par les cellules endothé-
liales. Une fibrose pulmonaire de moindre importance était induite chez les souris BALB/c SCID. Grace
a ce nouveau modéle murin de SSc, nous avons démontré que le stress oxydant était directement respon-
sable des anomalies observées dans les fibroblastes, les cellules endothéliales et le systeme immunitaire.

Nous avons ensuite utilisé ce modele pour analyser les voies d’activation fibroblastique dans la ScS. Dans
les fibroblastes des souris exposées a HOC], on observe une dérégulation des voies des récepteurs Notch,
des récepteurs aux cannabinoides, et des récepteurs au PDGF. On observe les mémes dérégulations ex
vivo dans les fibroblastes de patients atteints de SSc diffuse.

L'implication de ces différentes voies dans les processus fibrosants nous ont conduits a tester de nouvelles
approches thérapeutiques dans la ScS grace a la modulation des trois voies cellulaires étudiées par des
agents pharmacologiques. Nous avons ainsi observé une amélioration clinique significative chez les sou-
ris sclérodermiques traitées avec un inhibiteur de I’activation de Notch, avec un agoniste des récepteurs
aux cannabinoides, et avec des inhibiteurs de tyrosine-kinase ciblant le récepteur au PDGF.

Puisque les fibroblastes sclérodermiques ont un phénotype activé et produisent de forts taux de formes
réactives de l'oxygene, nous avons enfin mis a profit cette particularité pour induire I’apoptose sélective
de ces cellules dans le derme des souris. Le trioxyde d’arsenic, molécule cytotoxique utilisée en thé-
rapeutique humaine, augmente la production cellulaire de formes réactives de l'oxygéne au-dela d'un
seuil 1étal et induit ainsi ’apoptose des fibroblastes sclérodermiques. L'utilisation in vivo de cette mo-
lécule dans notre modele murin prévient la fibrose cutanée et viscérale, et les anomalies endothéliales.
Le trioxyde d’arsenic a un effet comparable dans le modéle murin de ScS associée a la réaction du gref-
fon contre 'hote en détruisant les lymphocytes T CD4+ alloréactifs activés et les cellules dendritiques
plasmacytoides responsables de I'activation du systéeme immunitaire.

Les formes réactives de I'oxygene sont donc impliquées dans 'induction des lésions observées au cours
de la ScS. Dans notre modele, le role du systéme immunitaire intervient dans 1’auto-entretien et I'ex-
tension systémique de la maladie. Le stress oxydant contribue a la dérégulation de diverses voies de
signalisation dont les voies des récepteurs Notch, des récepteurs aux cannabinoides et du PDGF dans
les fibroblastes. La modulation de ces voies permet d’obtenir une amélioration clinique chez les sou-
ris sclérodermiques, tout comme 1'utilisation du trioxyde d’arsenic qui entraine la délétion spécifique
des fibroblastes sclérodermiques surpoduisant des formes réactives de I'oxygeéne. Le trioxyde d’arsenic
montre également une efficacité intéressante dans le modele de sclérodermie associée a la maladie du
greffon contre I'hote via la délétion des lymphocytes T CD4+ alloréactifs.

Mots clés : sclérodermie systémique, formes réactives de I'oxygene, fibroblastes, modele murin, ADN
topoisomérase-1, Notch, récepteurs aux cannabinoides, récepteurs au PDGEF, arsenic trioxyde, scléroder-
mie associée a la réaction du greffon contre I'hote.



