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Résumé

Les especes réactives de I'oxygene ou ROS somhdiEzules dérivées de I'oxygéene
produites « de maniére professionnelle » par |eDRIA oxydases (NOX). Ces enzymes utilisent
I'oxygene comme accepteur d’électrons afin derssférer a travers les membranes. Le produit
de cette réaction est I'anion superoxyde et segae: les espéces réactives de I'oxygene
(ROS). La famille des NADPH oxydases est compokée EHomme de 7 membres : NOX1 a
NOX5, DUOX1 et DUOX2. Bien que les structures défrentes isoformes des NOX soient
tres homologues, leurs mécanismes d’activatioawsldistributions tissulaires, cellulaires et
subcellulaires et en conséquence, leurs fonctibgsiplogiques sont tres différents. Leurs réles
physiologiques mais aussi pathologiques ont égéstwavent déterminés a I'aide de modeles
murins transgeéniques.

Le travail présenté dans cette thése a eu poutebdéterminer deux nouveaux roles de
NOX1 dans des pathologies humaines : I'hypertenaitérielle et le syndrome de détresse
respiratoire. Dans un second temps, nous avonsrégat évalué le role anti-inflammatoire de
NOX2 en utilisant comme modele des souris défieiein Nox2.

NOX1 a été impliqué dans I'hypertension artérigiiduite par I'angiotensine Il. Dans cette
étude, il a été démontré que les ROS générés parlNOnt impliqués dans la formation des
anévrysmes aortiques induits par l'angiotensine Allors que l'activation de NOX1 par
'angiotensine 1l via son récepteur AT1 est un givdane bien connu, nous avons démontré que
NOX1 est capable également de réguler la présancécepteur AT1 a la membrane plasmique.

Les poumons soumis a des conditions d’hyperoxid @me exposés a des concentrations
importantes de ROS favorisant et exacerbant lésnggpulmonaires. Lors de cette étude, nous
avons démontré a I'aide de souris déficientes exiNpie cette NADPH oxydase uniquement est
impliguée dans la génération des ROS induite pgpEroxie.

La maladie granulomateuse septique ou CGD estnoiregne d'immunodéficience da a la
présence de mutations au niveau du géne codant NOX2. Associées aux infections, des
réactions inflammatoires exacerbées sont obsephaEzsles patients CGD et ont un impact sur la
morbidité. Dans cette étude, nous avons détermin&ing des origines possibles de
linflammation en I'absence de NOX2 estfieglycan. Cette hyperinflammation observée dans un
modele inflammatoire cutané chez les souris défiee en Nox2 est associée a de fortes
quantités de TNé, I'augmentation de cette cytokine pro-inflammatoirest pas le principal
médiateur les lésions inflammatoires induites pew [-glycans et I'absence de Nox2. Le
traitement des patients CGD par des bloqueurs deoTiNe semblent donc pas recommandeés.
D’un autre c6té, il semble que les molécules cazabe bloquer les effets dégglycans sont a
considérer comme des cibles potentielles pour ¢herehe de molécules anti-inflammatoires
spécifiques et le développement de nouvelles giet&hérapeutiques et préventives pour les
patients CGD.

Mots-Clés : NOX1, NOX2, Hypertension artérielle ufmns et Inflammation.



Résumé en anglais

Reactive oxygen species (ROS) are molecules defreed oxygen. They are generated
by professional NADPH oxidases (NOX). The NOX fami$ proteins that transfer electrons
across biological membranes. In general, the @ecicceptor is oxygen and the product of the
electron transfer reaction is superoxide. Seven Bl@d6tein has been described and all of them
generate or ROS. Despite their similar structuré emzymatic function, NOX family enzymes
differ in their mechanism of activation, their tigs cellular and subcellular localizations and in
consequence their physiological functions. Phygjialal and pathological roles of NOX enzymes
are usually discovered in transgenic mouse models.

The goal of this thesis was to determine two newesroof NOX1 in human diseases:
Hypertension and respiratory distress syndromeguliox1-deficient mice. Secondly, we have
evaluated the anti-inflammatory role of NOX2 ushgx2-deficient mice.

NOX1 has been involved in angiotensin Ill-inducedbdryension. In this study, it has been
demonstrated that NOX1-generated ROS have alsoicamgdl in angiotensin Il-induced
aneurysms. They can regulate the metallo-proteetbatya and fibrosis. NOX1 is activated by
angiotensin 1l receptor (AT1) engagement. We hamahstrated that NOX1 also regulates the
AT1 expression to the plasma membrane. NOX1 seerh& ta possible therapeutical target in
hypertension and aneurysm formation.

The respiratory distress syndrome especially immptare babies is characterized by
immature lung development. During respiratory éisér syndrome treatment with mechanical
ventilation and high oxygen concentration, the Biage exposed to increased oxidative stress
leading to pulmonary injury. During this study, Wwave demonstrated that Nox1 but not Nox2
participates to hyperoxie-induced lung injury. I0X4-deficient mice, decreased ROS generation
reduce cell death in alveolar epithelial and enéidhcells. NOX1 seems also to be a possible
therapeutical target in respiratory distress symdro

Chronic granulomatous disease (CGD) is an immuncidaety syndrome due to
mutations in gene gp&¥* coding for NOX2 protein. In consequence, CGD pasissuffer from
severe and recurrent infections. Indeed, they ptasgperinflammatory response which plays a
role in the morbidity of the disease. During thiady, we have demonstrated that a possible
stimulus of this CGD inflammatorgomplication is th@-glucans, in Nox2-deficient mice. These
glucose polymers induce inflammation that cannotdselved in absence of NOX2. Also, CGD
hyperinflammation is characterized by important &iN#toduction. But the blockage of TNF
has not dampened CGD hyperinflammation. In therotiaed, the blockage of the princigal
glucans receptor, dectin-1 pharmacologically oregjeally, has reduced significantly CGD
hyperinflammation. These data constitute new therapal target in CGD inflammatory
syndrome.

Key-words :NOX1, NOX2, Hypertension, Lung, Inflamtioa.
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A. Les espéces réactives de ’oxygéne ou ROS

Les especes réactives de I'oxygene ou RR8active Oxygen Species) sont de petites
molécules dérivées de I'oxygéne comprenant desaagi oxygenes : les anions superoxydes
(02, les radicaux hydroxyles (O} hydroperoxyles (HOQ, peroxyles (RQ) et alkoxyles
(RO) mais également des composés non radicalaires eobagide hypochlorique (HOCI),
I'ozone (Q), I'oxygéne singulet’Q;,) et le peroxyde d’hydrogéne {84) (Genestra 2007). Ces
ROS sont générées a partir de transfert d’électeotri® les molécules selon un mécanisme de

réactions en cascade, enzymatiques ou non.

L’anion superoxyde (&) est généré a partir de I'oxygéne selon des ssuaeeables.
Deux molécules d’@ peuvent réagir pour produire du peroxyde d’hydreg@hO,) par une
réaction de dismutation spontanée (en particulipHaacide) ou catalysée par le superoxyde
dismutase (SOD). En présence de fep,” @t HO, réagissent pour générer des radicaux

hydroxyles (OH).

Dans les zones inflammatoires au sein du neutr@plailmyélopéroxydase (MPO) catalyse

la formation d’acide hypochlorique (HOCI) a padiH,O; et d’ions chlorures (é).

L’oxygéne singulet',) peut étre formé, en cas d’inflammation, en présatioxygéne et
de MPO, cette derniere catalyse I'oxydation d’'idvadogénés mais €galement a partir d’acide
hypochlorique et d’ions superoxydes. Au contactmddécules d’anticorps, I'oxygéne singulet

donne naissance a I'ozonesJO
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H20,

B

Nature Reviews | Immunoclogy

Figure 1. Formation des dérivés réactifs de I'oxygee. Les couleurs des boites varient en
fonction de la réactivité des molécules ; les I®itertes: relativement non réactive, jaune :

réactivité limitée, orange : réactivité modéréeaaetge : forte réactivité et non spécifiques O
anions superoxydes, QHradical hydroxyle, HOCI: acide hypochloriques: Gzone, 'O, :
oxygene singulet, ¥,: peroxyde d’hydrogéne, MPO : myélopéroxydase. EEapLambeth
2004.

La réactivité de ces molécules dérivées de I'oxggdifiere énormément :

Les anions superoxydes ont une réactivité limitt@erivent étre oxydants ou réducteurs en
fonction de la molécule avec laquelle ils vont iea@ette molécule est trés instable, ne diffuse
pas a travers les membranes et se dismute rapieneperoxyde d’hydrogéne entrainant un

nombre limité de molécules cibles.

20



Les NADPH oxydases

v Sous l'action de la MPO ou d’anticorps, ces molésule réactivité modérée vont générer
des molécules hautement oxydantes (HOGIeO,) envers de nombreuses molécules comme

les lipides, les protéines et les acides nucléiques

B. Les sources de génération des ROS

Les ROS dans les cellules mammiféres sont esdenteht des sous-produits généreés de
maniére fortuite par la chaine respiratoire mitoch@le, la lipoxygénase, la gamma glutamyl
transférase, le cytochrom-450, et la xanthine oxydoréductase ou par le fonoement
détourné de certaines enzymes comme la NO syntha$¢ADPH oxydase phagocytaire a été le
premier exemple d’enzymes ayant pour fonction prenat unique de générer des ROS. Cette

caractéristique a été confirmée pour les autreshreside la famille des NADPH oxydases.

C. Les NADPH oxydases

Le prototype de la famille des NADPH oxydases &stzyme gp9i'™ identifié au
niveau des cellules phagocytaires. Puis, 3 growmesdécouvert que la production des ROS
n'était pas exclusivement phagocytaire. lls ontrsal@entifié le premier homologue de la
gp9P"* nommé Mox1 ifitogenic oxidase 1) par (Suh, Arnold et al. 1999), NOHNADPH
OxidaseHomolog-1) par (Banfi, A et al. 2000) et gp-91-2 gKikuchi, Hikage et al. 2000).
Dans la nouvelle nomenclature, les NADPH oxydases$ egroupées sous le terme NOX ou la
NADPH phagocytaire gp#1°* devient NOX2 et Mox1, NOH-1 et gp91-2 devienner®X\.

L’identification de NOX1 a été rapidement suivier pa clonage de nouveaux homologues :

21



Les NADPH oxydases

NOX3 (Kikuchi, Hikage et al. 2000), NOX4 (Geisztopp et al. 2000) et NOX5 (Banfi, Molnar
et al. 2001). En parallele, 2 nouveaux membres nesnBlJOX1 et DUOX2 DUal OXidase)
(Dupuy, Ohayon et al. 1999; De Deken, Wang et @002 ont été identifiés au niveau de la
thyroide.

A ce jour, la famille des NADPH oxydases comprendémbres chez 'Homme : NOX1 a

NOX5, DUOX1 et DUOX2.

|. Structure

Les NADPH oxydases sont des protéines transmembeandont la structure est bien
conservée entre les différents membres de la farfdk 39% a 60% d’homologie par rapport a
NOX2). Ces protéines débutent par une partie Cielen cytosolique contenant les sites de
fixation hautement conservés du FADFIgvine adénine dinucléotide) et du NADPH
(Nicotinamideadéninedinucléotidephosphate), suivi de 6 hélices transmembranaim& T et

5°™ hélices transmembranaires contiennent respectivePnesidus histidine reliant 2 hémes.
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Les NADPH oxydases

Figure 2. Structure proposée des NADPH oxydased es 6 domaines transmembranaires sont
numerotés de | a VI. Les domaines transmembrandirets V contiennent chacun 2 résidus
histidine (points rouges) coordonnant les 2 donsmihémes (Fe). Le domaine C-terminal
cytoplasmique comprend 2 motifs (points verts fehake fixation pour le FAD et 4 motifs de
fixation (points bleus) pour une molécule de NADf@¢dard and Krause 2007).

En plus, de cette structure commune a NOX1-4, N@X¥Ssede une longue partie N-
terminale intracellulaire contenant un EF-hand damaapable de fixer le €a DUOX1 et
DUOX2 présentent également une longue partie Niede intracellulaire contenant un EF-
hand domaine capable de fixer le?Cainsi qu’'un domaine transmembranaire additiomues

un domaingeroxydase-likextracellulaire.

II. Génération des ROS par les NADPH oxydases

Bien que leur structure soit tres proche, chagualone de la famille des NADPH oxydases

présente des particularités pour produire les ROS.
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Les NADPH oxydases

II.1 Par la NADPH des phagocytes

La NADPH phagocytaire ou NOX2 est un complexe mudtiique constitué au repos de
protéines membranaires (gf¥X et p22"* formant le cytochromebsss) et de protéines
cytosoliques (p40%™ pa?"™ p67"°* et une petite protéine G de type Rac2). La désigmat
« phox » accompagnant chague composant de l'oxydasespond a ghagocyteoxidase ».
L’activation de la NADPH oxydase met en jeu diffites voies de signalisation aboutissant a la
phosphorylation des sous-unités cytosolique$34@t p67" et conduit & un regroupement de
maniere coordonnée des différents composants &mabnane des granulations et a la membrane
plasmique des phagocytes. Cette activation n’estqgoastitutive mais inductible sous I'effet
d’'une stimulation extracellulaire. La fixation d@mactérie opsonisée ou d’'un élément soluble tel
gue le N-formyl-methionyl-leucyl-phenylalananin®{P) sur leur récepteur de surface couplé a
une protéine G, sont les évenements principaux pgumettent I'activation de la cascade
spécifique de la protéine oG La phospholipase C (PLC) membranaire clive lesphatidyl
inositol 4-5 diphosphate (PiPen diacylglycérol (DAG) et en inositol triphospdg1Ps). Ces
deux seconds messagers agissent a leur tour comemeeftecteurs : L'l formé induit le
relargage du Ca des vésicules de stockage, et |&*Qidéré facilite la migration de la protéine
kinase C (PKC) cytosolique a la membrane plasmique le DAG peut l'activer. La
phospholipase D (PLD) membranaire, qui déphosphladrgkcide phosphatidique (PA) produit
aussi du DAG qui entretient la réaction d’activatie la PKCIn vitro, les esters de phorbol tel
gue le phorbol myristate acétate (PMA) peuventvactdirectement la PKC. Cette enzyme
activée va permettre la phosphorylation du factgtosolique de I'oxydase p#'?* provoquant la
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translocation a la membrane des sous-unités cyjossl. La PKC active également la
phospholipase A2 (PLA2) catalysant la formationcila arachidonique (AA) a partir des
phospholipides membranaires. En paralléle, la pret®ac migre a la membrane de maniére
indépendante et participe & I'activation de la NADSxydase. La liaison de la sous-unité B87
avec le cytochroméssg induit la transition d’'une conformation inactiveaative de ce dernier,

permettant ainsi le transfert d’électrons a tralesshemes et la formation d’anions superoxydes.

HADPH oxydaze inactive ———

Ep?1 phoo

p22 phox Extroceliulaire

COOH

Figure 3. Modéle d'activation de NOX2 Au repos, la NADPH oxydase est inactive et
caractérisée par une localisation membranaire B9kt p22"®) et cytosolique de
I'hétérotrimére (p48'* pa?"™ et p6P"™) et du complexe Rac2-GDP/Rho-GDI. Lors du
passage de la NADPH oxydase a la forme active poduire I'anion superoxyde dQ les
trois sous-unités pA®* p4a7?" et p6 P "*subissent des phosphorylations (points roses)ret so
transloquées a la membrane plasmique pour s’assacigp92* et p22"°* La protéine Rac2
est libérée de Rho-GPI et échange sa molécule d& @r du GTP. Cette protéine migre alors
a la membrane pour participer a la production,d'QGuichard, Pedruzzi et al. 2006).
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I1.2 Par les homologues de la NADPH oxydase des phagasyt

2.1 NOX1

La NADPH non phagocytaire NOX1, comme NOX2, requi@ssociation avec la sous-
unité membranaire p®%* puisque la déplétion de pP2 inhibe I'activation de NOX1
(Kawahara, Ritsick et al. 2005). Les facteurs ayligees NOXO1 NOX Organizer 1) analogue
fonctionnel de p4™ et NOXA1 (NOX Activator 1) analogue fonctionnel de pB&7 sont
essentiels a une activation maximale de NOX1 et Isgalisés dans les mémes tissus que NOX1

(Geiszt, Lekstrom et al. 2003).

Trés récemment, deux substrats de Saccoma) : Tks4 et Tks5T{yrosinekinasesubstrat
with 4/5 SH3 domains), présentant comme p47phd&@X0O1, un domaine Px et des domaines
SH3, ont montré qu’ils étaient capables d'induigepkoduction de ROS dans des systémes
cellulaires (HEK293) reconstitués avec NOX1 (ou NBPXGianni, Diaz et al. 2009; Weaver
2009). Ces Tks fixeraient NOXAL par ses domaine8 Stdépendamment de la présence de
Rac. Ces protéines sont localisées au niveau diisspmes des macrophages, des ostéoclastes,
des cellules endothéliales et des cellules museslalisses. Les podosomes sont des
microdomaines d’adhésion constitués a partir dgivations de la membrane plasmique et
organisés en structures cylindriques a base d&@dticalisés exclusivement a la face ventrale des
cellules et polymérisant perpendiculairement. Césradomaines regroupent des composants
structuraux et des protéines de signalisation corBroePKC et des métalloprotéases (MMP-2).
Les podosomes découverts dans certaines cellubesrales métastatiques sont alors appelés

invadopodes. La formation de ces structures dansdbules endothéliales humaines peut-étre
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induite par le PMA (Tatin, Varon et al. 2006) ehdaertainement par I'activation de la NADPH
oxydase.

Contrairement & p&7 NOXO1 ne posséde pas de région auto-inhibitriceomc ne
nécessite pas d'étre phosphorylé pour étre acttléied and Krause 2007). L'absence de cette
région  auto-inhibitrice  permettrait une  activité nsbttutive du  complexe
NOX1/NOXO1/NOXALl. Cette activité constitutive de MO par NOXO1/NOXAl n’est
clairement démontrée que dans les systemes d’esxqmnegtilisant des protéines murines (Banfi,
Clark et al. 2002; Banfi, Malgrange et al. 2004ralqu’elle est tres faible dans les systémes
d’expression utilisant des protéines humaines. tivatton a un niveau optimal du complexe
NOX1/NOXO1/NOXA1l humain nécessite le PMA (Geisztgekstrom et al. 2003; Cheng,
Diebold et al. 2006). Cet activateur de la PKCcantraire, n'a aucun effet sur la production de
ROS par Nox1 murin (Banfi, Clark et al. 2002). Ajoar, il n'est pas encore clairement établi si
cette différence de dépendance au PMA est réelieched a une difference entre NOXO1

humaine et murine.

A l'inverse de NOX2, l'activation de NOX1 par Ratest nécessaire que lorsque les taux

de NOXO1 et NOXAL1 sont faibles (Cheng, Dieboldle2806).

2.2 NOX3

NOX3 requiert 'association avec la sous-unité membrana22"* pour sa maturation et

son adressage au niveau subcellulaire (Nakano,i Bardl. 2007). Son activation nécessite
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lassemblage avec NOXO1 (Kiss, Knisz et al. 2006¢. role crucial de NOXO1l dans
I'activation de NOX3 provient d’étuddas vivo démontrant que l'inactivation de NOXO1 dans
des souris mutantes pour ce gene (Kiss, Knisz. &@08I6) présente le méme phénotype que les
souris mutantes pour NOX3 (Paffenholz, BergstroraleP004). La sous-unité NOXAL1 semble
étre essentielle pour I'activation de Nox3 murira, Malgrange et al. 2004) alors que son

absence ne diminue pas I'activation de NOX3 hum@iieng, Ritsick et al. 2004).

L’activation de NOX3 semble étre constitutive dales systemes cellulaires reconstitués

(Banfi, Malgrange et al. 2004; Ueno, Takeya e2@05).

2.3 NOX4

L'activation de NOX4 requiert I'association avec $mus-unité membranaire p2%
(Ambasta, Kumar et al. 2004; Martyn, FrederickleRB06). Son expression seule est suffisante
pour induire une production de ROS (Serrander,i€agt al. 2007) et n'est pas augmentée par la
co-expression de NOX4 avec les facteurs cytosddiogmnnus (p47% p67"> NOXO1 et
NOXA1) (Martyn, Frederick et al. 2006). Cependaimés récemment, par criblage double-
hybride en levure, un polypeptide, nommé Poldip@ymerasedeltainteractingprotein 2) a été
identifié comme interagissant avec la région riemeproline de pZ?° Il ne présente pas
d’homologie avec les autres facteurs cytosoliquessiues (p47°% p67"> NOXO1 et
NOXAL) et co-localise avec p?¥* et NOX4 au niveau des cellules musculaires listes

vaisseaux de rat (Lyle, Deshpande et al. 2009).
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L’association de NOX4 avec Rac ne semble pas, nos, mécessaire a son activation
(Martyn, Frederick et al. 2006; Kao, Gianni et2008). Mais I'indépendance de NOX4 vis-a-vis

de Rac est encore controversée (Gorin, Ricona 20aB).

NOX4 présente une activité constitutive importaloiesqu’elle est surexprimée dans des
modeles cellulaires en I'absence d’activateurs certatPMA (Martyn, Frederick et al. 2006) ou
le C&" (Lambeth, Kawahara et al. 2007). Un modéle cehell@xprimant constitutivement
NOX4 a également démontré une activité constitu(hie Bedard et al. 2009). A ce jour, les
augmentations d’activité de NOX4 décrites étaiesseatiellement liées a une augmentation de
I'expression de la protéine (Serrander, Cartied €2007). Poldip2 en s'associant & P22 est la
premiére protéine endogéene régulant positivemexttiVité de NOX4 au niveau des cellules
musculaires lisses des vaisseaux chez 'Hommeez lehrat sans augmenter I'expression de la

protéine (Lyle, Deshpande et al. 2009).

2.4 NOX5 et DUOXs

NOX5 et DUOX1/2 possédent, contrairement aux aubé€sX, un domaine EF-hand
capable de fixer le G4 En conséquence, leur activation est sous la dépee du CH et ne
nécessite aucune association avecd22t les autres facteurs cytosoliques régulateusnf(B

Tirone et al. 2004; Ameziane-El-Hassani, Morandl€2005).

De facon analogue au role stabilisateur deP§2dour NOX2, les enzymes DUOX1 et
DUOX2 se lient a des protéines DUOXAL1 ou DUOXA2 pestivement afin de former un

complexe stable (Morand, Ueyama et al. 2009)
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Figure 4. Topologie et activation des différentes soformes des NADPH oxydases.
Représentations graphiques des différentes NADBldases et de leurs sous-unités respectives.
NOX1, NOX2, NOX3 et NOX4 requiérent I'associatiovea la sous-unité p2%* a la
membrane. A l'exception de NOX4, ces NADPH oxydased besoin de sous-unités
cytosoliques (p47% p67"™ ou NOXO1 et NOXAL) pour leur activation. NOX5 nécessite
pas de sous-unités lors de son activation maisgessn domaine N-terminale liant le*Cd.es
DUOX1/2 présentent également ce domaine fixantde lié & une région transmembranaire
suivie d'un domaine homologue aux péroxydases.dRednd Krause 2007).

I1l. Fonctions communes des NADPH oxydases

La fonction primaire des enzymes NOX est de praddes espéces réactives de I'oxygene
(ROS). Le produit immédiat formé par les NOX esnlon superoxyde (O2 a lintérieur des
organelles ou dans le milieu extracellulaire. Largle négative ne permet pas au superoxyde de

traverser les bicouches lipidiqgues des membrane®digques. Dans certains cas, les anions
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superoxydes peuvent traverser les membranes gundceaaaux d’anions. Les effets biologiques
des anions superoxydes dérivés des NOX sont :

v La réaction avec l'oxyde nitrigue (NO) amenant hl& dégradation du NO, (i) la
formation de peroxyde nitrique, (iii) la nitrosya des protéines et (iv) I'addition de glutathion
réduit sur les groupements thiols.

v La réduction des hémes ferriques a l'intérieur éezlyme.

v Et finalement & l'alcalinisation des organellesacellulaires.

Le peroxyde d’hydrogene (B,) est rapidement formé par dismutation spontanée ou
catalysé par la SOD de 2 anions superoxyde®, Bécrété a I'intérieur des organelles ou dans le
milieu extracellulaire est une molécule capabletd&erser les membranes biologiques par
diffusion. Ces effets biologiques sont les suivants
v L’oxydation de résidus cystéine conduisant a (ijdttivation des tyrosines phosphatases
assurant les déphosphorylations, (ii) la formatden ponts disulfures et (iii) I'activation de
nombreux facteurs transcriptionnels (NB; AP-1 etc..) ainsi que les GTPases comme Ras.

v Une réaction avec les péroxydases (phénomene iamporors de la défense
antimicrobienne et lors de 'iodation des hormotiggoidiennes)
v Une toxicité par des oxydations non spécifiquesataposés cellulaires, essentiellement

a fortes concentrations.

Les ROS jouent donc un rble important dans de nembprocessus physiologiques et

pathologiques. Leur rble délétere sur les compasagitulaires (protéines, lipides, ADN) est bien
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caractérisé. Cependant, ces ROS ont des effetsifpadans la défense contre les agents
pathogenes et sont considérées comme des secosdagaes intracellulaires. Ces molécules
vont donc avoir des effets et des propriétés difftas en fonction de leur lieu d’émission et de la
concentration a laquelle elles sont produites. fgt,des ROS, toxiques a forte dose, peuvent

étre bénéfiques voire indispensables a faible auresgon.

De plus, elles doivent posséder a la fois une haatetivité envers une cible spécifique sur
une courte durée et la potentialité de I'atteindtela nécessite par leur faible diffusion une
proximité cellulaire voire subcellulaire avec leaikles.

Les NOX apparaissent donc comme des enzymes dentdles physiologiques sont
susceptibles d’étre divers et variés du fait de leaalisation différente et de leur régulation
complexe. Ainsi, toute modification de leur expressou toute production trop intense et

maintenue dans le temps sont susceptibles d’épkguees dans difféerentes maladies humaines.

IV. Localisation des NADPH oxydases

IV.1 Localisation tissulaire

Bien que les différentes NOX présentent des strasturés analogues et la fonction
commune de produire des ROS, leurs distributicssulaires different. Il existe deux niveaux

d’expression tissulaire des NOX, une expressiomcypale et une secondaire (figure 5).
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IV.2 Localisation cellulaire et subcellulaire

Les localisations cellulaires et subcellulaires NEsX vont intervenir au niveau de la
régulation des ROS. Les données de la littératmearnant les localisations cellulaires et
subcellulaires des NOX sont listées dans le tabldaans la plupart des cas, les localisations
subcellulaires sont encore controversées. Le matiqnéicorps anti- NADPH oxydase

commercialisés d’excellente qualité est en paesponsable de ces divergences.

V. Régulation des NADPH oxydases et de la productiades ROS

Les mécanismes de régulation de la production d&S Bont donc multiples et variés. lls
peuvent étre divisés en plusieurs groupes : i)h&sanismes qui régulent I'activité négativement
en bloquant ou diminuant les ROS : les systemaexyaiants et ii) les mécanismes qui régulent
I'activité en modulant I'expression ou I'activit@sl NOX : les facteurs cytosoliques, la sous-unité
membranaire p22>™ les molécules régulant les transcrits, les medalibns post-
traductionnelles, de facon encore anecdotiquemiesn-ARNS et les récepteurs des pathogenes
et finalement iii) les mécanismes qui permettentiatmliser la production des ROS et de la

limiter dans le temps : la compartimentalisation.

V.1 Régulation « négative » par les systémes antimants

Afin de maintenir 'homéostasie redox au sein d'weHlule et donc réduire le stress
oxydatif engendré par des taux élevés de ROS, dHsles ont développé des systémes
antioxydants. Ces molécules sont des substancebleaple diminuer ou de prévenir I'oxydation

des substrats. Ces systemes antioxydants vonp@agircontroler « ’'hnomeéostasie » redox
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Tableau . Localisations celluaires et suboellulaires des NPl axydase. RE : réticliumendoplasmiqugiapres (Bedard and Krause 2007; Brown and Grigndi
2009

NADPH  Localisation tissulaire Localisation Localisation
Oqydase celluaire subcellulaire
Cdordsta Cellules énithéliali
Vaissealx Celluies muscuaires lisses/ endothéliales BEndosome/Cavedine
Rétine Péricytes
NOXL o Ostéodastes
Cenveau Neurones/Astrocytes/Mcroglie
Peau Kératinocytes Noyau et cytoplasme
Phagocyte Neutrophiles, monocytes, mecraphages, o Mcrodomaine, menrtrar phagosom
dendhitiques et lymphocytes B
SNC Mcroglie, neLrones et astrocytes
NOX2 Vaissealx Cellues muscuiaires lisses et striées
Goaur Cardiomyooytes
Foe Heépatocytes
Moelle osseuse Celiules souches hémetopoiétiues
Qelleinteme ? ?
NOX3 Pounons
Rein Cellues tubuaires et mésangidles du gorérue
Vaissealx Cellules musculaires lisses/ endothéliales Conplexe dadhérence, noyau et RE
Peau Kératinooytes
NOXA Pourrons Flroblastes
G Cstéodastes et ostéadastes
SNC Neurones
Fae Hepatocytes
Thyroice Thyrooytes actives
TisstUymphatiour 7 7
NOAS Quanes sexu
Thyroide Thyrocytes Merrbrare plasimique
DUOXL \bies respiratoire Cellules épithéliales bronchicues
Thyroick Thyrocyte Menbrane pasniq
DOZ chordsta

intracellulaire, soit en se comportant comme dekoutes tampon (vitamines C et E, coenzyme
Q, glutathion, acides aminés....), soit en faisargeb@ des processus enzymatiques (SOD,

catalase, glutathion péroxydase, péroxyrédoxines).
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Enzymes
o H2H
« SOD 2" —» BHO, + O,
« Catalase 2HO; —» HO + O,

* Glutathion péroxydase HO,+2GSH —» 2D + GSSG

v' Péroxyrédoxine HO,+Prx-SH —» HO + Prx-SOH

Tampons

v Vitamines C et E Lipide VitE-H VitC /CoQH’
H,O ﬁ
OH’ .
Lipide-H VitE" VitC-H/CoQH2

Figure 6. Les systemes antioxydantd.es systémes de défense antioxydants agissent comme
des enzymes ou comme des tampons. Certaines eng$MmBs superoxyde dismutase, catalase,
la glutathion péroxydase et les péroxyrédoxinegyjatéent les dérivés réactifs de 'oxygene en
composés non toxiques. La vitamine E va piégerddgaux formés sous I'action des ROS et
sera régénérée par la vitamine C ou le coenzyme Q.
On parle de «stress oxydant lorsque cette homéostasie redox est perturbéepa une

surproduction de ROS, soit par une défaillance s¥ssemes antioxydants. Pour exemple, les
souris mutantes pour le géne SOD1 présente uneesgtion de la production de ROS au

niveau de la microglie contribuant a la pathogénésela sclérose latérale amyotrophique

(Marden, Harraz et al. 2007).
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V.2 Régulation « positive » par les sous-unités @goliques

L’activité NADPH oxydase est régulée par l'effiddcide I'assemblage des facteurs de
régulation (voir chapitre II). Pour exemple, ledldes transfectées uniqguement avec NOX1
produisent de faibles quantités d'ions superoxytlem fois, co-exprimée avec la pA% et la
p67"* la production d'ions superoxydes se trouve sigmifvement augmentée. Cette
production est encore augmentée lorsque les celaet transfectées avec NOXO1 (analogue de
la p4A?"™) et NOXAL (analogue de la p&7) (Banfi, Clark et al. 2003). Les facteurs
cytosoligues sont donc substituables. Cependagitichcité de I'activité des NADPH oxydases

sera plus ou moins importante selon le couple dedias cytosoliques utilisés.

V.3 Régulation « positive » par p2%'

La production de ROS par les NADPH oxydases, e¥sedOX5 et DUOX1 et 2, est sous
la dépendance de la sous-unité membranair€"B2Roir aussi chapitre 1.1 et 2). En effet, la
déplétion de pZ2°* (surexpression ou inhibition par ARN interférenaafjibe I'activation de
NOX1, NOX2, NOX4 (Kawahara, Ritsick et al. 2005)NDX3 (Ueno, Takeya et al. 2005). De
facon plus physiologique, un haplotype formé fasdociation de 3 polymorphismes du gene de
p22°"°* (nommé CYBA) est associé & une diminution de talpction des ROS par NOX2 dans
les lymphocytes B (Bedard, Attar et al. 2009).

p22’"°* permet la stabilité des protéines NOX sous forrigétdrodiméres alors que les
monomeres sont dégradés par le protéasome (Deluedtt Bt al. 2000). L'absence protéique de
NOX2 dans les phagocytes des patients atteintsateilgmatose septique chronique, due a une
mutation de NOX2, est associée & un taux indétectde protéine p22° et inversement,

I'absence protéique de p?2 dans les phagocytes des patients atteints de Igraatose
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septique chronique, due & une mutation dé322st associée a un taux indétectable de protéine

NOX2 (Parkos, Dinauer et al. 1988).

V.4 Régulation « positive » transcriptionnelle
4.1 Par des stimuli

La régulation des transcrits des NOX par différestimuli (tableau 1) est trés souvent
décrite et impliquée dans les mécanismes pathalegicCertains de ces stimuli vont induire des
facteurs de transcription (éléments trans-régutajequi se fixent au niveau de séquences cis-
régulatrices speécifiques classiquement appeléeseéls de réponse des promoteurs des NOX.
Les éléments de réponse des promoteurs de NOXDXP sont les mieux connus (Kuwano,
Kawahara et al. 2006; Lambeth, Kawahara et al. 2007

Au niveau des polynucléaires, certains de ces $tipewvent aussi jouer un role dans le
« priming » ou I'amorcage défini par le fait qu’'prétraitement de ces cellules par un agoniste
augmente la réponse oxydative & GR°2goniste ajouté ultérieurement. Le TdNHe GM-CSF
(Gougerot-Pocidalo, el Benna et al. 2002), IL-18bifa, Guichard et al. 2005) et I'IL-8
(Guichard, Pedruzzi et al. 2005) sont les cytokigas possédent I'effet « primant » le plus

important afin d’induire une forte production de ar les polynucléaires.
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Tableau Il. Regulation des NADPH oxydases par different stimuli

UPA: urokinase Plasminogen Activator, PDGF: Pl&tBlerived Growth Factor, EGF: Epidermal Growth
Factor, BMP-4: Bone Morphogenic Protein, I§Ninterferony, GM-CSF: Granulocyte Macrophage-
Colony Stimulating Factor, G-CSF: Granulocyte-Cgldgtimulating Factor, TN& Tumor Necrosis
Factorg, RE: Reticulum Endoplasmic.

Si NADPH Cellules (origine) Références
imulus
oxydase
Angiotensine Il Nox1, Nox4  Cellules musculaires lisses aortique (rat) (Wingler, Wunsch et al. 2001)
uPA Nox1, Nox4  Cellules musculaires lisses aortique (rat) (MenmhjlPlekhanova et al. 2006)
PDGE Nox1 Cellules musculaires lisses aortique (rat) (Katsuyama, Fan et al. 2005)
Nox4 Cellules musculaires lisses aortique (souri (Ellmark, Dusting et al. 2005)
EGF Nox1 Cellules musculaires lisses aortique (rat) n(Fatsuyama et al. 2005)
BMP-4 Nox1 Cellules endothéliales aortiques (souris) (Sorescu, Song et al. 2004)
PGF2a Nox1 Cellules musculaires lisses aortique (rat) t¢gama, Fan et al. 2002)
Phorbol ester Nox1 Cellules musculaires lisses aortique (rat) (Katsuyama, Fan et al. 2005)
K-Ras G12V Nox1 Lignée fibroblastique (rat et souris) (MitsiiahLambeth et al. 2004)
Vitamine D3 NOX1 Lignée cancéreuse coliqgue (Homme) (Geiszt, Lekstrom et al. 2003)
IEN- NOX1 Lignée cancéreuse colique (Homme) (Geiszt, Lekstrom et al. 2003)
Y NOX2 Macrophages, granulocytes (Homme) (Newburger, Dai et al. 1991)
HvDOXie NOX1 Cellules épithéliales pulmonaires (Homme (Goyal, Weissmann et al. 2004)
yp Nox4  Cellules musculaires lisses artérielle (souris (Mittal, Roth et al. 2007)
GM-CSF NOX2 Macrophages, granulocytes (Homme) (NewburDer et al. 1991)
M-CSF NOX2 Macrophages (Homme) (Newburger, Dai et al. 1991)
Fibroblastes cardiaque(Homme) (Cucoranu, Clempus et al. 2005)
TGF-B NOX4 Fibroblastes pulmonaires (Homme) (Hecker, Vittal et al. 2009)
Hépatocytes (Rat et Homme) (Carmona-Cuenca, Roncero et al. 2008
IL-1p NOX4 Cellules synoviales (Homme) (Chenevier-Gobz%a(\)g, Lemarechal et al.
TNFa NOX4  Cellules musculaires lisses aortique (Homme) (Magia et al. 2006)
Stress du RE NOX4 Cellules musculaires lisses (Homme) (Pedruzzi, Guichard et al. 2004)
TSH NOX4 Tissu thyroidien (Homme) (Weyemi, Caillou &t2009)
Cytokines Th-2 DUOX1 Cellules épithéliales bronchiques et traché: (Harper, Xu et al. 2005)
(IL-4, IL-13) (Homme)
Cytokines Th-1 DUOX?2 Cellules épithéliales bronchiques et trachéales (Harper, Xu et al. 2005)

(IFN-y, IL-1) (Homme)
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4.2 Par des variants d'épissage alternatif
De plus, un épissage alternatif des ARNm de cexsaMOX est possible. Les différents
variants obtenus peuvent présenter des activit&satites. Par exemple, les isoformes B et C de
NOX4, délétées de leur domaine de liaison NADPH/FARoduisent des ROS en quantité
diminuée et régulent l'activité de NOX4 par un efleminant négatif (Goyal, Weissmann et al.

2005).

V. 5 Régulation post-traductionnelle
La maturation de NOX2, NOX3, DUOX1l, DUOX2 et du et NOX4-D par
glycosylation de ces protéines pourrait étre unaniéste de régulation (Ameziane-El-Hassani,

Morand et al. 2005; Goyal, Weissmann et al. 20G@dR Paclet et al. 2009).

V. 6 Régulation par les microARNs

Les microARNs sont des petites molécule2Znucléotides) endogenes d’ARN capables
de réprimer la traduction des ARN en protéine. Bewonnées sont encore disponibles mais
guelques études essentiellement au niveau deggplant décrit une régulation du stress oxydant
par un microARN (mi398) (Phillips, Dalmay et al.(A). Un article trés récent a démontré que
les souris déficientes en Dicer (enzyme impliquédesda maturation des microARNSs) produisent
des taux plus faibles de ROS et que la cible pietémtie ces microARNSs serait g4 (Shilo,
Roy et al. 2008).

De plus, la réciprogue serait également posgibieque NOX4 serait capable de diminuer

I'expression du microARN : mi-188 apres stimulatipar I’hnomocystéine (Mishra, Tyagi et al.

2009).
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V.7 Régulation par les récepteurs PRRs

Afin de tuer les pathogénes, les cellules de I'imit@doivent d’abord les reconnaitre de
facon spécifique. Cette identification est asspades récepteurs appartenant a la famille des
PRRs PatternRecognitionReceptors) qui reconnaissent gesiotifs moléculaires conserves »
chez de nombreux pathogenes. Ceci va amener &éaemiplace de voies de signalisation
nécessaires a la microbicidie. Une des voies agueoduction des ROS par les NADPH
oxydases. Ces enzymes vont donc étre activeeshinéas par I'activation de ces récepteurs afin
d’exercer leur pouvoir microbicide directement ainsglu phagosome mais également en
participant dans les voies de signalisation médi@eses récepteurs PRRs. Les récepteurs PRRs
comprennent : les récepteurs de type TollTolklike receptorou TLRS), les lectines, les

scavengers receptors et les intégrines.

De nombreux récepteurs des phagocytes sont imglid@ds I'activation de la NADPH
oxydase, comme les récepteurs-Fc dans les macrepkates neutrophiles (Sakata, Ida et al.
1987; Gresham, McGatrr et al. 1988), les TLRs (OBienis, Mkaddem et al. 2008) ainsi que les
lectines (Underhill, Rossnagle et al. 2005). Avg&rse, I'activation des récepteurs C3 du
complément n’est pas accompagnée par une activde®NOX (Wright and Silverstein 1983),
bien que I'opsonisation des particules par le cémgnt active les NOX (Lofgren, Serrander et
al. 1999; Serrander, Larsson et al. 1999). De mé&segcepteurs des mannanes n’induisent pas

la production de ROS par les NOX (Astarie-Dequekiddjaye et al. 1999).
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7.1 Les récepteurs Toll (TLRS)

Les TLRs sont des protéines transmembranairespgel tyomportant : Un domaine
extracellulaire récepteur du signal de danger etpasé de nombreux motifs riches en leucine,
les LRRs LeucinRich Repeats), un domaine transmembranaire et un donmraeellulaire
contenant un domaine DIDéathDomain) permettant la transduction du signal d’atton.

Chez 'Homme, 10 TLRS différents ont été identifi@&R1-10). La plupart des ces récepteurs
reconnaissent spécifiquement des motifs partiitiéorigine diverse : bactéries, virus,
champignons et de nature variée : protéine, sacide nucléique (Tableau Ill). Plusieurs études
ont démontré I'existence de lien entre I'activatdnTLR et la production des ROS par une
isoforme spécifique des NOX. Ces relations sontitécdans le tableau IV. L'activation des
TLRs va augmenter I'expression des NOX via les mdEs de transduction du signal ou dans
certains cas, un contact direct entre le TLR &A®PH oxidase. Pour exemple, la partie C-
terminale de NOX4 interagit directement avec le doa TIR {Toll-interleukinelreceptor) de

TLR4 (Park, Chun et al. 2006).

7.2 Le récepteur dectine-1
La dectine-1 est un récepteur de la famille desnles de type C contenant un motif ITAM
(Immunoreceptoil yrosine-based ctivation Motif) au niveau de son extrémité cytoplasmique
(Brown 2006). Ce motif est impliqué dans I'actiwaticellulaire consécutive a la phagocytose des

ligands spécifiques de la dectine-1. Ce réceptetig@rimeé a la surface des neutrophiles, des
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Tableau Ill. Localisations cellulaires et ligands des récepteurs To-like.

TLR Localisation Motifs de reconnaissance Origine du_ motif de
reconnaissance
4 B Triacyl des lipoproteir Bactéries et Mycobactér
el Sl facteurs solubles Neisseria meningitidis
. Heat Shock protein” Le «s0i »
Neutrophiles Petidodl Bactéri i
TLR2 Monocytes/Macrophages ___repudogycane ternes gram positive
Cellules dendritiques Llpoprotelne/hpgpepndes Bactéries e'f champlgnons
Glycoprotéine Virus de I'hépatite C
Cellules dendritices
Cellules NK .
TLR3 Cellules épithéliales ARN double brin Virus
Cellules endothéliales
Neutrophiles Lipopolysaccharides Bactéries gram négative
TLR4 Monocytes/Macrophages Proteine d'enveloppe \irus oncogenes
Cellules dendritiques Taxol Plantes
Monocyte
Cellules dendritiques
immatures
TLR5 Cellules NK Flagelline Bactéries a flagelles
Neutrophiles
Cellules épithéliales
Lymphocytes T
Zymosal Champignor
TLR6 Lymphocytes B Acide I}i,g:)techoique Bactéries grgm positive
Lipopeptides diacylés Mycoplasmes
Lymphocytes
TLR7 Cellules dendritiques ARN simple brin Virus
Neutrophiles
TLR8 Monocyte: ARN simple brir Virus
Cellules dendritiques
Lymphocytes B Virus
TLR9 Macrophages (microglie) ADN CpG-hon méthylé Bactéries
Cellules NK Parasites
Neutrophiles
TLRIO Cellules dendritique Non déterminé

Lymphocytes |
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Tableau IV. Relation entre les récepteurs Toll-likeet les NADPH oxydases.

Ligand TLR NOX Localisation Référence
LPS (H.pylori) TLR4 Nox1 Cellules gastriques (cobaye) (Kawahara, Kohjima et al. 2005)
Lignée cancéreuse colique

Flagelline TLR5 NOX1 (Kawahara, Kuwano et al. 2004)
(Homme)
Endotoxine TLR9 Nox1 Mg munliae (Lee, Lee et al. 2008)
macrophages
NOX2 Neutrophiles (Homme) (Pacquelet, Johnson et al. 2007)
LPS TLR4 .
Nox2 Macrophages (souris) (Laroux, Romero et al. 2005)
BCG TLR2 Nox2 Macrophages (souris) (Yang, Shin et al. 2009)
Aucun TLR4 Nox3 Cellules endthellaIes (zhang, Shan et al. 2006)
pulmonaires
LPs TLR4 NOX4 Calfes enetenslkles (Park, Jung et al. 2004)
aortiques (Homme)
Cellules épithéliales trachéo-
Poly (I:C) TLR3 DUOX2 (Harper, Xu et al. 2005)

bronchiques (Homme)

monocytes, des macrophages et des cellules depasti || est également exprimé par des
cellules non immunitaires comme les kératinocykasb@yashi, Yoshiki et al. 2009). Comme les
autres récepteurs lectines de type C, la dectineebnnait les hydrates de carbone de la
membrane des pathogénes et plus spécifiquemerfd-dgcans. Ces polysaccharides sont les
constituants principaux de la membran®(@%) des champignons comme les levures mais
également de certaines bactéries et plantes. Lneec est donc impliguée dans la défense
antifongique. Pour cela, aprés phagocytose du pattey le motif ITAM activé va engendrer,
via Syk (spleen tyrosine kinase) et CARD9 (caspesguitement domain protein 9), la
production de cytokines pro-inflammatoires commetérleukine 6 (IL-6) et I'interleukine 17
(IL-17) et anti-inflammatoires comme l'interleukiiO (IL-10). En fonction du type cellulaire, la
dectine-1 est capable d'activer le récepteur TLR2 daugmenter la réponse inflammatoire

(Gantner, Simmons et al. 2003; Goodridge, Shimada 2009).
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De plus, l'activation de la dectine-1 va égalemeatr, I'intermédiaire de Syk, induire la
production de ROS par activation de la NADPH ox&@dnderhill, Rossnagle et al. 2005) par un
mécanisme partiellement dépendant de TLR2 (YanghMaxshall 2009). Les ROS induits par
I'activation de la dectine-1 dans les macrophagess &€é essentiellement impliqués dans la
dégradation du matériel phagocyté puisqu’en I'abseatef3-glycanase chez les mammiferes, les
B-glycans, principaux ligands de la dectine-1, saitiune dégradation oxydative par les ROS

(Miura, Miura et al. 1998).
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Figure 7. Le récepteur dectine-1 et sa signalisatioLes (3-glycans sont capables de se fixer au
récepteur dectine-1 et d’induire ainsi I'activatide voies de signalisation qui méneront pour la
plupart a l'activation de NikB et également a la production de ROS.
V.8 Régulation par la compartimentalisation
La localisation cellulaire voire subcellulaire de#férentes NOX semble jouer un réle
important dans leur activité afin de générer desSRI& maniére localisée au niveau de cibles

spécifiques et durant un temps court. Le réle dé#srentes NOX sera donc dépendant de la co-

localisation avec leurs sous-unités régulatricéswet cibles potentielles.
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Les radeaux ou microdomaines lipidiques ou « lipiddgts » sont des structures
membranaires spécialisées qui vont concentrer anemghdroit des molécules de signalisation.
Les cavéoles sont une sous-classe de ces micragesnéipidiques, caractérisées par une
invagination membranaire non-tapissée de clathnnais riche en cavéolinedes radeaux
lipidiques et les cavéoles vont réguler la sigadii® d’'un certain nombre de récepteurs en
ségregant les différents acteurs pour les activegroles séparant physiquement pour les inhiber.
Ces microdomaines de la membrane plasmique jouemble important dans I'activation des
NADPH oxydases (Ushio-Fukai 2009). Pour exemplesddes cellules Ra2 (lignée murine de
microglie) et HL-60neutrophile-like le cytochrome 435 et ses sous-unités cytosoliques sont
spécifiguement ségrégés dans les « radeaux ligdiguapres stimulation par le PMA (Vilhardt
and van Deurs 2004). Dans les cellules musculéisess, NOX1 est exprimée au niveau de ces
cavéoles (Hilenski, Clempus et al. 2004). LorsaléXation de I'angiotensine Il a son récepteur
AT1, ce complexe migre dans la cavéole, engendeamécrutement de Racl. Au sein de la
cavéole, NOX1 présente va étre alors activée, géhées ROS de maniére localisée. Les
protéines cibles, sensibles a I'état redox, pré&sedans la cavéole vont étre ainsi activées.

D’autres études effectuées au niveau des celludstieéliales ont montré que les radeaux
lipidiques, présents dans ces cellules, permettehtenir une production focalisée de ROS par
NOX2 aprés stimulation par le TMKYang and Rizzo 2007).

Les zones de contact matrice-cellules, celluledtzll les complexes focaux des
lamellipodes, les endosomes et le noyau sont égaledes domaines spécialisés ou les NOX en

fonction de leur expression subcellulaire pouréing activer (Ushio-Fukai 2009).

Ces études sur les localisations subcellulairgemea confirmer en I'absence d’anticorps

réellement spécifiques pour certaines NOX, esdéartient NOX1.
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VI. Comparaison des NADPH oxydases chez 'Homme &t souris

Les NADPH oxydases sont présentes chez tous lesmifaras et également chez les
plantes. La grande différence entre 'Homme etdaris au niveau des NADPH oxydases est

I'absence de NOX5 chez les rongeurs.

VI.1 Comparaison des séquences des ARN messagerded protéines
Les pourcentages d’homologie pour les ARN et leggntages d’identité peptidique entre
’'Homme et la souris sont représentés dans leedakl V. et VI. Cette étude préliminaire, a
I'aide du logiciel Blast (NCBI) permet de suppogee :
v' Les NADPH oxydases humaines et murines présentenidentité peptidique importante.
v NOX2, NOX4 et DUOX1 présentent des homologies dpisices codantes supérieures a
leurs identités peptidiques. Ceci peut étre expgliquar la dégénérescence du code
génétique.
v' Les séquences promotrices des génes codant poNARRPH oxydases sont de plus en
plus impliquées dans la régulation de ces protéideg comparaison entre les régions

promotrices humaines et murines pourrait appogaraliveaux éléments.

VI.2 Au niveau de la localisation tissulaire et céllaire
Les NADPH oxydases humaines et murines sont dars ltomologues au niveau de la
structure des ARN et des protéines. Mais, la lsaéibn est un phénoméne trés important dans la
régulation de ces NADPH oxydases, il est donc ingodrde savoir si les localisations tissulaires,
cellulaires voire subcellulaires des NOX sont églgmtes entre 'Homme et la souris. Les

données comparatives entre ’'Homme et la souris remas bien que de nombreuses études sur
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les modeles murins extrapolent les données provetaria souris a 'Homme. Une revue
comparative des NADPH chez 'Homme et la sourisaisegsouhaitable. Quelques exemples

existent :

Tableau V. Comparaison dességuences codantes cARN des NADPH oxydases chez 'Homme et chez la se

%
o Longueur .
DA A Espéce Locgl|§at|on séquence hqnblogle Référence GenBank (CDS)
oxydase géenique codante (ph) ss&t;er:t]oe
€
NOX1  Homme Chr.X(g22) 1695 86 NM 007052
Nox1 Souris Chr.X 1692 NM_172203(Balb/C)
NOX2 Homme  Chr.X(p21.1) 1713 87 NM_000397
Nox2  Souris Chr.X 1713 NM_007807 (C57BI/6)
NOX3  Homme  Chr.6(g25.-026, 170i 82 NM 01571t
Nox3  Souri Chr.1: 176i NM_198958(C57Bl/¢
NOX4 Homme Chr.1l(gl4.2-g21 1737 87 NM 016931
Nox4 Souris Chr.7 1737 NM_015760(C57BI/6)
DUOX1L Homme  Chr.15(g15.3) 4656 g7 NM 017434
Duoxl  Souris Chr.2 4656 NM_001099297
DUOX2 Homme  Chr.15(g15.: 464 84 NM_01408!
Duoxz  Souri Chr.Z 458/ NM 17761

Tableau V1. Comparaison des protéines des NADPH odgses chez I'Homme chez lasouris

Longueu % didentité

lonyEdas”—(l Espéce (normbre AA pepticique Reéférence (Uniprot)
NOX1 Homme 563 84 Q9Y5S8
Nox1 Souris 564 Q8CIz9
NOX2 Homme 570 93 P04839
Nox2 Souris 570 Q3U6G0
NOX3 Homme 56¢ 80 QOHBYC
Nox3 Souri¢ 56¢ Q672
NOX4 Homimg 57¢ % QONPH
Nox4 Souri¢ 57¢ Q9JH
DUOX1 Homme 1551 93 QONRDO
Duox1 Souris 1058 Q8BZO2
DUOX2 Homme 1548 84 QONRDS
Duoxz Souri¢ 154¢ Q72

v' L'estomac des rongeurs tel que le cobaye exprim¥N®awahara, Kohjima et al.

2005) et les ARNmM de NOXA1 et NOXO1 sont présentssd’estomac et l'intestin des
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souris (Banfi, Clark et al. 2002) mais a ce jou@Xl n’a pas été retrouvé dans lI'estomac

des hommes.

v Les cellules épithéliales du systeme respiratdiezd’Homme, mais également chez le
rat ou la vache expriment les DUOXs. Cette expoessgist absente chez la souris (Moskwa,
Lorentzen et al. 2007).

Les différences de localisation des NADPH oxydasase 'Homme et la souris sont a
prendre en compte mais les partenaires de ces eszpeuvent étre egalement différents et
importants. Pour exemples, les neutrophiles chernlime représentent environ 65% des
globules blancs alors que ce pourcentage est dech@¥la souris (Mouse Phenome Database
Jackson Laboratory). Le récepteur dectine-1 estrireép par les lymphocytes B et les
polynucléaires éosinophiles chez 'Homme alors bespression de ce récepteur « fongique »

sur ces cellules est absente chez la souris (WillnMarshall et al. 2005).

VII. Fonctions physiologiques et physiopathologieées a NOX1

Depuis sa découverte, en tenant compte de sonssipmeprépondérante au niveau colique
et son haut degré d’homologie de séquence avec N60®), des études se sont focalisées sur
le role de défense antimicrobienne de NOX1 au niveaique. Pourtant a ce jour, aucun réle
prépondérant de NOX1 n'a été mis en évidence dansrgane. Les effets physiologiques de
NOX1 ont émané d’études décrivant une diminutiamddhénotype pathologique apres deélétion
du gene Nox1 chez la souris ou dans des lignékgaieds. Aucune mutation de NOX1 générant

une pathologie n'a été mise en évidence chez ’'Hemm
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VII.1 Dans le systéme vasculaire

Le role de NOX1 au niveau vasculaire a suscité cmgu d’enthousiasme et de nouvelles
fonctions physiologiques prépondérantes de NOXhtyéte découvertes malgré une expression
faible. La production de ROS au niveau des vaisseagté suspectée depuis tres longtemps. La
mitochondrie puis NOX2 et la xanthine oxydase aiét Iés premiers suspects. Des mesures
directes de l'activité des NADPH/NADH ont démontdans le milieu des années 1990, que la
production de ROS au sein des vaisseaux était @mpar une NADPH oxydase nommée alors la
« NADPH oxydase vasculaire ». Il s’est avéré afaécouverte des homologues de NOX2 que
cette « NADPH oxydase vasculaire » n’était pas umimais correspondait a plusieurs NADPH
oxydases avec différentes localisations cellulaifegure. 9). Il est a noter que I'expression
d’ARNm des NOX a essentiellement été étudiée aeanivdes arteres et peu de choses sont
connues au hiveau des vaisseaux. Une étude yreuggédle prépondérant de NOX2 (Guzik,

Sadowski et al2004)

Intima | &lues, ...

Media

Adventice

Figure 8. Localisations des NADPH oxydases au niveade la paroi vasculaire. Les
différentes NOX sont présentes de facon spécifipres les différentes cellules composant les
couches de la paroi vasculaire : les cellules émédiales pour l'intima, les CML (cellules
musculaires lisses) pour la média ainsi que lesliilastes et macrophages pour I'adventice
(Bedard and Krause 2007).
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1.1 Réle dans la régulation de la pression artéiie

Les fonctions des NOX au niveau vasculaire sontptexes et dépendent non seulement
de I'isoforme de NOX impliquée mais également daetgellulaire. Plusieurs études ont suggére
gue NOX1 pouvait jouer un rdle important au niveasculaire puisque les taux d’ARNm de
cette isoforme dans les cellules musculaires liggssvaisseaux de rat étaient augmentés apres
stimulationex vivopar I'angiotensine Il (Lassegue, Sorescu et &12@t également chez les rats
hypertendus surexprimant un précurseur de I'angsite Il, la rénine (Wingler, Wunsch et al.
2001). L'angiotensine Il est un des acteurs clésadgmentations de pression artérielle avec des
effets au niveau du systeme nerveux central, duemsys vasculaire et des reins. Son
administration chez la souris est un modele recatinypertension (Ruiz-Ortega, Lorenzo et al.
2001). Ce polypeptide produit ses effets en stimtudas récepteurs spécifiques : AT1 et AT2. La

vasoconstriction engendrée est responsable deffebimgpertenseur (figure 9).
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Voie principale

Inhibiteurs de
I'enzyme de
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Vaisseaux
sanguing
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Figure 9. Voies de synthese et effets physiopathologiques Hangiotensine 1l dus a la
stimulation de ses récepteurs ATl et AT2.Les sites d’action des 2 classes danti-
hypertenseurs: inhibiteurs de I'enzyme de convarsgb antagonistes des récepteurs; Ale
'angiotensine Il sont également indiquéddTA : hypertension artérielle, CML : cellules
musculaires lisses.

L’implication de NOX1 dans la régulation de la mies artérielle de base ainsi que sous
'action de I'angiotensine Il a clairement été démnée de facon indirecte dans des modéles

murins :

v Des souris sauvages, recevant 3mg/kg/jour d’anggate Il en continu durant 7 jours a
I'aide de mini pompes Azlet, présentaient une fadgmentation de la production des ROS au
niveau de la meédia de l'aorte. A linverse, cettggraentation était faible chez les souris
déficientes en NOX1. L’angiotensine Il accroit démgénération de ROS sous la dépendance de

NOX1. La diminution de production de ROS sous atagisine Il est associée, chez les souris

déficientes en NOX1, a une augmentation de la jgressystolique inférieure a celle observée
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avec les souris controles durant les 3 premiensjda l'infusion (Gavazzi, Banfi et al. 2006). A
partir du §mejour, alors que la pression systolique des s@ais/ages continue a augmenter,
celle des souris déficientes en Nox1 retournenes \hleurs de pression artérielle systolique
basale (Matsuno, Yamada et al. 2005; Gavazzi, Bardl. 2006). De plus, la pression systolique
basale effectuée sur un grand nombre de souriSjravant traitement par I'angiotensine Il, dans
I'étude de Gavazzi et coll., était inférieure clhesxz souris déficientes en Nox1 en comparaison de
celle mesurée chez les souris sauvages.

v A l'inverse, un modele de souris surexprimant NCniveau des cellules musculaires
lisses des vaisseaux présentaient apres infusamgtensine Il une augmentation de la pression
artérielle supérieure a celle observée chez lasssoontrbles (Dikalova, Clempus et al. 2005).

v Il est a noter que bien que les informations camaetr la pression artérielle données dans
l'article soient succinctes, un modeéle de sourrexprimant I'angiotensine Il de fagcon chronique
(TTRhRen) et déficientes en Nox1 n’a pas montréide@nution de la pression artérielle par
rapport aux souris hypertendues posseédant Nox1i(¥teycure et al. 2008). Il est possible que
Nox1 soit essentielle dans les phases d’instaural#ol’hypertension artérielle sous angiotensine

II, mais que son réle soit négligeable dans les@hae maintenance.

Les ROS vont moduler la pression artérielle en ledgiessentiellement la contraction des
cellules musculaires lisses mais également lestitorec des cellules endothéliales vasculaires
(Rajagopalan, Kurz et al. 1996). Les cellules mlasies lisses stimulées par I'angiotensine Il se
contractent a travers des mécanismes sensiblédad tedox. La phosphorylation de la chaine
légere de la myosine (CLM) est une étape crucialeadte contraction des cellules musculaires
lisses vasculaires. La quantité de CLM phosphorgktefonction de la balance entre les CLM-

kinases et les CML-phosphatases (Somlyo and So2M®). Les CML-kinases sont sous la
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dépendance de la concentration dé*@atracellulaire. En effet, un des signaux tréscpoé de
I'effet de I'angiotensine Il est une augmentatian @ intracellulaire qui semble médiée par
'augmentation de la production de ROS (TorrecjllBeyano-Adanez et al. 2001). Les ROS

peuvent augmenter la concentration dé'@ar 3 mécanismes distincts (figure 10):

v' Une augmentation de I'affinité du récepteur desl'(Rodriguez-Puyol, Griera-Merino et
al. 2002).

v' Une régulation des canaux calciques (Wang, Anrathat. 2006).

v' Et finalement, une inhibition de SERC/afceendoplasmicreticulum Ca®*-ATPase)
(Redondo, Salido et al. 2004). Pour ce derniersdarce des ROS n’est pas encore

clairement définie.

Les CML-phosphatases peuvent étre également régulgar les ROS. Les
RhoA/RhoAkinases (ROCK) inhibent les CML-phosphesaset donc empéchent la
déphosphorylation des CML sous stimulation pardiatensine Il (Uehata, Ishizaki et al. 1997).
Or il a été démontré que l'activation de ces RO@gpahdrait des NADPH oxydases (Higashi,
Shimokawa et al. 2003). De nombreux arguments dont en faveur d’'un réle des ROS et de

NOX1 dans la transduction du signal du récepteut Aprés stimulation par I'angiotensine II.
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Figure 10. Rdéles possibles des ROS dans la contiact des cellules musculaires lisses
induite par I'angiotensine Il. Les ROS sont impliqués dans des mécanismes dégsr(tiaR,
canaux C& et SERCA) et indépendants du’CEROCK). AT1R : récepteur de I'angiotensine I
de type |, PIR: phosphatidyl inositol biphosphate ztHnositol triphosphate, BR: récepteur de
linositol triphosphate, SERCA : Sarcoendoplasmaticulum C&'-ATPase, ROCK : Rho-
associated kinase et CML : Chaine légere de la imyose symbole P correspond a I'état
phosphorylé. D’aprés (Garrido and Griendling 2009).

Devant le r6le maintenant bien étayé de NOX1 damédulation de la pression artérielle,
des études thérapeutiques ont été effectuées cHemrhe. En I'absence d'inhibiteurs
spécifiqgues de NOX1, des antioxydants ont été aidtn#s. Mais bien que ces antioxydants aient
montré une efficacité dans I'hypertension lors utiets cliniques de petite taille (30 a 110
patients) (Czernichow, Bertrais et al. 2006; Plegdi Ghiadoni et al. 2007; Rodrigo, Prat et al.
2008), les resultats avec des cohortes plus gragdakiées sur plusieurs années ont été
décevants (Maxwell and Greig 2001; McQueen, LonaleR005; Czernichow, Bertrais et al.

2006).
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1.2 Réle dans le remodelage vasculaire

L’angiotensine Il entraine une augmentation dediggeur de la média des vaisseaux par 3
mécanismes bien déterminés : la prolifération tahe, I'hypertrophie des cellules musculaires
lisses et I'accumulation de matrice extracellulajRuiz-Ortega, Lorenzo et al. 2001). Des
mécanismes dépendants de Nox1l conduisent a cqtertiophie médiale puisque les souris
déficientes en Nox1 traitées par angiotensine és@ntent une augmentation de la média de
I'aorte mais moins importante que celle observész dbs souris sauvages (Gavazzi, Banfi et al.
2006). Des données vitro ont suggére I'implication de Nox1 dans la prokfion cellulaire des
cellules musculaires lisses (Lassegue, Soresdu 20@1). Mais ce role de Nox1 est controversé
et n'a pas été retrouvé dans les étudesvo (Dikalova, Clempus et al. 2005; Gavazzi, Banfi et
al. 2006). Ces derniéres ont plutét impligué Noahsll'induction de I'’hypertrophie médiale via

I'accumulation de la matrice extracellulaire.

1.3 Réle dans I'angiogénése

De nombreuses situations pathologiques présemtenhéo-vascularisation sont associees
a une augmentation de la production de ROS (SHono.et al. 1996; Lelkes, Hahn et al. 1998).
NOX1 a été plus spécifiquement impligué comme jowardle dans I'angiogénése observée
dans les modeles tumoraux (Arbiser, Petros e08RR Bien que ce rdle soit encore conversé, le
réle de NOX1 dans la prolifération cellulaire a E@remier décrit, expliquant I'un des premiers
noms de NOX1 : MOH-1 pour mitogenic oxydase 1. Waegpression de cette protéine dans les
cellules NIH 3T3, entraine un phénotype prochecadisles transformées par 'oncogéne Ras et

ces cellules transformées par NOX1 greffées susdess athymiques provoquent des
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fibrosarcomes trés agressifs présentant une augtimmimportante de I'angiogenése (Arbiser et
al, 2002, Usio-Fukai, 2004). Les ROS générés pax Naugmentent I'expression d’un facteur
de croissance des cellules endothéliales, le VB@Edular Endothelial Growth Factor) impliqué

dans les mécanismes de I'angiogénese (Ushio-FOK&i; Xomatsu, Kato et al. 2008).

VII.2 Dans le systéme pulmonaire

Le tractus respiratoire est un systeme unique dédburnir une zone de contact optimale
avec I'environnement extérieur afin d’assurer urggénation maximale et optimale des tissus.
En conséquence, ce systeme est fortement expas#nétable aux facteurs environnementaux
comme les bactéries et virus aéroportés, lesritatahimiques et les allergenes. Il possede donc
des systemes de défense rapides et efficaces raatentent régulés afin de combattre les
pathogenes sans compromettre la fonction pulman&ems ce contexte, il n’est donc pas
étonnant que les NADPH oxydases soient tres prEsent niveau du systeme respiratoire (Pour
revue, (van der Vliet 2008). L’'analyse des ARNmslémpoumon total a révélé la présence de
NOX2, DUOX1 et DUOX2 en grande quantité, et égaletmde NOX1 et NOX4 en quantité

moins importante (Edens, Sharling et al. 2001; GeWitta et al. 2003; Mittal, Roth et al. 2007).
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. Trachée et voies respiratoires supérieures
Vasculature pulmonaire « Cellules épithéliales: DUOX1, DUOX2

* Cellules endothéliales: NOX1, NOX2, NOX4
¢ Cellules musculaires lisses: NOX1, NOX2, NOX4 E
. Alvéoles
* Cellules endothéliales: NOX1, NOXROX2, NOX4
¢ Cellules épithéliales: NOX1, DUOX1,
Sang DUOX2
*Macrophages, neutrophiles: NOX 82 0‘\/ «Fibroblastes: NOX2, NOX4

Figure 11. Expressions cellulaires des NADPH oxydas dans le systéme respiratoire. ds
différentes isoformes des NOX, excepté NOX5, saptismées dans les différents compartiments
pulmonaires (vasculature et alvéoles) ainsi quiaehée et les voies respiratoires supérieures.
Cette expression est spécifique du type cellul@iiapres (Griffith, Pendyala et al. 2009)

2.1 Roles physiologiques

Les NOX présentes au niveau pulmonaire jouent ls edésentiel dans la maturation du
poumon fecetal (Fischer, Gonzales et al. 2007) (ésement DUOX1) et dans les défenses

antimicrobiennes (Geiszt, Witta et al. 2003) (essement les DUOX et NOX2).

Cependant, peu d’études se sont intéressées aypmologique de NOX1 au niveau
pulmonaire. En effet, NOX1 a été détecté dansddales épithéliales (Goyal, Weissmann et al.
2004) et endothéliales alvéolaires (Mittal, Rothaét 2007). De plus, une surexpression de
NOX1, associée a une augmentation des ROS, au delitsypoxie a été décrite dans une lignée
humaine de cellules épithéliales cancéreuses alivésl(A549) (Goyal, Weissmann et al. 2004).

L’augmentation des taux de ROS s’accompagne d’ohieaéion de génes dépendants de HIF-1
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(Hypoxia-Inducible Factor 1) dont le role est dime les mécanismes de régulation de
I'hypoxie. Mais la spécificité de NOX1 dans la ddien des variations des taux d’oxygene lors
de I'hypoxie est controversée puisque NOX2 et NOQX4 également été impliquées (Mittal,

Roth et al. 2007; Cutz, Pan et al. 2009).

2.2Rdles pathologiques

L’augmentation de I'expression des NOX engendragg thux élevés de ROS ont éte
fortement incriminés dans des pathologies pulmesathroniques (van der Vliet, Eiserich et al.
1997; Barnes, Shapiro et al. 2003) . NOXO1, la amige régulatrice de NOX1 (et de NOX3) est
surexprimée dans les poumons de souris présentaat maladie pulmonaire obstructive

chronique (Meng, Gideon et al. 2006).

Le role des ROS a également été évoqué lors delpgibs pulmonaires aigiilesDes
étudesn vitro ont démontré I'efficacité du diphénylenéthidium (RRin inhibiteur des NADPH
oxydases, sur I'induction des ROS ainsi que sundat cellulaire induite par I'hyperoxie. Ces
phénotypes ont été observés au niveau d’une lignéee de cellules épithéliales pulmonaires
(MLE-12) (Zhang, Shan et al. 2003) mais égalememt niveau de cellules humaines
endothéliales pulmonaires (Parinandi, Kleinberglet2003). Dans la mesure ou ces 2 types
cellulaires expriment NOX1, il pourrait donc jouan rble important dans l'induction des
dommages pulmonaires engendrés par I'hyperoxie uisat au syndrome de détresse

respiratoire.
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VIII. Fonctions physiologiques et physiopathologietiées a NOX2
VIIl.1 Réles physiologiques de NOX2 dans le systenm@munitaire

NOX2, exprimée dans les cellules du systéme imrauajtgénere des quantités croissantes
en fonction de sa localisation respective dansédisiles dendritiques (Gelderman, Hultqvist et
al. 2007) ainsi que les lymphocytes B (Morel, CohEamnugi Cholley et al. 1993), les
macrophages et les polynucléaires neutrophilesdfésences de quantité de ROS produits vont

engendrer des roles de NOX2 distincts dans leslesltlu systeme immunitaire.
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Figure 12. Production de ROS par les cellules du sigéme immunitaire. Apres stimulation par

le PMA, les macrophages (W produisent des quantités de ROS, supérieureiess geoduites
par les cellules dendritiques (CD) et par les lyogyttes B présents dans le sang, la rate, les
ganglions inguinaux (GL) de souris sauvages. Lagrophiles () du sang, produisent des
quantités tres importantes aprés stimulation paPNeA alors que les lymphocytes T n’en
produisent pas. Les astérisques indiquent les wmivede significativité par rapport aux
macrophages:Rt< 0.05; ## < 0.01. Aprés marquage par le DHR1@3hydrorhodamine 123),

la production des ROS a été quantifiée par cytameétr flux (Gelderman, Hultgvist et al. 2007).
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1.1 Réles dans les polynucléaires neutrophiles

* Microbicidie:

NOX2 ou gp92'"™* ainsi que ses sous-unités régulatrices sont feneexprimées dans les
polynucléaires neutrophiles d’ou son nom de « NAD#Pdgocytaire » et est responsable d’'une
forte augmentation de la production de ROS appe&l@xplosion respiration » ou « burst
oxydatif » dans ces cellules. Ce mécanisme dépémldaloxygene est impliqué, en association
avec les mécanismes indépendants de I'oxygeneégses, peptides et protéines bactéricides),
dans la destruction des micro-organismes phagopgékes neutrophiles. L’activation de NOX2
(voir chapitre 11.1) permet la production d’aniossiperoxydes, peu microbicides mais qui
génerent du peroxyde d’hydrogéne avec un pouvoatébaide direct plus important. La
formation d’acide hypochlorique par la MPO a padin peroxyde d’hydrogéne présente

également un pouvoir bactéricide direct importdrgr(g, Griffin et al. 1997).

L’activité microbicide de NOX2 au niveau du neutndp est également indirecte par une
modulation du pH et de 'homéostasie ionique dugpkame : i) La réaction de dismutation des
ions superoxydes en peroxyde d’hydrogéne au seiphdigosome est consommatrice d’ions
d’hydrogéne (H) (Maturana, Krause et al. 2002). L'alcalinisaticnéée permettrait d’obtenir un
pH phagosomal optimum pour l'activité des protéasmsgtres bactéricides comme la cathepsine
G et I'élastase. ii) L’activation de NOX2 va amengre accumulation de charges négatives au
sein du phagosome qui sera compensée par les canatoxs mais également par les canaux
potassiques (K (Ahluwalia, Tinker et al. 2004; Rada, Geiszt t2005). Ceci va engendrer un

changement de I'osmolarité phagosomale optimisaciiVité des protéases cationiques.
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Récemment, un nouveau mécanisme de destructiomides-organismes par les
polynucléaires neutrophiles a été décrit. Lorsede &ctivation, ces cellules libérent des protéines
granulaires et de la chromatine qui forment de®§ilextracellulaires qui lient les bactéries
(Brinkmann, Reichard et al. 2004) et les champignirban, Reichard et al. 2006). Ces
structures portent le nom de « pieéges extraceladales neutrophiles » ou «NET8ke(trophil
ExtracellularTraps). Les protéases immobilisées sur les NETs dégtadelefacteurs de virulence
des micro-organismes fixés. La stimulation desnophiles par des activateurs de NOX2 (PMA
et micro-organismes) induiraient la formation dé€sTN alors que I'ajout préalable, avant
stimulation, d’un inhibiteur des NOX, le diphényimnium (DPI) la bloquerait. De plus, les
neutrophiles des patients atteints de granuloma@gtque chronique déficients en NOX2 sont
incapables de produire des NETSs. La formation @e\teTs serait donc dépendante des ROS

produits par le neutrophile (Fuchs, Abed et al.2Z@lanchi, Hakkim et al. 2009).

La fonction microbicide de NOX2 dans les polynugks neutrophiles est également

décrite dans les polynucléaires éosinophiles dadgfense contre les parasites (Nagata 2005).
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Figure 13. Mécanismes microbicides de la NADPH oxyde phagocytaire A. Mécanismes

dépendants3] et indépendantsl( 2 et4) de I'oxygene responsables de la microbicidie @n s
des neutrophiles. B. lllustrations des NERgtrophilExtracellularTraps).

* R6le anti-inflammatoire:

Bien gu’'une augmentation de lactivitt de NOX2 stiés souvent associée a de
nombreuses pathologies inflammatoires (pour relaenbeth, Krause et al. 2008)), un nombre
croissant de publications présente les ROS progaitdNOX2 comme des molécules ayant une
activité anti-inflammatoire. Ceci est en accordales complications inflammatoires observées
en I'absence de NOX2 soit chez les patients ast@lptgranulomatose septique chronique donc
déficients en NOX2, soit chez les souris déficisnea NOX2 (Schappi, Jaquet et al. 2008).
Plutét que d’'une contradiction, on peut parler daffet biphasique des ROS en fonction de leur
concentration. Les ROS produlits a forte dose olaclen prolongée sont toxiques et génerent des

composés pro-inflammatoires. L'absence de ROS aligeggalement un phénotype pro-
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inflammatoire indiquant que les ROS sont des réguta importants de I'inflammation et sont
essentiels dans des voies de signalisation limilantéponse inflammatoire lorsqu’ils sont
produits a faibles doses.

De nombreux mécanismes de résolution de linflanonatiépendants des ROS ont été
décrits.: i) flip-flop des phosphatidylsérines aslarface des neutrophiles apoptiques (Frasch,
Berry et al. 2008; Sanmun, Witasp et al. 2009)dé@yradation du matériel phagocyté (Metcalfe,
Thompson et al. 1990), iii) inhibition de la sé@yat et dégradation des cytokines pro-
inflammatoires (Clark and Klebanoff 1979; Selmec3ggelenyi et al. 2003; Lekstrom-Himes,
Kuhns et al. 2005) et iv) diminution du flux calog (Geiszt, Kapus et al. 1997). Mais il est

encore difficile d’évaluer leur impact physiologejahez I'Homme.

1.2 Réles dans les macrophages

Les macrophages sont les phagocytes localisés ldartsssus et dérivés des monocytes
circulants. Comme les neutrophiles, les macrophamgmiment NOX2 et ses sous-unités
régulatrices. lls ont un pouvoir microbicide dépmmd de I'oxygene sur les pathogenes

phagocytés.

Par rapport aux polynucléaires neutrophiles, lesSR@oduits par NOX2 dans les
macrophages sont a des taux plus faibles. lls iagiradonc plus comme des messagers
intracellulaires. Leurs roles dans la transductiarsignal (Lee, Lee et al. 2008; Yang, Shin et al.
2009) et dans l'activation de facteurs de transiomp (NF«B et AP-1) qui vont contrbler
I'expression de génes impliqués dans I'inflammatomme TNI&, IL1-3, IL-6 et IL-18, ont été

suggéres.
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De plus, les macrophages sont des cellules prégeesad’antigenes aux lymphocytes T.
Or, NOX2 est transporté a la membrane cellulaire m@crophages, lieu de contact avec les
lymphocytes T lors de la présentation de I'antigéfesein de cette « synapse immunologique »
formée entre le macrophage et le lymphocyte T, almbneuses molécules interagissent pour
transduire le signal et certaines comme les preséiyrosine phosphatases (PTP) ou les protéines
kinases (PK) vont étre sensibles a I'état redoxs PGP, gouvernant la déphosphorylation,
possédent un résidu cystéine au niveau de leucaitdytique. Les ROS oxydent le groupement
thiol de cette cystéine en groupement acide sujténirendant alors non fonctionnelles les PTP
(Denu and Tanner 1998; Chiarugi 2005). Inverseraetette inhibition des PTP, les ROS vont
activer les protéines kinases comme la protéinereskonsable de la phosphorylation de ZAP-
70, indispensable a la transduction du signal depteur des lymphocytes T, le TCR (Nakamura,

Hori et al. 1993).

NADP+ NADPH
CPA 4 j
Figure 14. Rodles possibles
des ROS dans la synapse
immunologique. Les ROS
produits par NOX2 localisé au
niveau des radeaux lipidiques
des cellules présentatrices de
I'antigene (CPA) vont pouvoir
agir sur les protéines sensibles
a I'état redox de la cascade de
signalisation du TCR
(récepteur des lymphocytes
T): Lck, LAT (linker of
activation of Tcells)
FRENDS i fmmiroogy (Hultgvist, Olsson et al. 2009)

Radeaux lipidiques —

Synapse immunologique

‘@

Radeaux lipidiques

Lymphocyte T
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1.3 Réles dans les cellules dendritiques

Les cellules dendritiques sont des cellules myékidiont le rdle principal est de détecter
les pathogénes et de les appréter correctement dafitier une réponse cellulaire T efficace.
Ces cellules expriment NOX2 ainsi que ses sougsimégulatrices mais les ROS produits le sont
a des taux tres faibles par rapport a ceux deswpolgaires neutrophiles (Elsen, Doussiere et al.
2004; Gelderman, Hultgvist et al. 2007). Cette l@ikexplosion respiratoire» ainsi que la
fonction cellulaire des cellules dendritiques suggéque NOX2 n'a pas de rbéle microbicide au
sein de cette cellule. Il est a noter égalemeetlga cellules dendritiques sont dépourvues de
MPO et ne pourront donc pas, a partir du peroxylgddogéene, créer des dérivés de I'oxygene

hautement réactifs.

A linverse, NOX2 semble indispensable a la rédgafadu pH phagosomal de la cellule
dendritique. Afin d’étre reconnu par les lymphosylie (CD8), les antigénes phagocytés par les
cellules dendritiques doivent étre dégradés soumdale peptides d’environ 8-9 acides aminés.
Cette dégradation est médiée par des protéasesoipates dont I'activité optimale est obtenue
aux pHs 5.5-6.5. Cet apprétement de l'antigenes@siis a une régulation précise puisqu’une
activité diminuée des protéases empéche la dégradi I'antigene en peptide reconnu mais a
inverse, une activité augmentée engendre la detsbn du peptide. Ces deux phénomeénes
conduisent & une non-reconnaissance du peptidepdymphocytes T. Les ROS produits par
NOX2, en consommant des protons, permettent uadiragation du phagosome et donc assurent
une diminution de I'activité des protéases au mdmenlu. Les cellules dendritiques humaines
ou murines, déficientes en NOX2, présentent undifasgition permanente de leur phagosome et
donc une dégradation trop importante des antigemggchant la reconnaissance du peptide par
les lymphocytes T (Savina, Jancic et al. 2006; gazza, Savina et al. 2008).
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1.4 Roles dans les lymphocytes B

Les lymphocytes B sont capables de générer desdRQ&ble quantité (5% de la quantité
produite par les polynucléaires neutrophiles) pactivation de NOX2 (Morel, Cohen Tanugi
Cholley et al. 1993; Batot, Paclet et al. 1998).r&ke physiologique de NOX2 au niveau des
lymphocytes B n’est pas encore clairement défirgma si les faibles taux de ROS produits
eévoqueraient plutdét un réle dans la transductionsidmal plutdt qu’'une activité microbicide.
Deux études ont suggéré un réle dans la proliférates lymphocytes B (Hunt, Cook et al. 1991)

et dans la régulation de la phosphorylation desstges (Suzuki and Ono 1999).

VIII.2 Robles pathologiques de NOX2: La granulomatse septique

chronique

L’activité microbicide de NOX2 dans les polynuclési neutrophiles est primordiale dans
la réponse de I'hdte aux infections puisqu’un dgsfmnnement de cette enzyme, causeé par des
mutations affectant les composants de ce completéigue, est a l'origine de la granulomatose
septique chronique ou CGD (chronic granulomatoseatie) caractérisée par des infections
séveres et récidivantes. La CGD est un déficit imitaire héréditaire rare (incidence de 1/200
000 a 1/250 000 par an) transmis sur un mode lighammosome X lorsqu’il est causé par des
mutations au niveau du géne CYBB codant pour NOBQ% des cas) ou sur un mode
autosomique récessif lorsqu'il est causé par destions du géne NCF1 codant pour B4%
(20% des cas) ou du géne CYBA codant pouf'52%5% des cas) ou du géne NCF2 codant pour
p67°"* (5% des cas). Trés récemment, une mutation du N§&Fe! codant pour pAt*a été

mise en évidence chez un patient CGD (Matute, Agiad. 2009).
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Le tableau clinique classique de la CGD est unrgrde moins de 5 ans présentant des
infections récurrentes dues a des germes « catptastive » commeStaphylococcus aureus,
Pseudomonas spp., Salmonella spp., Serratia manseset Nocardia sppet a des agents
infectieux fongiques essentiellemekdpergillus sppmais aussCandida spp(van den Berg, van
Koppen et al. 2009) au niveau des tissus supdHdi¢peau et ganglions) mais aussi profonds

(poumons, foie, os et sang).

Associées a ces infections, des complications rmflatoires ont été largement décrites
(Schappi, Jaquet et al. 2008). Une des réponsémmimiatoires typiques de la CGD est la
formation de granulomes dont l'origine est non-itifleuse malgré l'idée préalable que les
pathogénes, en persistant par absence de ROShtétdierigine d’une inflammation persistante.
Trois faits sont en faveur d’'une origine stériledans la plupart des cas, aucun microbe n'a été
retrouvé au sein des granulomes (Schappi, Smigh 999; Levine, Smith et al. 2005), ii) ces
lésions inflammatoires sont résistantes aux artthies (Chin, Stiehm et al. 1987; Schappi,
Smith et al. 2001) mais répondent aux immuno-mdduta type corticoides (Marciano,
Rosenzweig et al. 2004), salazopyrine (Schéappi,ttSrat al. 1999), cyclosporine A ou
azathioprine (Rosh, Tang et al. 1995) et finalemgijitces Iésions ont pu étre reproduites par
injection d’Aspergillus fumigatusinactivé par la chaleur chez la souris déficieate Nox2
(Morgenstern, Gifford et al. 1997; Petersen, Hietnal. 2002). Les localisations des sites
inflammatoires sont ubiquitaires et représentéesz db patient atteint de CGD et la souris
déficiente en Nox2 dans le tableau VII. Ces conapilims inflammatoires ont un retentissement
important sur la morbidité. Au niveau digesti§ dolite va étre a I'origine d’une cassure staturo-
pondérale, d’'une anémie, de douleurs abdominadediasirhées et vomissements ainsi que d’'une

constipation.
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Tableau VII. Syndromes inflammatoires développés pdes patients CGD et les souri:
déficientes en Nox2 (CGD)D’aprésSchappi, Jaquet et al. 2008.

Organe Patients CGD Souris CGD
Systeme digestif Pas de phénotype spont
v Colon Colite (33%)
v' Oesophage Obstruction
v’ lléon Inflammatior
Tractus urogénital Obstruction urinair(10%)
Rash cutané Syndrome inflammatoire apres
Peau Lupus (3.8%) injection d’Aspergillus fumigatus
inactivé
Os Arthrite rhumatoid Arthrite induite
Yeux Choriorétinit¢ (30%

Les mécanismes ainsi que les étiologies déternsniastcomplications inflammatoires dans la
CGD ne sont pas encore clairement identifiés. Gagperinflammation est due a I'absence d’'une
NADPH oxydase des phagocytes puisque les patie@Gi® @yant recu une transplantation de
moelle osseuse ne présentent plus de symptdmasmfitoires. De plus, la correction partielle
de l'activité de la NADPH oxydase des phagocytassdame minorité de cellules souches de la
moelle osseuse prévient les réponses inflammatekaserbées des souris déficientes en NOX2
(Goebel, Mark et al. 2005). Et finalement, les raguerteuses de la mutation du géne §ff%1
présentent avec une forte incidence des pathologyesatrices de lupus comme des rashs
cutanés photosensibles (58%), des ulceres bucet®)(ainsi que des douleurs articulaires
(37%) associés a une recherche d’auto-anticorpduke souvent négatives (Cale, Morton et al.
2007).

De nombreux mécanismes ont été avancés mais maphssisouvent sur des données
vitro. Ces modéles d’études ont permis de déterminer deeaox roles de NOX2 dans les voies
de signalisation mais n’ont pas permis d’obtenimdavelles cibles thérapeutiques potentielles.
Le traitement actuel des ces Iésions inflammat@stdase sur les corticoides au long court dont

le pouvoir immunosuppresseur est difficilement catiije avec un syndrome
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d'immunodéficience. Les mécanismes impliqués damuction de l'inflammation en I'absence

des NOX2 sont :

v' Diminution de la dégradation du matériel phagocyté

L’absence de degradation du matériel phagocytéapaence de ROS engendrerait une
activation permanente du systeme inflammatoireefBen, Hiran et al. 2002). Mais aucune

donnéen vivon’est disponible.

v Absence d’apoptose

De nombreuses études ont montré que les ROS imehtisae apoptose des polynucléaires
neutrophiles (Kasahara, Iwai et al. 1997; Ottondflmmento et al. 2002; Yamamoto, Tanuichi et
al. 2002). En conséquence, il a été suggéré quitatihmation observée dans la CGD était due a
une diminution de I'apoptose des neutrophiles (HampFadeel et al. 1998; Hiraoka, Vazquez et
al. 1998; Lundqvist-Gustafsson and Bengtsson 18@®rsen, Hiran et al. 2002). Des études a
partir de neutrophiles de patients CGD ont démongie 'absence de NOX2 n’inhibait pas les
voies de signalisations apoptotiques mais empégphaidt I'élimination des corps apoptotiques
neutrophiliques par les macrophages (Brown, Gottliefaal. 2003; Frasch, Berry et al. 2008;
Fernandez-Boyanapalli, Frasch et al. 2009). Cétsersce d’élimination des cellules en apoptose
pourrait correspondre aux débris de neutrophilesoueés sous la forme de cristaux
eosinophiliques au niveau des lésions inflammadoites patients CGD (Schappi, Smith et al.

2001; Harbord, Novelli et al. 2002; Liu, Cheng et2809).
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v Altération des signaux intracellulaires

Les neutrophiles de patients CGD ou de souris igéfies en NOX2 présentent, aprés
stimulation, un déséquilibre de la balance -cytokingro-inflammatoires/cytokines anti-
inflammatoires en faveur des cytokines pro-inflartoitas comme le TNér et I'lL-8 (Hatanaka,
Carvalho et al. 2004). Il n’est pas clairement Btabce jour, si cette augmentation de production
des cytokines est une des causes de l'inflammatioria conséquence d’une inflammation

persistante.

v" Absence d'inhibition des médiateurs pro-inflammasi

Les protéines S100A8/A9 (MRP8/MRP14) ainsi queléeskotrienes sont des médiateurs
pro-inflammatoires dont le catabolisme est dépendara production des ROS (Henderson and
Klebanoff 1983; Hamasaki, Sakano et al. 1989; Karmj Raftery et al. 1999). Une autre
explication possible de cette inflammation pourrditnc étre I'absence d’inhibition des

médiateurs pro-inflammatoires en I'absence de ROS.

Ces nombreux mécanismes impliquent le plus solsedADPH des neutrophiles mais les
autres cellules de linflammation possédant NOX@mme les macrophages et les cellules
dendritiques, sont certainement également impliglags les mécanismes inflammatoires de la

CGD.
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D. Modéles murins d’étude du réle des NADPH oxydase

|. Souris déficientes en NOX1 (NoxXTk")

La souris déficiente en NOX1 utilisée dans lesdwmvde cette these a été crée par le
groupe du Pr.Krause en 2002 (Gavazzi, Banfi et2@06). Une zone de 1.9kilobases (kb)
comprenant I'exon Il & I'exon VI du géne de NOXEt# remplacée par le gene de résistance a
la néomycine (RNeo). Ce vecteur a ensuite été fésnpar électroporation dans des cellules
souches embryonnaires issues de souris de soudiB¥J2 es clones sélectionnés par PCR et
Southern Blot ont été injectés dans des blastogyesouris de souche 129SvJ. Ces derniers ont
été implantés dans des souris pseudo-gravidiquesdafbtenir les premieres souris chimeres
deéficientes pour NOX1. Aprés plusieurs croisemeawec des souris sauvages de souche
C57BI/6, la colonie de souris déficientes en NOX&aun fond génétique C57BI/6 a été crée.

Les souris controles utilisées sont des sourisagas/de souche C57BI/6.

Xba  H X' exonlll IV VAVLVI £ Xba

< -= d =\“.‘= ﬁlr. it -=
T.5kb 4kb L 19kb | 1.3kb| 1kb
Xba  H X  Xbg E

Rneo

[ B o P .
Ll | L | Lt | Lg

F Y

Figure 15. Construction de la souris déficiente eMox1. Représentation du géne NOX1 et du
vecteur cible. X et Xba correspondent aux sitesegé&riction. a et b correspondent aux sondes
utilisées pour le Southern blot. Elles ont été siesien dehors de la séquence du géne Nox1 afin
de s’assurer de l'introduction du vecteur au nivdaichromosome X. La fleche bleue située sur
le vecteur cible correspond au géne de résistatecag@omycine (Rneo) inséreé.
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Le génotype des souris est déterminé a partir AlBN extrait des queues de souris. Une
amorce sens commune en amont de la délétion reitohrABN des souris contrles et

déficientes en NOX1. Un amorce anti-sens est dpéeifde I'ADN contréle et une autre amorce

anti-sens est spécifique du géene de résistancaéolaycine.

== Figure 16. Génotypage des souris déficientes en NoReprésentation
du gel d’agarose révélant les produits de PCR. INAdes souris sauvages
(Nox1™") présente une bande unique & 300 paires de Hasegae celui

+ % des souris déficientes en Nox1 présente une bamdeeaia 140 paires de
% % % O base et celui des souris femelles hétérozygotesepte les 2 bandes.

O O O «

Z Z2 2 I

Nox1l étant situé sur le chromosome X, les sourimefles pourront avoir comme
génotype : sauvage (NoX), hétérozygote pour lallele nul (NoX) ou homozygote pour

lalléle nul (NoxI"). Les souris males ne pourront avoir comme gémotygauvage (Nox1),

ou hémizygote pour I'alléle nul (Nox1).

Ces souris déficientes en NOX1 n’ont, a ce jougspnté aucun phénotype spontané.

Il. Souris déficientes en NOX2 (CybB"™P™")
La souris déficiente en NOX2 a été crée en 1995¢aroupe du Pr. Dinauer (Pollock,
Williams et al. 1995). Un fragment génomique dekdo®ases (kb) contenant I'exon Il et 11l du

géene de NOX2 a été utilisé pour construire un weatible dans lequel le géne de résistance a la

néomycine a éte inséré afin de remplacer I'exbn Il

73



[ Modeéles murins des NADPH oxydases]

Ce vecteur a ensuite été transféré par électrapordans des cellules souches embryonnaires
issues de souris de souche 129SvJ. Les clonedicéiers par PCR et Southern Blot ont été
injectés dans des blastocystes de souris de sddvJ]. Ces derniers ont été implantés dans
des souris pseudo-gravidiques afin d’obtenir lesmpéres souris chimeres déficientes pour
NOX2. Aprés plusieurs croisements avec des soatigsages de souche C57BI/6, la colonie de
souris déficientes en NOX2 avec un fond génétigb@Bl6 a été crée. Les souris contrbles

utilisées sont des souris sauvages de souche @G7BI/

Géne gp9phox

RI N X N X FII
l i N [ |
1 2 3
- 13 kb > |
Sondes
N X | N
Vecteur cible
HSVtk 2 3 neo pGEM-5Zf
— o
Alléle mutant
RI N X | N X RI
| | W | lJl [ 1 I
1 2 3 neo
la 8 kb > |- 6.8 kb » |
Sondes R W

Figure 17. Construction de la souris déficiente emNox2. Représentation du géne gp%t
codant pour la protéine Nox2, du vecteur cibléadiele mutant obtenu. X, N et RI correspondent
aux sites de restriction. Le vecteur cible contlergéne de résistance a la néomycine (neo).

Le génotype des souris est déterminé a partirAl2N extrait des queues de souris. Une

amorce sens commune en amont de la délétion reitd@iaN des souris contrbles et
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déficientes en NOX2. Une amorce anti-sens est figpéeide I’ADN contréle et une autre amorce

anti-sens est spécifique du géene de résistancaéolaycine.

Figure 18. Génotypage de la souris déficiente en k& Représentation du

- gel d’agarose révélant les produits de PCR. L’AD&E dsouris sauvages

- (Nox2'"") présente une bande & 240 paires de base, alrsetpi les souris
déficientes en Nox2 présente une bande unique pdiees de base et celui
des souris femelles hétérozygotes présenterallaades.

- ' :t

+ o F

[ I ol B o -
i L .
(I o (]

L 4 L0 O

Comme Nox1, Nox2 est situé sur le chromosome Xstasis femelles pourront avoir
comme génotype : sauvage (N&XR hétérozygote pour I'alléle nul (NoX3 ou homozygote
pour l'allele nul (NoxZ). Les souris males ne pourront avoir comme gérotysauvage

(Nox2™""), ou hémizygote pour l'alléle nul (NoX2.

Ces souris déficientes en Nox2 sont viables etrasenmtent, la plupart du temps, aucun
phénotype spontané lorsqu’elles sont élevées daravironnement sans pathogénes spécifiques
des souris. Mais lorsque ces souris sont en coatast Saphylococcus aureus ou Aspergillus
fumigatus, elles présentent une susceptibilité accrue aertagnfectieux. Ces souris déficientes
en Nox2 peuvent présenter des gonflements sévearesvaau des pattes ou du museau. Ces

Iésions contiennent ditaphyl occus species (Bingel 2002).

Ce sont des modéles d’études de la maladie gnavatéuse septique mais également du

role de NOX2 dans l'inflammation.
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[ll. Autres rongeurs utilisés comme modele de la CO

v Souris déficiente en pA%* Les neutrophiles de ces souris produisent destitggmmle

ROS inférieure a celles produites par des soatisages (Ellson, Davidson et al. 2006).

v Souris _déficiente _en pAP* crée par Jackson (Jackson, Gallin et al. 1995) par

remplacement de I'exon Il & 'exon VIl du géne P®7 par un vecteur contenant le géne de
résistance & la néomycine. Les souris déficienteg4d"™ présentent une susceptibilité accrue
aux agents infectieux ainsi que des granulomearmfiatoires.

v Souris et rats mutants pour Ncfles mutations spontanées du géne Ncfl 347

affectant la production de ROS ont été découvetieg ces rongeurs (Olofsson, Holmberg et al.
2003; Hultgvist and Holmdahl 2005). Ces mutatiomst sesponsables d’une susceptibilité accrue
aux phénomeénes inflammatoires comme l'arthrite.

v Rats MES Une mutation spontanée du géne Cyba {f92empéchent la production de
ROS par les leucocytes de ces rats. Ces rongeéserient une hyperéosinophilie sévéere

engendrant des Iésions inflammatoires (Mori, Lale2009) .
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A. Introduction et buts des travaux de recherche

Depuis lidentification et le clonage des difféerestNADPH oxydases, de nombreuses
études ont contribué a la connaissance du roledigle, de la signalisation et de la régulation
des NOX. lls ont également permis la constructi@n ndodéles murins transgéniques. Ces
modeles ont participé, en grande partie, a la déotel de nombreux mécanismes
pathophysiologiques des différentes NOX. L’'absedtme isoforme spécifique des NOX par
invalidation de géne dans les souris a permis dleepau manque de spécificité envers une

isoforme des molécules inhibitrices des NOX.

Le but de ce travail a été d’étudier, a l'aide daed@les murins transgéniques, les roles de
NOX1 et NOX2 susceptibles de participer a des nméoaes physiopathologiques. NOX1 a
particulierement été étudié aux niveaux vascuktinguimonaire et NOX2 au niveau cutané dans

un contexte inflammatoire.

La partie bibliographique de ce document nous anfgede souligner le role essentiel de
NOX1 au niveau vasculaire. En effet, NOX1 est impéie dans I'hypertension artérielle et
laugmentation de la média de l'aorte induites famgiotensine Il. Ce rble prépondérant a été
clairement défini par la mise en évidence d'une idtion du phénotype chez les souris
déficientes en NOX1 par 2 groupes dont celui ddeBerur Krause. Mais des questions sur le
réle physiologique de NOX1 dans la régulation derkession artérielle restaient en suspens : i)
Le r6le de NOX1 dans la régulation de la pressitérialle est-il uniguement lié a I'angiotensine
1?7 ii) Quel est ou quels sont les mécanismes p&)duel(s) NOX1 module l'activité de

'angiotensine Il ?
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En parallele et en collaboration avec le groupePdofesseur Barrazone, pneumologue,
nous nous sommes intéressés aux réles des ROS'iddnstion des dommages pulmonaires
engendrés par I'hyperoxie. Les quantités imporseadeeROS produites lors de I'hyperventilation
mécanique sont responsables des lésions pulmorgrmess. Il semble donc indispensable de
bloquer cette production de ROS. Pour cela, undeus compréhension de la physiopathologie
et la détermination de la NADPH oxydase impliquéass cette production excessive lors de

I’hyperoxie sont essentielles.

Finalement, nous avons investigué les complicatlyerinflammatoires observées chez
les patients atteints de maladie granulomateustgaep(CGD). Ces réponses inflammatoires
exacerbées ont un retentissement important suotaidité et le traitement actuel repose sur les
corticoides au long court dont le pouvoir immungsepseur est difficilement compatible avec
une pathologie d'immunodéficience. Afin d’assureeumeilleure prise en charge des patients
CGD, l'origine et la compréhension des mécanisnmégant ces Iésions inflammatoires en

'absence de NOX2 semblent indispensables.
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B. Rbles de NOX1 dans la régulation de la pression attielle

L’hypertension artérielle (pression artérielle sugdre & 140/90 mm de Hg) dans le monde
constitue un probleme de santé publique avec enc€rane prévalence de 41,8% pour les
hommes et de 27,8% pour les femmes (Etude Mona2(8&). Une des molécules importantes
dans la survenue de I'hypertension artérielle’asglotensine Il et 2 classes d’antihypertenseurs
sont capables de bloquer, entre autres, ses effstsconstricteurs. Ce sont les inhibiteurs de
'enzyme de conversion et les antagonistes dept@aees de I'angiotensine Il de type 1 (AT1).
Ce polypeptide impliqué depuis de nombreuses anc@®sne un stimulus capable d’activer la
production de ROS (Griendling, Sorescu et al. 208@Jmente I'expression des transcrits de
NOX1 et NOX4 (Lassegue, Sorescu et al. 2001; Wmgdlunsch et al. 2001). Le lien entre
hypertension artérielle, angiotensine Il et str@egdatif a donc été fortement suggéré (Sowers
2002). L'importance grandissante des ROS dans teesue et I'évolution des pathologies
cardio-vasculaires ainsi que le role prédominantN#&@X1 dans la survenue d’hypertension

artérielle systémique induite par I'angiotensinedtupe la littérature depuis quelques années.
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l. Article 1 L’'absence de NOX1 protege des dissections aortiqueinduites par

I'angiotensine Il

NOX1 DEFICIENCY PROTECTS FROM AORTIC DISSECTION INRESPONSE TO
ANGIOTENSIN Il. Gaetan Gavazzi, Christine Deffel€andice Trocme, Michela Schéappi,
Francois R. Hermann and Karl-Heinz Kraudgpertension2007. 50:189-196.

La perfusion d’angiotensine Il chez les rongeurs w@s modele d'études reconnu de
I'hypertension artérielle (Ruiz-Ortega, Lorenzakt2001). Ce modele est également utilisé dans
lors des études de la formation des anévrysmesa etutvenue des dissections aortiques
(Daugherty and Cassis 2004) ce qui n'est pas leavas d’autres molécules hypertensives
comme la norépinéphrine (ou noradrénaline). L’arggisine 1l serait donc une molécule
hypertensive majeure également impliquée dans fmdton des anévrysmes bien que ces
phénomeénes semblent indépendants (Cassis, Gualte2€09). Les mécanismes conduisant a la
formation des lésions de dilation sous angiotenBisent :i) une infiltration de monocytes et de
macrophages de la média en réponse a des rupesefiorks élastiques, ii) une activation des
protéases, en particulier par un déséquilibre dealance entre les métalloprotéases (MMP) et
leurs inhibiteurs, les TIMPs (Tissue InhibitorsMétrix Métalloprotéinases), et iii) une réponse
fibrotique. Un rdle possible des NADPH oxydaseséaé¥oqué dans la survenue d’anévrysmes
aortiques. Ces derniers sont associés & une augfinande la sous-unité p??* chez 'Homme
(Ejiri, Inoue et al. 2003; Gavrila, Li et al. 200Bhomas, Gavrila et al. 2006). La délétion génique
de p4?"* dans un modéle murin (Thomas, Gavrila et al. 208B)si que |™inhibition"
pharmacologique par I'administration de vitamind@avrila, Li et al. 2005) ont démontré un

effet protecteur vis-a-vis de la survenue des aiséves.
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Lors de cet article, devant le r6le maintenant bieétayé de NOX1 dans I'hypertension
artérielle, nous nous sommes demandé si I'activide NOX1 était uniguement dépendante
de I'angiotensine Il ? Et si, NOX1 pouvait égalemenjouer un réle dans d’autres effets de

I'angiotensine Il comme la formation d’anévrysmes ?

Mon travail dans cet article a consisté a mesues pressions artérielles systoliques des
souris sauvages et déficientes en Nox1, a effettusricroarray et son analyse ainsi que les
PCR quantitatives de confirmation, a participer auakscussions de travail ainsi qu’a

I'élaboration du manuscript. La gestion des animénaxsgéniques a également fait partie de ce

travail.

83



84

Travaux de recherche




JOURNAL OF THE AMERICAN HEART ASSOCIATION

American Heart
Associatione

Hypertension

NOX1 Deficiency Protects From Aortic Dissection in Response to Angiotensin |1
Gaetan Gavazzi, Christine Deffert, Candice Trocme, Michela Schappi, Frangois R.
Herrmann and Karl-Heinz Krause
Hypertension 2007;50;189-196; originally published online May 14, 2007,

DOI: 10.1161/HY PERTENSIONAHA.107.089706
Hypertension is published by the American Heart Association. 7272 Greenville Avenue, Dallas, TX
72514
Copyright © 2007 American Heart Association. All rights reserved. Print ISSN: 0194-911X. Online
ISSN: 1524-4563

The online version of this article, along with updated information and services, is
located on the World Wide Web at:
http://hyper.ahgjournal s.org/cgi/content/full/50/1/189

Subscriptions: Information about subscribing to Hypertension is online at
http://hyper.ahajournal s.org/subscriptions/

Permissions: Permissions & Rights Desk, Lippincott Williams & Wilkins, a division of Wolters
Kluwer Health, 351 West Camden Street, Baltimore, MD 21202-2436. Phone: 410-528-4050. Fax:
410-528-8550. E-mail:

journal permissions@I|ww.com

Reprints: Information about reprints can be found online at
http://www.Ilww.com/reprints

Downloaded from hyper.ahajournals.org by on November 24, 2009

Learn and Live..



http://hyper.ahajournals.org/cgi/content/full/50/1/189
http://hyper.ahajournals.org/subscriptions/
mailto:journalpermissions@lww.com
http://www.lww.com/reprints
http://hyper.ahajournals.org

NOXI1 Deficiency Protects From Aortic Dissection in
Response to Angiotensin II

Gaetan Gavazzi, Christine Deffert, Candice Trocme, Michela Schippi,
Francois R. Herrmann, Karl-Heinz Krause

Abstract—Oxidative stress leads to vascular damage and participates in the pathomechanisms of aortic dissection and
aneurysm formation. Here we study aortic dissection in mice deficient in the superoxide-generating reduced
nicotinamide-adenine dinucleotide phosphate oxidase NOXI1. Seven days of treatment with the hypertensive agent
angiotensin II (3 mg/kg per day) led to aortic dissection in 23% of wild-type C57BL/6J mice but in only 4% of
NOX1-deficient mice (P=0.05). In contrast, treatment of wild-type C57BL/6J mice with the hypertensive agent
norepinephrine (12 mg/kg per day), did not lead to aortic dissection or sudden death, suggesting that hypertension is not
sufficient to cause aortic dissection. Interestingly, norepinephrine-dependent blood pressure elevations were conserved
in NOX1-deficient mice, demonstrating that, different from angiotensin II, it acts through NOXI-independent
hypertensive mechanisms. The resistance of NOX1-deficient mice to angiotensin II-induced aortic dissection suggests
a role for NOX1-dependent alterations of the vascular wall. We, therefore, studied gene expression and protease/in-
hibitor equilibrium. cDNA array analysis demonstrated differential effects of angiotensin II on gene expression in
wild-type and NOX1-deficient mice. Tissue inhibitor of metalloproteinase 1 was increased both on the mRNA and the
protein level in aortas from NOXI-deficient mice. Thus, our results demonstrate that NOX1 is involved in the
mechanisms of angiotensin II-dependent aortic dissection. As one underlying mechanism, we have identified
NOX1-dependent suppression of tissue inhibitor of metalloproteinase 1 expression, which could lead to tissue damage
through an altered protease/inhibitor balance. (Hypertension. 2007;50:189-196.)

Key Words: NOX1 m nicotinamide-adenine dinucleotide phosphate oxidase m blood pressure
m aortic dissection m angiotensin II

Aortic dissections and formation of aneurysms are serious
and frequent medical conditions that are the conse-
quence of damage to the vascular wall. Animals model play
a key role in understanding their pathomechanisms.! Angio-
tensin II perfusion in mice has become a particularly valuable
model for this pathological process.>> Angiotensin II-induced
vascular alterations include the following: (1) sustained blood
pressure elevations; (2) increase in the thickness of the aortic
media through mechanisms including smooth muscle hyperpla-
sia, smooth muscle proliferation, and accumulation of extracel-
lular matrix (ECM) proteins; (3) markers of inflammation,
including oxidative damage to the vascular tissue, infiltration of
monocytes/macrophages, and activation of matrix metallopro-
teinases; and (4) formation of aortic dissection and aneurysms.'*
Angiotensin II-dependent signal transduction is complex and
involves =2 different receptors and the activation of multiple
intracellular signaling pathways.®” There is now increasing
evidence that reactive oxygen species (ROS) are an important

part of angiotensin II-dependent signal transduction®-'? in-
volved in the pathogenesis of aortic aneurysms.'3-17
Investigations on the source of ROS generation in the
vascular system suggest an important role for the NOX
family of ROS-generating reduced nicotinamide-adenine
dinucleotide phosphate oxidases.®-12'8 More specifically, a
role for NOX enzymes in aortic dissection and aneurysm
formation is suggested by an increased expression of the
p22°* NOX subunit in human aneurysmal aortas'® and by the
decreased aortic aneurysm formation in p47”"-deficient
mice.2® However, it is not clear which NOX enzyme is
relevant for aortic dissection and aneurysm formation. In
mice, 6 NOX family members are known: NOXI to 4 and
DUOX1 and 2.'2 In the vascular system, NOXI is ex-
pressed in smooth muscle; NOX2 in macrophages, adven-
titial fibroblasts, and to some extent also in endothelium;
and NOX4 in endothelium and smooth muscle.'’2! The
role of NOXI in angiotensin II-induced hypertension has
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been demonstrated recently.?>-24 Here we demonstrate that
NOXI1 is critically involved in angiotensin II-induced
aortic dissection.

Methods

All of the reagents were from standard suppliers and of highest
available grade.

Animals

Generation of NOX1-deficient mice has been described previously in
detail.23 Animals were back crossed with C57BL/6J mice, and results
shown in this study were obtained with F6-generation animals.
Wild-type controls were either littermates or wild-type C57BL/6]
mice. For our experiments, only males from 12 to 30 weeks of age
(weight: 25 to 35 g) were used.

All of the mice were housed in a quiet room at 25°C with a
12-hour light/dark cycle and free access to food and water. This
study and the animal procedures described below were approved by
the Ethics Committee of Animal Care in Geneva and the Cantonal
Veterinary Office (No. 31.1.1033/3168/3).

Definition of Sudden Death

Mice that were found dead without any preceding signs of suffering
were defined as sudden death. Signs of suffering in mice were
actively searched for by the following criteria: weight, activity, and
fur appearance (during the course of the study, no sign of suffering
in any of the mice was detected).

Implantation of Minipumps

For implantation of subcutaneous minipump (Azlet model 1007D),
mice were anesthetized with inhaled isoflurane (5% at induction
followed by an 2%). Minipumps were implanted through an incision
in the midscapular region under sterile conditions. Angiotensin II
(Sigma) was dissolved in 0.154 mol/L of NaCl for infusion at 3
mg/kg per day.> Norepinephrine (Sigma) was dissolved in 0.154
mol/L of NaCl for infusion at 12 mg/kg per day. Sham-treated
animals underwent an identical surgical procedure, except that
osmotic minipumps containing 0.9% NaCl were implanted. Mice
were euthanized at day 7 after implantation of minipumps and after
aortic tissue was removed.

Tail Cuff Blood Pressure Measurements

Tail cuff blood pressure (TCBP) was measured in awake mice by tail
cuff plethysmography (RTBP 200, Kent Scientific, ADI Instru-
ment).>> Baseline measurements were performed on =3 different
days before the implantation of minipumps. Animals were consid-
ered well trained if TCBP variability was =40+20 mm Hg. All of
the reported TCBP values represent an average of 10 to 20 repeated
measurements per time point and animal.

Histochemistry

For histology, specimens were fixed in formol, embedded in paraf-
fin, and subsequently sectioned at 5 wm. Three different parts of each
aorta were analyzed with optic microscopy after hematoxylin/eosin
staining, performed according to standard procedures. Aortic dissec-
tion was defined histologically as a splitting of the middle layer
(media) from the outer layer of the aorta and/or blood accumulation
within the aortic wall. The analysis was performed blinded by an
experienced staff member of our histology core facility.

Oligonucleotide Microarray

The total aorta of 3 wild-type mice and 3 NOX1-deficient mice were
collected after a 7-day angiotensin II infusion. The total RNA was
extracted from 10 to 15 mg of aorta, using the RNeasy Protect mini
kit (Qiagen). A total of 0.2 pg of RNA was converted into
double-stranded cDNA using a ¢cDNA synthesis kit (Superscript
Choice, Invitrogen) with a special oligo(dT)24 primer containing a
T7 RNA promoter site added 3’ to the poly-T tract. Biotinylated

cRNAs were generated from cDNAs using the GeneChip IVT
labeling kit (Affymetrix) and subsequently purified with the RNeasy
kit (Qiagen).

All of the amplification started with 100 ng of total RNA for each
sample. Two rounds of amplifications were performed for each
replicate to synthesize biotinylated cRNA according to the Af-
fymetrix protocol. A total of 17.5 ug of biotinylated cRNA was
hybridized to mouse Affymetrix 430 2.0 chips, containing probe
features for 45101 transcripts. The chips were washed and scanned
and the fluorescence signals analyzed with Affymetrix software
GCOS.227 To identify differentially expressed transcripts, pairwise
comparison analyses were carried out with Affymetrix software.
Each of the NOX1-deficient aorta samples (knockout) was compared
with each of the wild-type aorta, resulting in 9 pairwise comparisons
(knockoutX wild-type).

Real-Time PCR

Thoracic aorta samples were placed in RNA later (Qiagen). After
homogenization with polytron PT 1200E (Kinematica AG) in RNA,
RNA was then extracted by the RNeasy Protect mini kit (Qiagen)
and reverse transcribed using the superscript reverse transcriptase
(Superscript Choice, Invitrogen). A total of 200 ng of sample was
used as a template for the real-time PCR. Based on preliminary
experiments, 2 constitutively expressed reference genes were se-
lected for normalization of candidate gene expression levels. These
genes were EEF1A1 (eukaryotic elongation factor 1Al) and TBP
(Tata box binding protein). For PCR primers see the data supplement
available online at http://hyper.ahajournals.org.

Metalloproteinases and Tissue Inhibitor of
Metalloproteinase 1 Measurement

The explants of whole thoracic aortas from wild-type and NOX1-
deficient mice were first homogenized with polytron PT 1200E
(Kinematica AG). Gelatinase matrix metalloproteinase (MMP)-9
were evaluated by zymography as described previously.?® Band
intensity was quantified by scanning densitometry (CD 60, Desaga,
Sarstedt Gruppe), and gelatinase levels were calculated by reference
to the scanning values obtained from known amounts of purified
MMP-9. This technique allows us to determinate levels of latent and
activated MMP-9 that migrate at 92 and 82 kDa, respectively, on the
gel and degrade gelatin identically after electrophoresis. Specific
activity was expressed in picomoles of gelatinase per microgram of
protein.

Tissue inhibitor of metalloproteinase 1 (TIMP-1) levels were
determined by a commercial ELISA assay (R&D Systems), of which
sensitivity is 2.1 pg/mL according to the manufacturer. Results were
expressed in picomoles of TIMP-1 per microgram of protein to
calculate the molar MMP-9/TIMP-1 ratio.

Statistical Analysis

Differences in blood pressure values were assessed using ANOVA
with a repeated-measures design. For the comparison of quantitative
PCR, nonparametric tests were used because of the smaller sample
size. Fisher’s exact test was used to compare the percentage of aortic
dissections. All of the data were reported as mean=SD. Null
hypotheses were rejected when P<<0.05. Analyses were performed
with the Stata 9.2, statistical package (Stata Corporation).

Results

Susceptibility of NOX1-Deficient Mice to

Angiotensin II-Induced Aortic Dissection

We have previously described decreased blood pressure
elevations of NOX1-deficient mice in response to angiotensin
I1.23 During these initial studies, we have observed in wild-
type mice cases of sudden death (see Methods section for
definition of sudden death). Because angiotensin II may lead
to aortic dissection and aneurysms in C57BL/6 mice,!2*3° we
decided to study to what extent NOX1 might be involved in
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Figure 1. Decreased susceptibility of NOX1-deficient mice to angiotensin ll-induced aortic dissection. Wild-type (n=28) and NOX1-
deficient (n=24) mice were continuously infused with angiotensin Il (3 mg/kg per day) through implanted minipumps for a 7-day period.
Two of 28 wild-type mice, but 0 of 25 NOX-deficient mice, succumbed to sudden death. Surviving mice were euthanized at day 7, and
explanted thoracic aortas were sectioned and stained by hematoxylin/eosin. A, Aortic dissection was detected in 6 (of 26) wild-type
mice but in only 1 (of 25) NOX1-deficient mice. B, Number of aortic dissection in wild-type and NOX1-deficient mice.

the development of this pathology. Over a 7-day period of
angiotensin II perfusion, 2 (ie, =~7%) of the wild-type mice,
but none of the NOX1-deficient mice, succumbed to sudden
death. In surviving mice, systematic analysis of hematoxylin/
eosin-stained aortic sections revealed aortic dissections or
aneurysm with thrombi in 6 (of 26) wild-type C57BL/6 mice.
In contrast, we found aortic dissection in only 1 (of 25)
NOXI1-deficient mice (Figure 1A). The difference in the
occurrence of aortic dissections in wild-type versus NOX1-
deficient mice was statistically significant (Figure 1B;
P=0.05). Thus, NOX1-deficient mice are protected from
angiotensin II-dependent aortic dissection, and we conclude
that NOX1 is involved in the underlying pathomechanism.

Norepinephrine-Induced Blood Pressure Elevations
in NOX1-Deficient Mice

Angiotensin II-induced blood pressure elevations were
blunted in NOX1-deficient mice.?* Therefore, prevention of
dissection may be simply because of decreased blood pres-
sure. To study this question, we used norepinephrine, which
acts through hypertensive mechanisms distinct from angio-
tensin I1.3! Norepinephrine infusion (12 mg/kg per day) over
a 7-day period induced comparable blood pressure elevations
in wild-type and NOX1-deficient mice on days 1, 3, and 6
(Figure 2A). Note that the blood pressure increases in
response to the selected norepinephrine concentrations were
equal or even slightly higher than those observed in wild-type
mice with angiotensin I1.2*> Thus, we conclude that norepi-
nephrine causes substantial blood pressure elevations in the
absence of NOX1 and that NOX1 activation is, therefore, not
involved in hypertensive signaling by norepinephrine.

Norepinephrine-Induced Blood Pressure Elevations
and Aortic Dissection

No sudden death was observed after treatment with norepi-
nephrine. Histological sections of explanted aortas after

norepinephrine treatment did not reveal aortic dissections in
either wild-type or NOX1-deficient mice (data not shown).
Figure 2B compares the results obtained with angiotensin II
and norepinephrine. There was a significant reduction in
angiotensin II-induced blood pressure elevations and aortic
dissection in NOX1-deficient mice. Norepinephrine-induced
blood pressure elevations were conserved in NOX1-deficient
mice, and despite high blood pressure elevations, there were
no aortic dissections in norepinephrine-treated mice. This
strongly suggests that blood pressure elevations are not
sufficient for the induction of aortic dissection and that
angiotensin II damages the vascular wall through additional
mechanisms, including activation of NOXI.

NOX1 and Angiotensin II-Dependent Regulation
of Gene Expression

NOX1 might be involved in the mediation of angiotensin II
effects through ROS-dependent regulation of gene expres-
sion. We, therefore, performed oligonucleotide array analysis
in aortic samples from angiotensin II-treated wild-type and
NOX1-deficient mice. As shown in the Table, numerous
genes were differentially expressed in NOX1-deficient mice.
Based on paired analysis (7 of 9 concordant pairs) and a
2-fold increase as cutoff, a total of 185 genes were upregu-
lated, and >576 genes were downregulated in NOXI-
deficient mice, as compared with wild-type mice. The 50
genes with the most important changes are shown in the
Table. In terms of function gene analysis (GeneSpring,
former Silicon Genetics, now Agilent Technologies), these 50
genes repartitioned as follows: cell structure, 15; metabolism,
11; cell DNA function, 6; cell organism defenses, 9; and
unclassified, 9. Thus, we conclude that NOX1 is involved in
the regulation of gene expression in response to angiotensin
II. For this article, we have followed up by real-time PCR
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Figure 2. Norepinephrine-induced blood pressure elevations are
NOX1 independent and do not lead to aortic dissection. Wild-
type (n=9) and NOX1-deficient (n=9) mice were continuously
infused with norepinephrine (12 mg/kg per day) through
implanted minipumps for a 7-day period. TCBP was measured
using tail cuff plethysmography (see Methods section). No sud-
den death occurred after norepinephrine treatment. Mice were
euthanized at day 7, and explanted thoracic aortas were sec-
tioned and stained by hematoxylin/eosin. A, Blood pressure
changes in norepinephrine-treated wild-type and NOX1-deficient
(knockout) mice. Days of measurement are indicated with
respect to pump implantation; day 0=basal blood pressure
before pump implantation. B, Comparisons of TCBP elevations
(BP 1) and aortic dissections in angiotensin II- and norepineph-
rine-treated mice. Blood pressure elevations are shown as per-
cent increase; aortic dissections are shown as percent of total
number of mice. Blood pressure elevations and number of dis-
section in response to angiotensin Il are significantly diminished
in NOX1-deficient mice (P=0.001 and 0.010, respectively). There
were no aortic dissections in norepinephrine-treated wild-type
and NOX1-deficient mice despite similar increases in blood
pressure.

several genes that appeared of importance for mechanisms of
aortic dissection (Figure 3).

The ECM plays an important role in the vascular health
and disease. The oligonucleotide array suggested that throm-
bospondin 4 was increased in angiotensin II-treated NOX1-
deficient mice, as compared with wild-type mice. Real-time
PCR demonstrated that angiotensin II did not lead to in-
creased thrombospondin 4 levels in wild-type mice. In
contrast, angiotensin I caused a massive increase (>10-fold)
in thrombospondin 4 mRNA levels in the NOX1-deficient
mice (Figure 3A). Thus, NOXI-derived ROS appear to
suppress the angiotensin II induction of thrombospondin 4
expression. Relatively little is known about thrombospondin
4. Thrombospondin 4 polymorphisms are associated with
cardiovascular disease in epidemiological studies,>>-34 and
there are some indications that it might act as an “adaptor
protein in ECM assembly.”353¢ More studies on this interest-
ing protein will be needed to investigate whether it might
indeed be involved in the pathophysiology of aortic
dissection.

In previous studies, we have observed that NOX1 defi-
ciency diminishes the angiotensin II-induced accumulation
of ECM proteins in the aortic media.?* Collagen I and III are
the main components of the aortic ECM, and a protein named
CTHRCI1 (collagen triple helix repeat containing 1) is
thought to inhibit collagen expression.’” The results of the
oligonucleotide array suggested that NOX1 deficiency might
decrease procollagen type III mRNA levels and increase
CTHRCI1. We, therefore, measured mRNA levels of procol-
lagen III of CTHRC by real-time PCR (Figure 3B and 3C).
Thus, there were no statistically significant differences. How-
ever, because of the small sample size, we cannot exclude a
moderate effect of NOX1 on the expression of procollagen
type III and CTHRC1.

NOX1 and MMPs

The balance of protease and antiprotease activity in the aortic
tissue is thought to play an important role in pathogenesis of
aortic dissection and aneurysm. More specifically, the MMPs
MMP-2 and MMP-9 are thought to favor the pathogenesis,
whereas the specific inhibitor TIMP-1 is thought to be
preventive.!#3839

The results of the oligonucleotide array suggested a possi-
ble increase in mRNA levels of TIMP-1, whereas there were
no apparent differences in MMP levels. These results were
confirmed by real-time PCR: NOX1 deficiency had no effect
on MMP-2 and MMP-9 mRNA levels (Figure 3D and 3E).
Angiotensin II increased TIMP-1 mRNA levels ~6-fold in
wild-type mice but ~10-fold in NOX1-deficient mice. This
suggests that NOXI1 attenuates angiotensin II-induced
TIMP-1 gene expression (Figure 3F).

These results raise the possibility that NOX1 alters the
protease/antiprotease equilibrium. Indeed, an increase of the
MMP-9/TIMP-1 ratio has been associated with aortic aneu-
rysm and dissection.’® We, therefore, measured MMP9 gel-
atinolytic activity, as well as MMP-9 and TIMP-1 protein
levels, in aortic tissue homogenates (Figure 4A through 4C).
The levels of latent and activated MMP-9 were slightly
increased after angiotensin II infusion, but there was no
apparent difference between wild-type and NOX1-deficient
mice (Figure 4A and 4B). In contrast, there was a marked
effect of NOXI1 deficiency on angiotensin Il-induced
changes in TIMP-1 protein levels. Angiotensin II did not lead
to a statistically significant increase in TIMP-1 protein levels
in wild-type mice but to a massive increase of ~70-fold
(P=0.01) in NOX1-deficient mice (Figure 4C). Taken to-
gether, these results demonstrate that NOX1 is an inhibitor of
angiotensin [I-induced TIMP-1 expression and thereby alters
the proteolytic balance in the vascular wall.

Discussion
The finding that NOX1 is of crucial importance for the
formation of aortic dissection is novel and unexpected.
Mechanisms that lead to angiotensin II-induced aortic dis-
section include monocyte/macrophage infiltration, activation
of proteases (in particular, MMPs), and fibrotic response
(reviewed in Reference #). Because several of these processes
involved oxidative stress, there is a mechanistic basis for a
potential involvement of NOX enzymes in the pathogenesis
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Affimetrix Probe Set Number Gene Name Gene Symbol Fold Change
Cell structure
1449388_at Thrombospondin 4 Thbs4 36.20
1451203_at Myoglobin Mb 4813
1417290_at Leucine-rich «-2-glycoprotein 1 Lrg1 5.08
1418769_at Myozenin 2 Myoz2 4.00
1452968_at Collagen triple helix repeat containing 1 Cthrel 3.97
1435115_at Fibronectin type Il domain containing 5 Fndch 21.44
1449204 _at Gap junction membrane channel protein 35 Gjb5 5.16
1424599_at Fibrinogen-like protein 1 Fgl1 4.03
1423049_a_at Tropomyosin 1, « Tpm1 3.94
1460227 _at TIMP-1 Timp1 2.44
1439300_at Cysteine-rich hydrophobic domain 1 Chic1 —6.02
1421429_a_at Nephronectin Npnt —6.30
1442569_at Chaperonin subunit 4 () Cct4 —5.70
1444765_at RNA binding protein gene with multiple splicing Rbpms —6.06
1442977 _at Procollagen, type Ill, a1 Col3a1 —2.32
Metabolism
1454995_at Dimethylarginine dimethylaminohydrolase 1 Ddah1 5.74
1450033_a_at Signal transducer and activator of transcription 1 Stat1 3.03
1427747 _a_at Lipocalin 2 Lcn2 20.31
1417951_at Enolase 3, Bmuscle Eno3 6.81
1422206_at UDP-Gal:betaGIcNAc beta 1,3-galactosyltransferase, polypeptide 1 B3galt1 —13.00
1425339_at Phospholipase C, B4 Plch4 —5.74
1425338_at Phospholipase C, B4 Plch4 —5.20
1422671_s_at N-acetylated «-linked acidic dipeptidase 2 Naalad2 —10.56
1421403_at Protease inhibitor 15 Pi15 =7.70
1445723 _at Aldo-keto reductase family 1, member B3 (aldose reductase) Akr1b3 —4.74
1455361 _at Diacylglycerol kinase, B Dgkb —4.63
Cell DNA function
1429947 _a_at Z-DNA binding protein 1 Zbp 7.58
1451426_at DNA segment, Chr 11, Lothar Hennighausen 2, expressed D11Lgp2e 3.94
1417595_at Mesenchyme homeobox 1 Meox1 3.88
1418191_at Ubiquitin specific protease 18 Usp18 3.79
1458512_at Transducin-like enhancer of split 3, homolog of Drosophila E(spl) Tle3 —6.70
1438482_at WW domain containing E3 ubiquitin protein ligase 2 Wwp2 —4.85
Cell/organism defences
1450783_at Interferon-induced protein with tetratricopeptide repeats 1 Ifit1 5.04
1419569_a_at Interferon-stimulated protein 1sg20 4.29
1449401 _at Complement component 1, q subcomponent, y Clqg 3.88
1451651_at V-set and immunoglobulin domain containing 4 Vsig4 3.79
1417851_at Chemokine (C-X-C motif) ligand 13 Cxcl13 9.19
1417244 _a_at Interferon regulatory factor 7 Irf7 413
1423555_a_at Interferon-induced protein 44 Ifi44 413
1453196_a_at 2'-5" Oligoadenylate synthetase-like 2 Oasl2 3.94
1427351_s_at Immunoglobulin heavy chain 6 (heavy chain of IgM) Igh-6 6.91
Unclassified
1438575_a_at EST -8.77
1420517 _at EST .. —6.50
1456214 _at Protocadherin 7 Pcdnh7 —5.36
1438989 _s_at EST —4.70
1459316_at EST —8.98
1430436_at EST -8.71
1457169_at Protein phosphatase 1, regulatory (inhibitor) subunit 12B Ppp1ri2b -5.79
1434951 _at Armadillo repeat containing 8 Armc8 —5.49
1457692_at EST —8.84

Positive numbers in the Fold Change column mean an increased expression and negative numbers a decreased expression in NOX-deficient mice.
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Figure 3. Angiotensin ll-induced gene expression in wild-type and NOX1-deficient mice. Mice were treated with angiotensin Il (ang Il)
as described in Figure 1 and euthanized at day 7. mRNA levels of MMPs 2 and 9, TIMP-1, thrombospondin-4, procollagen Ill, and col-
lagen triple helix type 1 (CTHRC1) were determined by real-time PCR; values shown are normalized with respect to 2 reference genes

(RG). n=8 (A); n=4 (B through F).

of aortic dissection.!4-16.19.20 However, our observation that
NOXI1 is a key player is unexpected. Indeed, the marked
macrophage infiltration in early aortic dissection and aneu-
rysm argues for a role of the phagocyte nicotinamide-adenine
dinucleotide phosphate oxidase NOX2. More stringently,
deficiency in the phagocyte nicotinamide-adenine dinucleo-
tide phosphate oxidase subunit p47""* was shown to prevent
angiotensin II-dependent aneurysm formation.?° Two expla-
nations can account for the apparently diverging results:
concomitant activation of NOX1 and NOX2 is necessary for
development of aortic dissection and aneurysms, and p47°"
might be used by NOXI1 as an organizer subunit in the
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vascular wall.'?> Studies with NOX2-deficient mice will be
necessary to distinguish between the 2 possibilities.
Because NOXI-deficient mice have a decreased blood
pressure response to angiotensin 11,2324 it was conceivable
that the prevention of aortic dissection in NOX1-deficient
mice was simply explained by the decreased blood pressure.
We, therefore, used norepinephrine, a hypertensive agent
thought to act through different pathways than angiotensin
I1.243! Interestingly, norepinephrine caused a full blood pres-
sure increase in NOX1-deficient mice. Yet, no sudden death
or aortic dissections were observed in either wild-type or
NOX1-deficient mice treated with norepinephrine. This
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Figure 4. Effect of NOX1 deficiency on MMP-9 and TIMP-1 levels. Mice were treated with angiotensin Il (ang Il) as described in Figure
1 and euthanized at day 7. Thoracic aortas were explanted and homogenized. Representative zymogram of MMP-9 in sham and angio-
tensin ll-infused wild-type and NOX1-deficient mice (A), levels of latent MMP-9 (B), levels of activated MMP-9 (C), and TIMP-1 (D) were

measured as described in the Methods section.
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clearly demonstrates that blood pressure elevations are not
sufficient to induced aortic dissection in wild-type mice and
that NOX1 activation is an important factor in this process.
Our observation that blood pressure increase by itself is not
sufficient for aortic dissection, and aneurysm formation is in
line with observations by other groups.2%-4°

Through which mechanisms does NOXI1-derived ROS
participate in the formation of aortic dissection and aneu-
rysm? Our results demonstrate an exquisite sensitivity of
TIMP-1 mRNA and protein levels to NOX1. This observation
is corroborated by the recent demonstration that ROS induce
downregulation of the TIMP-1 protein.*! In our study, there is
an obvious difference between the strong effects of NOX1
deficiency on the TIMP-1 protein level (Figure 4C) and the
more moderate effects on TIMP-1 mRNA levels (Figure 3F).
Because the relationship between mRNA levels and protein
levels is not linear, we cannot exclude that NOX1 exerts its
effect solely through transcriptional regulation. However, it is
tempting to speculate that, in addition, there is a direct effect
of NOXI-derived ROS on TIMP-1 protein synthesis or
stability.

TIMP-1 inhibits MMPs, in particular, the proform of
MMP-9.3842 There are several lines of arguments suggesting
that TIMP-1 plays an important role in the development of
aortic dissection and aneurysms. TIMP-1 is secreted by
vascular smooth muscle cells.?® TIMP1-deficient mice have
an increased risk of aneurysm formation in different mouse
models of aneurysm,**-45 and TIMP-1 polymorphisms are
linked to human risk for aortic aneurysm.*¢ Thus, together
with the published information, our results provide a strong
argument in favor of TIMP-1 as an important downstream
mediator of NOX1-derived oxidative stress in the pathogen-
esis of aortic dissection and aneurysm.

NOX1-dependent downregulation of TIMP-1 in wild-type
mice is expected to enhance the proteolytic activity in the
vascular wall. However, we have previously documented an
increased accumulation of collagen-type ECM in angiotensin
II-stimulated wild-type mice, as compared with NOXI-
deficient animals.>> At first glance, this is counterintuitive,
because an increase in MMP activity should lead to an
increased degradation of collagen. So, how can this be
conceptualized and how is the high protease/antiprotease
ratio in wild-type mice linked to aortic dissection? We
consider several not virtually exclusive possibilities: (1)
MMPs might preferentially degrade elastin, a key matrix
protein for the aortic stability, and collagen accumulation
might only be a secondary compensatory phenomenon'-3%; (2)
MMPs promote basement membrane degradation, phenotypic
modulation, migration, and proliferation of vascular smooth
muscle cells and might thereby destabilize the aortic wall*7;
and (3) the proteolytic activity of MMPs might also be
involved in the activation of signaling molecules, such as
transforming growth factor-3.48

Is there a direct effect of NOX-derived ROS on MMPs in
addition to the indirect effect via TIMP-1 described in this
study? Angiotensin II clearly activates MMPs.!3.1420 Several
in vitro studies indeed point toward a role of oxidative stress
in this process.*>>° However, the in vivo evidence for a role
of oxidative stress in angiotensin II-dependent MMP activa-
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tion is relatively weak. Vitamin E had a protective effect on
aneurysm formation but did not prevent activation of
MMPs.13.1420 p47P"* deletion diminished, to some extent,
MMP-2 (but not MMP-9) activity in the vascular wall.2°
Note, however, that these effects were relatively small as
compared with the effects on TIMP-1 described in this study.
Indeed, angiotensin II appears to double the activity of
MMP-2 and MMP-9 in the vascular wall,!3-1420 whereas
p47°* deletion diminishes MMP-2 activation by ~20%.2°
For comparison, NOX1 deletion leads to a 6-fold increase in
TIMP-1 protein levels.

Perspectives

Our study documents a new role of NOX1 in vascular
pathology. The link between NOX1 activation and TIMP-1
suppression also provides new evidence for the protective
role of TIMP-1. The essential role of NOX1 in aneurysm
formation opens interesting therapeutic avenues. NOXI
might become a prime drug target for prevention and early
treatment of aortic aneurysms. Indeed, NOXI1 inhibition
would target both high blood pressure®3>* and blood pres-
sure—independent modifications within the vascular wall. In
addition, as opposed to NOX2, NOXI1 inhibition is not
expected to lead to immunodeficiency. Thus, a long-term
treatment with NOX1 inhibitors, which would be needed to
prevent progression of aneurysms, is a realistic perspective.
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Il. Article 2 L'absence de NOX1 altére la phosphorylation de laavéoline et la localisation

du récepteur de I'angiotensine Il dans les cellulesiusculaires lisses vasculaires

NADPH OXIDASE 1 DEFICIENCY ALTERS CAVEOLIN PHOSPHORATION AND
ANGIOTENSIN II-RECEPTOR LOCALIZATION IN VASCULAR SMOOTH MUSCLE.
Olivier Basset, Christine DefferMichelangelo Foti, Karen Bedard, Vincent Jaqégic Ogier-
Denis and Karl-Heinz Kraus@ntioxid Redox SignaR009. 11:2371-2384

Au niveau des cellules musculaires lisses, lesteftle I'angiotensine Il sont médiés
essentiellement par le récepteur de I'angiotenBine type 1: AT1. Les ROS sont impliqués
dans la transduction du signal du récepteur ATlawets de nombreuses voies comme, par
exemple l'inhibition des tyrosines kinases (Ushid&i, Zuo et al. 2005), des MAP kinases
(Touyz, He et al. 1999), les flux calciques (Fellard Arendshorst 2005) ou de l'inactivation de

I'oxyde nitrique (Rubanyi and Vanhoutte 1986).

En paralléle, des études ont démontré que leos/éntervenaient dans les signaux de
transduction du récepteur AT1 (Zuo, Ushio-Fukaale2005). Les cavéoles sont une sous-classe
des microdomaines lipidiques, caractérisés pariownggination membranaire non-tapissée de
clathrine, mais riche en cavéolinElles sont impliquées, entre autres, dans |'adgessd’'un
certain nombre de récepteurs vers la membrane gjasndont le récepteur AT1. Il a été montré
qgue le récepteur AT1 contient un domaine cavédikee{Leclerc, Auger-Messier et al. 2002).
De plus, la formation de ROS est indispensabladréssage du récepteur AT1 a la membrane
plasmique (Ushio-Fukai, Zuo et al. 2005). Or NOX&t également localisée au sein de ces

cavéoles (Hilenski, Clempus et al. 2004).

Dans cet article, nous nous sommes demandé si NOXtait impliqué dans la

signalisation du récepteur AT1 ? Est-ce que NOX1,celocalisée avec leécepteur AT1 au
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sein des cavéoles, pourrait étre la NADPH oxydasesponsable de la formation des ROS
impliqgués dans l'adressage du récepteur AT1 a la mebrane par les cavéolines Et ainsi

expliquer les mécanismes impliquant NOX1 dans I'hygrtension artérielle, I'hypertrophie

de la média et la formation d’anévrysmes induitesgr I'angiotensine Il.

Mon travail dans cet article a consisté a effectues PCR quantitatives, a participer aux

discussions de travail ainsi qu'a la correction duanuscript. La gestion des animaux

transgéniques a egalement fait partie de ce travail
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Abstract

The superoxide-generating NADPH oxidase NOX1 is thought to be involved in signaling by the angiotensin II-
receptor ATIR. However, underlying signaling steps are poorly understood. In this study, we investigated the
effect of Angll on aortic smooth muscle from wild-type and NOX1-deficient mice. NOX1-deficient cells showed
decreased basal ROS generation and did not produce ROS in response to Angll. Unexpectedly, Angll-dependent
Ca”" signaling was markedly decreased in NOX1-deficient cells. Immunostaining demonstrated that ATIR was
localized on the plasma membrane in wild-type, but intracellularly in NOX1-deficient cells. Immunohisto-
chemistry and immunoblotting showed a decreased expression of ATIR in the aorta of NOX1-deficient mice. To
investigate the basis of the abnormal AT1R targeting, we studied caveolin expression and phosphorylation. The
amounts of total caveolin and of caveolae were not different in NOX1-deficient mice, but a marked decrease
occurred in the phosphorylated form of caveolin. Exogenous H,O, or transfection of a NOX1 plasmid restored
Angll responses in NOX1-deficient cells. Based on these findings, we propose that NOX1-derived reactive
oxygen species regulate cell-surface expression of ATIR through mechanisms including caveolin phosphory-
lation. The lack cell-surface AT1R expression in smooth muscle could be involved in the decreased blood

pressure in NOX1-deficient mice. Antioxid. Redox Signal. 11, 2371-2384.

Introduction

ANGIOTENSIN II (Angll) is a peptide of the renin-
angiotensin system that plays a major role in cardio-
vascular homeostasis, in particular, in the regulation of blood
pressure (8). In vascular smooth muscle, biologic actions of
AnglI (cell contraction, proliferation, and migration) are me-
diated mainly through the Angll type 1 receptor (ATIR).
Reactive oxygen species (ROS) play an important role in
vascular biology. Many of the biologic effects of Angll involve
the release of ROS (20, 27, 44). At physiologic concentrations,
ROS mediate various responses such as cell migration, cell
proliferation, or vasoconstriction, which are necessary pro-
cesses for cells (36, 42). At higher concentrations, ROS are
involved in cardiovascular pathology (26, 34). Thus, decoding
pathways involving Angll and ROS is important to the un-
derstanding of physiologic and pathologic events in the car-
diovascular system and ultimately to finding pharmacologic

tools to treat widespread diseases, including hypertension
and atherosclerosis (38, 46).

A major source of ROS is the NOX family of superoxide-
generating NADPH oxidases (3). To date, seven members are
known in mammals. At least two NOX enzymes, NOX1 and
NOX4, are found in vascular smooth muscle (18). Recently, we
developed NOX1-deficient mice and showed that in response
to Angll, NOX1-deficient mice have an almost complete loss of
the sustained blood-pressure response, whereas the initial in-
crease was conserved. In addition, NOX1-deficient mice have a
marked reduction in aortic media hypertrophy (16). Activation
of the ATIR through Angll is intimately linked with ROS
generation (15, 20). ROS trigger downstream signaling of ATIR
through various mediators, such as inhibition of tyrosine ki-
nases (29, 45), MAP kinases (39, 40), Ca®* fluxes (12, 33), or
nitric oxide inactivation (35).

Recent evidence points to a role of caveolae in AT1R pro-
cessing and signaling. Caveolae are specialized regions of the
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plasma membrane, composed mainly of caveolins (31). They
have been implicated in endocytosis, transcytosis, Ca®" sig-
nalling, and numerous other signal-transduction events. Ca-
veolae are very abundant in smooth muscle cells (32). AT1R
depend on caveolae for efficient surface localization (19, 22,
47) and present a caveolin-binding-like domain in their cy-
toplasmic tail (28). NOX1 colocalizes with caveolinl (21).
Phosphorylation of caveolin has been shown to be related to
budding and fusion of caveolae and thus could be responsible
for the transport of proteins (1, 31).

In this work, we used aortic primary smooth muscle cells
derived from wild-type and NOX1-deficient mice to study the
role of NOX1-derived ROS on Angll signaling and on the
ATIR expression and localization. Angll-induced ROS for-
mation and Ca”" release is blunted in NOX1-deficient mice.
Immunostaining showed that AT1R is not properly targeted
to the plasma membrane in NOX1-deficient cells. Our data
suggest that decreased phosphorylation of caveolin contrib-
utes to the lack of plasma-membrane targeting of the receptor
and the subsequent decrease in the Ca®" release in response to
Angll. Thus, NOX1-derived ROS play an important role in
ATIR sorting and hence represent a novel cellular mechanism
to explain how oxidative stress sensitizes the vascular system
to the effects of AnglI.

Materials and Methods
NOX1-deficient mice

NOX1-deficient mice were generated as described previ-
ously (16).

Tissue preparation

Two-month-old C57BL/6] wild-type mice and C57BL/6]
NOX1-deficient mice were used. Thoracic aortas were re-
moved, placed in Hank’s Balanced Saline Solution (HBSS;
Gibco, CA), and connective and fat tissues were removed. For
ex vivo studies, harvested aortas were directly stimulated for
1h with H,O, diluted in HBSS.

Cell culture

Primary smooth muscle cells were isolated with enzy-
matic dissociation. In brief, cleaned aortas were transferred
in HBSS containing trypsin (Sigma, Buchs, Switzerland;
1.25mg/ml), elastase (Sigma; 0.5 mg/ml), and collagenase
type 2 (Sigma; 1 mg/ml) to remove the adventitia. Then tis-
sues were incubated in HBSS containing papaine (Sigma;
0.3mg/ml) and dithioerythritol (Sigma; 1 mg/ml) and then
transferred to HBSS containing collagenase. Isolated pri-
mary smooth muscle cells were plated and cultured in
DMEM containing 10% fetal calf serum and used directly for
each experiment after 7-10 days.

For H,O, treatment, cells were incubated overnight at 37°C
with the indicated concentrations.

Cell transfection

Isolated NOX1-deficient primary smooth muscle cells
were cultured for 7 days and then transfected by using
JetPEI (Polyplus Transfection, Polyplus, Illkirch, France) with
a pCDNA3.1 plasmid—expressing mouse NOX1 (mNOX1) (2)
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by following the manufacturer’s protocol. Transfected cells
were selected with 0.5mg/ml G418 and were used 3 days
after transfection.

SDS-PAGE and immunoblotting

Cleaned aortas (see tissue preparation) were mechanically
dissociated by using Tissue Lyser (frequency, 30 Hz; Qiagen,
CA). Once dissociated, the resulting mix was further digested
on ice in lysis buffer containing 1% Triton X-100 in 50 mM
NaCl, 10mM MgCl,, 1 mM EGTA, 50 mM Tris-HCl, pH 7.4,
supplemented with a protease inhibitor cocktail (Complete
mini; Boehringer-Mannheim, Mannheim, Germany) for 30 min
and sonicated. Protein concentration was determined with
protein assay (BioRad, CA). Proteins were separated on a 12%
SDS-PAGE gel. Inmunoblotting was conducted according to
standard techniques and probed with rabbit polyclonal AT1R
(Santa Cruz Biotechnology, Heidelberg, Germany; sc-1173),
total caveolin, and phospho (Y-14)-caveolin antibodies (BD
Transduction Laboratories, Allschwill, Switzerland). Anti-
body binding was visualized with horseradish peroxidase
(HRP)-labeled antibodies and chemiluminescence reagents
(ECL reagent; Amersham Biosciences, PA). «-Tubulin (Santa
Cruz Biotechnology) was used as a standard.

Cytosolic Ca®* measurement

The cytosolic Ca®" concentration was monitored with the
fluorescent Ca*" indicator Fura-2 (Invitrogen) as previously
described (14). In brief, after 7-10 days in culture, cells were
incubated for 1h in HBSS containing 2 uM Fura-2 AM (In-
vitrogen) and 0.1% pluronic acid (Sigma). To minimize com-
partmentalization of the dye, loading and experimentation
were performed at room temperature. Fluorescence was pro-
cessed by calculating 340:380-nm fluorescence ratios by using
the Metafluor system (MDS Analytical Technologies, CA).

RT-PCR

RNA was extracted from purified primary smooth muscle
cells with Qiagen RNA Micro kit (Qiagen). After standard
reverse transcriptase reactions, specific smooth muscle
markers were examined with PCR. Primers are described in
Table 1.

Quantitative real-time PCR

RT-PCR was conducted as described (17). AT1R primers
were as follows, forward: 5-CCA TTG TCC ACC CGA TGA
AG-3' and reverse: 5-TGC AGG TGA CTT TGG CCA C-3'.
Two constitutively expressed reference genes, EEF1A1 (eu-
karyotic elongation factor 1A1) and TBP (Tata box-binding
protein) were selected for normalization of candidate gene-
expression levels.

ROS production

We used DHE (Invitrogen), a widely used probe, to detect
ROS generation (48). After 7-10 days in culture, primary
smooth muscle cells were loaded in HBSS containing 5 uM
DHE for 30 min at 37°C. Nuclear ethidium fluorescent signal
(excitation, 480 nm; emission, 590 nm) was detected and an-
alyzed with Metafluor.
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TABLE 1. RT-PCR PRIMERS

NOX1 Sense 5-GAAATTCTTGGGACTGCCTTGG-3'
Antisense 5-GCTGGAGAGAACAGAAGCGAGA-3’
NOX2 Sense 5-TCAACTACTATAAGGTTTATGTATGTAGG-3'
Antisense 5-CAGATATCTAAATTATGCTCTTCCAAA-3
NOX4 Sense 5-CCTGCTCATTTGGCTGTCCCTA-3'
Antisense 5-CGGCTACATGCACACCTGAGAAA-3
ATIR Sense 5-AGGGGCTCAGCCTAAGTAGC-3'
Antisense 5-CTGCCTCTAGGGCATGTCTC-3'
SM22 Sense 5-GCTGCTAAACAAGGCACTCC-3
Antisense 5-AACCAGGCACTATCCAAACG-3
Actin Sense 5-CTGACAGAGGCACCACTG-3'
Antisense 5-CATCTCCAGAGTCCAGCACA-3'
GAPDH Sense 5-CTCGTCTCATAGACAAGATGGTGAAG-3'
Antisense 5-AGACTCCACGACATACTCAGCACC-3
Immunostaining their morphologic appearance. These cells were tested with

For histology, aortas were used in a free-floating tissue con-
figuration. In brief, cleaned aortas were opened and fixed with
4% paraformaldehyde for 2h. AT1R was stained with a rabbit
polyclonal anti-AT1R diluted in saline solution containing 0.3%
Triton X-100. An HRP-coupled antibody (Cappel, OH) was
used for the revelation. Specific staining was revealed by
addition of 3,3'-diaminobenzidine (DAB, Dako, Glostrup,
Denmark) to produce a brown coloration, and nuclei were
counterstained with cresyl violet. Primary smooth muscle cells
were fixed with 2% paraformaldehyde and permeabilized with
0.25% Triton. Antibody raised against AT1R was added and
revealed by Alexa Fluor 488-conjugated antibody (Invitrogen).
For calreticulin (primary antibody gift of Prof. M. Michalak,
University of Alberta, Calgary, Alberta, Canada), revelation
was conducted with Alexa Fluor 555-conjugated antibody (In-
vitrogen). Specific AT1R-blocking peptide (Santa Cruz Bio-
technology; sc-1173P) was used for each technique to assess
the quality and reliability of the signal obtained with the ATIR
antibody. The concentration of the peptide was 5 times the
antibody concentration, and they were incubated for 2h at
room temperature for absorption. Confocal imaging was per-
formed on a LSM 510 Meta confocal scanner mounted on an
Axio Imager Z1 microscope (Carl Zeiss, Feldbach, Switzerland).

Electron microscopy

Thoracic aortas from 2-month-old wild-type and NOX1-
deficient mice were fixed for 2 h in 3% glutaraldehyde (Sigma).
The fixed tissues were embedded in epoxy resin and processed
for electron microscopy, as described previously (13).

Statistical analysis

Data analysis was performed by using the software Graph-
Pad Prism 4 (GraphPad Software, San Diego, CA). Results are
expressed as mean = SEM. The p values >0.05 were considered
not significant; p values < 0.05 were considered significant.

Results

Given the strong evidence for a role of NOX1 in vascular
Angll responses (7, 16, 17, 20, 30), we decided to investigate
cultured aortic smooth muscle cells. Purification of smooth
muscle cells from aortae of wild-type and NOX1-deficient
mice revealed no apparent differences in their number or in

PCR for specific smooth muscle markers, smooth muscle
actin, and the calponin-related protein SM22 (10), and with
AT1R and GAPDH as a control. Corresponding mRNA were
found in both cell preparations (Fig. 1A). Thus, we concluded
that we had obtained high-quality aortic smooth muscle cells
from both wild-type and NOX1-deficient mice.

Unfortunately in our hands, none of the commerically
available NOX1 antibodies gave satisfying results in Western
blots or in immunostaining (data not shown). We therefore
analyzed our samples with RT-PCR. In agreement with pre-
vious observations (18), we found abundant NOX4 and NOX1
mRNA in wild-type cells, whereas only NOX4 mRNA was
detected in NOX1-deficient cells (Fig. 1A).

Angll-induced ROS production is abolished
in NOX1-deficient cells

We proceeded to measure ROS generation in the cultured
cells. Basal ROS accumulation was ~30% lower in NOXI-
deficient, as compared with wild-type mice (p =0.0092) (Fig. 1B
and C, left panel). We then investigated stimulated ROS gen-
eration. Adenosine triphosphate (ATP) did not stimulate ROS
production in wild-type aortic smooth muscle cells (data not
shown), whereas AngllI clearly did. This ROS production was
inhibited by the flavoprotein inhibitor diphenylene iodonium
(DPI). Importantly, Angll-dependent ROS generation was al-
most completely absent in NOX1-deficient cells (Fig. 1B and C).
Allopurinol (inhibitor of xanthine oxidase) or carbonyl cyanide
3-chlorophenylhydrazone (CCCP, inhibitor of mitochondrial re-
spiratory chain) did not have any effect on the Angll-induced
ROS generation in wild-type cells (Fig. 1C, right panel). Thus, the
Angll-induced ROS formation is mediated predominantly by
NOX1. These data demonstrate that NOX1 deficiency decreases
basal ROS generation and almost completely abolishes Angll-
stimulated ROS generation in aortic smooth muscle cells.

Angll-induced Ca®" responses are blunted
in NOX1-deficient cells

The absence of Angll-induced ROS generation in NOX1-
deficient cells might indicate that NOX1 is the only superoxide-
generating system activated by the Angll receptor. It might,
however, also be due to a lack of signaling through the Angll
receptor in NOX1-deficient smooth muscle cells. We therefore
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FIG.3. ATIR localization in vascular smooth muscle cells. Primary smooth muscle cells purified from aortae of wild-type
and NOX1-deficient mice were stained for confocal imaging. AT1R appeared in green fluorescence, and calreticulin, in red.
(A) Wild-type cells and (B) NOX-1 deficient cells. Similar distribution was observed from primary cultures derived from three
independent wild-type and four independent NOX1-deficient animals. Bar, 20 um. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article at www liebertonline.com/ars).

measured the cytosolic free Ca®* concentration, which is an
important second messenger for Angll responses. Changes in
intracellular Ca®" were reported by the fluorescence ratio
(Fa40/Faso) of the Ca®" indicator, Fura-2.

ATP induced comparable Ca** elevations in both types of
cells (Fig. 2). This suggests that the Ca®" signaling and Ca®*
stores are intact in NOX1-deficient cells. However, on stim-
ulation with Angll, a marked increase in cytosolic Ca®" was
observed only in wild-type, but not in NOX1-deficient cells
(Fig. 2). AnglI-induced Ca®" responses in wild-type cells were
inhibited by DPI, whereas the ATP-induced Ca?*+ responses
were not (Fig. 2B). These data demonstrate that in NOX1-
deficient cells, not only ROS generation, but also AngllI-
induced Ca®* signaling were greatly diminished. Thus, a
global ATIR signaling defect, rather than a selective lack of
Angll-induced ROS generation was observed.

Expression and localization of the type 1
angiotensin Il receptor

ATIR is the major Angll receptor in vascular smooth
muscle cells (8). We therefore investigated the localization of
the ATIR in wild-type and NOX1-deficient cells. ATIR anti-
body specificity was tested by using a specific blocking pep-
tide. The addition of blocking peptide suppressed the signal in
both immunohistochemistry and Western blot, demonstrat-
ing the specificity of the staining (supplementary Fig. 1). In
wild-type cells, ATIR was almost exclusively observed in
regions corresponding to the plasma membrane (Fig. 3A,
green). In contrast, in NOX1-deficient cells (Fig. 3B), ATIR did
not localize to the cell-surface region, but was diffusely found
in the cell. ATIR only partially colocalized with the endo-
plasmic reticulum marker calreticulin (red fluorescence, Fig. 3)

>,

>

FIG. 4. ATIR localization and expression in aortae. Whole aortae were incubated in an anti-AT1R antiserum, and im-
munoreactivity for ATIR was revealed with DAB. ATIR was detected in wild-type animals (A, B), but only a very weak
signal was detected in NOX1-deficient animals (C, D) (arrows). (B, D) Display at a high magnification of smooth muscle cells.
Nuclei were counterstained with cresyl violet. Four wild-type and four NOX1-deficient animals were used. (E) Quantitative
real-time PCR (values were normalized with respect to two reference genes (see experimental procedures); 1s, no statistical
difference with Student’s t test and (F) Western blot (**0.01 < p < 0.001 with Student’s ¢ test). Tubulin was used as a control;
bar, 20 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article at www liebertonline.com/ars).
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FIG. 6. Reexpression of NOX1 rescues Angll responses and ATIR cell-surface expression in NOX1-deficient cells.
NOX1-deficient vascular smooth muscle cells were transfected with mNOXI1. (A) Angll-induced ROS generation; (B) AnglI-
induced Ca*" responses; and (C) ATIR localization (green) were assessed. Nuclei were counterstained with DAPI (blue).
**0.01 < p <0.001; ***p <0.001 with Student’s ¢ test. Bar, 20 um. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article at www. liebertonline.com/ars).

and with the Golgi marker GM130 (data not shown). The
observed pattern demonstrates an increased intracellular lo-
calization of ATIR in NOX1-deficient smooth muscle cells.
This altered localization might be, in part, due to retention in
the endoplasmic reticulum and the Golgi. Interestingly, nu-
clear staining also was observed in NOX1-deficient cells, but
not in wild-type cells. We have not further investigated this
point, but nuclear translocation of ATIR has been described
previously (5, 11).

Thus, isolated vascular smooth muscle cells from NOX1-
deficient mice show an intracellular localization of ATIR,
which is likely to explain the signaling deficit shown earlier.

To investigate ATIR localization in vivo, we investigated
AT1R in explanted aortas from wild-type and NOX1-deficient
mice with immunohistochemistry. An intense immunoreac-
tivity for AT1R was observed in wild-type aortas (Fig. 4A and
B, arrows). In NOX1-deficient aortas, almost no signal was
observed (Fig. 4C and D, arrows). We therefore applied
quantitative methods to investigate AT1R expression. AT1R
mRNA levels, as detected by real-time PCR, were not changed
in NOX1-deficient mice (Fig. 4E). In contrast, ATIR protein
levels, as detected with Western blotting, were markedly
decreased in NOXI1-deficient mice (Fig. 4F). These data
demonstrate that, in addition to the decreased cell-surface
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ATIR expression, decreased protein levels are present. The
latter was not due to decreased mRNA synthesis.

Low levels of exogenous hydrogen peroxide rescue
Angll responses and AT1R cell-surface expression
in NOX1-deficient cells

If the cell-surface localization of AT1R depends on NOX1-
dependent ROS generation, it might be possible to rescue the
phenotype by exogenous addition of ROS. We therefore
treated NOX1-deficient vascular smooth muscle cells with
increasing H,O, concentrations (from 1 to 500 nM) and mea-
sured Angll-induced Ca®' responses. A dose-dependent
rescue of Angll-induced Ca®* responses occurred on addition
of H,O, (Fig. 5A); the amplitude of the recovered Ca”" re-
sponses reached roughly two thirds of the one observed in
wild-type cells. To investigate whether this rescue was due to
a retargeting of ATIR to the cell surface, we performed im-
munofluorescence experiments. As shown in Fig. 5B, a partial
retargeting to the plasma membrane was observed when cells
were treated with 200 nM H;O,. These experiments indicate
the importance of ROS in the AT1R localization.

Transfection of NOX1 rescues Angll responses
and AT1R cell-surface expression in NOX1-deficient
cells

Exogenous H;O, has been shown to rescue Angll re-
sponses and AT1R cell-surface expression in NOX1-deficient
cells. This result suggests that ROS are involved in the ATIR
localization and AnglI signaling. To investigate this point
further, we transfected NOXI-deficient primary smooth
muscle cells with a mouse NOX1 plasmid and performed ROS
and Ca®* measurements. As shown in Fig. 6A, reexpression of
NOX1 in NOX1-deficient cells lead to a reappearance of
Angll-induced ROS formation. Angll-induced Ca®' re-
sponses were doubled, compared with nontransfected NOX1-
deficient cells (Fig. 6B). Similarly, increased targeting of AT1R
to the membranes was observed in the NOX1-transfected cells
(Fig. 6C). These results might indicate that NOX1 transfection
allows the rescue of the phenotype of NOX1-deficient smooth
muscle cells.

Expression of caveolin, phosphorylated caveolin,
and caveolae number

Caveolae and caveolin have been shown to be involved in
ATI1R plasma membrane sorting and in AT1R signaling (43).
To investigate possible disorders in the anchoring of the AT1R
to the plasma membrane, we studied with Western blot the
expression of the major component of caveolae, caveolin, and
phosphorylated caveolin. The expression of total caveolin
(Cav) in whole lysate of aortae from wild-type and NOX1-
deficient mice was comparable in both types of mouse
(Fig. 7A). Electron microscopy suggested that the integrity
and total number of caveolae were not changed in aorta from

<
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both mice (Fig. 7C). However, phosphorylated caveolin (p-
Cav) expression was drastically reduced in aorta from NOX1-
deficient mice, and addition of H,O, increased the phos-
phorylation of caveolin in these mice, suggesting a role of
NOX1-derived ROS in this reaction (Fig. 7B). Altogether, these
results suggest that caveolin phosphorylation is altered in
NOX1-deficient mice. This could be involved in the altered
localization of the AT1R.

Discussion

Our study investigated the relation between AnglI signal-
ing and NOX1-dependent ROS generation in vascular smooth
muscle. NOX1 deficiency prevented Angll-induced ROS gen-
eration and Ca”" responses. We demonstrated that the lack
of Angll responses in NOX1-deficient cells is due to a lack of
plasma-membrane localization of the AnglI receptor ATIR.
The mechanism by which NOX1 determines plasma mem-
brane localization of ATIR may include ROS-dependent
phosphorylation of caveolin.

To our knowledge, this is the first description of ROS-
dependent regulation of ATIR targeting. This mechanism is
clearly demonstrated by the lack of plasma membrane local-
ization of ATIR in NOXI1-deficient cells and the rescue
through incubation with exogenous H,O, or reexpression of
NOX1. However, although exogenous H,O, is able to target
ATIR to the membrane, it appears that NOX4, which is
abundantly expressed in vascular smooth muscle, is not able
to do so. Thus, NOX4 is not able to compensate for the absence
of NOX1. This could be explained by a localized site of action
of NOX enzymes. It has been suggested that NOX1 localizes
to caveolae and/or lipid rafts within the plasma membrane
(21, 41), whereas for NOX4, a number of distinct localizations
have been suggested (4, 21, 24, 37). The proposed association
of NOX1 with caveolae provides a possible explanation for
how the relatively low basal ROS generation by NOX1 may be
sufficient to drive the association of ATIR with the plasma
membrane. A local “ROS signaling cloud” generated by basal
NOX1 activity around the region of the caveolae might be
sufficient to maintain the anchoring of AT1R at the plasma
membrane.

The intracellular AT1R in NOX1-deficient mice did not
fully colocalize with calreticulin (Fig. 3) or Golgi (data not
shown). Based on these observations, we think that the loss of
plasma-membrane localization in the absence of NOX1 is
more likely due to altered trafficking. However, we cannot
exclude a deficient maturation process, because immunore-
activity for AT1R was found in the ER. Electron microscopy
showed that NOX1 deficiency does not change the number of
caveolae in the cell. Thus, it appears that the decreased ca-
veolin phosphorylation in NOX1-deficient cells does not lead
to global changes in the number of caveolae. The phospho-
caveolin—dependent association of ATIR with the plasma
membrane does not prove a direct association with caveolae.

FIG.7. Caveolins, but not phosphorylated caveolin, have comparable protein-expression levels. Western blot analysis of
whole aortae lysate with (A) anticaveolin (Cav) and (B) anti-phosphocaveolin (p-Cav) antibodies. For histograms, data are
shown as means of band density & SEM. **0.01 <p <0.001 with Student’s t test. (C) Electron microscopy was used to
estimate caveolae number in aortae. The percentage of caveolar membrane between aortae from wild-type and NOX1-

deficient mice was not statistically different. Bar, 500 nm.
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A previous study suggested that AT1R requires receptor oc-
cupation for the association with caveolae (22, 43). Thus, it is
possible that, in a first step, phospho-caveolin is important for
the association of AT1R with the plasma membrane, and in a
second step, Angll is necessary for its association with ca-
veolae. Previous studies suggested that phosphorylation of
caveolin is required for the formation of caveolae (1, 31). The
magnitude of the reduction in caveolin phosphorylation ob-
served in NOX1-deficient mice did not decrease the total
number of caveolae; however, it was sufficient to alter the
localization of AT1R. Thus, whereas our data do not exclude a
role of caveolin phosphorylation in the formation of caveolae,
they favor the concept of its involvement in protein trafficking
(1, 23). AT1R has a caveolin-binding-like site, and mutations
of this motif considerably reduce the plasma-membrane
expression of the receptor and lead to its accumulation in
intracellular compartments (28). Note also that caveolinl-
deficient mice show a decrease in Angll-induced contractile
responses in the vascular system (9), but AT1R localization in
caveolinl-deficient vascular smooth muscle has so far not
been studied.

Recently, Ritsick et al. (33) showed that, in Drosophila
ovarian smooth muscle, NOX5 is required for agonist-
induced Ca®* release and subsequent contraction; the same
group mentioned unpublished data showing that NOX1
suppression interferes with Ca>" signaling in human smooth
muscle cells (25). These data have been interpreted as a role of
NOX-derived ROS in the regulation of Ca®" fluxes.

Redox-sensitive regulation of intracellular and plasma
membrane Ca?" channels has been described (3). In our sys-
tem, the lack of Ca®* signaling is, however, due to a different
mechanism: ROS indirectly influence Angll-mediated Ca*"
signaling through regulation of receptor localization.

The mechanism described (ROS-dependent regulation of
plasma membrane localization of ATIR) has potential
physiological implication for the Angll response and for
blood-pressure regulation. Under stress conditions, one
would expect an increased AngllI response of the organism. In
acute stress situations, this could be considered a beneficial
physiologic response. In chronic stress, however, that should
contribute to development of hypertension and vascular
disease. Thus, the intracellular AT1R localization might con-
tribute to the decreased blood-pressure response in NOX1-
deficient mice (16, 30).

It also should be mentioned that the main function of ATIR
in aortic vascular smooth muscle is probably not blood-
pressure regulation. Key players in blood-pressure regulation
are peripheral resistance vessels, the kidneys, and the central
nervous system (6). Thus, the mechanisms described here
should not be extrapolated to the overall blood-pressure re-
sponse, but only to the AngllI responses in the aortic vascular
wall, as, for example, cell proliferation and gene expression.

Taken together, NOX1 is an important modulator of
ATIR in aortic smooth muscle, and NOX1 represents an
interesting drug target for the treatment of vascular dis-
eases (25, 46).
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Travaux de recherche

Implications de NOX1 dans les Iésions tissulairesupmonaires induites par
I’hyperoxie

Le syndrome de détresse respiratoire des prématstésaractérisé par une immaturité
pulmonaire et une production insuffisante de stafatcpar les cellules épithéliales alvéolaires de
type Il. Le traitement de cette pathologie compreme ventilation mécanique et de fortes
concentrations d’oxygéne (>95% d’oxygeéne). Les pousrsoumis a des conditions d’hyperoxie
sont alors exposés a des concentrations importdet@é¥0S favorisant et exacerbant les lésions
pulmonaires. Cette production de ROS est partianient délétere chez les prématurés puisque
les Iésions engendrées sur des poumons en dévelepp@euvent étre irréversibles. De plus,
I'expression de nombreux antioxydants est réguéFdepdéveloppement si bien gu’avant terme,
les poumons immatures ne surexpriment pas lesmsgstantioxydants en réponse a une quantité
excessive de ROS (Asikainen and White 2004).

Les souris exposées a des conditions d’hyperoXd@%il d’'oxygene) pendant 72 heures
présentent des caractéristiques de dommages puhemséveres ainsi qu'une augmentation de
la mort des cellules pulmonaires épithéliales eip#meliales. Ces lésions se caractérisent par une
faible inflammation, une rupture de la barriéreéalo-capillaire, un cedeme pulmonaire et des
dysfonctionnements de la fonction pulmonaire (Crap86). Il a été clairement démontré que la
production excessive de ROS lors des conditiongpdfoxie induit une augmentation de la mort
cellulaire (Barazzone, Horowitz et al. 1998) impkat I'activation des MAPK (Mitogen-
activated protein kinase) (Zaher, Miller et al. 2D@t des caspases (Lee and Choi 2003). Ces
phénotypes ont été observés au niveau d’une ligaéellules murines épithéliales pulmonaires
(MLE-12) (Zhang, Shan et al. 2003) mais également n&veau de cellules humaines

endothéliales pulmonaires (Parinandi, Kleinbergle2003).
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Dans la mesure ou NOX1 et NOX2 sont exprimées damss cellules épithéliales et
endothéliales pulmonaires, est-ce que ces deux mwhes peuvent étre responsable de la

production de ROS et des Iésions pulmonaires aiguesluites par I'hyperoxie ?

Cet article correspond a une collaboration entrggfeupe du Professeur Barrazone Constance
et celui du Professeur Krause Karl-Heinz. Mon tihdans cet article a consisté a effectuer les
PCR, a participer aux discussions de travail aipsia I'élaboration du manuscript. La gestion

des animaux transgéniques a egalement fait paetieedtravalil

Article 3NOX1 joue un rdle crucial dans les Iésions pulmori@s aigles induites par
I’hyperoxie

NOX1 PLAYS A CRUCIAL ROLE IN HYPEROXIA-INDUCED ACUE LUNG INJURY IN

MICE. Stéphanie Carnesecchi, Christine Defféktessandra Pagano, Sarah Garrido-Urbani,

Isabelle Métrailler-Ruchonnet, Michela Schappi, ¥\@onati, Michael A. Matthay, Karl-Heinz
Krause and Constance Barazzone Argiroffim J Respir Crit Care Me@009. 180:972-981.
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NADPH Oxidase-1 Plays a Crucial Role in
Hyperoxia-induced Acute Lung Injury in Mice

Stéphanie Carnesecchi’?, Christine Deffert'2, Alessandra Pagano'2, Sarah Garrido-Urbani?,
Isabelle Métrailler-Ruchonnet’2, Michela Schappi'?, Yves Donati'2, Michael A. Matthay3,

Karl-Heinz Krause?4, and Constance Barazzone Argiroffo'-2

'Department of Pediatrics and 2Department of Pathology and Immunology, Medical School, University of Geneva, Geneva, Switzerland;
3Department of Anesthesia, University of California, San Francisco, San Francisco, California; and 4Depar‘cment of Genetic and Laboratory Medicine,

Geneva University Hospitals, Geneva, Switzerland

Rationale: Hyperoxia-induced acute lung injury has been used for
many years as a model of oxidative stress mimicking clinical acute
lung injury and the acute respiratory distress syndrome. Excess
quantities of reactive oxygen species (ROS) are responsible for
oxidative stress-induced lung injury. ROS are produced by mito-
chondrial chain transport, but also by NADPH oxidase (NOX) family
members. Although NOX1 and NOX2 are expressed in the lungs,
their precise function has not been determined until now.
Objectives: To determine whether NOX1and NOX2 contribute in vivo
to hyperoxia-induced acute lung injury.

Methods: Wild-type and NOX1- and NOX2-deficient mice, as well as
primary lung epithelial and endothelial cells, were exposed to room
air or 100% O, for 72 hours.

Measurements and Main Results: Lung injury was significantly pre-
vented in NOX1-deficient mice, but not in NOX2-deficient mice.
Hyperoxia-dependent ROS production was strongly reduced in lung
sections, in isolated epithelial type Il cells, and lung endothelial cells
from NOX1-deficient mice. Concomitantly, lung cell death in situand
in primary cells was markedly decreased in NOX1-deficient mice. In
wild-type mice, hyperoxialed to phosphorylation of c-Jun N-terminal
kinase (JNK) and extracellular signal-regulated kinase (ERK), two
mitogen-activated protein kinases involved in cell death signaling,
and to caspase-3 activation. In NOX1-deficient mice, JNK phosphor-
ylation was blunted, and ERK phosphorylation and caspase-3 acti-
vation were decreased.

Conclusions: NOXT1 is an important contributor to ROS production
and cell death of the alveolocapillary barrier during hyperoxia and
is an upstream actor in oxidative stress-induced acute lung injury
involving JNK and ERK pathways in mice.

Keywords: NADPH oxidase; reactive oxygen species; hyperoxia; apo-
ptosis; mitogen-activated protein kinases

Respiratory distress syndrome (RDS) of premature babies is
characterized by immature lung development and insufficient
surfactant production by alveolar type II cells. During RDS
treatment with mechanical ventilation and high oxygen concen-
tration, the lungs are exposed to increased oxidative stress
leading to pulmonary injury (1). The damage to both endothe-
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Oxidative stress is a major feature of acute lung injury and
the acute respiratory distress syndrome (ARDS) and may
be responsible for pulmonary cell damage.

What This Study Adds to the Field

Targeting the NADPH oxidase NOX1 during hyperoxia-
induced lung injury in mice inhibits oxidative-induced cell
death pathway and lung damage, providing a new thera-
peutic approach in the treatment of acute lung injury.

lial and epithelial cells leads to the loss of alveolocapillary
barrier integrity, resulting in interstitial edema and gas ex-
change impairment. We and others have previously shown
that reactive oxygen species (ROS) are able to induce a cell
death response with features of both apoptosis and necrosis
during oxygen exposure (2, 3). The mechanisms of cell death
are not completely defined in hyperoxia-mediated lung epi-
thelial and endothelial cell death, but involve the activation
of mitogen-activated protein kinase (MAPK) (4) and the
caspase cascade (5). Inhibition of the c-Jun N-terminal kinase
(JNK) or extracellular signal-regulated kinase (ERK) path-
way, using dominant negative constructs or chemical inhibi-
tors, prevents cell death in an epithelial cell line (MLE-12)
and in human pulmonary artery endothelial cells during
hyperoxia (6-9).

During supplemental oxygen therapy, ROS can be generated
by a variety of enzymes such as mitochondrial chain transport
and NADPH oxidase enzymes (10, 11). The well-known phago-
cyte NADPH oxidase complex includes a catalytic subunit,
NOX2/gp91Pox which is associated with regulatory subunits
(11). This complex is required for NOX activation and generation
of superoxide (11, 12). The NOX2 complex plays an essential
role in nonspecific host defense against pathogens (13). Several
additional homologs of NOX2 have been identified: NOX1-
NOXS, dual oxidase-1 (DUOXT1), and DUOX?2. Despite their
similar structure and enzymatic function, NOX enzymes differ in
their mechanism of activation. The NOX isoforms are expressed
in several tissues and cell types, where they serve various
physiological functions, including posttranslational modifications
of proteins and cellular signal transduction (12, 14, 15). NOX
enzymes are also involved in a variety of pathologies, including
amyotrophic lateral sclerosis, hypertension, and lung emphysema
(16-19).

A study demonstrated that both NOX1 and NOX2 are
expressed in mouse lung, and NOX1 has been detected in
a human alveolar epithelial cell line (A549) and in endothelial
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cells (20, 21). However, until now, no precise function of NOX1
and NOX2 in the lungs has been determined. In vitro studies
demonstrated that diphenylenethidium (DPI), a wide inhibitor
of NADPH oxidases, was effective in reducing hyperoxia-
induced ROS generation and cell death in MLE-12 cells and
in pulmonary endothelial cells (6, 9, 22). Using NOX1- and
NOX2-deficient mice, we determined their specific contribution
in hyperoxia-induced acute lung injury.

This study demonstrates for the first time that NOX1, but
not NOX2, is an important mediator of acute lung injury medi-
ated by oxidative stress, particularly in alveolar cells. NOX1-
generated ROS are largely responsible for alveolar cell death
and subsequent lung injury through JNK and ERK pathways

during hyperoxia in mice. Some of these data have been re-
ported in the form of an abstract (23).

METHODS

See the online supplement for additional details on reagents and
methods.

Animals

NOXI1-deficient mice, NOX2 (gp91P¥)-deficient mice, and wild-type
(WT) mice were inbred on the C57BL/6J background (17, 24). Animals
were kept under specific pathogen—free conditions. The animal pro-
cedure was performed in accordance with the Institutional Ethics
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Figure 1. Lung injury is decreased in NADPH
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Committee on Animal Care (Geneva, Switzerland) and the Cantonal
Veterinary Office.

Hyperoxia Exposure

Eight- to 10-week-old female mice (deficient and WT) were exposed to
room air or 100% O, for 72 hours. Bronchoalveolar lavage (BAL) was
performed as described (25). The total cell count was determined with
a cell counter and protein concentration was measured. BAL fluid cell
distribution was quantified in Cytospin preparations (Perbio Science,
Lausanne, Switzerland) after staining with Diff-Quik dye (Dade
Behring, Paris, France).

Lung Histology and Immunohistochemistry

Paraffin-embedded sections of lung fixed in 4% paraformaldehyde
were stained with hematoxylin—eosin or with anti-fibrin polyclonal
antibody followed by EnVision G|2 System/AP (Dako, Glostrup,
Denmark), or with an anti-cleaved caspase-3 polyclonal antibody
followed by Texas red-conjugated secondary antibody. Double immu-
nostaining was performed with anti-pJNK (phosphorylated JNK) or
anti-pERK (phosphorylated ERK) monoclonal antibody combined
with anti— SP-C (Chemicon, Zug, Switzerland) or anti-von Willebrand
factor (VWF) followed by fluorescein isothiocyanate—conjugated sec-
ondary antibody before counterstaining with 4',6-diamidino-2-phenyl-
indole (DAPI). Slides were mounted with Fluor Save (Calbiochem,
Darmstadt, Germany) and analyzed by confocal microscopy.

Alveolar Macrophage, Epithelial Type Il Cell, and Endothelial
Cell Isolation

Alveolar macrophages were isolated from the BAL fluid of adult mice,
and alveolar epithelial type II cells (type II AECs) and endothelial cells
(MLECs) were isolated from adult mouse (8- to 14-wk-old) lungs as
described with minor modifications (26-28). Hyperoxic conditions (24—
72 h) were achieved by placing type II AECs and MLECs in a sealed
glass chamber filled with 95% O,—5% CO, at 37°C.

Real-time Polymerase Chain Reaction

RNA was extracted with a total RNA isolation NucleoSpin RNA II kit
(Macherey-Nagel, Diiren, Germany) and reverse transcribed with
SuperScript reverse transcriptase (SuperScript choice system; Invitro-
gen, Carlsbad, CA). We used the primers for NOX1, NOX2, and
NOX4 and the reference genes encoding EEF1A1 (eukaryotic elon-
gation factor-1A1) and HPRT (hypoxanthine-guanine phosphoribo-
syltransferase). For polymerase chain reaction primer sequences and
details, see the online supplement.

Detection of Superoxide

Frozen lung tissues were cryosectioned (20 wm) and collected onto
SuperFrost Plus slides (Perbio Science). To detect the various cell types
that generated ROS, lung sections from all mouse strains were double
immunostained with dihydroethidium (DHE) and anti-SP-C or with
DHE and anti-VWF. Images were captured with an inverted micro-
scope and analyzed with Metafluor imaging software (Molecular
Devices, Basel, Switzerland). Quantification was performed by measuring
the fluorescence intensity of all cells counted in the lung sections and of
isolated type II and endothelial cells (>50 for each mouse) from three
different mice.

Western Blot Analysis

Total lung protein extracts were performed as previously described
(29). Total protein extracts were loaded and nitrocellulose membranes
were blocked overnight in Tris-buffered saline-Tween buffer, 5% milk,
followed by hybridization with anti-pJNK, anti-JNK, anti-pERK, anti-
ERK, anti-actin, anti-cleaved caspase-3, or anti-poly(ADP-ribose)
polymerase (PARP)-1 in the same buffer. The proteins were detected
with enhanced chemiluminescence (ECL) reagents (Interchim, Montlugon,
France). Densitometric evaluation was performed with Quantity One
software (Bio-Rad, Reinach, Switzerland).

Measures of Cell Death

Lactate dehydrogenase was measured in BAL supernatant as de-
scribed (30). For sections of fixed lung, terminal deoxynucleotidyl-

transferase—mediated dUTP nick end labeling (TUNEL) was per-
formed with an in situ apoptosis detection kit according to the
protocol of the manufacturer (Chemicon, Temecula, CA); and for
primary cells, TUNEL was performed as described by the manufac-
turer (Roche, Indianapolis, IN). Slides were mounted with polyvinyl
alcohol (Mowiol) and analyzed by confocal microscopy (LSM 510
Meta; Zeiss, Oberkochen, Germany). Quantification of positive staining
was performed with Metamorph analysis software (Molecular Devices)
(20 images per mouse, 3 mice per group, and 3 independent experi-
ments).

Statistical Analysis

For all parameters measured, the values for all samples under different
experimental conditions were averaged and the SEM of the mean was
calculated. The significance of differences between the values of the
groups was determined by two-way analysis of variance with multiple
comparisons followed by unpaired ¢ test. The Wilcoxon rank sum test
for unpaired data was also used. Significance levels were set at P <
0.05.

RESULTS

NOX1, But Not NOX2, Participates in Hyperoxia-induced
Lung Injury

To address the role of NOX1 and NOX2 in hyperoxia-induced
lung injury, we exposed NOXI1- and NOX2-deficient mice,
as well as WT mice, to 100% oxygen. In accordance with
previous studies from our laboratory and others, WT mice
exhibited features of severe lung damage after 72 hours of
oxygen exposure. The extent of lung injury was not significantly
different in NOX2-deficient mice compared with WT mice as
measured by BAL protein content reflecting vascular leakage
(Figure 1A); BAL lactate dehydrogenase release, an indicator of
tissue injury (Figure 1B); and fibrin deposition in the alveolar
spaces (Figures 1IE—1G). In contrast, the absence of NOX1
significantly reduced hyperoxia-induced lung injury compared
with WT mice (Figures 1C—1E and 1G). Most of the in vivo

TABLE 1. EFFECT OF NADPH OXIDASE-1 AND NADPH OXIDASE-2
DEFICIENCY ON INFLAMMATORY CELL RESPONSE
DURING HYPEROXIA

Cell Number (X 10%)

Air Hyperoxia P Values

wWT 6.77 + 0.85 17.14 * 2.10* NS

NOX1-/~ 7.97 = 0.71 16.81 * 1.66* ]Ns

NOX2~/~ 6.78 + 1.09 19.63 * 3.51* NS
Macrophages

wWT 6.23 + 0.67 15.30 * 1.83* NS

NOX1-/~ 717 + 0.65 11.81 = 1.14* ]Ns

NOX2~/~ 5.47 = 0.73 11.61 = 1.09* NS
Lymphocytes

wWT 0.59 * 0.12 1.56 = 0.25* NS

NOX1-/~ 0.74 + 0.09 1.51 = 0.21* ]Ns

NOX2~/~ 0.47 + 0.06 2.76 * 1.09* NS
Neutrophils

wWT 0.05 + 0.01 0.76 + 0.22* ;

NOX1-/~ 0.06 + 0.01 3.47 + 0.77* J#

NOX2~/~ 0.23 + 0.06 4.53 = 0.62* NS

Definition of abbreviations: NOX1 = NADPH oxidase-1; NOX2 = NADPH
oxidase-2; NS = not significant; WT = wild type.

NOX1~/~, NOX2~/-, and WT mice were exposed to air or to hyperoxia for 72
hours. Cells recovered from bronchoalveolar lavage were counted and Cytospin
preparations on microscope slides were made and stained for cellular differen-
tials. Results represent the mean value + SEM for each group (n = 10 animals per
group).

* P < 0.001, hyperoxia versus air.

TP < 0.05, NOX1~/~ mice versus WT mice in hyperoxia.

¥ P < 0.001, NOX2~/~ mice versus WT mice in hyperoxia.
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Figure 2. Hyperoxia up-regulates NADPH oxidase-1 (NOX1) mRNA
expression in type Il alveolar epithelial cells (AECs) and in mouse lung
endothelial cells (MLECs). Expression of (A) NOX1 mRNA and (B)
NADPH oxidase-2 (NOX2) mRNA in primary type Il AECs and MLECs
was measured by real-time polymerase chain reaction before and
after 72 hours of hyperoxia (n = 3). *P < 0.05 in type Il AECs and
MLECs exposed to air (open columns) versus hyperoxia (solid col-
umns). Note that primary alveolar macrophages were used as positive
control for the detection of NOX2 mRNA expression. EEFTA1
eukaryotic elongation factor-1A1; HPRT = hypoxanthine-guanine
phosphoribosyltransferase.

experiments with NOX1- and NOX2-deficient mice were per-
formed independently, each of them with their respective
WT control. Under normal conditions, lungs of NOX1- and
NOX2-deficient mice displayed no morphological abnormalities
and were similar to those of WT mice (data not shown).
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We then evaluated hyperoxia-induced lung inflammatory
responses in NOXI1- and NOX2-deficient mice. Hyperoxia
caused a significant increase in BAL total cell count (macro-
phages, lymphocytes, and neutrophils) that was similar in the
three mouse strains (Table 1). BAL neutrophil counts of
NOX1- and NOX2-deficient mice were higher compared with
those from WT mice in hyperoxia, but the neutrophil count was
similar in air-breathing animals (Table 1). These results indicate
that NOX1, but not NOX2, participates in oxidative stress—
induced acute lung injury independently of the acute lung
inflammatory response.

NOXT1 Expression Is Increased in Primary Type Il Alveolar
Epithelial Cells and Lung Endothelial Cells in Hyperoxia

To determine whether NOX1 and NOX2 are regulated by
hyperoxia in type II AECs and in MLECs, we measured
NOX1 and NOX2 expression. At baseline, NOX1 mRNA was
expressed in type II AECs and MLECs (Figure 2A), in
contrast to NOX2 mRNA, which was undetectable compared
with the positive control. As positive control, we used alveolar
macrophages in which NOX2 is strongly expressed, as ex-
pected (Figure 2B). After hyperoxia, NOX1 mRNA expres-
sion was increased in both type II AECs and MLECs whereas
NOX2 was still undetectable in these primary cells (Figures
2A and 2B).

NOX1 Deficiency Markedly Reduces Hyperoxia-induced ROS
Production in Lungs and in Primary Pulmonary Cells

To determine the contribution of NOX1 in hyperoxia-induced
superoxide formation, we measured ROS production in the lungs

fluorescence
intensity

2500
Figure 3. Absence of NADPH oxidase-1
. (NOXT) decreased reactive oxygen species
generation induced by hyperoxia in lungs.
(A) Representative fluorescence images of
3000 . dihydroethidium (DHE)-loaded lung sections.
OwT NS Frozen lung sections (20 pum) were prepared

from NOX17/=, NOX27/~, and wild-type
(WT) mice after exposure to air or hyperoxia
for 72 hours. Lung sections were loaded with
DHE (10 pwM) and visualized by confocal
microscopy (pseudocolor). Original magnifica-
tion, X63. DHE fluorescence intensity was
quantified in whole lung sections (n = 3;
*P < 0.05, NOX1~/~ vs. WT mice, and P= NS,
NOX2~/~ vs. WT mice in air; TP < 0.001,

hyperoxia

DHE+SP-C

C

DHE+VWF

1 NOX1~/~ vs. WT; and P = NS, NOX2~/~ vs.
WT mice in hyperoxia). (B) Representative
merged images of lung sections stained with
DHE (pink), 4',6-diamidino-2-phenylindole
(blue), and marker for type Il epithelial cells
(prosurfactant protein-C [SP-C]: yellow, panels
a-d), or (C) marker for endothelial cells (von
Willebrand factor [VWF]: yellow, panels a-d).
DHE-positive nuclei appear pink and staining
for both type Il epithelial and endothelial
markers appears yellow. Note that some cells
were positive for DHE and cell-specific marker.
Original magnification, X63. NS = not signif-
icant.
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of WT and NOX1-deficient mice. Mice were exposed to air or
hyperoxia for 72 hours and frozen lungs were cryosectioned.
Lung sections were stained with DHE for ROS detection. ROS
were markedly increased in the lungs of hyperoxia-exposed WT
mice compared with air-exposed WT mice. This hyperoxia-
induced increase in ROS was significantly attenuated in NOX1-
deficient mice but not in NOX2-deficient mice (Figure 3A).

To detect the various cell types generating ROS, we stained
lung sections from WT and NOX2- and NOX1-deficient mice
with DHE and an anti-SP-C antibody, or with DHE and an
anti-VWF antibody. In wild-type mice, type II epithelial and
endothelial cells were positive for DHE staining during hyper-
oxia in comparison with air-exposed WT mice (respectively:
Figure 3B, panels a and b and Figure 3C, panels a and b).
Hyperoxia-induced ROS in epithelial type II and endothelial
cells were markedly decreased in NOXI1-deficient mice, but
were not modified in NOX2-deficient mice compared with WT
mice (respectively: Figure 3B, panels ¢ and d, and Figure 3C,
panels ¢ and d).

Similar results were found for isolated type IT AECs (Figures
4A and 4C) and primary MLECs (Figures 4B and 4D) derived
from WT and NOX1-deficient mice exposed to hyperoxia. In
contrast, primary type I AECs and MLECsisolated from NOX2-
deficient mice produced an equal amount of ROS compared
with cells isolated from WT mice during hyperoxia stimulation
(Figures 4A—4D).

Interestingly, under normoxic conditions, lungs of NOX1-
deficient mice exhibited a small, but significant increase in ROS
generation as compared with WT mice, possibly because of
a compensatory effect of ROS produced by other NOX
enzymes or NOX-independent enzymes (Figure 3A; and see
Figure El in the online supplement). Indeed, we analyzed the
expression of NOX enzymes (NOX1, NOX2, and NOX4) in
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deficient mice and we did not find any up-regulation (Figure
E1). This increase was not found in primary type II AECs and
in primary MLECs isolated from NOX1-deficient mice (Figures
4C and 4D). These results indicate that NOX1 but not NOX2 is
mainly responsible for ROS formation in lungs and in primary
type II AECs and MLEC:s.

NOX1 Deficiency But Not NOX2 Prevents Cell Death in Lungs
and in Primary Alveolar Cells

Because ROS contribute to oxidant-induced cell death in
several animal models and in humans, we investigated whether
NOX1 and NOX2 participate in alveolar cell death during
hyperoxia through ROS generation. First, we examined in situ
DNA strand breaks by fluorescence TUNEL staining. Hyper-
oxia increased significantly the number of TUNEL-positive cells
in the lungs of WT mice and NOX2-deficient mice. By contrast,
a much lower number of cells was positive when derived from
NOX1-deficient mice under hyperoxia (Figures SA and 5B).
These results were supported by those obtained with primary
type II AECs and MLEC:s isolated from hyperoxia-exposed WT
mice and from NOX2- and NOXI1-deficient mice (Figures 5C
and 5D).

Zhang and colleagues reported that caspase-3 activation
participated in oxidant-induced DNA fragmentation and cell
death in MLE-12 cells (6). We therefore examined whether
ROS-induced cell death in situ involved caspase-3 activation
and subsequent PARP-1 cleavage. In hyperoxic lungs, there was
a significant increase in the amount of cleaved caspase-3 (17
kD) and cleaved PARP-1 (85 kD) in WT mice, whereas in
NOX1-deficient mice only small increases were observed (Fig-
ures 6A—6C). Indeed, the cleavage of procaspase-3 (32 kD)
resulted in two fragments: a 19-kD fragment and a 17-kD
fragment, with the 17-kD fragment being the active form of

Figure 4. Absence of NADPH oxidase-1 (NOXT1) de-
creased reactive oxygen species generation induced by
hyperoxia in primary pulmonary type Il alveolar epithelial
cells (AECs) and in mouse lung endothelial cells (MLECs).
(A) Isolated type Il AECs and (B) MLECs from NOX1~/~,
NOX2~/~, and wild-type (WT) mice were exposed to
hyperoxia for 24 hours and loaded with dihydroethidium
(DHE, 5 pM) and visualized by confocal microscopy
(pseudocolor). Original magnification, X100. (C and D)
Quantification of DHE fluorescence intensity of type Il
AECs and MLECs. Values represent means and SEM (n = 3
mice for each group; TP < 0.001, NOX1~/~ vs. WT mice
in hyperoxia; and P = not significant [NS], NOX2~/~ vs.
WT mice in hyperoxia).
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Figure 5. Cell death is decreased in lung cells of
NADPH oxidase-1 (NOX1)-deficient mice but
not in those of NADPH oxidase-2 (NOX2)-de-
ficient mice. (A) Representative merged images
of lung sections stained with terminal deoxy-
nucleotidyltransferase-mediated dUTP nick end
labeling (TUNEL) stain (red) and with 4',6-
diamidino-2-phenylindole (blue) from NOX1-/-,
NOX2~/=, and wild-type (WT) mouse lungs.
Original magnification, X40. Arrows indicate
representative TUNEL-positive cells, which ap-
pear pink. (B) Quantification of TUNEL-positive
cells was performed by counting the number of
TUNEL-positive cells (appearing pink) related to
the total number of nuclei (appearing blue).
Columns and error bars represent means and
SEM (10 fields/mouse, n = 3 mice for each
group; TP < 0.001, NOX1~/~ vs. WT mouse
lung sections; P = NS, NOX2~/~ vs. WT mouse

B C D lung sections in hyperoxia). (C and D) Primary
S 300wt S 100 Tt 9 *r"‘“’r type ll alveolargpithelial cells (AEQS) and mouse
% 55 |ENOX2- S = g0 NS lung e_nc_jothehal _ce_lls (MLECs) |§olated from
3 I NOX1+- g S NOX1-/=, NOX2~/~, and WT mice were ex-
2 20 = g 60 posed to air or hyperoxia for 72 hours. Quan-
= = 2 50 tification of TUNEL-positive cells was performed
£ ' B 2 40 by counting the number of TUNEL-positive
a2 10 NS é % 30 . AECs and MLECs relative to the total number
m o 2 20 - of nuclei. Columns and error bars represent
5 ’ 4’1§1 Z E 10 m T means and SEM (isolation of three dFiJfferent
oo k - R > : 0 : : mice for each group; TP < 0.001, NOX1~/~
air hyperoxia air hyperoxia air hyperoxia vs. WT hyperoxia—exposed cells; and P = NS,
NOX2~/~ vs. WT hyperoxia-exposed cells).
caspase-3 responsible for PARP-1 cleavage (31). We confirmed demonstrate that under hyperoxic conditions, NOX1-generated
these results on lung sections from air- and hyperoxia-exposed ROS but not NOX2-generated ROS mediate lung cell death,
WT and NOX1-deficient mice, using cleaved caspase-3 immu- and NOX1 modulates the caspase-3—-dependent apoptotic pro-
nofluorescence staining (Figure 6D). In hyperoxia, there was cess.
a fivefold increase in caspase-3—positive cells compared with air .
in WT mice, whereas only a few positive cells were found in ROS Generat?d b.y NOX1 Mediate ]N_K and ERK .
NOX1-deficient lungs: 5.6 = 0.7% for WT mice versus 1.1 = Phosphorylation in Mouse Lungs during Hyperoxia
0.2% for NOX1-deficient mice (the values are expressed as the To determine the mechanisms by which NOX1-derived ROS
mean percentage = SEM; P < 0.001, n = 3). These data are responsible for lung alveolar cell death, we examined ROS-
& . s B 2% awr C.Yowr ) . .
o> AN (R -, - [ — Figure 6. Active caspase-3 and poly(ADP-r.lbose)
L& ¢ e 83 i 5 5 polymerase (PARP)-1 cleavage are reduced in the
cleaved & < 19 kDa E 24 lungs of I'Ty.peroxiail-exposed NADPH oxidase-1
caspase-3 - z “ I 17kDa = ® (NOXT1)-deficient mice. (A) Cleaved caspase-3 (17
<l6kDa 3 2 = 2 kD) and cleaved PARP-1 (85 kD) proteins were
PARP-1 m "‘ 85kDa & % detected in lung homogenates of NOX1~/~ and
actin _‘8’ | ; | wild-type (WT) m{ce gxposed to ail.' or hyperoxia for
z = 72 hours. B-Actin-immunoreactive bands were
] - ol S used to demonstrate equal loading. These gels
e hyperoxia L TH— 0T hir  hyperoxia  Were representative of all samples analyzed (n =
5 per group). (B and C) Densitometric quantifica-
D air hyperoxia hyperoxia tion of cleaved caspase-3 and cleaved PARP-1 pro-

tein levels was expressed as fold increase compared
with WT air sample (set as 1). Each sample was
normalized with B-actin loading. Columns and error
bars represent means and SEM (n = 5; TtP < 0.01,
NOX1~/~ vs. WT mice in hyperoxia). (D) Repre-
sentative merged images of lung sections stained
with anti—cleaved caspase-3 (red) and 4’,6-diami-
dino-2-phenylindole (blue) from WT and NOX1~/~
mice (n = 3). Original magnification, X40. ***p <
0.001, NOX1~/~ vs. WT mice in hyperoxia.
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involved MAPK (JNK and ERK) pathways. Hyperoxia was
associated with a significant increase in pJNKs and pERKs in
WT mice as seen by Western blot. NOX1, but not NOX2,
deficiency decreased ERK and JNK phosphorylation without
modification of JNK and ERK protein levels (Figures 7A-7F).
To identify cell types involved in ERK and JNK activation in
hyperoxia, lung sections from WT and NOXI1-deficient mice
were immunostained with an anti-pERK or pJNK antibody
combined with an anti-SP-C antibody or an anti-VWF anti-
body. pERK staining was associated with type II pneumocytes
and endothelial cell markers during hyperoxia (Figure 8A),
whereas pJNK staining was detected mainly in endothelial cells
(Figure 8B). The staining for pPERKs and pJNKs was attenuated
in lungs from NOX1-deficient mice (Figure 8A, panels b and ¢
and panels e and f, respectively; and Figure 8B, panels b and c
and panels e and f, respectively), confirming the results obtained
by Western blotting (Figures 7D —7F). Some cells were positive
for pJNK in hyperoxia that were neither SP-C- nor VWEF-
positive cells. Therefore, according to their localization and the
absence of staining, we concluded that these cells were most
probably alveolar macrophages (Figure 8B, panels c—f). These
data demonstrate that NOX1 participates in oxidative stress—
induced acute lung injury, involving ERK and JNK phosphor-
ylation of pulmonary endothelial and epithelial type II cells.

DISCUSSION

NOX enzymes are considered critical contributors to a variety
of diseases including cancers, cardiovascular disease, and di-
abetes. NOX1 has been shown to be expressed in a large
number of tissues, including the lung, but its precise function
has not been determined yet (20, 32). Several studies have
demonstrated a role for NOXI1 in the vascular system: NOX1
deficiency decreased blood pressure and provided protection
from aortic dissection and aneurysm formation in response to
angiotensin II (17, 18, 33).

In the present study, we found that NOX1, but not NOX2,
participates in hyperoxia-induced lung injury through decreased
ROS generation and cell death in alveolar epithelial and en-
dothelial cells. Cell death prevention was associated with de-
creased phosphorylation of two main components of MAPK
pathways: pERK and pJNK, two enzymes involved in the cell
death pathway. In NOX1- and NOX2-deficient mice, exposure
to hyperoxia leads to a huge neutrophil influx in BAL fluid,
higher than in WT mice. Our results are supported by previous
studies (34). Indeed, NOX2-deficient mice exposed to 48 hours
of hyperoxia after acid aspiration, and p47P"°*- or NOX2-
deficient mice infected with Escherichia coli, showed a greater
amount of neutrophils compared with WT mice, without mod-
ification of lung injury (35). Moreover, a similar increased lung
inflammatory response was noticed after influenza virus infec-
tion in NOX2-deficient mice, but in this case it was associated
with reduced lung damage and improved lung function (36). Our
data are also consistent with previous studies showing that
neutrophil or macrophage depletion did not change lung damage
in hyperoxic lung injury (37, 38). Indeed, hyperoxia-induced
acute lung injury is one of the most established models of
oxidative stress and alveolar cell death, which is not closely
linked to the magnitude of the inflammatory response; in this
way it is different from most cases of human acute respiratory
distress syndrome (39). However, in another study, hyperoxia-
exposed NOX2-deficient mice produced a lower number of
neutrophils in BAL fluid compared with WT mice (22). In that
study, mice exposed to acute hyperoxia developed lung fibrosis
that was accompanied by a large inflammatory response. Be-
cause fibrosis is not a classical pattern of acute hyperoxic lesions,
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Figure 7. NADPH oxidase-1 (NOX1) mediates the phosphorylation of
extracellular signal-regulated kinases (ERKs) and c-Jun N-terminal
kinases (JNKs). (A and D) Western blots for phosphorylated ERKs
(PERKs), phosphorylated JNKs (pJNKs), and total ERKs and JNKs. Lung
lysates (50 ng) from NOX1-/~, NOX2~/~, or wild-type (WT) mice were
loaded. B-Actin-immunoreactive bands were used to demonstrate
equal loading. Theses gels were representative of all samples analyzed
(n = 5 per group). (B, C, E, and F) Densitometric quantifications of
pERKs and pJNKs were determined by comparing experimental sample
with WT air sample. Each sample was normalized for B-actin loading.
Columns and error bars represent means and SEM (n = 5 mice; TP <
0.01, NOX1~/~ vs. WT mice in hyperoxia; TP < 0.05, NOX1~/~ vs. WT
mice in hyperoxia; and P = NS, NOX2~/~ vs. WT mice in hyperoxia).

we cannot compare our data with these results. Our study
suggests that protection provided by NOX1 deficiency during
hyperoxia is not due to decreased ROS production by lung
inflammatory cells, where NOX2 is preferentially expressed.
The results of this study demonstrate that hyperoxia-induced
oxidative stress and tissue damage is, at least in part, mediated
by NOXI1. One of the reasons for the important role of NOX1
in hyperoxia might lie in the spatial localization of NOX1 in
the lung. Primary pulmonary epithelial type II and lung endo-
thelial cells expressed NOX1. Therefore, NOXI1 is strategically
located to be exposed to high oxygen concentration and to cause
damage to the alveolocapillary barrier. A biochemical feature
that distinguishes NOX1 from NOX2 might also play an impor-
tant role. NOXO1, the organizer subunit of the NOX1 enzyme
complex, lacks an autoinhibitory domain (40) and a basal NOX1
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activity level has therefore been consistently reported (11).
Thus, in contrast to NOX2, which is basically inactive in the
absence of cell activation, we found that NOX1 is able to directly
increase its ROS generation in response to the elevation of
its substrate oxygen in murine alveolar epithelial type II and
endothelial cells. In addition to increased substrate, that is,
oxygen concentration, other mechanisms might contribute to
the increased NOX1 activation under hyperoxic conditions, for
example, kinase activation and/or activation of Rac GTPases
(41).

NOXI1 expression was increased in both epithelial and en-
dothelial cells during hyperoxia. Specific absence of NOX1 de-
creased hyperoxia-induced ROS generation within the lung
and specifically in pulmonary epithelial and endothelial cells.
Decreased ROS production was significantly associated with
less alveolar cell death as shown by DNA fragmentation
markers, such as TUNEL staining and decreased active cas-
pase-3 (17 kD) and PARP-1 cleavage. Also, DPI treatment,
a nonspecific inhibitor of NOX enzymes and other electron
transporters, decreased hyperoxia-induced ROS generation in
human artery endothelial cells and oxidant-induced cell death in
MLE-12 cells (6, 9). This cell death reduction was associated

hyperoxia

hyperoxia

pERK-SP-C

Figure 8. NADPH oxidase-1 (NOX1) medi-
ates the phosphorylation of extracellular
signal-regulated kinases (pERKs) and c-Jun
N-terminal kinases (pJNKs) in alveolar type Il
epithelial cells and in endothelial cells. (A)
Representative merged images of lung sec-
tions stained with anti-pERKs (green), 4',6-
diamidino-2-phenylindole (DAPI, blue), and
anti-prosurfactant protein-C  (SP-C, red;
panels a-c) or anti-von Willebrand factor
(VWF, red; panels d—f) (original magnifica-
tion, x63). Note that pERK staining was
colocalized with the marker for type Il epi-
thelial cells and endothelial cells (red arrows,
panels b and e). (B) Representative merged
images of lung sections stained with anti-
pJNK (green), DAPI (blue), and anti-SP-C
(red, panels a—c) or anti-VWF (red; panels
d-f) (original magnification, X63). Note that
pJNK staining is not exclusively restricted to
endothelial cells but is also present in mac-
rophages (white arrows). pJNK and pERK
cytoplasmic staining is attenuated in
NOX1~/~ lungs compared with wild-type
(WT) lungs.

pERK-VWF

pINK-SP-C
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with decreased caspase-3 activation and PARP-1 cleavage in
MLE-12 cells (6).

In the present study, hyperoxia activated both pERK and
pINK in mouse lungs as already reported (42) and particularly
in pulmonary type II epithelial and endothelial cells. Interest-
ingly, pJNK was found mostly in lung endothelial cells during
hyperoxia, suggesting differential MAPK activation in vivo. The
absence of NOX1 but not NOX2 decreased hyperoxia-induced
JNK and ERK phosphorylation in alveolar cells. In accor-
dance with these observations, treatment with DPI completely
inhibited hyperoxia-induced ERK1/2 activation and subsequent
cell death in alveolar epithelial cells (6, 43). Furthermore, the
response to tumor necrosis factor-induced JNK activity and cell
death was inhibited in alveolar epithelial cells transfected with
NOXI1-specific small interfering RNA (44, 45). It is interesting to
note that JNK activation was similarly detectable in alveolar
macrophages during hyperoxia in NOX1-deficient mice and in
WT mice, thus attesting to the specificity of JNK activation by
NOX1 in alveolar cells (46). The precise redox-sensible step
involved in kinase activation in response to NOX-dependent
ROS production is presently unknown. It may be due to in-
hibition of MAPK tyrosine phosphatase activity or activation of
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apoptosis signal-regulating kinase-1 (ASK1)-dependent or
-independent pathways (44, 47, 48). It has been proposed that
ROS, via the oxidation of thioredoxin, a redox regulatory
protein, leads to ASK1 liberation and to tumor necrosis fac-
tor-induced JNK activation in MLE-12 cells (44). We also
explored Akt phosphorylation (pAkt), because the instillation
of the constitutively active form of Akt in mice before exposure
to hyperoxia protected lung from oxidant-induced lung damage
(49). Our results did not favor the hypothesis that a change in
pAkt could mediate lung cell protection in NOX1-deficient mice
(data not shown), but they strongly suggest that ROS generated
by NOXI1 participate specifically in the signaling of hyperoxia-
induced ERK and JNK activation and thereby induce alveolar
cell death in mouse lung.

Our data are the first direct demonstration that NOX1
activation promotes apoptosis in vivo and especially in the cells
that comprise the alveolocapillary barrier. The results are not
compatible with the hypothesis that ROS released by mito-
chondria are the primum movens of hyperoxic oxidative stress.
We also found that NOX-derived ROS cause DNA strand
breaks in vivo. However, it is not clear at this point whether
NOXI1-derived ROS are responsible for direct genotoxic stress
or whether the DNA strand breaks are also due to caspase
activation by redox-sensitive cell death pathways (e.g., INK and
ERK). Indeed, it is likely that caspase activation is not sufficient
to fully account for the DNA strand breaks observed in
response to hyperoxia because (/) in this study, we observed
a smaller number of caspase-3—positive cells, as compared
with TUNEL-positive cells; and (2) in previous studies we
found that administration of pan-caspase inhibitor (Z-VAD)
was not sufficient to rescue hyperoxia-induced cell death (3, 50).
If direct genotoxic stress through NOXI1-derived ROS is
a contributor to hyperoxic lung damage, it is essential to inhibit
ROS formation at a significantly upstream level. This approach
could have an important impact on future therapeutic develop-
ments, potentially favoring the targeting of NOXI-specific
inhibitors over inhibition of redox-sensitive cell death pathways
in the treatment of acute lung injury.
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D. Maladie granulomateuse septique et inflammation

La maladie granulomateuse septique ou CGD est equasda perte de fonction de la
NADPH des phagocytes générant des ROS. En 'abskncette enzyme, les patients atteints de
CGD souffrent d’infections récurrentes. De plus piésentent également une réponse
inflammatoire exacerbée au sein de plusieurs oggamenme la peau, les poumons, le tractus
digestif et le foie. Ces lésions inflammatoires foe peut qualifier « d’hyperinflammation »
jouent un role essentiel dans la morbidité de ldia. Les granulomes au niveau de nombreux
organes ainsi que la colite constituent les matafeons cliniques classiques de
I’hyperinflammation.

Dans le contexte d'immunodéficience de la CGD,lés®ns hyperinflammatoires ont
initialement été assimilées a des granulomes sggstidMais I'origine de cette réponse
inflammatoire s’est avérée étre non infectieuserRaemple, les parois Aspergillus fumigatus
inactivées par la chaleur induisent une hypennfteation chez les souris déficientes en NOX2
(Petersen, Hiran et al. 2002). Les parois des clgamaps semblent donc impliquées dans
l'induction de cette inflammation mais la ou lesigas exactes sont inconnues. Cette
méconnaissance amene, lors des études sur lesismea de ces complications en I'absence de
NOX2, a I'utilisation de stimuli divers et donalas conclusions diverses et variées, voire
contradictoires.

Un des mécanismes le plus souvent évoqué estugmeeatation excessive des cytokines
pro-inflammatoires comme le TNF et I'IlL-8 (Hatanaka, Carvalho et al. 2004) par les
neutrophiles ou monocytes de patients CGD apresiktiion. Il n’est pas clairement établi, a ce
jour, si cette augmentation de production des éyeskest une des causes de I'inflammation ou

la conséquence d’une inflammation persistante.doesées sont le plus souvent basées sur des
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expériencen vitro ou ex vivoet impliquent la NADPH des neutrophiles maisdages cellules
du systeme immunitaire possédant également NOX@&nmo les macrophages et les cellules

dendritiques, jouent certainement également un adéles les mécanismes inflammatoires de la

CGD.
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Article 4 LesB-glycans branchés d’origine fongique induisent unyperinflammation et une
nécrose chez les souris déficientes en NADPH oxydadu phagocyte

BRANCHED FUNGAL B-GLUCAN CAUSES HYPERINFLAMMATION AND NECROSIS
IN PHAGOCYTE NADPH OXIDASE-DEFICIENT MICE. MichelaG. Schéappi,_Deffert
Christine Laurence Fiette, Gaetan Gavazzi, Francois R. HenmDominique C. Belli and Karl-

Heinz KrauseJ Pathol.2008. 214:434-444.

Les granulomes cutanés sont une complication fréqude la CGD (Segal, Leto et al.
2000). En 2002, Marie Dinauer a établi un modékareé inflammatoire de la CGD en injectant
des parois dAspergillus fumigatusnactivées par la chaleur dans les oreilles dansnodele
murin de la CGD liée a I'X (Petersen, Hiran et 2002). Ces souris ont été créées par
invalidation du géne gp9T* Lors de cette étude, il a été démontré que ldmpéanes inactivés
étaient capable d’induire une inflammation exacerbga I'absence d'une NADPH oxydase du

phagocyte fonctionnelle

Mais des questions restaient en suspens : Est-ceeqeette réaction inflammatoire est
spécifigue des champignons ? Et est-ce que certainemposés des parois des pathogenes

comme les PAMPS pouvaient étre a l'origine de cetiaflammation ?

Les PAMPs Pathogen-Associated Molecular Patterssnt d’origine tres diverses
(bactérie, virus, parasite) et de natures varigesdine, ose, acide nucléique). Ce sont des motifs
moléculaires hautement conservés reconnus de fpgmifique par les récepteurs PRRs (voir
Chapitre V.7). Le PAMP majoritaire des bactériemngnégative est le lipopolysaccharide (LPS),
celui des bactéries gram positive est I'acide #pbbique (LTA) et celui des champignons est le
B-glycan. Ce dernier de découverte récente est lssmonnu. Ce sont des polysaccharides

retrouvés dans les champignons, les plantes efugebactéries. Chez les champignons, comme
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les levures, leg-glycans sont les constituants majoritaires deat@impu ils forment des

polyméres de glucose entre f§l-3) et le-(1-6) glycans. Le§-glycans d’origine végétale

sont retrouvés dans les parois cellulaires et dangres structures et correspondent plutdt a des
polyméres de glucose entre fgl-3) et le-(1-4) glycans. Les plantes céréaliéres, comme
I'orge, sont tres riches ghglycans (Hrmova, Harvey et al. 1996). Un nombmatk de bactéries,
comme les Agrobactéries ou les Streptocoques, pepveduire deg-glycans au niveau du
périplasme ou de leur capsule (Mcintosh, Stoné €085).

Ces hydrates de carbone vont étre reconnus de $pgmifique par un récepteur de type C-

lectin : la dectine-1 (Brown, Herre et al. 20033g@nte au niveau des polynucléaires
neutrophiles, éosinophiles, des monocytes/macragshalgs cellules dendritiques et de certaines

sous-classes de lymphocytes T.

Mon travail dans cet article a consisté a assueegéstion des animaux transgéniques, a
effectuer les injections intradermiques, les déifées immuno-histochimies, les explants ainsi
gue les mesures au cytometre de flux. L’élaboradioprojet, les discussions de travail ainsi que

I'élaboration du manuscript ont également fait parde ce travail.
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Abstract

Chronic granulomatous disease (CGD), a genetic disorder characterized by the absence
of a functional phagocyte NADPH oxidase, is a severe immune deficiency. However, non-
infectious hyperinflammation is a second hallmark of the disease. In CGD mouse models,
sterile hyperinflammation can be induced by A. fumigatus cell wall preparations. In this
study, we used subcutaneous injection of microbial cell walls and cell wall components
to identify causes of CGD hyperinflammation and to characterize its histological features.
Sterile cell wall preparations from fungi (A. fumigatus, C. albicans, S. cerevisiae), but
not from bacteria (S. aureus, P. aeruginosa, E. coli), caused prolonged and severe skin
inflammation in CGD mice. To identify fungal cell wall elements responsible for this process,
we investigated microbial cell wall-derived monosubstances. Injection of S(1-3)(1-6)-
glucan induced severe hyperinflammation in CGD mice, while other fungal cell components
[mannan, (1-3) -glucan] or bacterial cell wall components (lipopolysaccharide, lipoteichoic
acid) caused no or only moderate inflammation. B-glucan-induced hyperinflammation was
predominantly due to a defect in termination of inflammation, as in the initial stage (2 days),
the severity of inflammation and the extent of cell death were comparable in wild-type and
CGD mice. At later stages (7 days), 8(1-3)(1-6)-glucan-induced inflammation had subsided
in wild-type mice. In contrast, CGD mice showed persistent severe inflammation with central
necrosis, containing abundant apoptotic and necrotic cells. In summary, branched fungal -
glucan induces a severe inflammatory reaction in the absence of phagocyte NADPH oxidase.
As opposed to the commonly perceived notion that reactive oxygen species are the cause of
cell death, our results demonstrate that tissue necrosis can be caused by the absence of a
superoxide-producing enzyme.

Copyright © 2008 Pathological Society of Great Britain and Ireland. Published by John
Wiley & Sons, Ltd.

Keywords: chronic granulomatous disease; NOX2; ROS; sterile inflammation; neutrophil;
fungal cell wall; skin explant; leukocyte egression; f(1-3)(1-6)-glucans; apoptosis

Introduction

inflammatory responses, which are found in many
organs, including the skin, lungs, gastrointestinal tract,
liver, and lymphoreticular system [10], and play an

Chronic granulomatous disease (CGD) is a severe
genetic disease caused by lack of function of the
phagocyte NADPH oxidase. The latter enzyme gen-
erates reactive oxygen species (ROS), which par-
ticipate in the microbicidal activity of phagocytes
[1-4]. The phagocyte NADPH oxidase is a multi-
subunit enzyme consisting of two membranous sub-
units, NOX2/gp91Pr* and p22P"°* as well as three
cytoplasmic subunits, p67P"%%, p47P1O% " and p4QPhox,
Mutations in all subunits except p40P"°* have been
described as a cause of CGD [5-9].

CGD patients are prone to recurrent life-threatening
infections. However, they also suffer from increased

important role in morbidity. Although the genetic
defects of CGD are now well understood, many
aspects of the pathophysiology of the disease remain
unclear. This is particularly true with respect to the
hyperinflammatory complications, such as granuloma
formation and colitis.

Hyperinflammatory lesions in CGD patients have
initially been interpreted as chronic infections [11].
However, several recent studies suggest that these
lesions are not due to infections: (i) in many instances,
no microbes can be recovered from the lesions [10];
(ii) colitis in CGD patients is invariably culture-

Copyright © 2008 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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negative and responds to immunosuppression rather
than to antibiotics [12—14]; and (iii) data from NOX2-
deficient mice demonstrate that non-infectious
Aspergillus fumigatus cell wall preparations can induce
a hyperinflammatory reaction (see below).

Mice deficient in the cytochrome subunit of the
phagocyte NADPH oxidase (NOX2) represent a good
model of CGD. These CGD mice show susceptibility
to infections similar to that of their human counterparts
[15,16] and also suffer from sterile complications.
Models of non-infectious inflammation have been
established using intratracheal instillation or intrader-
mal injection of heat-inactivated A. fumigatus wall
[16,17]. They show that CGD mice are prone to
develop exuberant and persistent inflammatory lesions
compared with wild-type mice. Inflammatory lesions
observed in CGD mice in response to Aspergillus cell
wall preparations closely resemble those observed in
CGD patients.

It was the aim of this study to investigate the
response of CGD mice to sterile cell wall extracts from
various fungi and/or bacteria, to identify microbial
cell wall components that cause hyperinflammation,
and to characterize the histological features of this
hyperinflammation.

Materials and methods

Mice

NOX2-deficient CGD mice in a C57B16/J background,
generated in the laboratory of Mary Dinauer, were
used [15,18]. Wild-type C57Bl6/J mice were used
as controls. Handling and manipulations of the ani-
mals were carried out in accordance with the Euro-
pean Community guidelines. All experiments were
approved by the Ethics Committee of the University
of Geneva and the Cantonal Veterinary Office. Mice
(males of 13—17 weeks of age) were maintained in
a specific pathogen-free (SPF) environment (micro-
isolator cages, autoclaved food, and acidified water)
at the animal house of the Geneva Medical Faculty.
Food and water were supplied ad libitum in a quiet
room at 25 °C with a 12-h light/dark cycle.

Microbial extracts

Clinical strains of yeast Candida albicans, Aspergillus
fumigatus, and Saccharomyces cerevisiae; Gram-
positive bacteria Staphylococcus aureus and Pseu-
domonas aeruginosa; and Gram-negative bacteria
Escherichia coli were used. Solubilized sterile cell
wall preparations were carried out as follows: cul-
tures were grown overnight and inactivated by auto-
claving (120 °C, 20 min) followed by sonication. The
preparation was lyophilized and the powder obtained
re-suspended at a known concentration. The steril-
ity of the solutions was assessed by growth over
3 days at 37°C (standard and Sabouraud’s dextrose
agar). B(1-3)(1-6)-glucan from S. cerevisiae, mannan
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from S. cerevisiae, laminarin from Laminaria digitata,
lipopolysaccharide (LPS) from E. coli, and lipotei-
choic acid (LTA) from S. aureus were from Sigma
Aldrich, Schnelldorf, Germany.

Intradermal injection and histology

For intradermal injections, mice (wild type and CGD)
were anaesthetized with isoflurane (Forene, Abbott,
Baar, Switzerland). We inoculated intradermally into
the ear dorsum 50 ul of a solution containing the cell
wall or monosubstance preparation, while the contro-
lateral ear was injected with 50 ul of PBS vehicle.
The quality of the injection was visually assessed and
mice that showed a back-leak of the injected solu-
tion to the skin surface were excluded from further
analysis. Mice were sacrificed (isoflurane anaesthe-
sia followed by cervical dislocation) at the indicated
time after injection (2 or 7 days). Ears were removed,
fixed in formalin, and embedded along their great axis
in paraffin, to systematically include epidermis and
dermis in each section. Each paraffin block was sec-
tioned (5 um) at two different levels distant by 50
sections. Haematoxylin and eosin (H&E) staining was
performed according to standard procedures. Gram,
Grocott, and PAS stains were performed and were con-
sistently negative.

Histopathological scoring

Microscopic evaluation was performed blindly on
H&E-stained slides. The following items were
assessed: inflammatory infiltrate, ulcers, and necro-
sis. On each slide analysed, a semi-quantitative sever-
ity score was given for each of the following items:
absent, minimal (+), moderate (++), severe (+ + +)
or very severe (+ + ++). Using the elements of the
semi-quantitative score, a histological grade between
0 and 4 was assigned:

grade O:
grade 1:
grade 2:

no inflammatory infiltrate;

minimal inflammatory infiltrate;

moderate inflammatory infiltrate or minimal
inflammatory infiltrate associated with at
least moderate ulcers;

severe inflammatory infiltrate or moderate
inflammatory infiltrate associated with at
least moderate ulcers, or moderate inflamma-
tory infiltrate associated with at least moder-
ate necrosis;

very severe inflammatory infiltrate or severe
inflammatory infiltrate associated with at
least moderate ulcers, or severe inflammatory
infiltrate associated with at least moderate
necrosis.

grade 3:

grade 4:

Two slides were assessed per animal. If there was
a discrepancy in the grade, the most severe result was
taken into account.

J Pathol 2008; 214: 434—444 DOI: 10.1002/path
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Immunohistochemistry

For immunohistochemistry, 4 um thick sections were
deparaffinized and incubated overnight with primary
antibodies followed by 2 h incubation with an appro-
priate biotinylated secondary antibody. A peroxidase-
based system (Dako Cytomation, Glostrup, Denmark)
was used for detection. Negative controls in the
absence of the primary antibody were performed
for each experiment (data not shown). The primary
antibodies used were monoclonal antibodies against
myeloperoxidase (titre of 1/1000; Dako, Glostrup,
Denmark), F4/80 (titre of 1/40; RM 2915, Caltag,
Basel, Switzerland), goat anti-rat (titre of 1/400;
Dako), and goat anti-rabbit (titre of 1/200; Vector Lab-
oratories, Peterborough, UK).

TUNEL staining

Staining was performed according to the manufac-
turer’s instructions (Roche Molecular Biochemicals,
Mannheim, Germany). Negative controls (absence of
terminal deoxynucleotidyl transferase or injection of
PBS) did not yield any staining.

Skin explants

A skin explant assay was performed as described pre-
viously [19]. At the indicated time after (1-3)(1-6)-
glucan injection, mice were sacrificed and ears were
removed. Dorsal and ventral halves were split and
incubated in RPMI medium supplemented with 10%
fetal bovine serum, 100 mm HEPES (N -2-hydroxy-
ethylpiperazine-N’-2-ethane-sulphonic acid), and peni-
cillin—streptomycin (Gibco BRL, Paisley, UK) at
37°C in 5% CO,. After the indicated time (3 or 18 h,
see the figure legends), egressed cells were analysed.

Flow cytometry

Conjugated antibodies against F4/80-fluorescein isoth-
iocyanate (FITC), MHCII-phycoerythrin-Cy5 (PE-
Cy5), Gr-1-PE, CD40-allophycocyanin (APC),
CD11c-FITC, and CD3-APC were purchased from
eBioscience (Vienna, Austria). After 15 min of incu-
bation with antibodies in RPMI-FCS, fluorescence was
analysed on FACSCalibur and CellQuest Software
(BD Biosciences, Erembodegem, Belgium).

For the apoptosis assay, we used an Annexin
V-FITC apoptosis detection kit I according to the
manufacturer’s instructions (BD Pharmingen, Erem-
bodegem, Belgium). Analysis was performed using
10° cells with FACSCalibur and CellQuest Software
(BD Biosciences).

Statistics

As the histological scoring of inflammation is coded
on an ordinal scale (ie the distance between each
level of the scale is arbitrary), non-parametric tests
(Mann—Whitney U and Kruskal—-Wallis) were used.

J Pathol 2008; 214: 434—444 DOI: 10.1002/path
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These tests compare the shape of distribution (by
ranking each observation) between two, respectively,
among more than two groups. In the case of multi-
ple comparisons, appropriate significance levels were
adjusted according to Bonferroni’s correction. All
analyses were performed with the Stata statistical soft-
ware package (version 9.2; Stata Corporation, College
Station, TX, USA).

Results

Severe inflammation in CGD mice 7 days after
injection of fungal cell wall extracts

In wild-type mice, intradermal injection of sterile cell
wall extracts from three different fungi (A. fumigatus,
C. albicans, S. cerevisiae), Gram-positive bacteria (S.
aureus), and Gram-negative bacteria (P. aeruginosa,
E. coli) caused no visible lesions. On the other hand,
in CGD mice, injection of fungal cell wall preparations
caused swelling, redness, and ulcerations of the skin
(data not shown). These differences corresponded
to the observations at microscopic level (Figures 1
and 2). Cell wall extracts from P. aeruginosa and
E. coli induced only minimal or mild inflammatory
infiltration of the skin and there was no difference
between wild-type and CGD mice. Cell wall products
from S. aureus led to moderate inflammation in CGD
mice, which was slightly enhanced compared with
wild type. Finally, fungal extracts produced very
severe inflammation in CGD mice, while only mild
to moderate inflammation was seen in wild type.
Injection of PBS alone caused no or only minimal
inflammation in either wild-type or CGD mice (data
not shown). When the histopathological scores of
lesions induced by bacterial extracts were compared
with those induced by fungal extracts in CGD mice,
the difference was even more striking (p < 0.000005).

Identification of monosubstances that cause
hyperinflammation in CGD mice

In an attempt to identify cell wall components
responsible for CGD hyperinflammation, we tested
selected monosubstances from microbial cell walls:
B(1-3)(1-6)-glucan and mannan from S. cerevisiae;
unbranched B(1-3)-glucan laminarin from Laminaria
digitata (algae); lipoteichoic acid (LTA) from S.
aureus; and lipopolysaccharide (LPS) from E. coli.
The respective compounds were injected as described
above.

Mannan, B8(1-3)-glucan (laminarin), LTA, and LPS
caused mild to moderate inflammation after 7 days,
which was not or only slightly enhanced in CGD mice
(Figures 3 and 4). However, B(1-3)(1-6)-glucan
caused severe hyperinflammation in CGD mice. These
lesions were usually very necrotic, leading to a
histopathology score of 4. A severity score of 4 was
never observed with microbial monosubstances other
than B(1-3)(1-6)-glucan in CGD mice. It should also
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Figure 1. Skin histology (H&E staining) 7 days after injection of fungal and bacterial cell wall extracts. Wild-type (WT) and CGD
mice were injected intradermally with microbial cell wall extracts (concentration 20 or 40 ug/50 pl). Cell wall extracts were
from fungi (Aspergillus fumigatus 20 pg/50 pl, Candida albicans 20 ug/50 pl, and Saccharomyces cerevisiae 20 ug/50 ul) or bacteria
(Staphylococcus aureus 20 pug/50 ul, Escherichia coli 40 ug/50 pl, and Pseudomonas aeruginosa 40 pug/50 pl). Phosphate-buffered saline
(PBS) was used as a control. Similar results were obtained with at least six mice (three to four independent experiments). WT:
() Normal features: epidermis (*), dermis («), cartilage (A), hypodermis (#), subcutaneous muscle (). (c) Moderate diffuse
inflammation of the dermis, hypodermis, and subcutaneous muscle. (e, g, i, k, m) Focal minimal dermal inflammation. CGD:
(b) Normal features. (d) Deep severe inflammation, mainly affecting the hypodermis with a large central area of necrosis (§¢).
(f) Very severe deep inflammation of the hypodermis and muscle. A few micro-abscesses (<) are distributed within diffuse
inflammation. (h) Deep severe inflammation in the hypodermis and muscle with central necrosis (§¢). (j) Diffuse moderate

inflammation of the dermis and hypodermis. (I, n) Focal minimal dermal inflammation

be noted that an increase in dosage of mannan up to
500 pg/injection did not lead to apoptotic lesions with
a severity score of 4. Thus, our experiments demon-
strate that severe CGD hyperinflammation is caused
by B(1-3)(1-6)-glucan.

Time course of inflammation induced by branched
B-glucan

To understand whether the difference between wild-
type and CGD mice resides in the initiation or
rather the termination of inflammation, we studied an
early time point after injection. Macroscopic inspec-
tion (Figure 5A) 2 days after injection demonstrated
inflammation in both wild-type and knock-out mice.
In contrast, 7 days after injection, the inflamma-
tion in wild-type mice had mostly resolved, while
signs of inflammation persisted or progressed in CGD
mice. Injected ears of CGD mice were red and
swollen at the injection site and — less visible in the
figure — had lost their natural shape, with swelling

all over and a ‘caulifiower’ appearance. Microscopic
analysis (Figures 5B and 5C) confirmed an essentially
identical degree of inflammation 2 days after injection.
However, the inflammation had mostly resolved after
7 days in the wild-type mice (p = 0.02, day 2 versus
day 7), while it was sustained in CGD mice (p = 0.39,
day 2 versus day 7). When the inflammation score was
compared between wild-type (WT) and CGD mice on
day 2, there was no difference (p = 0.220; WT versus
CGD), while there was a major difference on day 7
(» = 0.0008; WT versus CGD). Thus, impaired termi-
nation rather than enhanced initiation of inflammation
appears to cause hyperinflammation in CGD mice.

Characterization of hyperinflammation induced by
branched B-glucan

Two days after B(1-3)(1—6)-glucan injection, the
histopathological appearance of the inflammatory
lesions did not differ between wild-type and CGD
mice (Figure 5B). The lesions were focal and involved
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Figure 2. Histology score 7 days after injection of fungal and bacterial cell wall extracts. Histology results from experiments in
Figure | were quantified by a histological score (grade 0, no inflammation; grade 4, severe inflammation with necrosis). Data are
presented as the number of mice (y-axis) that exhibited a given histology score (x-axis). White and black bars represent wild-type
and CGD mice, respectively. p vales, as directly shown in the respective panels, were obtained using Mann—Whitney U-tests
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Figure 3. Skin histology (H&E staining) 7 days after injection of cell wall-derived monosubstances. Wild-type (WT) and CGD
mice were injected intradermally with monosubstances derived from microbial cell walls. The origin of monosubstances and
the injected quantities were as follows: S(I1-3)(I—6)-glucan (from Saccharomyces cerevisiae, 200 pg/50 ul), B(1-3)-glucan (from
Laminaria digitata, 500 pg/50 pl), mannan (from Saccharomyces cerevisiae, 200 ug/50 pl), lipotechoic acid (from Staphylococcus aureus,
200 pg/50 ul), lipopolysaccharide (from Escherichia coli, 50 pg/50 pl). Similar results were obtained with at least six mice (three to

four independent experiments)

the dermis, hypodermis, and muscle layers. All lesions
appeared oedematous. Microscopic ulcers of the epi-
dermis and dermis were frequent. The hypodermis
showed a prominent inflammatory infiltrate consist-
ing essentially of neutrophils. Neither central necrosis
nor fibrosis was observed in the lesions 2 days after
injection.

Seven days after B(1-3)(1-6)-glucan injection,
10/10 samples from CGD mice but 1/10 samples from
wild-type mice displayed moderate to severe ulcers of
the epidermis and dermis. Unlike the lesions observed

J Pathol 2008; 214: 434—444 DOI: 10.1002/path

2 days after injection, the centre of the lesion showed
severe or very severe necrosis (8/10) in CGD mice,
while this was never the case in wild-type mice (0/10).
H&E staining suggested moderate to severe fibrosis
around the necrotic foci in CGD mice (10/10), while
in wild-type mice, there was only one case of moderate
fibrosis. Thus, central necrosis and fibrosis developed
in CGD, but not in wild-type mice.

On H&E slides, numerous neutrophils were seen
in the CGD lesions 7 days after S(1-3)(1-6)-glucan
injection. This was confirmed by immunohisto-
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Figure 4. Histology score 7 days after injection of cell wall-derived monosubstances. Histology results from the experiments in
Figure 3 were quantified by a histological score. Data are presented as the number of mice (y-axis) that exhibited a given histology
score (x-axis). White and black bars represent wild-type and CGD mice, respectively. p values, as directly shown in the respective
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Figure 5. Time course of B(1-3)(I-6)-glucan-induced inflammation in wild-type and CGD mice. Wild-type (WT) and CGD
mice were injected intradermally with 8(1-3)(1—-6)-glucan (from Saccharomyces cerevisiae, 200 pug) and analysed at days 2 and 7.
(A) Macroscopic pictures; injection sites are indicated by arrows. (B) H&E-stained sections of the injection sites. (C) Histology
scores of the same experiments (n = 10 for both, WT and CGD mice)

chemistry (Figure 6A), which demonstrated abundant macrophages were few and — surprisingly—found in
myeloperoxidase (MPO)-positive neutrophils in the the same quantities in CGD and wild-type mice.

centre of the CGD lesions, but virtually no MPO To explore the inflammatory cells in CGD lesions
staining in wild-type mice. In contrast, F4/80-positive  further, we analysed a skin explant assay [19].

J Pathol 2008; 214: 434—444 DOI: 10.1002/path
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Figure 6. Leukocytes in 8(1—3)(]—6)-glucan-induced hyperinflammatory lesions. (A) Immunohistological staining of sections from
B(1-3)(1-6)-glucan-injected mice using antibodies specific for PMN (myeloperoxidase), monocyte/macrophages (F4/80). (B) Ear
explants from WT and CGD mice 2 or 7 days after 8(I—-3)(1—6)-glucan injection were incubated for 18 h in culture medium.
Egressed cells were stained by Gr-1, MHCII and analysed by flow cytometry. (C) Percentage of egressed neutrophils, macrophages
(F4/80"8"), and dendritic cells (CD 1 Ic"8", MHCII"&") from ear skin explants at days 2 and 7 analysed by flow cytometry

Cells emigrating from skin explants were analysed
by flow cytometry (Figures 6B and 6C). On day 2
after injection, egressed cells were mostly neutrophils
(MHCII'™¥, Gr-1"€") both in wild-type and in CGD
samples. The predominance of neutrophils persisted in
CGD lesions 7 days after injection, with no discernible
augmentation in the number of macrophages. Wild-
type tissue 7 days after injection could not be anal-
ysed by this method as the inflammation had resolved
and virtually no inflammatory cells egressed to the
medium.

Cell death in S-glucan-induced CGD
hyperinflammation

Two days after B(1-3)(1-6)-glucan injection, the
majority of cells that egressed from skin explants
were apoptotic or necrotic (Figure 7A). There was no
difference in the number of apoptotic and necrotic cells
between cells from wild-type and CGD mice.

We next investigated whether cell death occurs in
the lesions in vivo (Figure 7B; black staining shows
DNA breaks). The low magnification insets show
moderate staining 2 days after B(1-3)(1-6)-glucan
injection in both wild-type and CGD mice. In con-
trast, after 7 days, massive staining was observed in
the CGD mice, while the staining in the wild-type
mice had completely disappeared. High magnification
pictures allowed us to assess nuclear morphology and

J Pathol 2008; 214: 434—444 DOI: 10.1002/path

thereby to distinguish apoptotic and necrotic cells:
TUNEL-stained nuclei are small and condensed in
apoptotic cells (arrows), but are large and swollen in
necrotic cells (arrowheads). Two days after injection,
apoptotic together with necrotic nuclei were observed;
there was no obvious difference between wild-type
and CGD mice. In contrast, 7 days after S(1-3)(1-6)-
glucan injection, only CGD mice showed massive
numbers of apoptotic and necrotic nuclei.

Discussion

The results of this study demonstrate that induction
of hyperinflammation is a group effect of fungal cell
wall preparations in NOX2-deficient mice. They also
show that branched B(1-3)(1-6)-glucan, one of the
main constituents of fungal cell walls, is the principal
culprit. The difference between wild-type and CGD
mice resides in the resolution of inflammation, rather
than in its initiation. This suggests that ROS play a
role in the termination of the inflammatory response.

In our study, hyperinflammation was induced by the
cell wall constituents and not by the infectious agents
themselves. The preparations used for injection were
properly inactivated, as living micro-organisms were
never recovered. Staining of the histological sections
never showed the presence of pathogens. In addition,
the observed inflammatory response depended on the

Copyright © 2008 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Figure 7. Analysis of cell death. (A) Apoptosis in leukocytes egressed from skin explants (2 days after S(1—3)(1—6)-glucan
injection; 3 h incubation in culture medium) was analysed by flow cytometry after annexin V and propidium iodide (PI) staining.
The percentage of alive (annexin V'°" and PI®"), apoptotic (annexin V" and PI®*), and necrotic (annexin V"&" and PI"&") cells
is shown. (B) Apoptosis in tissue sections was assessed by TUNEL staining. Left panels show TUNEL-stained sections 2 days and
right panels 7 days after §(1—3)(I—6)-glucan injection. The boxed areas in the low-magnification insets identify regions shown in
the high-magnification pictures. Representative apoptotic nuclei are marked by an arrow; necrotic nuclei by an arrowhead. Scale

bars are shown

type of cell wall material injected, which argues
against infection with skin contaminants as the cause
of inflammation.

Hyperinflammation in CGD mice has been stud-
ied with A. fumigatus extracts. However, injection
of Saccharomyces cerevisiae extracts (zymosan) has
been widely studied in wild-type (C57B16/J) mice as
a model of granuloma formation. Typically, a single
intraperitoneal injection of zymosan causes progres-
sive accumulation of macrophages and other mononu-
clear cells, which with time develop into numerous
granuloma-like structures [20,21]. Thus, fungal mem-
branes in defined circumstances may cause severe
chronic inflammation in wild-type mice, but they did
not under our experimental conditions (even at later
time points; data not shown). This apparent discrep-
ancy might be explained by the lower doses used in
our experiments (0.1-0.2 mg versus 1 mg) [22] and
the different site of injection (skin versus peritoneum).
Interestingly, central necrosis, characteristic of CGD
hyperinflammation, has not been described in granu-
lomatous lesions after high-dose B-glucan injection in
wild-type mice. It should be noted that we injected
200 pg of purified B-glucan, but only 40 pg of fungal
cell wall extract to induce hyperinflammation. Thus,
either the configuration of the purified S-glucan leads
to a loss in potency or other cell wall components con-
tribute to the magnitude of the inflammatory response.

The development of arthritis has been described
in response to intra-articular injection of fungal cell
wall [23-27] and is enhanced in mice and rats
with deficient phagocyte NADPH oxidase [2,28,29].
It should be noted, however, that only crude fun-
gal cell walls and not purified B(1-3)(1-6)-glucans
have been investigated in the models. In general,
it appears that induction of CGD hyperinflammation
and of arthritis by fungal cell walls have different
pathomechanisms: non-branched (1-3)8-glucan (lam-
inarin) induces arthritis [30], but not CGD skin hyper-
inflammation (our study).

Thus, what could be the mechanisms of B(1-3)
(1-6)-glucan-induced CGD hyperinflammation? The
key receptors for the induction of inflammatory
responses by B(1-3)(1-6)-glucan are dectin-1 and
TLR2 (Figure 8) [31-34]. Activation of these recep-
tors leads to pro-inflammatory signals and neutrophil
recruitment. Termination of inflammation is thought
to include neutrophil apoptosis and clearance by
macrophages.

Dectin-1 activation also triggers ROS production
[33,35], presumably through the phagocyte NADPH
oxidase NOX2. Our results clearly demonstrate that
NOX2 activation is not required for activation of
pro-inflammatory signals and neutrophil recruitment
through B(1-3)(1-6)-glucan. On the contrary,
NOX2-derived ROS appear to limit the duration of the
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Figure 8. Model of 8(1-3)(|—6)-glucan-induced CGD hyperin-
flammation. B (1 —-3)(1—6)-glucan activates dectin-1/TLR2, induc-
ing pro-inflammatory signals and ROS generation through the
phagocyte NADPH oxidase NOX2. A phagocyte (neutrophil,
macrophage, dendritic cell) generates pro-inflammatory signals
in response to B(1-3)(1-6)-glucan and thereby causes the
recruitment of neutrophils. NOX2-dependent ROS genera-
tion may limit inflammation at different levels: (1) degradation
of B(1-3)(1—-6)-glucan; (2) induction of neutrophil apoptosis;
and (3) inhibition/destruction of pro-inflammatory signals. Our
results favour option (1) and/or (3) over option (2)

inflammation. We found that this hyperinflammation
still persisted after 21 days, as described previously
with Aspergillus cell wall [17]. The strong predomi-
nance of neutrophils in B(1-3)(1-6)-glucan-induced
inflammation might suggest that neutrophil NOX2 is
crucial for termination of inflammation, but we cannot
formally exclude a role for NOX2 in macrophages.

Three, not mutually exclusive, mechanisms might
contribute to the anti-inflammatory activity of NOX2.
These  three  hypotheses — B(1-3)(1-6)-glucan
degradation, induction of apoptosis of inflammatory
cells, and pro-inflammatory signalling — are shown
in Figure 8.

B(1-3)(1—6)-glucan degradation

Branched B(1-3)(1-6)-glucan is known to be resistant
to degradation. Plants and fungi have developed -
glucanases, which hydrolyse the 1,3 and 1,6 linkages
of the molecule and thereby allow solubilization. In
mammals, no enzymes capable of degrading branched
B-glucan are known. Consistent with this concept,
it has been observed that B(1-3)(1-6)-glucan per-
sists up to 6 months after injection in mice [36]. The
only hitherto described mechanism of B(1-3)(1-6)-
glucan removal in mammals is oxidative degradation
leading to the generation of S(1-3)-glucan (eg lami-
narin) [36]. B(1-3)-glucan has little pro-inflammatory
effect (our study) and may even block inflammation in
response to B(1-3)(1-6)-glucan [33]. Thus, decreased
degradation of B(1-3)(1-6)-glucan to S(1-3)-glucan
due to deficient ROS generation in CGD phagocytes
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provides a potential mechanism for CGD hyperin-
flammation. However, given the absence of specific
B(1-3)(1-6)-glucan antibodies and/or reliable fluo-
rescence labelling techniques for these polysaccharide
compounds, a definitive answer will require novel
experimental tools.

Induction of apoptosis of inflammatory cells

Apoptosis of inflammatory cells is a potential mech-
anism to limit inflammation. As opposed to necrosis,
apoptosis minimizes activation of inflammatory path-
ways. There is abundant evidence suggesting that ROS
might induce neutrophil apoptosis [37—41]. Conse-
quently, it has been suggested that decreased neu-
trophil apoptosis is one of the mechanisms of CGD
hyperinflammation [4,37,42,43] and arthritis [2]. Our
results do not favour this hypothesis. Actually, 2 days
after B(1-3)(1-6)-glucan injection, there was no dif-
ference in the number of apoptotic cells between wild-
type and CGD mice. Seven days after injection, the
results even went in the opposite direction. Thus, as
opposed to the commonly perceived notion that ROS
induce cell death, our results demonstrate a massive
increase in cell death due to the absence of ROS
generation. This could be seen as evidence for a pro-
survival function of ROS and NOX enzymes [44—-46].
However, it is also possible that ROS-independent
pathways towards apoptosis are preferentially stimu-
lated in CGD mice. Indeed, ROS-dependent and ROS-
independent pathways both appear to regulate neu-
trophil apoptosis [3,47].

Pro-inflammatory signalling

NOX2 activity may modulate intracellular signalling
pathways. This might occur through regulation of
membrane potential and it has indeed been sug-
gested that the more negative membrane potential
in CGD granulocytes allows increased Ca’" influx
and thereby an enhanced inflammatory response [48].
However, ROS themselves are the most likely can-
didates to modulate signalling: ROS modulate intra-
cellular signalling molecules, such as kinases, phos-
phatases, and transcription factors [46], and may either
degrade pro-inflammatory mediators (eg SI00AS8 [49])
or dampen cytokine production [50,51]. Such mech-
anisms are well documented, but they do not yet
explain why CGD hyperinflammation is specific to
B(1-3)(1-6)-glucan and does not occur in response
to pro-inflammatory bacterial cell wall components.
The likely answer lies in the nature of the receptor
signalling activated by fungal cell walls. 8(1-3)(1-6)-
glucan signals through dectin-1 in cooperation with
TLR2 [31,32]. As lipoteichoic acid also signals
through TLR2 [52,53] but does not cause CGD
hyperinflammation, signalling through dectin-1 is a
prime suspect. Further studies will be necessary to
understand to what extent and how ROS block pro-
inflammatory signalling by dectin-1.
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To what extent might the results presented here be
relevant for CGD patients? S-glucans are commonly
found in the environment [54,55] and in food [56].
It is therefore conceivable that they cause hyperin-
flammatory symptoms in CGD patients such as lung
granuloma and colitis. This might be the first step to
integrate the colitis as a disease’s manifestations itself
and not just as a complication. Such a change in view
might improve its diagnosis and clear recommenda-
tions for its treatment.

Thus, the mechanisms described in this paper pro-
vide new insights into the pathogenesis of CGD and
could help us to develop new preventive and thera-
peutic strategies.
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Article 5 L’hyperinflammation observée dans la maladie gramalteuse septique en réponse

aux-glycans est dépendante du récepteur dectine-1paaidu TNE

HYPERINFLAMMATION IN CHRONIC GRANULOMATOUS DISEASHN RESPONSE

TO B-GLUCAN DEPENDS ON DECTIN-1, BUT NOT ON TNk Christine Deffert Maria L.

Olleros, Yuan Huiping, Anne-Laure Rougemont, Viricdaquet, Y lwakura, Dominique C.
Belli, Irene Garcia*, Karl-Heinz Krause*, Michela Gchappi. (En soumission)

Depuis de nombreuses années, les taux élevés degB@®es par NOX2 sont impliqués
dans de diverses phénotypes inflammatoires commepadthologies chroniques pulmonaires
(Rahman 2002), les maladies cardio-vasculaires rftésy Bendall et al. 2003) et les maladies
neuro-dégénératives (Sorce and Krause 2009). &lrsdnce de ROS générés par NOX2, dans les
cellules des patients CGD (Schappi, Jaquet etC@i820ou dans les souris déficientes en NOX2
(Schappi, Deffert et al. 2008), engendrent égalérmaperphénotype inflammatoire. Il est donc de
plus en plus communément admis que les ROS géempamedNOX2 exercent un effet anti-
inflammatoire lorsgu’ils sont produits dans desrgités physiologiques.

Dans ce contexte, il semble assez contradictoieslegl taux importants de ROS produits
dans les phagosomes des polynucléaires neutropbdesit impligués dans les voies de
signalisations anti-inflammatoires dépendantes REsS. A linverse, les macrophages et les
cellules dendritiques possédant NOX2 et produidastquantités plus faibles de ROS, pourraient
étre impliqués dans ces mécanismes anti-inflammeastoiLes macrophages et les cellules
dendritiques seraient donc capables de jouer wnimgbortant dans I'apparition des symptémes

inflammatoires observés dans la CGD. Limportanae réle des macrophages dans les
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phénomeénes inflammatoires observés dans l'arthnitenatoide en I'absence de p47phox a été
démontré (Gelderman, Hultgvist et al. 2007).

En l'absence de NOX2, une production accrue de kows pro-inflammatoires, en
particulier le TN (Petersen, Hiran et al. 2002), a été décrite (Sety Szelenyi et al. 2003;
Hatanaka, Carvalho et al. 2004; Kobayashi, Voyichle2004). Ces études ont essentiellement
été effectuées dans des systemestro ou ex vivo de neutrophiles ou de monocytes provenant
de patients CGD. Il serait donc intéressant derdsgae mécanisme dans les macrophages ou les
cellules dendritiques. De plus, il n'est pas claieat établi, a ce jour, si cette augmentation de
production des cytokines est une des causes dffaffimation ou la conséquence d'une
inflammation persistante.

Dans cet article, nous avons cherché a déterminee Irdle des B-glycans dans
I'apparition des symptomes inflammatoires de la CGDainsi que le lien avec la production

de TNFa a I'aide de modéles murins doublement déficientsdectine-1/Nox2 et TNt/Nox2.
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ABSTRACT

NOX2 deficiency leads to chronic granulomatous disease (CGD), a genetic disease
characterized by impaired killing of microbes and by hyperinflammatory responses.
Mechanisms leading to CGD hyperinflammation remain poorly understood. Here we
demonstrate that the non-branched bacterial B-glucan curdlan, widely used as a food additive,
induces exaggerated skin infiltration and thickening upon intradermal injection in NOX2-
deficient mice. This exacerbated inflammation was accompanied by an increased TNF«-
release in vivo. In vitro experiments showed that this response is cell specific, with enhanced
TNFo secretion in NOX2-deficient dendritic cells, but surprisingly not in macrophages. To
study the potential role of TNFo as a mediator of CGD hyperinflammation, we generated
mice double-deficient in NOX2 and TNFa. Interestingly, TNFa deficiency did not protect
from CGD hyperinflammation. These results were confirmed by pharmacological inhibition
with etanercept. To understand whether receptor-mediate mechanisms play a role in CGD
hyperinflammation, we generated mice double-deficient in NOX2 and dectin-1, a key receptor
for B-glucan. Dectin-1 deficiency strongly diminished hyperinflammation in NOX2-deficient
mice, without entirely abolishing it. We conclude that dectin-1 is the principal receptor
mediating B-glucan-induced CGD hyperinflammation. Dectin-1 activation induces the release
of inflammatory mediators, which is dampened by concomitant NOX2 activation. NOX2
deficiency is associated with increased TNFo secretion in response to B-glucan, but TNFa
appears to be a witness, rather than a mediator of CGD hyperinflammation. Our results also
suggest that it will be necessary to verify whether curdlan-containing food is safe for CGD
patients.

Keywords:

Hyperinflammation; B-glucan; TNFa; etanercept; dectin-1.



I ntroduction

Following microbial infection, leukocytes are recruited to the site of infection in order to
destroy invading pathogens by phagocytosis and production of anti-microbial peptides,
reactive oxygen (ROS) and nitrogen species (1). It is well established that the killing of
specific pathogens such as Staphylococcus aureus or specific fungi (2, 3) depends on the
generation of large amounts of ROS by the NOX2 (NADPH oxidase) as the genetic alteration
of the NOX2 complex results in chronic granulomatous disease (CGD) due to impairment of
microbial killing. Although ROS deficiency explain the high susceptibility to infections
presented by CGD patients, the link with the inflammatory state is less understood (for
review, see (4)).

It is increasingly accepted that the role of NOX2 in inflammation is dual: when NOX2-
generated ROS are expressed at high level, a so-called ROS"e" inflammatory response, the
observed phenotype is an inflammatory effect illustrated in several diseases such as chronic
lung disorders (5), cardiovascular diseases (6) and neurodegenerative diseases (7). On the
other hand, in the case of CGD (4) or in NOX2-deficient mice (8), NOX2-generated ROS are
absent, a situation also associated with inflammatory phenotype (9). While in the first case,
the high level of ROS is toxic and generates pro-inflammatory components, in the second
case, up to now, the mechanism of CGD sterile chronic hyperinflammation is not elucidated
(for review, see (4)).

The mechanism leading to hyperinflammation in CGD has been attributed to the
overexpression of pro-inflammatory cytokines, in particular TNFoo (10, 11). Some studies
looked into the NOX2-hyperinflammation relationship, mostly using neutrophils (11-13) as
they express large amount of NOX2. Nevertheless, NOX2 is expressed in all phagocytes,

including macrophages and dendritic cells (14) producing lower levels of ROS. This low



production may be involved in other cellular signaling functions than microbicidal activity.
However TNFa regulation by ROS in dendritic cells has not been well studied.
Hyperinflammatory response upon B-glucan stimulation has been demonstrated in various
organs in NOX2- and p47° hox_deficient mice (8, 15). B-glucans, major component of fungi cell
walls are also present in some bacteria. These carbohydrates are either branched, as [3-
(1,3)(1,6)-glucan from Saccharomyces cerevisae or linear, as curdlan, This non-branched -
glucan of bacterial origin, is widely used since a decade as texture modifier in the food
industry. Recognition of B-glucans is mainly mediated by dectin-1. This receptor is known to
mediate ROS (16) and cytokines production in macrophages and dendritic cells (17, 18).
However the exact link between dectin-1 and CGD hyperinflammation has never been
investigated.

We demonstrated that f-glucan-induced inflammation in absence of NOX2 is associated with
high amount of TNFa.. However this hyperinflammation does not depend on the enhancement
of this pro-inflammatory cytokine. In contrary, dectin-1 involvement is a required step of the

B-glucan-induced CGD hyperinflammation.



Materialsand M ethods

Mice

Wild-type, NOX2- (19), TNFo-(20) and dectin-1- (21) deficient mice were used. All mice
were in C57B16/] background. Handling and manipulations of the animals were carried out in
accordance with the European Community guidelines. All experiments were approved by the
ethical committee of the University of Geneva and the Cantonal Veterinary Office. Mice
(males or females of 8-12 weeks of age) were maintained in a specific pathogen free (SPF)
environment (micro isolator cages, autoclaved food and acidified water) at the animal house
of the Geneva Medical Faculty. Food and water were supplied ad libitum in a quiet room at
25°C with a 12h light/dark cycle.

NOX2/TNFa and NOX2/dectin-1 double-deficient mice have been generated by a backcross

and second generation was used.

Reagents

Curdlan, a B-1,3-glucan preparation from Alcaligenes faecalis and lipopolysaccharide (LPS)
from Escherichia coli (O55:B5), Apocynin (acetovanillone) were purchased from Sigma
Aldrich, Schnelldorf, Germany. Etanercept, (Enbrel, Wyeth) a human TNFR2-IgG1 Fc fusion
protein that sequesters mouse soluble TNFa, transmembrane TNFa and lymphotoxin-o. was
obtained at the hospital pharmacy. It was injected intraperitoneally at the dose of 30mg/kg as

reported before (22), 1 day before and 2 and 7 days after curdlan intradermal injection.

ROS evaluation
The production of ROS by NOX was measured using Amplex Red (Invitrogen) fluorescence

as described previously (23). Total bone marrow cells from wild-type and NOX2-deficient



mice in duplicate were stimulated with 100ug/mL of curdlan and fluorescence was recorded
for 60 minutes at 37°C with excitation and emission wavelengths of 550nm and 600nm,
respectively. A hydrogen peroxide standard curve was included ranging from 1 to 5000nM.
The rate of ROS generation was normalized to the peroxide standard curve.

ROS production by NOX2 in peritoneal macrophages and dendritic cells was performed by
luminol-assay (24). Dendritic cells (0.5x10°) or naive peritoneal macrophages (0.2x10°) were
resuspended in 100pL HBSS containing 10pg luminol (Sigma) and 5U of horseradish
peroxidase (Sigma). Cells were stimulated with PBS or with 100ug/mL curdlan and

chemiluminiscence (RLU) was measured over 80 minutes.

Cytokine measurement by ELISA

TNFa and sTNFR2 levels were evaluated by ELISA (Ready&System, Abingdon, United
Kingdom) with a sensitivity of 2 to 1000 pg/mL. They were measured on primary cell culture
supernatants and on ear-homogenate supernatants at different time-points. Ear homogenate

preparation was adaptated from previous study (25).

Intradermal injection, ear swelling

For intradermal injections, mice were anaesthetized with isoflurane (Forene, Abbott, Baar,
Switzerland) and inoculated intradermally into the ear dorsum. Mice were sacrificed at the
indicated time after injection (day 2 or 7).

Ear thickness was measured with a digital gauge (Mitsutoyo, Kanagawa, Japan) before and
after intradermal injection on day 1, 2, 3 and 7. The ear swelling (mm) correspond to (ear

thickness at day x) — (ear thickness before injection).



Histopathological scoring and immunohistochemistry

Mice were sacrificed (isoflurane anaesthesia followed by cervical dislocation) at 7 days after
curdlan injection. Ears were removed, fixed in formalin, and embedded along their great axis
in paraffin, to systematically include epidermis and dermis. The microscopic evaluation was
performed blindly by an experimented pathologist on HE-stained slides as previously
described (8) and a histological grade between 0 and 4 attributed. Score grade 0: no
inflammatory infiltrate, grade 1: minimal inflammatory infiltrate, grade 2: moderate
inflammatory infiltrate, grade 3: severe inflammatory infiltrate and grade 4: very severe
inflammatory infiltrate or severe inflammatory infiltrate, associated with at least moderate
Necrosis.

Sections were deparaffinized through graded alcohols, subjected to heat-induced epitope
retrieval in 0.01 mol/L citrate buffer (pH 6.0), and incubated overnight at 4°C in PBS-.3%
Triton-X100 buffer containing antibody raised against 8-hydroxy-2'-deoxyguanosine (8-
OHAG, 1:10, JaICA, Shizuoka, Japan). Sections were then incubated with goat anti-mouse
biotinylated secondary antibody (1:100, Vector Laboratories, Burlingame, California) and in
Horseradish peroxidase-avidin/biotin complex solution (1:100, Vector Laboratories).
Horseradish peroxidase was visualized using 3,3'-diaminobenzidinetetrahydrochloride hydrate
(DAB, Sigma-Aldrich). Counterstaining with cresyl violet was performed to visualize cell

nuclei.

Isolation and culture of primary mouse macrophages and dendritic cells

Bone-marrow primary cells were obtained from NOX2-deficient and WT mice after bone
marrow flushing from the femur and tibia. Cells were collected in DMEM supplemented with
10% FBS and 5% antibiotics at 37°C and 5%CO2 and were stimulated with medium or

curdlan (100ug/mL). Supernatants were collected on day 1, 2 and 7.



Bone-marrow-derived macrophages (BMDM) and bone marrow-derived dendritic cells
(BMDC) were obtained from NOX2-deficient and WT mice after bone marrow flushing from
the femur and tibia. Cells were collected in DMEM supplemented with 10% FBS, 20%
supernatant from L1929 cells as source of M-CSF for the BMDM and 0.5% GM-CSF for the
BMDC at 37°C and 5%CO?2.

Seven days after L.929-conditioned medium for the BMDM, the non-adherent cells were
removed, and the remaining adherent macrophages were stimulated with medium, curdlan (10
to 200ug/mL) or LPS (1lug/mL). Supernatants were collected on day 1, 2 and 5.

Seven to 10 days after GM-CSF-complemented medium for the BMDC, the cells were
stimulated with medium, curdlan or LPS (lug/mL). Supernatants were collected on day 1, 2
and 5.

Peritoneal macrophages from naive (without thioglycollate stimulation) NOX2-deficient and
WT mice were isolated by peritoneal washing with 10mL of PBS. After overnight culture at
37°C, medium was removed and the adherent cells were stimulated with medium or curdlan.

Supernatants were collected on day 1, 2.

Satistics

Parametric (t-tests) and non parametric tests (Mann-Whitney U) were used. In case of
multiple comparisons, Two-way ANOVA test was used and appropriate significance levels
were adjusted according to the Bonferroni’s correction. Spearman’s rank correlation

coefficient is used to compare ear swelling measurement and inflammatory grading.



Results

Intradermal injection of the non-branched A-glucan curdlan induces hyperinflammation in
NOX2-deficient mice

In a previous study, we have demonstrated that injection of branched B-glucan from fungal
cell walls induces hyperinflammation in NOX2-deficient mice (8). In this study, a non-
branched B-glucan curdlan was injected intradermally into the ears of wild-type and NOX2-
deficient mice. Inflammation was evaluated by measuring locally the ear swelling and
histological inflammatory score. The ear swelling increased similarly in response to curdlan
injection in both wild-type and NOX2-deficient mice during the first three days. However, at
day 7, the swelling had stabilized in wild-type mice, while it was five times larger in NOX2-
deficient animals (Fig. 1A). Injection of PBS into the ear caused no or only minimal ear
swelling in both types of mice (data not shown).

The histological inflammatory score at day 7 after curdlan injection confirmed that NOX2-
deficient mice presented severe, necrotic inflammatory lesions while the inflammation was
milder in wild-type mice (Fig. 1B and 1C). The measure of the thickness and the
inflammatory score correlated well estimated by Spearman non-parametric correlation test
(p<0.001).

To verify whether NOX2 deficiency was associated with absence of oxidative stress in the
curdlan-injected ears, immunohistochemical detection was performed on wild-type and
NOX2-deficient, using an antibody raised against 8-OHdG, one of the most abundant marker
of DNA oxidation (26). While there was no staining in NOX2-deficient inflammatory lesions,
wild-type cells in inflammatory lesions stained positively for 8-OHdG antibody (Fig. 1D).
These results show that, in the absence of NOX2-generated ROS, curdlan induces a severe
inflammation. Thus, similar to branched -glucan from fungal cell wall, a non-branched B-

glucan of bacterial origin has also the capacity to induce CGD hyperinflammation.



In vivo TNF & production in response to curdlan isincreased in NOX2-deficient mice

To characterize the inflammation induced by curdlan, TNFo and the soluble receptor 2 of
TNFa (sTNFR2) were measured in the supernatant of ear homogenates (Fig. 2A and B).
Seven days after curdlan injection, the levels of TNFo and sSTNFR2 were increased, reaching
statistical significance in NOX2-deficient mice compared to wild-type. Curdlan injection
induced higher amount of TNFa and sTNFR2 compared to PBS injection. We conclude that,
under in vivo conditions, curdlan-induced release of TNFo and its soluble receptor is

negatively regulated by NOX2-generated ROS.

NOX2-deficient bone marrow cells show enhanced TNF o production in response to curdlan

Next, we wanted to investigate whether CGD hyperinflammation could be reproduced in an in
vitro system using TNFa production as read-out. For this purpose, bone-marrow cells from
wild-type and NOX2-deficient mice were isolated and TNFo release was measured at
different time points following curdlan stimulation (Fig. 3A). No difference in viability was
observed in wild-type and NOX2-deficient bone marrow cells up to seven days in culture and
no spontaneous TNFo secretion was detected (data not shown). Upon curdlan stimulation,
NOX2-deficient bone-marrow cells released higher amounts of TNFo at all time points
measured. Activation of NOX2 by curdlan in bone-marrow cells was confirmed by measuring
hydrogen peroxide (H,O;) generation using the fluorescent probe Amplex Red. The absence
of fluorescence detection in NOX2-deficient cells indicates that NOX2 is indeed the source of
hydrogen peroxide generation (Fig. 3B). These experiments show that curdlan can induce
H,0, and TNFa release in bone-marrow cells. NOX2-deficient cells are deficient in H,O,

release, but secrete markedly enhanced quantities of TNFa.
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NOX2-dependent induction of TNF« is cell specific

Bone-marrow is a mixture of different hematopoietic cell types. In order to investigate the cell
types involved in the overproduction of TNFo by NOX2-deficient phagocytes, macrophages
and dendritic cells were tested separately. Bone-marrow macrophages (BMDM) were derived
from wild-type and NOX2-deficient bone-marrow using L929 conditioned-medium. This
medium was chosen for it capacity to generate macrophages, which expressed more dectin-1
than those obtained with G-CSF (27), overexpression linked to enhanced TNFo production
(28, 29). Subsequently, BMDM were stimulated with different curdlan concentrations for 1
and 2 days.

In day 1, TNFa secretion by BMDM was enhanced by curdlan in a dose dependent manner
(Fig. 4A). In response to curdlan stimulation, TNFo was slightly decreased in NOX2-
deficient compared to wild-type BMDM. In day 2, TNFa production in response to curdlan
decreased and no difference between wild-type and NOX2-deficient mice were observed for
all curdlan concentrations used. To verify whether these results (in apparent contradiction
with the data obtained in vivo and in bone marrow cells) were due to the method of
preparation of macrophages, naive peritoneal macrophages were also tested. No difference in
TNFa secretion between NOX2-deficient and wild-type peritoneal macrophages stimulated
with 100ug/mL curdlan was observed (Fig. 4B). In order to verify the capacity of
macrophages to produce ROS, NOX2-deficient and wild-type naive peritoneal macrophages
were stimulated with PBS or curdlan. NOX2 present in wild-type dendritic cells produced
ROS upon stimulation with curdlan (Fig. 4C). Similarly to curdlan, NOX2-deficient and wild-
type BMDM stimulated with LPS produce comparable amounts of TNFo (Fig. 4D). Thus, as
opposed to in vivo system and ex vivo bone-marrow cells, the presence of NOX2 in isolated

macrophages did not affect the release of TNFa induced by curdlan. Therefore macrophages
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appear to be not responsible for the increase of TNFo seen in full bone-marrow in vitro
culture and in the in vivo experiments.

We next investigated bone-marrow-derived dendritic cells (BMDC). BMDC from NOX2-
deficient mice produced a much higher amount of TNFo compared to wild-type mice, at all
curdlan concentrations tested (Fig. SA). These results were corroborated by experiments using
a NOX2 inhibitor/anti-oxidant compound, apocynin: TNFo level with apocynin treatment in
wild-type BMDC also led to a moderate increase in TNFo generation (from 3.4 to 4.8 ng/mL;
p=0.03). In order to verify the capacity of the BMDC to produce ROS, NOX2-deficient and
wild-type BMDC were stimulated with PBS or curdlan. NOX2 present in wild-type dendritic
cells produced ROS upon stimulation with curdlan (Fig. 5B). As seen for BMDM, LPS-
induced TNFo production by BMDC was comparable in wild-type and NOX2-deficient
BMDC (Fig. 5C). These results confirm that TNFa production is enhanced in NOX2-
deficient dendritic cells by curdlan, but not by LPS. The NOX2 inhibition depends on the
stimulus used (no difference for LPS), suggesting that the cellular machinery for TNFa

production is normal and that signaling pathways elicited by curdlan are subject to feed-back

inhibition by NOX2.

Curdlan-induced CGD hyperinflammation is TNF o—independent

As TNFa release appears to be an indicator of CGD hyperinflammation in vivo (as seen in
Fig. 2), we tested the hypothesis that increased TNFa is the cause of CGD hyperinflammation
through pharmacological and genetic inhibition of TNFo. Etanercept, a TNFo—blocker was
administered to mice following curdlan injection.

As expected, vehicle injection showed moderate inflammation in wild-type and severe

response in NOX2-deficient mice (p<0.001) (Fig. 6A). However, etanercept treatment
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remained without effect on inflammation in NOX2-deficient mice as shown by the extent of
ear swelling (Fig. 6A) and histology (Fig. 6B).

A conclusive analysis of the role of this cytokine had been obtained by the generation of
TNFo/NOX2 double-deficient mice. As reported previously in Figure 1, NOX2-deficient
mice showed a massive inflammation compared to wild-type mice. Ears of TNFa-deficient
mice presented moderate increase in thickness, comparable to the one observed in wild-type
mice (Fig. 6C and 6D). However TNFa/NOX2 double-deficient mice showed no decrease in
inflammation compared to NOX2-deficient mice for both ear swelling (Fig. 6C) and histology
(Fig. 6D). Injection of PBS caused no or minimal ear swelling in each mice type without any
statistical difference (data not shown).

These results show that, in absence of NOX2, pharmacological inhibition or genetic deletion

of TNFa is not sufficient to dampen the increased inflammation in NOX2-deficient mice.

Thus, TNFa is not a major cause of CGD hyperinflammation.

Hyperinflammation in response to curdlan involves dectin-1

It is possible that a combination of many cytokines, rather than a single player is crucial for
CGD hyperinflammation. Thus, an intervention on a more proximal element of the -glucan-
induced cascade might be more efficient. For this purpose, we investigated the principal
B-glucan receptor, dectin-1, by generating dectin-1/NOX2 double-deficient mice.

As previously seen, the response was moderate in wild-type mice compared to the massive
inflammation observed in NOX2-deficient mice after curdlan stimulation, as shown by ear
swelling and histology (Fig. 7A and 7B). Wild-type mice showed a slightly enhanced
response compared to dectin-1-deficient mice upon curdlan stimulation (Fig. 7A, 7B and 7C).
Both ear swelling and the inflammatory score were markedly reduced in dectin-1/NOX2-

deficient compared to NOX2-deficient mice. However, the absence in dectin-1 receptor in
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NOX2-deficient was not sufficient to completely abolish curdlan-induced inflammation, as
dectin-1/NOX2 showed an increase in ear swelling compared to dectin-1 deficient mice
(p<0.05).

In order to determine the role of ROS, H,0O, production was measured in bone-marrow from
wild-type, NOX2-deficient and dectin-1-deficient mice upon curdlan stimulation. H,O,
production was significantly decreased in dectin-1-deficient bone-marrow cells compared to
wild-type. However a residual H,O; production was still detected in dectin-1-deficient cells
compared to NOX2-deficient cells after curdlan stimulation (Fig. 7D). Thus, B-glucan induces
NOX2 activation to produce ROS essentially via the dectin-1 receptor, but not exclusively.
Therefore, the difference in inflammatory response observed between dectin-1-deficient and
dectin-1/NOX2-deficient, along with small ROS production in dectin-1-deficient mice
suggest the presence of additional receptors, which react with curdlan and promote ROS

generation.
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Discussion

TNFa, a major player in inflammation, has often been cited as a possible culprit in CGD
inflammatory states (10, 11, 15). In this study, we show that, although curdlan-induced CGD
hyperinflammation is associated with TNFa over production, especially in dendritic cells, this
exacerbated inflammatory response is not TNFo-dependent. An essential step in the CGD
inflammatory cascade is the presence of dectin-1, which absence leads to a dampened
inflammatory response. Yet our results seem to reveal the presence of other(s) receptor(s)
involved in CGD hyperinflammation.

In a previous study (8), we showed that hyperinflammation in NOX2-deficient mice is not
an universal response to all type of pathogen-associated molecular patterns (PAMPs), but
predominantly observed with fungal B-glucan. For example, laminarin, a B-glucan from
brown algae did not induce hyperinflammation. Here, we have further investigated the
relationship between B-glucan and increased inflammation in NOX2-deficient mice. We
demonstrate that CGD hyperinflammation is also observed with branched B-glucan from
barley (data not shown), as well as with curdlan, a non-branched B-glucan from the bacterium
Alcaligenes faecalis. Thus, B-glucan structure, rather than fungal origin determines the
hyperinflammatory response. This is important for their potential role in pathogenesis of
granuloma and exaggerated inflammation in CGD patients. Indeed various B-glucans are
commonly found in air (30, 31) and food (32, 33). This might be particularly relevant with
respect to curdlan, investigated more in-depth in this study. Named after its capacity to curdle,
curdlan is of interest for the food industry as stabilizer, thickener and texture modifier.
Thought to be non-toxic and nutritionally inert, curdlan has obtained acceptance as a food
modifier by the FDA in 1996. Since, it is widely used by the food industry, either in small

amount as food additive (~1% in sausages, noodles etc) or in large amount as an essential
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ingredient (up to 100% in low fat foods or jellies), the impact of such a high nutritional
uptake on the health of CGD patient remains to be investigated.

There is increasing evidence for a genetic variability of ROS generation in the general
population (23) and NOX polymorphisms leading to low ROS production have been
implicated in inflammatory pathologies, such as Crohn's disease (34). Thus, might low ROS
generating individuals also respond to curdlan with exaggerated inflammation and might this

contribute to the increase in Crohn's incidence observed over the last decades (35)?

The literature on the role of NOX2 in TNFa generation is - at a first glance - difficult to
reconcile. While certain studies using NOX2-deficient neutrophils have shown an increased
release of TNFo upon wvarious stimuli (11, 36, 37), other results using
monocytes/macrophages found no effect (36, 38). Our study demonstrates that the role of
NOX2 in TNFa secretion depends on the stimulus and on the cell type. LPS stimulated TNFa
secretion is in general not such an enhancing by NOX2 deficiency (36, 38, 39) & our study).
And, while B-glucan-induced TNFa release is enhanced in NOX2-deficient dendritic cells,
there is no such an enhancing effect of NOX2 deficiency in macrophages. The differing role
of NOX2 in macrophages and in dendritic cells is of interest. Differences between these two
cell types have been described before with respect to antigen cross presentation, which
requires NOX2 in dendritic cells, but not in macrophages (24). Obviously, the sterile
inflammatory response studied in our paper, and antigen cross presentation are very different
cell functions. Yet, taken together, the two studies suggest that dendritic cells possess
NADPH oxidase-sensitive signaling pathways distinct from those found in macrophages.
Interestingly, mechanisms leading to zymosan-stimulated TNFo secretion in dendritic cells

include the formation of a Card9-Bcl10-Maltl complex (40), a mechanism not functional in
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macrophages (28). Thus, NOX2 appears to negatively regulate cell-specific signaling

pathways of dendritic cells, rather than TNFo secretion itself.

Despite being extensively studied, TNFo is still a puzzling cytokine with apparently
conflicting multiple functions. This is particularly true in the context of inflammation, where
TNFo may trigger inflammatory cascades, but also arrest them. Anti-inflammatory capacities
of TNFa include limitation of neutrophils inflammatory response (41) and maintenance of
granuloma structure (42, 43). These observations suggest that an antiinflammatory role of
TNFo blockade is not universal, but rather pathology-dependent. Initially, TNFa blockers
were used for septic shock (44, 45), in which massive release of TNFo was observed, but
failed to improve the inflammatory tissue damage in this pathology (46, 47). In contrast, in
rheumatoid arthritis and in inflammatory bowel disease, TNFo blockers have become a
mainstay of treatment. Of interest is also a genetic immune defect called "common variable
immunodeficiency", which, similarly to CGD, presents with a paradoxal association of
recurrent infections and autoimmunity (48). There is limited evidence that sterile granulomas
in these patients improved after administration of the TNFa-blocker etanercept (49, 50).
Thus, our working hypothesis that CGD hyperinflammation might respond to this therapeutic
approach was pertinent. However, our results clearly demonstrate that neither neutralization
of TNFa by genetic deletion nor its pharmacological inhibition damped hyperinflammation in
NOX2-deficient mice. These data suggest that, in CGD, TNF« release is not an inflammatory
mediator, but rather it may be secreted as an attempt to resolve the inflammation.
Consequently, at this point, there is no rational for a treatment with TNFo blockers in CGD

patients.
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The principal receptor for B-glucan is dectin-1. In this study, the decrease in inflammation
observed in dectin-1/NOX2-deficient compared to NOX2-deficient mice demonstrate that
dectin-1 is a crucial receptor involved in B-glucan-induced CGD inflammation. However, our
results also clearly show a dectin-1 independent activity of curdlan (compare dectin-1 and
dectin-1/NOX2-deficient mice, Fig. 7A and 7D). Further studies will be necessary to identify
this additional curdlan receptor(s); possible candidates include TLR2 (51), complement
receptor 3 (CR3) (52), or lactosylceramide. The latter recognizes B-glucan (53) and increases
ROS production (54). Whatever its nature is, this second receptor also leads to an increase in
TNFo release in the absence of NOX2. Thus, a decrease in the inflammatory response
through NOX2-derived ROS is not limited to dectin-1 and may also occur with other types of
B-glucan receptors.

A remaining question is the importance of B-glucan in CGD hyperinflammation. Two
points should be considered: i) In vivo studies on NOX2-deficient mice mainly used sterile
stimuli, to create inflammation in different organs (2, 8, 10, 55), substances all containing [3-
glucans. ii) B-glucan’s degradation is dependent on ROS generation in species lacking -

glucanases, such as humans and mice (56).

Better understanding on trigger of CGD hyperinflammation will help us to define specific
therapies for patients. In this study, we show that TNFo-blocker seems unlikely to work,
while dectin-1 blockers should be considered as new therapeutical perspective in CGD

hyperinflammation treatment.
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Figure Legends
FIGURE 1. Absence of ROS and hyperinflammation correlate in CGD mice after curdlan
injection. NOX2-deficient and wild-type (WT) mice were injected with 200ug/50ul of
curdlan intradermally at the basis of the ear. A. The swelling of the ear was measured at day 1,
2, 3 and 7 after injection. Each point represents the mean +SEM of 5 different mice. Each
inflammatory score is represented as a dot (n=5), median score =4mm for NOX2 versus 2mm
for WT (p<0.01). B. The severity of the lesions was graded using a histological inflammatory
score on H/E stained slides of ears 7 days after curdlan injection. Each inflammatory score is
represented as a dot and medians are shown (n=5). C. Representative pictures of H/E staining
of the injection site in WT and NOX2 at day 7 (Original magnification x20, x200 in
magnified views). Pictures a. and b. correspond to grade 0, picture c. to grade 2 and picture d.
to grade 4. D. Representative pictures of immunohistochemical staining for oxidized nucleic
acid 8-hydroxy-2'-deoxyguanosine (8-OHdG) in wild-type and NOX2-deficient inflammatory
lesions 7 days after curdlan injection (Original magnification x100). ***=p<0.001;
**=p<0.01.
FIGURE 2. Increase of TNFa. secretion is correlated with CGD hyperinflammation in vivo.
NOX2-deficient and wild-type (WT) mice were injected with 200ug/50ul of curdlan or PBS
intradermally at the basis of the ear. A. TNFa production was evaluated by ELISA in the
supernatants of ear homogenates of mice injected with curdlan or PBS at day 2 and 7. The
histograms represent the means ZSEM of 6-9 samples per mouse group. B. Similarly, the type
I soluble receptor of TNFa. (sSTNFR2) was quantified by ELISA. The histograms represent
the means £SEM of 4 samples per mouse group, of 2 independent experiments. ***=p<0.001;
**=p<(.01; *=p<0.05.

FIGURE 3. NOX2-deficicient total bone marrow cells have increased TNFo production.
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A. Bone-marrow cells from NOX2-deficient and wild-type (WT) mice were cultured in the
presence of curdlan (100 pg/mL) during 1, 2 and 7 days. The supernatants were harvested at
the time indicated for ELISA quantification of secreted TNFa. The dots represent means
+SEM of duplicates in three independent experiments. B. NOX2-deficient and WT freshly
isolated bone marrow cells were stimulated with curdlan (100ug/mL), and ROS production
was measured by Amplex Red assay. Results are expressed as the rate of hydrogen peroxide
production after PBS or curdlan stimulation, the histograms represent the means +SEM of
three independent experiments performed in duplicates. ***=p<0.001.

FIGURE 4. TNFa production by macrophages is independent of NOX2-generated ROS.
Macrophages from wild-type (WT) and NOX2-deficient mice were stimulated by PBS,
curdlan or LPS during 1 and 2 days. Supernatants were harvested at each time point for
quantification of secreted TNFo by ELISA. A. Increasing concentrations of curdlan were used
to stimulate BMDM from WT (open circles) and NOX2-deficient (full circles) macrophages
for 1 or 2 days. Data represent means £SEM of three independent experiments performed in
triplicates. *=p<(0.05. B. TNFa secretion was evaluated in supernatants from naive peritoneal
macrophages from WT (white bars) and NOX2-deficient (black bars) mice, upon curdlan
stimulation (100pg/mL) during 1 and 2 days. Day O corresponds to non stimulated cells. Data
represent means £SEM of triplicates in three independent experiments. C. ROS production
generated from WT and NOX2-deficient peritoneal macrophages was measured using
luminol-dependent chemiluminiscence. Results are expressed as the rate of ROS production
after PBS or curdlan stimulation, the histograms represent the means *SEM of three
independent experiments performed in duplicates. D. TNFa secretion was evaluated on WT

(white bars) and NOX2-deficient (black bars) BMDM stimulated with LPS (1 ug/mL) during

26



1 and 2 days. Day 0 corresponds to non-stimulated cells. Data represent meantSEM of three
independent experiments performed in triplicates.

FIGURE 5. TNFa production by bone-marrow dendritic cells is dependent of NOX2-
generated ROS. Dendritic cells from wild-type (WT) and NOX2-deficient mice were
stimulated by PBS, curdlan or LPS during 1 and 2 days. Supernatants were harvested at each
time point for quantification of secreted TNFo by ELISA. A. Increasing concentrations of
curdlan were used to stimulate BMDC from WT (open circles) and NOX2-deficient (full
circles) mice for 1 or 2 days. Data represent means £SEM of 3 to 6 independent experiments
performed in triplicates. ***=p<0.001, **=p<0.01, *=p<0.05. B. ROS production from WT
and NOX2-deficient BMDC was measured using luminol-dependent chemiluminiscence.
Results are expressed as the rate of ROS production after PBS or curdlan stimulation. The
histograms represent the means *SEM of three independent experiments performed in
duplicates. C. TNFa secretion was evaluated on BMDC from WT (white bars) and NOX2-
deficient (black bars) in culture stimulated with LPS (1 pg/mL) during 1 and 2 days.

FIGURE 6. TNFa is not the mediator of CGD hyperinflammation. Mice were injected with
200ug/50ul of curdlan intradermally at the basis of the ear. The ear swelling was measured at
day 1, 2, 3 and 7 following injection. A. NOX2-deficient and WT (wild-type) mice treated by
etanercept or vehicle were injected with curdlan. Each point represents mean =SEM of 4 to 9
mice in each group at indicated time-points. ***=p<0.001 (NOX2-deficient treated by
etanercept vs. WT mice treated by etanercept). B. Representative pictures of day 7 post-
injection with H/E staining of WT (grade 1) and NOX2-deficient (grade 4) mice treated with
sTNFR2-Fc, etanercept (Original magnification x20). C. TNFo-deficient, TNFa/NOX2
double-deficient, NOX2-deficient and wild-type (WT) mice were injected by curdlan. Each
point represents mean *SEM of 4 to 9 mice in each group at indicated time-points.

*#%=p<0.001 (deficient mice vs. WT). D. Representative H/E pictures of TNFa (grade 1)
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and TNFo/NOX2-deficient (grade 4) mice at the injection site at day 7 (Original
magnification x20).

FIGURE 7. The inflammation triggered by curdlan in CGD mice is dectin-1-dependent.

Mice were injected with 200Lg/50l of curdlan intradermally at the basis of the ear. The ear
swelling was measured at day 1, 2, 3 and 7 following injection. A. Dectin-1-deficient, NOX2-
deficient, dectin-1/NOX2 double-deficient and wild-type (WT) mice were injected. Each
point represents mean +SEM of 3 different mice. *=p<0.05, ***p<0.001 (deficient mice vs.
WT). B. The severity of the lesions was graded using a histological inflammatory score using
H/E staining of the ears 7 days after curdlan injection. Each inflammatory score is represented
as a dot and medians are shown. **=p<0.01, ***p<0.001. C. Representative pictures of H/E
staining of ears sections of dectin-1 (grade 1) and dectin-1/NOX2-deficient (grade 2) mice at
day 7 after curdlan injection (Original magnification x20, x200 in magnified views). D.
NOX2-deficient and wild-type (WT) freshly isolated bone-marrow cells were stimulated with
curdlan (100pg/mL) and ROS production was measured by Amplex Red assay. Results are
expressed as the rate of peroxide production, the histograms representing means =SEM of 3

independent experiments performed in duplicates. **=p<0.01, ***p<0.001.
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Depuis l'identification en 1978 et le clonage deX&en 1980, de nombreuses études ont
contribué a la connaissance du rble biologique,ladesignalisation intracellulaire et de la
régulation des différentes isoformes des NOX. Letblss physiologiques s'étendent a présent
au-dela du simple pouvoir microbicide contre leghpgénes. La littérature scientifique
impliquant les différentes NADPH oxydases est exinpessor : 10 414 articles concernent les
NADPH oxydases dont 204 articles depuis janvier92(@ 16/09/09). Nous avons utilisé 2
approches opposées : soit la production de RO&é&ere et en l'inhibant le phénotype observé
chez les souris déficientes est amélioré, soitrseraent, I'absence de ROS est délétére et les
souris déficientes présentent un phénotype pattiplegCeci reflete la dualité des réles des ROS
produits par les NOX. Les fortes concentrationR@S sont toujours délétéres mais leur absence
n'est pas toujours bénéfique. L'activation des NADBxydases est finement régulée afin

d’éviter 'apparition de Iésions tissulaires eti@sculaires.

NOX1 et Angiotensine |l

Le lien entre NOX1 et hypertension artérielle indypar I'angiotensine Il est maintenant
bien établi. A l'inverse, le role de NOX1 lors dhypertension artérielle induite par d’autres
molécules hypertensives était peu connu. La dopastiessentiellement son récepteur D2 jouent
un réle important dans I'hypertension et celleemble étre dépendante de la production des
ROS sans que I'on sache exactement quelle isofdeniOX est impliquée (Armando, Wang et
al. 2007). Lors de notre étude, une autre catéohng la norépinéphrine (noradrénaline),
utilisée lors des chutes de tension artérielleygerdré une augmentation de la pression artérielle
chez les souris sauvages mais également, et ave@ntee intensité, chez les souris déficientes en

Nox1 (article 1). La norépinéphrine induit une v@asustriction par des mécanismes distincts de
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'angiotensine Il (Schiffrin 1994). Il semble dowie le role de Nox1 dans la régulation de la

pression soit essentiellement impliqué dans I'higresion artérielle induite par I'angiotensine II.

De plus, nous avons démontré dans cet article glier entre Nox1 et I'angiotensine I
était plus large que la seule régulation de lagioesartérielle. En effet, les souris déficientas e
Nox1 semblent protégées de la survenue d’anévrysmede dissections aortiques par rapport
aux souris sauvages lors de l'infusion par angsitenil. Ce réle de Nox1 dans la survenue de
ces lésions de dilatation semble contre-intuitisgu’'un des mécanismes majeurs de ces lésions
est une infiltration précoce de la média des vaiss@ar les monocytes et macrophages évoquant
plutdét un réle de NOX2. La diminution de la fornmatid’anévrysme chez les souris déficientes
en paP"™ abonde également dans ce sens. Plusieurs hypetipEssent expliquer cette
divergence. i) La diminution de pression artériéfiduite par I'angiotensine 1l chez les souris
déficientes en Nox1 pourrait les protéger de laesume d’anévrysme. Or lors de I'administration
de norépinéphrine, les souris déficientes en NoXtaent pas protégées de I'’hypertension
artérielle et ne présentaient pas pour autant digage ou de dissection aortique. Cette
observation suggérant que I'hypertension n’estymasiécanisme suffisant a lui seul pour induire
un anévrysme corréle avec une étude récente (Casgite et al. 2009). ii) Certains sous-types
de macrophages tissulaires comme la microglie €Sarad Krause 2009) et les ostéoclastes
(Sasaki, Yamamoto et al. 2009) expriment, en pauBl@X2, NOX1 voire NOX4. Il est possible
gue les macrophages des vaisseaux expriment egal&l@x1. iii) Les sous-unités régulatrices
de NOX1 sont préférentiellement NOXO1 et NOXAL. I®production de ROS par NOX1 peut
également &tre activée par %7 et p67" avec une efficacité moindre. iv) Cette divergence
n'en est peut étre pas une et l'association NOXIXRIGest indispensable a la formation

d’anévrysme.
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TIMP-1 (Tissue inhibitors of matrix metalloprotegses), un inhibiteur des matrix
métalloprotéases (MMP) et en particulier de la M®Ifpue également un réle important dans la
prévention du développement de dissections aodigete d’anévrysmes puisque les souris
déficientes en TIMP-1 présentent un risque accia &rmation de ces lésions (Eskandari,
Vijungco et al. 2005). Il existe également une élation entre la présence de polymorphismes de
TIMP-1 et un risque accru d’anévrysme chez 'Hom(@gata, Shibamura et al. 2005). Au
contraire, nous avons observé que I'expression HlARessager et de protéine de TIMP-1 était
augmentée chez les souris déficientes en Nox1aagistensine Il, comparativement aux souris
sauvages. Cette augmentation ne s’accompagnaid’pag diminution de la MMP-9 mais
engendrait un déséquilibre important de I'équilijpeotéases/antiprotéases en faveur des
antiprotéases. Le déséquilibre de cette balance MNIRMP-1 en faveur des protéases, plus que
leurs taux respectifs, a été impliqué dans la sweede dissections aortiques (Kadoglou and
Liapis 2004). Ces résultats démontrent que l'iniducide TIMP-1 par I'angiotensine I, est
régulée négativement par Nox1. Ceci pourrait exjglig’augmentation d’anévrysmes chez les

souris sauvages par rapport aux souris déficiemddox1.

De plus, les aortes des souris sauvages infuséss langiotensine Il présentaient une
accumulation de collagéne au niveau de la mattaaeellulaire (Gavazzi, Banfi et al. 2006)
avec une augmentation sensible de 'ARNm du pragelhe Ill par rapport aux aortes de souris
déficientes en Nox1l. Ces dernieres présentaierdi ame forte augmentation de 'ARNmM de
Cthrcl (Collagen triple helix repeat containingp®) rapport aux souris sauvages. Cette protéine
inhibe les effets du TGB-(tumor growth facto) et induit la diminution du collagene | et Ili

(LeClair, Durmus et al. 2007). La résultante de effists est une diminution de la fibrose.
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L’augmentation de cette molécule anti-fibrotiqueezHes souris déficientes en Nox1 pourrait

eégalement étre impliqué dans la prévention desrgsses.

En conclusion, un nouveau role des ROS générés p&toxl dans la formation des
anévrysmes aortiques induits par I'angiotensine lla été démontré. Parmi les nombreux
évenements intervenant dans la formation de ces iéss, Nox1 pourrait jouer un role dans
la régulation de l'activité des métallo-protéasesiasi que dans la fibrose, essentiellement en

régulant négativement les facteurs inhibiteurs come TIMP-1 et Cthrcl.

Ce nouveau role renforce la relation entre les R@&®rés par Nox1 et I'angiotensine II,
correspondant a une littérature scientifigue dégn l&toffée. En réponse a l'angiotensine lI,
Nox1 va étre a l'origine d’'une génération de ROSoage a une augmentation de la réponse
calcique. Ces 2 phénomenes sont inhibés dansllekesenusculaires lisses déficientes en Nox1.
De nombreuses revues (Lassegue and Clempus 2008Jdzand Griendling 2009) ont expliqué
les diminutions des phénotypes induits par I'aregisine Il en I'absence de Nox1 en considérant
cette NADPH oxydase comme agissant en aval du ktimMais il se peut également que Nox1
joue un rdle direct sur I'angiotensine Il ou sunsécepteur AT1. Dans l'article 2, nous avons
démontré que l'absence de réponse a l'angiotendimans les cellules musculaires lisses
déficientes en Nox1 était également due a une absdo récepteur AT1 a la membrane
plasmique. La localisation a la membrane de ceptéae a pu étre retrouvée lors d’ajout dgb
et lors de la réexpression de Nox1 dans les celidédicitaires. L'adressage du récepteur AT1,
qui possede un domaine cavéoline-like (Leclerc, ekigessier et al. 2002), a la membrane est
sous la dépendance des cavéolines (Ishizaka, @ngred al. 1998) ainsi que sous celle des ROS

(Ushio-Fukai, Zuo et al. 2005). De plus, une étad#ecrit une localisation de NOX1 au niveau
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des cavéoles riches en caveéolines (Hilenski, Clengiual. 2004). Cette compartimentalisation
permettrait d’expliquer le fait que de faibles qiités de ROS générées basalement par NOX1

puissent étre responsables de I'adressage d'upteérea la membrane plasmique.

NOX4 présente en quantité importante dans les lesllmusculaires lisses mais pas au
niveau des cavéoles, ne compense pas I'absenc®¥& bans I'adressage du récepteur AT1 a la

membrane plasmique.

Mais est-ce que I'absence du récepteur AT1 a labmame des cellules musculaires lisses
peut expliquer les effets sur la pression arté&@®ell semble difficile d’extrapoler ces données
obtenues a partir d'aortes et de cellules mus@asddisses des vaisseaux puisque les effets de
'angiotensine Il s’exercent également au niveau sygteme nerveux central et des reins.

Plusieurs hypotheses peuvent quand méme étre émises

v L’'angiotensine Il en se fixant & son récepteur Alifnulerait la production de ROS par
Nox1 qui agirait alors sur la concentration inttagaire de C&" pour induire la contraction des
cellules musculaires lisses. De plus, Nox1 semagliqgué dans I'amplification de la réponse en
augmentant le nombre de récepteurs AT1 a la membran

v Nox1 pourrait également n’agir qu’en amont du réeep AT1. Les diminutions des
phénotypes dans les souris, les tissus ou ledelnusculaires lisses observés en I'absence de
Nox1l ne seraient finalement dues qu'a l'absence récepteur AT1 a la membrane.
L’augmentation du transcrit de Nox1 apres stimalatpar I'angiotensine Il serait induite afin

d’augmenter le nombre de récepteurs a la membtaaramifier la réponse.
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En conclusion, cette différence majeure de I'expre®on a la membrane plasmique du
récepteur AT1 en fonction de la présence de Nox1 peut-étre anodine et reflete sans doute
un mécanisme important dans la régulation des effgtde I'angiotensine Il. Ces données font
de Nox1 une cible thérapeutique de plus en plus imptante dans I'hypertension ainsi que

dans les anévrysmes aortiques.

Nox1l n'est pas la NADPH oxydase la plus abondantenigeau de la paroi des vaisseaux et
pourtant nous avons démontré que sa présence sshtegdle. Nous aimerions nous focaliser
ensuite sur les voies de transduction du signatifigée de NOX1 au niveau des vaisseaux et
essentiellement le lien qui pourrait exister erleg ROS générés par NOX1 et le NO (monoxyde
d’azote). Un concept de plus en plus admis estddyztion d’ions superoxydes par découplage
de la NO synthase endothéliale (eNOS). Réciproguieriesemblerait également que les ions
superoxydes provoquent le découplage de la eNQ@Stdiment mais également par diminution
de la DDAH1 (dimethylarginine dimethylaminohydra@asl) et augmentation I'ADMA
(asymetrical diméthylarginine,). LADMA, analogue th L-arginine, est le principal inhibiteur
endogene des NO synthases (NOS), enzymes clégui@éaslidans 'homéostasie vasculaire,
puisqu’elles sont responsables de la synthese duLNKIDMA est principalement métabolisée
par voie enzymatique impliquant la DDAH1, enzymi@adiérement sensibles a I'état redox du
milieu environnant. Les augmentations d’ADMA panidiution de la DDAH1 engendrent donc
des diminutions de NO. Or lors de l'analyse du wécray, nous avons observé une
augmentation trés importante de la DDAH1 induiter pangiotensine Il chez les souris
déficientes en Nox1 par rapport aux souris sauvagges ROS produits par Nox1 aurait-il un

réle spécifique dans la régulation de la productaun NO par une inhibition de I'expression de
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la DDAH1 en réponse a l'angiotensine Il, mais égaat sur la balance NOKO par

découplage de I'eNOS ?

NOX1 et dommages pulmonaires induits par I’hnyperoxe

La production excessive de ROS lors des condittbhgperoxie induit une exacerbation
des dommages pulmonaires (Tasaka, Amaya et al.) 200&iveau d'une lignée de cellules
murines épithéliales pulmonaires (MLE-12) (Zhanigais et al. 2003) mais également au niveau
de cellules humaines endothéliales pulmonairesn®&adi, Kleinberg et al. 2003). Le rdle des
ROS produits par la mitochondrie (Brown, Harrisaét 2001) a été évoqué mais n’était pas
compatible avec les mécanismes impliqués commegr@ntation de la mort cellulaire
(Barazzone, Horowitz et al. 1998) due, essentiglgma I'activation des MAPK (Mitogen-
activated protein kinase) (Zaher, Miller et al. 2p@t des caspases (Lee and Choi 2003). NOX1
et NOX2 exprimées dans les cellules épithélialesnetothéliales pulmonaires, en faisait des
candidats potentiels.

Nous avons démontré dans l'article 3 que Nox1l @pdit a la production de ROS
impligués dans les dommages pulmonaires et la oaditlaire induits par I'hyperoxie mais pas
Nox2. Les souris déficientes en Nox1 étaient pegégles fortes concentrations d’'oxygéene par
rapport aux souris sauvages et déficientes en NBPgXlus, I'expression de 'TARNm de Nox1
est augmentée en condition hyperoxique aussi kaes tks cellules épithéliales que les cellules
endothéliales pulmonaires. A l'inverse, Nox2 esttfaiblement exprimée dans ces 2 types de
cellules en condition basale et cette expressi@stnpas augmentée aprés hyperoke.
finalement, la production de ROS induite par I'nypee dans les poumons, les cellules
épithéliales et endothéliales pulmonaires est tagge diminuée en I'absence de Noxl mais

inchangée en 'absence de Nox2.
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La mort cellulaire est un des mécanismes majeesslésions pulmonaires induites par
I'hyperoxie. Elle est dépendante des ROS produiisque le traitement par un inhibiteur non
spécifique des NOX, le DPI, diminue la mort celirtdadans les MLE-12 (Parinandi, Kleinberg et
al. 2003; Zhang, Shan et al. 2003). Nox1 joue Umirdportant dans cette mort cellulaire puisque
les poumons des souris déficientes en cette NADBJdase présentent des marquages de 'ADN
fragmenté (TUNEL), de la caspase-3 activée et iuagd de PARP-1 (Poly (ADP-ribose)
polymerase family, member 1) diminués par rappoxt souris sauvages et déficientes en Nox2.
La diminution des phénoménes de mort a été obsé&yalement dans les cultures primaires de

cellules épithéliales et endothéliales déficietedNox1.

Cette diminution de la mort cellulaire en I'absemieeNox1 est associée a une diminution
de la phosphorylation des kinases ERK (Extracellsignal-regulated kinase} JNK (c-Jun N-
terminal kinases) dans les homogénats de poumansaigis déficientes en Nox1 soumises a
une hyperoxie. L'implication de Nox1 dans la phasptation de JNK et la mort cellulaire
induites par le TN& avaient déja été suggérées lors d'étutesvitro dans les cellules
épithéliales alvéolaires murines tranfectées pasiBNA de Nox1 (Kim, Morgan et al. 2007;
Pantano, Anathy et al. 2007). L'induction de la tx®llulaire par activation des kinases n’est
certainement pas le seul mécanisme impliqué puidgsievoies apoptotiques des caspases
évaluées par le marquage des cellules par un gudicanti-caspase-3 activée étaient moins
nombreuses que les cellules présentant une fragtientde 'ADN (TUNEL). Ces résultats
semblent corréler avec l'absence d'efficacité catgplsur la mort cellulaire induite par
I’hyperoxie lors de I'administration d’'un inhibitedle plusieurs caspases, le Z-VAD (Metrailler-

Ruchonnet, Pagano et al. 2007).
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En conclusion, Nox1, mais pas Nox2, est impliqué ds la génération des ROS au
niveau des cellules épithéliales et endothélialesiiponaires induite par I'hyperoxie. Cette
production est responsable de la mort cellulaire,re partie par une activation des kinases
ERK et JNK mais certainement aussi par une toxicitépar oxydation non spécifiqgue de
composés cellulaires. Nox1 est a nouveau une cilppetentielle thérapeutique lors des
syndromes respiratoires des prématurés particulienment sensibles aux fortes

concentrations de ROS.

Nous aimerions maintenant définir plus précisénteatrdles des cellules épithéliales et
endothéliales dans ce modele d’hyperoxie. Pour,cefee approche in vivo est en cours, la
création de souris par mutagénese conditionneltel’&currence, il s'agit d’'utiliser des souris
qui portent le géne Nox1 dont une partie esseatedt entourée par 2 séquences loxP (locus of
X-over of P1). Une seconde lignée de souris expania recombinase Cre dans un type
cellulaire déterminé. Dans les cellules qui expriomt cette recombinase, il y aura excision des
séquences lox-P et donc d'une partie du gene Naxtroisement des souris loxP-Nox1 avec les
souris Cre nous permettra d’obtenir des sourisaiéfites en Nox1 uniquement dans les cellules
épithéliales pulmonaires lorsque I'expression dedeombinase Cre sera sous la dépendance du
gene SP-C et des souris déficientes en Nox1l un&pteohans les cellules endothéliales
pulmonaires lorsque I'expression de la recombin@se sera sous la dépendance du gene ve-
cadherine. Ces souris déficientes en Nox1 uniqueduars les cellules cibles nous permettront
de définir le ou les rbéles de Nox1 spécifique(s) raueau des cellules épithéliales et

endothéliales.
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NOX2 et Inflammation

Les patients atteints de maladie granulomateudejaeprésentent en association avec les
infections bactériennes et fongiques récurrentes |&sions inflammatoires sévéres. L'origine de
ces dernieres est dépendante du déficit en NOX2 mdépendante des infections. L'injection
intradermique de parois Aispergillus fumigatusnactivées par la chaleur dans les oreilles de
souris déficientes en Nox2 a été capable d’induite inflammation exacerbée alors que les
souris sauvages ayant recu le méme traitementasemqaient plus d’'inflammation 10 jours apres
l'injection (Petersen, Hiran et al. 2002). Dangtl@de 4, nous avons injecté, selon le méme
protocole, différentes parois de champignofspergillus fumigatysSaccharomyces cerevisiae
et Candida albicanf de bactéries gram négativieseudomonas aeruginosa et Escherichia coli)
et de bactérie gram positiv&taphylococcus aureuslans les oreilles de souris sauvages et
déficientes en Nox2. Sept jours apres linjecti@s @es parois stériles, seuls les champignons
avaient été capables d’induire une inflammationsig&nte en I'absence de Nox2. Aucune
différence entre les 2 types de souris n'a étérgbseapres l'injection des parois bactériennes a
I'exception d’'une légére différence apres l'injectide S. aureus Un composé commun aux
parois des champignons devait étre a I'origine’idduction de cette inflammation en I'absence
de Nox2. Deux des composés majeurs de la paroclimsipignons sont l€8-glycans et les
mannanes. Le zymosan, un extrait de paroiSdecharomyces cerevisi@m®ntenant ces deux
polyosides, a été impliqué dans des phénomenesrinfatoires caractérisés par la formation de
granulomes (Jansen, Hendriks et al. 1997; Jinnpd@htasaki et al. 2003). De plus, I'injection
intra-articulaire de zymosan induit une arthriteesé chez les souris déficientes en Nox2, en
pa7"* (van de Loo, Bennink et al. 2003; Hultqvist, Okifa et al. 2004) et chez les rats

présentant une mutation spontanée du géne Ncflg¥st and Holmdahl 2005). L'injection de
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ces composés séparément dans notre modéle d’infliomcutanée a permis de déterminer le
réle prédominant de8-glycans par rapport aux mannanes dans l'indua®tiinflammation en

'absence de Nox2. Les mannanes induisent unemnfiation plus sévere chez les souris
déficientes en Nox2 par rapport aux souris sauvages le grade inflammatoire 4 correspondant
a la gravité maximale n’'a jamais été atteint. Beglycans ont, quant a eux, généré le plus

souvent des scores inflammatoires de 4 chez lasstéficientes en Nox2.

Les injections de LPS (lipopolysaccharide) et déAL(&cide lipotechoique), PAMPs des
différentes bactéries injectées, ont confirmeé é&sultats obtenus avec les parois inactivées par la
chaleur. Elles ont également permis d’éliminerdle possible d’'une contamination par le LPS de
nos préparations dé-glycans ou de mannanes dans l'induction de I'mftzation en I'absence
de Nox2. Le LPS n’induirait donc pas une répondlarmmatoire via Nox2. Ces résultats sont en
accord avec le fait que les macrophages proverarstodris sauvages ou déficientes en Nox2
stimulés par le LPS produisent les mémes quartitése cytokine pro-inflammatoire majeure, le
TNFa (Yang, Shin et al. 2009) mais également, de fagoprenante les mémes quantités de
ROS. Ces résultats sont en accord avec les domm@diguant TLR4, principal récepteur du
LPS, dans l'activation de NOX4 au niveau de plusaypes cellulaires (Park, Jung et al. 2004;

Park, Chun et al. 2006; Patel, Bailey et al. 2008&loney, Sweet et al. 2009).

Les lésions cutanées inflammatoires induites pap4glycans provenant d8. cerevisiae
tres exacerbées en I'absence de Nox2 7 jours #prestion, étaient au contraire identiques
entre les souris sauvages et déficientes en Noyaurg apres linjection. Il semble donc que la
résolution de linflammation soit dépendante de Rladors que l'induction de la réponse

inflammatoire par leg-glycans ne le soit pas.
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Un phénomene important de la résolution de l'inflsation est I'apoptose des cellules
inflammatoires (Serhan, Brain et al. 2007), phénoemgui semble dépendant de Nox2 pour les
neutrophiles (Fadeel, Ahlin et al. 1998; Hamptoadéel et al. 1998; Hiraoka, Vazquez et al.
1998). Nous n’avons pu retrouver lors de nos erpédsin vivo ou ex vivoune différence
d’apoptose entre les souris sauvages et déficiemé$ox2. Mais ces résultats ne permettent pas
d’exclure qu’une absence d’élimination du matérgdoptotique voire nécrotique par les
macrophages soit dépendante de Nox2 comme il €adétrit (Brown, Goldblatt et al. 2003;
Frasch, Berry et al. 2008; Fernandez-Boyanapaléiséh et al. 2009). Ce phénomene est peut

étre a relier a la forte nécrose tissulaire obseoihez les souris déficientes en Nox2.

En conclusion, une des origines possibles de I'iafhmation en I'absence de Nox2 est
les B-glycans. lls induisent une inflammation qui ne peuse résoudre en I'absence de Nox2.
De plus, la nécrose tissulaire générée par I@sglycansne dépend pas d’un retard ou d’'une

absence d’'apoptose des neutrophiles déficients em.

Dans l'article 5, nous avons évalué un autre méoaamiimpliqué dans I'hyperinflammation
de la CGD, le déséquilibre de la balance cytokpresinflammatoires/anti-inflammatoires. Les
cytokines pro-inflammatoires produites en quarltés importante lors du déficit en NOX2 sont
I'IL-8 (Hatanaka, Carvalho et al. 2004) et essdiatieent le TN (Petersen, Hiran et al. 2002;
Selmeczy, Szelenyi et al. 2003). Mais il n'est pdairement établi, a ce jour, si cette
augmentation de production de Tdllest une des causes de l'inflammation ou la coresemp

d’'une inflammation persistante.
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En injectant lesp-glycans comme stimulus connu pour induire uneamfhation
dépendante de Nox2, nous avons observé que cetezitfjfammation était associée a un taux
trées élevé de TNF dans les souris déficientes en Nox2. A l'inverse,taux de TN& eétait
identique chez les souris déficientes en Nox2 etages lorsque ces derniéres présentaient une
inflammation équivalente, c’est-a-dire 2 jours aphénjection de-glycans. En parallele, la
stimulation par leg-glycans a induit une forte production de TiN&ans les cellules de mcelle
osseuse déficientes en Nox2 par rapport aux cslls&ivages, quelque soit la durée de la
stimulation. Ces résultats démontrent qu'il existee augmentation de TMFen I'absence de
Nox2 en parallele de la persistance de l'inflamoragt suggerent que Nox2 pourrait réguler la

production de TNE&:.

Il est de plus en plus admis que les fortes cdaratons de ROS sont dédiées a la
microbicidie ainsi qu'a I'oxydation non spécifiqu molécules diverses dans les conditions
pathologiques. A l'inverse, les faibles taux de R&@&ient plutdt impliqués dans la transduction
des voies de signalisation aidée par la compartaisation des NADPH oxydases. Or, la
mesure du TN& n’avait jamais été effectuée dans les macrophagéss cellules dendritiques
qui produisent des taux de ROS beaucoup plus &adue les neutrophiles. Nous avons démontré
gue les ROS générés par Nox2 sont capables de enddydroduction de TNiFdans les cellules
dendritiques mais pas dans les macrophages quiengsrs soit dérivés de la mecelle osseuse ou
péritonéaux. Il est d’ailleurs troublant, mais pétre pas sans pertinence physiologique que la
production de TN& soit dépendante de Nox2 uniquement dans les celldEndritiques
présentes en grande quantité sous le nom de setleld.angerhans dans la peau, lieu de notre
inflammation. Ces résultats constituent la secormle de signalisation sensible a I'état redox

uniquement dans les cellules dendritiques et pas ¢k macrophages. Savina et coll. ont
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récemment démontré que le pH phagosomal des celigledritiques était régulé par Nox2 dans
les cellules dendritiques mais indépendant de Nita®s les macrophages (Savina, Jancic et al.
2006). Plus précisément, Goodridgé coll ont décrit une voie de production du TiNF
spécifique dans les cellules dendritiques et pasnucrophages apres stimulation du récepteur
despB-glycans : la dectine-1. Celle-ci est caractérela formation du complexe Card9-Bcl10-
Maltl sous l'effet du Cd (Xu, Huo et al. 2009). Or, les granulocytes défits en NOX2
présentent une augmentation de leur flux calcigbeiszt, Kapus et al. 2001). Une hypothese
serait que la formation du complexe Card9-Bcl10iMalerait donc facilitée par I'absence de

Nox2 expliquant 'augmentation de TNFlans les cellules dendritiques déficientes en Nox2

L’augmentation de la production de T&lFobservée dans les oreilles des souris
déficientes en Nox2 associée a une hyperinflammagioggérait un lien entre le TNFet
linflammation chez les patients CGD. De plus, wtr@a déficit immunitaire, 'immunodéficience
commune variable caractérisée, comme la CGD, pauirdections récurrentes associées a des
granulomes stériles ainsi qu’a une augmentationTtilra par les cellules de limmunité
(Medlicott, Coderre et al. 2006; Lopes-da-Silva &idzo 2008). Le traitement de ces lésions
granulomateuses cutanées par un bloqueur duaTNdanercept, a présenté une efficacité
importante chez les patients atteints de CVID (@yatikom, Thatayatikom et al. 2005; Lin,
Liebhaber et al. 2006). Nous avons donc injecté [flggycans dans les oreilles de souris
déficientes en Nox2 soit traitées avec I'étanercepit doublement déficientes pour Nox2 et
TNFa. Mais contrairement aux patients CVID, la neutetlen du TNRE par inhibition

pharmacologique ou délétion génétique a été indapiatténuer I'inflammation engendrée par
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les B-glycans et I'absence de Nox2. Le TiNF’'est donc pas essentiel pour I'induction de

I'inflammation observée dans la CGD.

Lors de cette étude, nous avons également injecfeglycan différent de celui utilisé
dans l'article 4. Lors de notre précédente étump;dlycan injecté provenait d&.cerevisiaelonc
d'un champignon. Lors de cette étude, nous avojexté le curdlan, uf8-glycan provenant
d’'une bactérieAlcaligenes faecalist nous avons retrouve la méme inflammation chesderis
déficientes en Nox2 que précédemment. Ceci démgoedinflammation induite par I'absence
de Nox2 est dépendante deglycans et non des champignons. La présence thigudes3-
glycans dans I'environnement (Rylander, Norrhalbket1998; Thorn, Beijer et al. 1998; Thorn
and Rylander 1998) et la nourriture (Plat and Mek&005) est relevant pour les patients atteints
de la CGD. Devant cette spécificité deglycans, nous nous sommes intéressés a leur eécept
principal : la dectine-1 et avons créé une sougfcnte en Nox2 et en dectine-1. Cette souris a
présenté une inflammation remarquablement diminp&e rapport a la souris uniquement
déficiente en Nox2. L'inflammation due a I'absemtz Nox2 induite par leB-glycans est donc
dépendante de I'activation du récepteur dectin®tdis les souris uniquement déficientes en
dectine-1 présentaient une diminution encore phygortante de I'inflammation induite par le
curdlan. Il semble donc que linflammation observdans la CGD soit essentiellement
dépendante de la dectine-1 mais également d’'urequiusieurs autres récepteurs. TLR2 est un
candidat possible puisqu’il a été décrit comme utmearécepteur de3-glycans (Underhill and
Ozinsky 2002) ou en tant que récepteur active pakekttine-1 (Gantner, Simmons et al. 2003).
De plus, récemment il a été démontré que les mgswatilisaient TLR2 en coopération avec la
dectine-1 pour produire des ROS (Yang and Mars2@09). Le récepteur C3 du complément

ainsi que d’autres récepteurs lectines pourraigalieénent étre impliqués.
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En conclusion, bien que la production de TN& soit augmentée en I'absence de NOX2
au niveau des cellules dendritiques, les lésiondlammatoires induites par lesp-glycansne
cedent pas en l'absence de TNFchez les souris déficientes en Nox2. Le traitemedes
patients CGD par des bloqueurs du TNE ne semblent donc pas recommandés. D’un autre
c6té, il semble que les molécules capables de bleqgule récepteur dectine-1 sont a
considérer comme des cibles potentielles pour la aeerche de molécules anti-
inflammatoires spécifiques et le développement deouavelles stratégies thérapeutiques et

préventives pour les patients CGD.

La suite de notre travail va se focaliser sur léudu réle d’autres cytokines pro-
inflammatoires jouant un réle important dans leshmhogies inflammatoires et plus précisément
linterleukine 18 (IL-1p). La création de souris déficientes en NOX2 ehdggniques pour
I'antagoniste endogéne du récepteur de I'lik-TIIL1-Ra, est en cours. L'injection dé-glucan
dans les oreilles de ces souris nous permettradexpent de définir si 'absence d’activité de

I'IL-1 S est capable de diminuer I'inflammation induite absence de NOX2.

Par ailleurs, les patients atteints de CGD souffrédgalement de colite ayant un
retentissement important sur la morbidité. Nouseaions donc créer un modéle de colite apres
injection rectale def-glucan chez les souris déficientes en NOX2. Lesnjgres injections
rectales ont été encourageantes (photos ci-desdnes)que des mises au point sur le nombre

d’injections et les durées d’expérience soient agaiees pour augmenter la reproductibilité.
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‘ Sourisdéficiente
il en Nox:

Souris
controle

L’induction d’'une colite chez la souris déficier@e Nox2 nous permettra de vérifier que
les B—-glycans sont également capables d’induire unermfhation au niveau du colon. Mais
également, que le curdlan, utilisé comme additihahtaire, pourrait étre un facteur important

d’induction de la colite observée chez les pati€E&D.
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CONCLUSION GENERALE

Ce travail a permis de définir ou d’approfondir tagrs roles des NOX par 2 approches

différentes :

-Soit les ROS produits par les NOX sont délététekew absence dans les modéles murins

déficients en cette NOX améliore le phénotype alis@Etudes concernant Nox1).

-Soit les ROS produits sont nécessaires a des mséuas physiologiques et leur absence dans les
modeles murins déficients en cette NOX entrainphénotype pathologique (Etudes concernant

Nox2).

Nox1 contribue de facon essentielle aux effetstdedé comme I'hypertension artérielle ou la
survenue d’'anévrysmes aortiques induits par l'aeggine |l en régulant au niveau
transcriptionel certains genes et également emrmtildé récepteur AT1 de I'angiotensine Il & la

membrane plasmique des cellules musculaires ld=sesgaisseaux.

Nox2 contribue aux mécanismes anti-inflammatoirés em jeu aprés activation du récepteur

dectine-1 essentiellement dans les cellules deemaes et certainement les macrophages.
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