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Il. Responsabilités administratives et activités
enseignements.

A. Responsabilités administratives scientifiques.

Lors de mon doctorat j'ai été élu pendant pres de deux ans au conseil scientifique du pole
BMS (biologie/médecine/santé) de l'université de Lorraine postes.

Jai également mis en place en 2012 l'association des doctorants en biologie de
'université de Lorraine. Cette association a regroupé plus de 50 membres dés la
premiere année et continue de fonctionner encore actuellement. Elle a été organisée
autour d’'un bureau comprenant un président, un vice-président, un trésorier et un
secrétaire mais également des membres actifs investi a différents niveaux. Les missions
de cette association sont les suivantes :

e Organiser des évenements scientifiques comme par exemple des présentations
des projets de thése de doctorant des difféerentes écoles doctorales de
l‘universite,

e Préparer les étudiants au concours de I'école doctorale,

e Reédiger un journal de I'association deux fois par an et distribué a la journée de
rentrée et la journée annuelle de I'école doctorale,

e Contribuer a la journée scientifique et journée de rentrée de I'’école doctorale,

e Constituer des dossiers de demande de financement d’événements aupres de
I'Université pour organiser quelques sorties (visites d’entreprises, week-end de
randonnée).

Durant mon postdoctorat j'ai mis en place pendant 1 an les séminaires hebdomadaires
du centre de recherche. Depuis mon retour en France en septembre 2019 j'ai intégré le
Comité d’Ethique Lorrain en Matiére d’Expérimentation Animale de Lorraine (CELMEA
66) (suppléant du Pr Thornton). Depuis début 2021 je suis topic editor pour le journal of
clinical medicine ou mon role sera de proposer des sujets pour des numéros spéciaux et
rechercher des éditeurs dédiés a ces sujets.

B. Responsabilités pédagogiques.

Durant mon doctorat j'ai effectué 72 h de vacations dans 'EU 2.05 de premiére année de
licence sciences du vivant intitulé « plans d’organisations des invertébrés ». Chaque
séance de 2 h était découpée en deux parties, la moitié en TD et 'autre en TP. La séance
précédant 'examen final était organisée au musée aquarium de Nancy ou les étudiants
ont pu observer des spécimens vivants.

En janvier 2020 j'ai également participé a la Journée de la Recherche du Master du vivant
ou jai présenté les laboratoires INSERM a des étudiants en licence et master de la faculté
des sciences et technologies. En octobre 2020 jai réalisé 1h de cours magistrales pour
le M2 « Recherches cardiovasculaires ». Le titre de ce cours était : Des nouveaux
anticoagulants aux fonctions cellulaires des facteurs de la coagulation.



[1l. Bilan des activités de recherche.

Résumé du parcours.

Biologiste cellulaire et moléculaire de formation, mes activités de recherche ont
commencé en Master 2 lors de mon arrivée au laboratoire UMR_S 1116 (Défaillance
cardiovasculaire aigué et chronique) a Nancy (Université de Lorraine) sous la direction
de P Lacolley et V Regnault (2010). Le titre de mon projet de M2 était : Caractérisation
de I'état prothrombotique et de la fonction endothéliale dans le syndrome métabolique.
Le laboratoire de Nancy posséde une notoriété internationale dans I'étude de
I'insuffisance cardiaque (IC), du récepteur minéralocorticoide, (RM), de I'hypertension,
du vieillissement, de la rigidité artérielle (mécanotransduction) et des thrombophilies
acquises (syndrome des anti-phospholipides), le tout avec des approches allant des
modeles animaux aux cohortes. Mon sujet de thése a porté sur I'étude des modifications
de I'hémostase dans des modeéles animaux de d’hypertension ou modifiés génétiquement
(rat spontanément hypertendu SHR, rat Zucker obése, souris surexprimant le RM au
niveau endothélial) prédisposant au développement de I'IC.

J’ai ensuite réalisé mon postdoctorat en Allemagne entre juillet 2014 et aout 2019 dans
'équipe de recherche du Pr P Wenzel au centre de recherche sur la thrombose et
'hémostase (CTH) de la faculté de médecine de Mayence, 'un des 6 centres
d’excellence de recherche en santé d’Allemagne. L’équipe dispose d'une solide
expérience en immunologie et en biologie vasculaire notamment dans la biologie des
monocytes. Ma thématique de recherche a porté sur I'étude du réle de 'activation par les
facteurs de la coagulation des monocytes dans I'inflammation vasculaire, sa résolution,
et la thrombose.

Je suis revenu en France a lTUMR_S 1116 en septembre 2019 ou j'ai poursuivi mon
objectif d’étudier les rbles cellulaires des facteurs de la coagulation. Jai plus
particulierement travaillé sur le réle du facteur von Willebrand sur la prolifération des
CMLVs qui a été publié dans Cardiovascular Reseach début 2021. Parallelement jai mis
en place un projet de recherche pour comprendre les causes de I'augmentation du risque
de thrombose dans les maladies inflammatoire chronique de l'intestin. Ce projet a été
proposé au concours de chargé de recherche INSERM.

V. Résumeé des activités de recherche.

A. Doctorat.

Les mécanismes vasculaires et de I'hémostase (autres que coronariens) sont
généralement mis au second plan par les spécialistes de I'IC. L'unité est 'auteur de
travaux reconnus sur le vieillissement et I'lC diastolique. Sur le versant de 'hémostase,
nos études fondamentales et clinigues sur le RM endothélial et la génération de
thrombine dans I'lC aigué s’inscrivent dans une démarche translationnelle avec I'essai
clinijue COMMANDER (NEJM 2018%) étudiant les effets d’un anticoagulant oral direct.

Une originalité du travail du laboratoire est de s’intéresser aux mécanismes périphériques
de I'IC ce qui constitue une approche « décalée » : le fait d’intégrer l'artére et la
coagulation est inédit par rapport a I'approche traditionnelle « cardiocentrique ». Sur le
plan clinique, nous avons montré que la mesure de la vitesse de I'onde de pouls carotido-
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fémorale (VOP) reste un paramétre prédictif des anomalies des grosses arteres chez le
patient porteur d’'une IC sévere a l'inverse de la pression pulsée (différentielle systole-
diastolique) fortement dépendante de la fonction ventriculaire gauche (étude ancillaire
d’EPHESUS, co-premier auteur, Hypertension 2014%).

Chez le rat SHR, porteur d’'une hypertrophie cardiaque et vasculaire, nous avons observé
une accélération de l'occlusion carotidienne in vivo dans un modéle d’application de
chlorure de fer. Le mécanisme résultait d’'une plus grande capacité des cellules
musculaires lisses vasculaires (CMLVs) a servir de support cellulaire pour la génération
de thrombine via une augmentation de I'exposition des phospholipides membranaires
procoagulants (Figure 1) (co-premier auteur, Arterioscler Thromb Vasc Biol 2015. Le
groupe de Nancy (V Regnault) en collaboration avec le groupe de Maastricht (HC
Hemker) a été pionnier en France dans les années 2000 dans le développement du suivi
complet de la concentration en thrombine active dans le plasma avec ou sans plaquettes.
Cette technique a été adaptée pour ce travail aux modéles murins et aux CMLVs. Elle a
depuis été élargie au sang total pour prendre en compte la contribution des globules
rouges (GRs) et des cellules immunitaires dans les processus thrombotiques.
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Figure 1. Modification de la capacité thrombotique des cellules musculaires
lisses vasculaire chez le rat spontanément hypertendu (SHR).

La vitesse d’occlusion de la carotide dans un modéle de thrombose au chlorure ferrique est
augmentée chez le rat SHR (A). La génération de thrombine a la surface des CMLVs des rats
SHR est plus importantes que chez les rats contr6les alors qu’elle est similaire a la surface des

CEs (B). Le récepteur a la thrombine PAR-1 est augmenté chez le rat SHR ce qui participe a
expliquer 'augmentation de génération de thrombine(C). De plus, I'nhibition de PAR-1 diminue

la capacité proliférative des CMLVs (D). * p < 0,05 vs rats Wistar au méme age.

Dans un modéle combinant une hypertension spontanée et une obésité (rat Zucker), nous
avons montré pour la premiere fois une association entre une hypertension et un
phénotype pro-thrombotique due a des anomalies conjointes des cellules endothéliales
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(CEs) et des CMLVs indépendamment des plaquettes (premier auteur, Front Physiol
2017) (Figure 2). Ce travail a bénéficié d’'une collaboration avec une entreprise privée
Lorraine (SD innovation, Frouard) qui a mis a ma disposition des appareils d’évaluation
plaguettaire a visée « recherche » que nous n’avions pas a I'époque au laboratoire et que
jai utilisé dans plusieurs de mes travaux.
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Figure 2. Modifications vasculaires et de I’'hémostase au cours du vieillissement

chez le rat Zucker.

La génération de thrombine est augmentée des I'age adulte (25 semaines) chez le rat Zucker
obeése et reste augmentée chez le rat 4gé (80 semaines) (A). Le diameétre des fibres de fibrine
est diminué chez les rats Zucker adultes obéses (MSZR) et agés par rapport aux rats contrbles

(LZR) ce qui indique une vitesse de formation du caillot augmentée (B). La rigidification des
artéres augmente uniguement avec le vieillissement chez les rats Zucker MSZR par rapport aux
rats controles (C). L’activité des métalloprotéinases (MMPs) (activité gélatinolytique indiquant
les MMP-2 et MMP-9) est augmentée des I'age adulte chez les rats Zucker par rapport aux rats
contréles et reste augmentée avec le vieillissement (D). * < 0,05 vs rats controles au
méme age.

A un niveau plus moléculaire et faisant suite aux travaux du laboratoire sur le RM dans
I'IC, nous avons montré dans un modele de souris surexprimant le RM au niveau
endothélial, que de facon paradoxale ce récepteur jouait un rdle anticoagulant en
situation physiologique mais délétére en présence d’'une IC. Ce phénotype était expliqué
par la capacité du RM a induire la synthése du récepteur endothélial de la protéine C
(EPCR) via le facteur de transcription SP1 (specificity protein 1). En participant a
I'activation de la protéine C, 'TEPCR stimule I'un des principaux systémes anticoagulants
vasculaires. (Figure 3). Cet effet protecteur n’existe pas dans des pathologies comme
I'IC ou la dysfonction endothéliale favorise le contact direct des facteurs de coagulation
plasmatiques avec les CMLVs qui exercent ainsi un réle procoagulant majeur (premier
auteur, FASEB J 2014) 2.
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Figure 3. Implication du récepteur minéralocorticoide (RM) dans la thrombose.
Dans un modéle de thrombose chez la souris surexprimant le RM dans I'endothélium (RM-EC)
le temps d’occlusion de la carotide est augmenté par rapport aux souris contréles (CT) (A, B).
L’activation du RM dans I'endothélium induit la synthese du récepteur endothéliale a la proteine
C (EPCR), en rouge (marquage de noyaux en bleu et autofluorescence des cartotides en vert)

(C). L’augmentation de la synthése d’EPCR limite la formation du caillot en inhibant la
thrombine (D). * < 0,05 vs souris controles.

En paralléle, ma thése a comporté un travail de développement technique pour améliorer
la pertinence du test de génération de thrombine in vitro par rapport aux tests cliniques
qui n’explorent que partiellement la coagulation. Cette mesure est faite majoritairement
en plasma avec ou sans plaquettes et dans le cas ou elles sont présentes, elles ne sont
pas dans un état « activé » et ne correspondent donc pas a leur phénotype observé en
hémostase primaire. Pour pallier cette limitation majeure, j’ai imaginé un protocole qui a
montré que les plaquettes agrégées modifiaient bien les paramétres cinétiques de la
génération de thrombine en relarguant des microvésicules. Ce travail réalisé par une
étudiante de médecine en stage d'initiation a la recherche (C Docq, 2013) que jai
encadré s’est traduit par une publication (dernier auteur, Platelets 2018) 2 et une invitation

personnelle a donner une présentation aux HOpitaux Universitaires de Geneve
(6/11/2018).

J’ai publié un deuxiéme travail fondamental réalisé a Mayence sur les modifications des
courbes de génération de thrombine en présence de plaquettes activées et de
rivaroxaban (un inhibiteur du facteur X activé) chez des patients avec maladie
thromboembolique veineuse (dernier auteur, J Clin Med 2019) 4. Ce travail se poursuit
pour évaluer plus précisément I'effet conjoint des anticoagulants oraux directs et des
antiplaguettaires chez des patients issus de deux cohortes a Mayence (patients avec
embolie pulmonaire (FOCUS) et patients avec thromboses veineuses profondes
(VTEVAL). Le suivi des patients aura lieu pour encore 2 ans mais un premier article sur
ce sujet a été publié a 'automne 2020 (Figure 4) (premier auteur J Clin Med 2020) °.
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Figure 4. Exemple de courbes de génération de thrombine altérées chez les
patients traitées avec des anti-FXa.

Les courbes de génération de thrombines ont habituellement une forme de courbe en cloche
avec un maximum (pic) court (courbe 1). Ces courbes peuvent étre altérées dans certaines
conditions et a la suite de certains traitements (courbe 2-4). MTEV : Maladie thrombo-
embolique veineuse

Au ftotal, mes travaux de Master 2 et these m’ont permis de faire des avancées
significatives dans I'axe novateur développé dans l'unité sur les interactions entre les
facteurs de la coagulation et la rigidité artérielle. Les principaux résultats débouchant sur
des perspectives clinigues encourageantes concernent les effets opposés du RM
endothélial en physiologie (anticoagulant) et pathologie (procoagulant) et la contribution
majeure des CMLVs dans le phénotype thrombotique associé a I'’hypertension artérielle,
a l'obésite, au vieillissement et a l'insuffisance cardiaque.

Le bilan est de 4 articles originaux en premier ou co-premier auteur (Hypertension 2014,
FASEB J 2014, Arterioscler Thromb Vasc Biol 2015, et Front Physiol 2017) et un article
en dernier auteur dans Platelets 2018 qui s’est accompagné d’une conférence invitée aux
Ho6pitaux Universitaires de Genéve.

B. Postdoctorat.

Le postdoctorat a comporté 3 versants spécifiques dont le démarrage s’est étalé dans
la durée du postdoctorat.

Versant 1 : A mon arrivée au centre, mon sujet d’étude portait sur I'implication des
cellules LysM*, en particulier les monocytes, dans le développement de I'hypertension.
Le travail portait sur le réle du facteur XI (FXI) dans le développement de I'’hypertension
artérielle via sa capacité a activer la thrombine, elle-méme responsable de I'activation
des plaquettes et monocytes selon une boucle d’auto-amplification dans un contexte
inflammatoire conduisant a I'exacerbation de I'hypertension. Des souris invalidées pour
le gene du FXI n’ont pas de modification de la relaxation endothélium-dépendante apres
traitement a l'angiotensine Il (Angll) alors que des souris invalidées pour le FXII
(activateur du facteur Xl) perdent cette propriété de relaxation. La microscopie intravitale
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montre que l'inhibition du FXI (a l'aide d’un oligonucléotide antisens) conjointe a un
traitement par Angll diminue le roulement et 'adhésion des monocytes a I'endothélium.
L’adhésion leucocytaire qui est régulée positivement par un circuit pro-inflammatoire
impliquant facteur tissulaire (FT), thrombine et GPIba plaguettaire est restaurée par
I'injection d’'un FXI recombinant (Figure 5). De plus, une des parties de ce projet a permis
le recrutement d’une cohorte de patients hypertendus pour étudier la génération de
thrombine en présence de plaquettes. Avec l'aide d’une doctorante en médecine que jai
encadrée (Yvonne Weihert), nous avons recruté 71 patients pour la cohorte « interaction
of coagulation FACtors, Thrombocyes and leukOcytes in patients with aRterial
hypeRtension study (FACTO-RR study, DRKS00011232). Nous avons réalisé des tests
de génération de thrombine dans plusieurs conditions : (i) avec et sans plaquettes, (ii) en
inhibant I'activation du FXI dépendante de la la thrombine et (iii) en resuspendant les
plaguettes dans du plasma contréle. Nous avons montré que les variations de génération
de thrombine en présence de plasma riche en plaquettes étaient dépendantes de
I'activation du FXI par la thrombine (co-premier auteur, Science Trans Med 2017). Les
résultats de ces travaux sont résumés figure 6. La suite de ce projet est I'étude du role
du facteur von Willebrand (VWF) (qui se lie a GPlba) dans les interactions entre
plagquettes, leucocytes et endothélium.

A
160

#

-
8]
(=]

—C57BL/6 --- *Angll

=
= o
E
E
o
3
g
=
2
@
>
w
c
2
@
@ 10

E I =+FXIASO =- +FXIASO +Angll

C57BL/6

0 24 48 72 96 120 144 168 192
hours
c

g
8

g

]

3%51
N

g

+FXIASO

.-
(=3

Leucocytesadhérents (n/mm?2)
Leucocytesroulants (n/0,015mm?)

0- ey 0- —
FXIASO - + + + -+ 4
+recFXI - - + + + + + +
+Angll -+ - -+

Figure 5. Implication du facteur Xl dans le développement de I'inflammation
vasculaire et de I’hypertension.

L’augmentation de la pression artérielle consécutive a l'infusion d’angiotensine Il (Angll) est
limitée chez les souris traitées avec un oligonucléotide antisens (ASO) dirigé contre le FXI (A).
L’inflammation et l'activation de la coagulation induite par I’Angll provoque le roulement et
I'adhésion des cellules immunitaires a I'endothélium tandis que l'inhibition du FXI aboli
l'activation des cellules immunitaires. L’injection de FXI recombinant (recFXI) restaure le
roulement et 'adhésion des cellules immunitaires (B-C). * p < 0,05 ** p < 0,01 *** p < 0,001.
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Figure 6. Schema de I'implication du facteur Xl dans le developpement de
I'inflammation vasculaire et de I’hypertension.

L’activation du systeme rénine angiotensine aldostérone (SRAA) augmente la synthése
d’angiotensine Il (Angll) dont l'effet proinflammatoire augmente la synthése de facteur tissulaire
(FT). La stimulation de la voie extrinseque et I'amplification de conversion de la prothrombine
(FIl) en thrombine (Flla) par 'activation du facteur Xl (FXla) a la surface des plaquettes. Les
plaquettes et les monocytes activés peuvent adhérer entre eux par l'intermédiaire de la
glycoprotéine Iba (GPIba) et du macrophage antigen-1 (MAC-1) puis adhérer a I'endothélium a
l'aide du very Late Antigen-4 ou intégrine a431 (VLA-4) et du vascular cell adhesion protein 1
(VCAM-1). La transmigration dans la paroi des monocytes activés permet leurs effets dans le
développement de la dysfonction vasculaire. L’inhibition de I'amplification de la génération de
thrombine via l'inhibition du FXI limite le développement de la dysfonction vasculaire. Les
fleches noires courbées indiguent une conversion, les fleches vertes une activation, les fleches
bleue, I'activation d’un récepteur, les bars en T une inhibition, et les fleches grises des effets
pléiotropies. CEs : cellules endothéliales ; CMLVs: cellules musculaires lisses vasculaires.

Versant 2 : Mon objectif a porté sur les cellules LysM* mais dans un contexte de
protection contre l'inflammation puisque 'heme oxygenase-1 (HO-1) des monocytes
diminue le stress oxydatif induit par Nox2 et réduit la polarisation des monocytes vers un
phénotype inflammatoire (Eur Heart J).

Pour ce projet, j’ai obtenu un financement de 40 k€ (fonctionnement et financement d’'un
technicien) pour ‘jeune investigateur’ (Deutsche Stiftung fur Herzforschung DSHF-
F/24/18). Les financements sont détaillés pages 25-26.

J’ai étudié comment la modulation de 'HO-1 dans les cellules LysM* module le trafic des
monocytes dans la paroi vasculaire (Figure 7).

Ce travail est actuellement poursuivi par une doctorante ayant débuté sa thése en
novembre 2019 (je ne co-encadre pas cette doctorante mais 'aide sur le plan technique).
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Figure 7. Modification de la réactivité vasculaire chez les souris déficiantes the
HO-1 et infusées avec de I’'angiotensine II.

Des souris spécifiquement déficientes pour 'lhémoxygenase 1 dans les monocytes et les
neutrophiles (LysMc®" Hmox-17¥f°X) montrent une tendance a I'altération de leur relaxation
vasculaire basale (A). Il n’y a en revanche pas de modification de la relaxation aprés un
traitement a I'angiotensine Il (Angll). Pourtant les leucocytes de souris déficientes en HO-1
roulent moins sur I'endothélium par rapport aux leucocytes de souris contréles (B-C).

Versant 3 : L’objectif de cette partie visait a mieux comprendre la relation entre
thrombose et inflammation. J’ai utilisé un modeéle de souris surexprimant I'interleukine 6
(IL-6) dans les cellules LysM* de maniére Cre speécifigue. De maniére inattendue les
souris surexprimant I'lL-6 ne forment pas de thrombus dans un modéle de sténose de la
veine cave. Un phénotypage complet des facteurs de la coagulation réalisé en
collaboration avec H Spronk (Maastricht) n’a pas permis de mettre en évidence une
modification significative d’'un facteur en particulier. Cependant I'lL-6 augmente beaucoup
la synthese de l'alpha-2-macroglobuline (A2M) qui est un inhibiteur puissant de la
thrombine. Parallélement 'A2M provoque l'agglutination des GRs ayant pour effet de
limiter le développement du thrombus. Ce travail constitue un pont entre mon
postdoctorat et mon sujet de retour en France car I'lL-6 est la cytokine majoritairement
augmentée dans les maladies inflammatoires chroniques de l'intestin (MICI). Ainsi avant
la fin de mon postdoctorat j’ai obtenu des résultats préliminaires mettant en évidence une
modification de 'hémostase provoquée par I'agglutination des GRs chez ces patients et
récapitulant le phénotype observé chez les souris surexprimant I'lL-6. Ce sont des
résultats forts dans la mesure ou des variations inattendues et inexpliquées de I'A2M
plasmatique sont décrites depuis plus de 40 ans dans certaines maladies inflammatoires
sans que ni leur l'origine ni leurs répercussions sur 'lhémostase ne soient comprises.
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Parallélement, jai obtenu un contrat de recherche du ministére de la recherche
allemande de 50 k€ pour mettre en place une collaboration entre les laboratoires de
Mayence et de Nancy sur le réle du glycocalyx endothélial dans les modifications de la
balance hémostatique pendant le vieillissement.

En résumé, les résultats sur le réle direct du facteur XI dans l'inflammation vasculaire et
I'hypertension viennent en appui des travaux cliniques utilisant une stratégie anti-sens
pour inhiber le facteur XI. Le résumé de cette littérature sur le réle du facteur Xl et des
autres facteurs de la coagulation dans la thromboinflammation et la dysfonction
vasculaire a fait I'objet de 2 revues récentes sur lesquelles je suis premier et deuxieme
auteur. J'ai exploré les modifications du phénotype vasculaire dans un contexte
inflammatoire via 'HO-1 des cellules LysM* (soutenu par un contrat jeune chercheur).
J’ai acquis durant ces années une capacité d’approche transversale d’une pathologie en
intégrant le réle primordial des cellules immunitaires en lien avec I'hémostase et leur
retentissement sur la fonction vasculaire. J’ai démontré le réle de I'lL-6 dans la thrombose
via sa capacité a induire 'A2M qui inhibe la thrombine et promeut 'agglutination des GRs.
Cette découverte nourrit notre hypothese que le risque augmenté de thrombose au cours
des MICI ne dépend pas des facteurs habituels de thrombose observés dans la
population générale.

Mon postdoctorat au sein du centre CTH a Mayence a permis la publication de 8 articles
dont 3 en premier auteur et un en dernier auteur, de 3 revues, linvitation a des
conférences et laboratoires internationaux et I'obtention de deux contrats de recherche.

Mon retour en France a eu lieu en septembre 2019 ou j'ai été financé par un RHU (FIGHT-
HF). Jai travaillé sur le role du VWF dans la prolifération des CMLVs. Au plan
moléculaire, nous avons montré que le domaine A2 du VWF induisait la prolifération des
CMLVs par un mécanisme impliquant 2 récepteurs, LRP4 comme ligand du domaine A2
et l'intégrine avBs pour la signalisation (co-premier auteur, Cardiovasc Res 2021) ©
(Figure 8 et 9). La proliféeration des CMLVs induite par le VWF se traduit par un
eépaississement de l'intima dans un modéle de ligature carotidienne tandis que des souris
invalidées pour le VWF ne présentent pas d’épaississement. Enfin, nous avons observé
une colocalisation du VWF et des CMLVs dans des pathologies vasculaires liés au
développement de 'athérosclérose.

A Cellule musculaire B Carotides de souris apres ligature C Aortes humaines avec stries lipidiques

lisse vasculaire VWEF
Alpha SMA . Alpha SMA
VWF+/+ VWEF-/- ,

;/: \‘N* _.__,"‘"/

Figure 8. Effet du VWF sur la prolifération des cellules musculaires lisses
vasculaires (CMLVSs).
Le VWF est colocalisé avec I'intégrine avBs a la surface des CMLVs (A). Les souris déficientes
en VWF sont protégées de la prolifération néointimale consécutive a la ligature carotidienne
(B). Le VWF est présent au niveau des CMLVs de la néointima chez 'homme (C).
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Figure 9 Résumé du rbole du facteur von Willebrand (VWF) sur les cellules musculaires
lisses vasculaires (CMLVSs).

Le VWF peut induire la prolifération des CMLVs en se liant au recepteur LRP4. Le
recepteur LRP4 va ensuite intératir avec l'intégrine avBs. L’intégrine avs va activer la
voie de signalisation Src aboutissant a la proliferation des CMLVs (4).

Dans le méme temps j'ai obtenu un financement pour 2 ans de la FRM (fondation pour
la recherche médicale) et un financement de la FFC (fédération francaise de cardiologie)
pour commencer mon projet.

V. Encadrements.

Des mon doctorat jai participé a 'encadrement et la formation d’étudiants. Pendant mon
postdoctorat j’ai co-encadré une doctorante réalisant une thése de médecine (Y Weihert).
Il est a noter qu’en Allemagne les doctorants en médecine peuvent réaliser leur thése sur
des sujets fondamentaux dans les laboratoires de recherche. De plus, les ACT n’existant
pas en Allemagne il 'y a pas de reconnaissance officielle d’'un co-encadrement sans
posséder au préalable I'équivalent de 'HDR. Depuis mon retour en France j'ai encadré
une étudiante en M2 (J Martin) et je co-encadre deux doctorants (M Bardin) et (V Dufrost).
J'ai également co-encadrer un étudiant de M1 au printemps 2021 sur un sujet portant sur
la dégradation du glycocalyx dans une cohorte de patients que nous possedons a Nancy.
La suite de ce projet sera réalisée par un doctorant qui débutera son doctorat en octobre
2021 et pour lequel je viens d’obtenir un financement via 'UL (LUE) et que je co-
encadrerai avec N Mercier. Mes encadrements sont résumés dans le tableau page
suivante et les résumés des projets sont disponibles annexes page 24.
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Tableau 1 : résumé des encadrements

Encadrant et | Nom Niveau Année, Titre Valorisation
Co- durée et
encadrant lieux
Regnault Docq SIR Juillet-aout Influence de I'activation Publication
Lagrange 2012 plaquettaire sur la génération | dans Platelet
de thrombine évaluée par en 2017
Nancy thrombinographie
Lagrange Thomas Master 1 Avril-Juin Etude des roles respectifs
Toupance 2021 des contraintes
hémodynamiques et du statut
Nancy inflammatoire dans la
dégradation du glycocalyx
endothélial dans une cohorte
de patients adultes.
Lagrange Martin Master 2 Janvier-Juin | Etude du potentiel
2020 thrombotique chez le rat-
taupe nu
Nancy
Wenzel Weihert Doctorat 2014-2017, | Analysis of thrombin Publication
Lagrange soutenance | generation by calibrated dans Science
le 16 automated thrombography in | Translational
novembre plasma of hypertensive Medicine en
2020 patients (HT). 2017
Mayence
Back Bardin Doctorat Début en Résolution de l'inflammation
Lagrange octobre par les médiateurs lipidiques
(ACT du 2018 dans le vieillissement
23/10/2019) vasculaire.
Nancy
Wahl Dufrost Doctorat Début en Implication de TREM-1 et des
Lagrange janvier 2021 | NETs dans la thrombogénése
(ACT en du SAPL.
cours)
Mercier Jahangiri Doctorat Début en Le glycocalyx des cellules
Lagrange octobre musculaires lisses
2021 endothéliales et vasculaires :
base des interactions entre
Nancy l'insudation sanguine et la
mécanotransduction artérielle
au cours du vieillissement
vasculaire.
Lagrange A recruter Postdoctorat | Début en Exploration de I'implication du
decembre facteur von Willebrand (VWF)
Peyrin- 2021 dans 'immunothrombose des
Biroulet maladies inflammatoires

chroniques de lintestin (MICI)

19




VI. Publications et rayonnement scientifique.

A. Travaux originaux.
Orcid : 0000-0002-0811-565X (* indique une position partagée, # auteur correspondant)

1. Lagrange J*, Regnault V*, Pizard A*, Safar M, Fay R, Pitt B, Challande P,
Rossignol P, Zannad F, Lacolley P. Opposite predictive value of pulse pressure and aortic
pulse wave velocity on heart failure with reduced left ventricular ejection fraction.
Hypertension. 2014; 63(1):105-11. IF: 6.4

2. Lagrange J, Bourhim M, Fassot C, Louis H, Nguyen Dinh Cat A, Parlakian A, Wahl
D, Lacolley P, Jaisser F, Regnault V. Endothelial mineralocorticoid receptor activation
enhances endothelial protein C receptor and decrease vascular thrombosis. FASEB J.
2014; 28(5):2062-72. IF: 5.0

3. Lagrange J*, Ait Aissa K*, Mohamadi A*, Louis H, Houppert B, Challande P, Wahl
D, Lacolley P, Regnault V. Vascular smooth muscle cells are responsible for a
prothrombotic phenotype of spontaneously hypertensive rats arteries. Arterioscler
Thromb Vasc Biol. 2015; 35:930-7. IF: 6.0

4. Wenzel P, Rossmann H*, Muller C*, Kossmann S*, Oelze M, Schulz A, Arnold N,
Simsek C, Lagrange J, Klemz R, Schénfelder T, Brandt M, Karbach SH, Knorr M, Finger
S, Neukirc h C, Hauser F, Beutel ME, Kréller-Schoén S, Schulz E, Schnabel RB, Lackner
K, Wild PS, Zeller T, Daiber A, Blankenberg S, Miinzel T. Heme oxygenase-1 suppresses
a pro-inflammatory phenotype in monocytes and determines endothelial function and
arterial hypertension in mice and humans. Eur Heart J. 2015; 36(48):3437-46. IF: 15.0

5. Karbach SH, Schonfelder T, Brandéao |, Wilms E, Hérmann N, Jackel S, Schuler
R, Finger S, Knorr M, Lagrange J, Brandt M, Waisman A, Kossmann S, Schafer K,
Minzel T, Reinhardt C, Wenzel P. Gut Microbiota Promote Angiotensin ll-Induced Arterial
Hypertension and Vascular Dysfunction. J Am Heart Assoc. 2016; 5(9). IF:5.1

6. Kossmann S*, Lagrange L*, Jackel S, Jurk K, Ehlken M, Schonfelder T, Weihert
Y, Knorr M, Brandt M, Xia N, Li H, Daiber A, Oelze M, Reinhardt C, Lackner K, Monia M,
Karbach SH, Walter U, Ruggeri Z, Renné T, Ruf W, Minzel T, Wenzel P. Platelet-
localized FXI promotes a vascular coagulation-inflammatory circuit in arterial
hypertension. Sci Trans Med. 2017; 9(375). IF: 16.

7. Lagrange J, Didelot M, Mohamadi A, A. Walton L. A, Bloemen S, de Laat B, Louis
H, Thornton S. N, Derby B, Sherratt M. J, Féve B, Challande P, Akhtar R, Cruickshank J.
K, Lacolley P, Regnault V. Implication of free fatty acids in thrombin generation and
fibrinolysis in vascular inflammation in aged Zucker rats and evolution with aging. Front.
Physiol. 2017; 8:949. IF: 4.1

8. Lagrange J, Kossmann S, Kiouptsi K, Wenzel P. Visualizing Leukocyte Rolling
and Adhesion in Angiotensin IlI-Infused Mice: Techniques and Pitfalls. J Vis Exp. 2018;
(131).IF: 1.2

9. Didelot M, Docqg C, Wahl D, Lacolley P, Regnault V, # Lagrange J. Platelet
aggregation impacts thrombin generation assessed by calibrated automated
thrombography. Platelets. 2018; (2):156-161. IF: 2.5
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10. Jansen T, Krdller-Schon S, Schonfelder T, Foretz M, Viollet B, Daiber A, Oelze M,
Brandt M, Steven S, Kvandova M, Kalinovic S, Lagrange J, Keaney JF Jr, Mlnzel T,
Wenzel P, Schulz E. alAMPK deletion in myelomonocytic cells induces a pro-
inflammatory phenotype and enhances angiotensin ll-induced vascular dysfunction.
Cardiovasc Res. 2018; 114(14):1883-1893. IF: 6.3

11. Krdller-Schon S, Jansen T, Tran TLP, Kvandova M, Kalinovic S, Oelze M, Keaney
JF Jr, Foretz M, Viollet B, Daiber A, Kossmann S, Lagrange J, Frenis K, Wenzel P,
Munzel T, Schulz E. Endothelial alphalAMPK modulates angiotensinll-madiated vascular
inflammation and dysfunction. Basic Res Cardiol. 2019; 114(2):8 IF: 5.7

12. Schiler R, Efentakis P, Wild J, Lagrange J, Garlapati V, Molitor M, Kossmann S,
Oelze M, Stamm P, Li H, Schafer K, Munzel T, Daiber A, Waisman A, Wenzel P, Karbach
SH. T-Cell-derived IL-17A induces vascular dysfunction via perivascular fibrosis
formation and dysregulation of NO/cGMP signaling. Oxid Med Cell Longev 2019 IF: 4.8

13. Makhoul S, Panova-Noeva M, Regnault V, Ruf W, Wenzel P, # Lagrange J.
Rivaroxaban effects illustrate the underestimated importance of activated platelets in
thrombosis generation assessed by calibrated automated thrombography. J Clin Med
2019; 8(11) IF: 5.6

14. Lagrange J, Finger S, Kossmann S, Garlapati V, Ruf W, Wenzel P. Angiotensin Il
Infusion Leads to Aortic Dissection in LRP8 Deficient Mice. Int J Mol Sci. 2020;
21(14):4916. IF: 4.6

15. Lagrange J, Wagner B, Nagler M, Ten Cate V, Pallares Robles A, Koeck T, Rapp
S, Prochaska JH, Spronk HM, Wenzel P, Ruf W, Ten Cate H, Wild PS, Panova-Noeva
M. Characterization of thrombin generation curve shape in presence of platelets from
acute venous thromboembolism patients. J Clin Med 2020; 9(9):2892 IF: 5.5

16. Molitor M, Rudi WS, Garlapati V, Finger S, Schiller R, Kossmann S, Lagrange J,
Nguyen TS, Wild J, Knopp T, Karbach SH, Knorr M, Ruf W, Minzel T, Wenzel P. Nox2+
Myeloid cells drive vascular inflammation and endothelial dysfunction in heart failure after
myocardial infarction via angiotensin Il receptor type 1. Cardiovasc Res. 2021;
117(1):162-177 IF: 6.3

17. Lagrange J*, Worou ME, Michel J-B, Raoul A, Didelot M, Muczynski V, Legendre
P, Plénat F, Gauchotte G, Lourenco-Rodrigues M-D, Christophe OD, Lenting PJ, Lacolley
P, Denis CV, Regnault V. The VWF/LRP4/avBs-axis represents a novel pathway regulating
proliferation of human vascular smooth muscle cells. Cardiovasc Res 2021. IF: 8.2

18. Efentakis P, Molitor M, Kossmann S, Bochenek ML, Wild J, Lagrange J, Finger
S, Jung R, Karbach S, Schafer K, Schulz A, Wild P, Miinzel T, Wenzel P. Tubulin-folding
cofactor E deficiency promotes vascular dysfunction by increased endoplasmic reticulum
stress. Eur Heart J. 2021 epub. IF: 22,6

B. Revues et chapitres de livres.

18. Mao XQ, Ait-Aissa K, Lagrange J, Youcef G, Louis L. Hypertension,
hypercoagulability and the metabolic syndrome: a cluster of risk factors for cardiovascular
disease. Bio-medical materials and engineering. 2012; 22(1-3):35-48
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19. Regnault V, Lagrange J, Patrick L. Early Aging of Enothelial Functions and
Platelet-Vessel Wall Interactions. Early Vascular Aging (EVA): New Directions in
Cardiovascular Protection, 1st Edition. Editors: Nilsson PM, Hecht Olsen M, Laurent S.
2015

20. #Lagrange J, Ait-Aissa K, Mohamadi A, Wahl D, Lacolley P, Regnault V. Pro- and
anti-coagulants properties of vascular smooth muscles cells. Hématologie (en Francgais)
2016, 22(6)

21. Lagrange J, Kossmann S, Wenzel P. Assessment of vascular dysfunction and
inflammation induced by angiotensin Il in mice. Inflammation: Methods and Protocols.
Editors: Clausen B, Laman J. Methods Mol Biol. 2017; 1559:439-453

22. Kabach SH, Lagrange J, Wenzel P. Thromboinflammation and vascular
dysfunction. Hamostaseologie 2019; 39(2):180-187

23. # Lagrange J, Wenzel P. The regulatory role of coagulation factors in vascular
function. Front in Bioscience. 2019; 24:494-513

24. # Lagrange J, Lacolley P, Wahl D, Peyrin-Biroulet L, Regnault V. Shedding new
light on the role of hemostasis in inflammatory bowel disease. Clin Gastroenterol
Hepatol. 2021 jun; 16(6) 1088-1097 IF: 11,3

25. # Lagrange J, Schellenberg C. Implications des proteins de 'hémostase dans la
physiopathologie de la paroi vasculaire : exemple du facteur von Willebrand. Rev
Francoph Hémost Thromb. 2021 ; 3(2) 101-107 (En francais)

C. Selection de présentations en congres internationaux (sélection).

1. Lagrange J, Bourhim M, Fassot C, Nguyen Dinh Cat A, Wahl D, Lacolley P, Jaisser
F, Regnault V. Aldosterone decreases thrombine generation via enhancement of
thrombomodulin-mediated protein C activation. XXIV ISTH congress of the international
society on thrombosis and haemostasis, Amsterdam, 29 Juin - 4 Juillet 2013.

2. Lagrange J, Walton L, Bloemen S, Cruickshank K, Benetos A, Lacolley P, Regnault
V. Arterial stiffness and haemostasis changes in obese Zucker rats. 7th international
meeting of the French society of hypertension. Paris, 19-20 décembre 19-2013.

3. Lagrange J, Ait Aissa K, Mohamadi A, Lacolley P, Regnault V. Vascular smooth
muscle cells are responsible for a prothrombotic phenotype of spontaneously
hypertensive rat. The Science and practice of venous thromboembolism, Sithonia 4-10
mai 4-10 2015. Prix de la meilleure communication orale.

4. Lagrange J, Kossmann S, Daiber A, Oelze M, Monia B, Ruf W, Mlinzel T, Wenzel P.
Vascular inflammation in two rat models of arterial hypertension is promoted by
coagulation FXI. DGK, Mannheim March 30, 2 avril 2016.

5. Lagrange J, Kossmann S, Minzel T, Wenzel P. Conditional knockout of heme
oxygenase-1 in lysozyme M positive cells attenuates angiotensin |l induced vascular
inflammation. DGK, Mannheim 19-22 avril 2017.

6. Lagrange J, Kossmann S, Munzel T, Wenzel P. Knockout of heme oxygenase-1 in
lysozyme M positive cells attenuates angiotensin Il induced vascular inflammation.
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ICCAD, 12th International Congress on Innovations in Coronary Artery Disease. Venice
15-17 octobre 2017.

7. Lagrange J, The regulatory role of coagulation factors on arterial function. ARTERY18
18-20 octobre 2018. Lauréat du« Career development award ».

8. Lagrange J, Platelet activation and thrombin generation: from bench to hypertension
and thrombosis in humans, Geneva Platelet Group. Geneva, 6 novembre 2018. (sur
invitation)

9. Lagrange J, Coagulation factors and arterial stiffness, North America ARTERY mai
2019. (sur invitation)

10. Lagrange J, The regulatory role of coagulation factors on arterial function, Gordon
Research Conference, 10 février 2020 (sur invitation)

11. Lagrange J, Toupance S, Thomas A, Labat C, Regnault V, Benetos A, Lacolley L.
Respective roles of hemodynamic conditions and inflammatory status in the degradation
of endothelial glycocalyx in adults. ARTERY, 21 octobre 2021

D. Communications affichées (sélection).

1. Lagrange J, Fassot C, Nguyen Dinh Cat A, Lacolley P, Jaisser F, Regnault V.
Paxadoxical involvement of the endothelial mineralocorticoid receptor in platelet
activation and vascular thrombosis in mousse. ARTERY Paris, 13-15 octobre 2011

2. Lagrange J, Louis H, Max JP, Thornton SN, Wahl D, Feve B, Benetos A, Lacolley P,
Regnault V. Increased fibrinogen rises thrombin generation and fibrin clot formation in
obese Zucker rats. XXIV ISTH congress of the international society on thrombosis and
haemostasis, Amsterdam, 29 juin-4 juillet 2013

3. Lagrange J, Walton L, Bloemen S, Cruickshank K, Benetos A, Lacolley P, Regnault
V. Arterial stiffness and haemostasis changes in obese Zucker rats. ARTERY London 17-
18 octobre 2013

4. Lagrange J, Kossmann S, Ehlken M, Monia B, Ruf W, Munzel T, Wenzel P. Platelet-
localized FXI promotes a glycoprotein Iba dependent feedback loop in arterial
hypertension, and vascular inflammation. ARTERY, Krakow, 15-17 octobre 2015

5. Lagrange J, Weihert Y, Karbach S, Wenzel P. Increased platelet reactivity is
responsible of modifications of thrombin generation in hypertensive crisis patients
ARTERY, Krakow, 15-17 octobre 2015

6. Lagrange J, Kossmann S, Ehlken M, Monia B, Ruf W, Miinzel T, Wenzel P. Platelet-
localized FXI promotes a glycoprotein Iba dependent feedback loop in arterial
hypertension, and vascular inflammation. ASH, Orlando, 4-8 decembre 2015

7. Lagrange J, Weihert Y, Munzel T, Karbech S, Wenzel P. In patients with uncontrolled
arterial hypertension platelets and coagulation factor FXI are responsible of modifications
of thrombin generation. ATVB, Nashville, 4-6 mai 2016

8. Lagrange J, Kossmann S, Munzel T, Ruggeri Z, Ruf W, Wenzel P. Contributions of
von Willebrand Factor to the development of angiotensin IlI-induced vascular
inflammation. XXVI ISTH congress of the international society on thrombosis and
haemostasis, Berlin, 8-13 juillet 2017

9. Lagrange J, Kossmann K, Miunzel T, Ruf W, Wenzel P. Role of Lysozyme M+ cells in
the development of angiotensin II-induced vascular inflammation. XXVI ISTH congress of
the international society on thrombosis and haemostasis, Berlin, 8-13 juillet 2017

10. Lagrange J, Kossmann K, Ruf W, Wenzel P. Lack of LRP8 on bone marrow derived
cells triggers the formation of aortic dissection in angiotensin Il infused mice. ESC,
Munich, 25-29 aodt 2018 Prix du meilleur poster.
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11. Lagrange J, Michel J-B , Raoul A, Lenting P J, Lacolley P, Denis CV, Regnault V.
Von Willebrand Factor Induces Vascular Smooth Muscle Cell Proliferation And Migration
Through Low Density Lipoprotein-Related Receptor Protein 4 And avBs Integrin. 23-24
Ocotbre 2020 (congres en ligne).

E. Liste des revues d’articles et de demandes de financements.

Revues d’articles :

04-2018 : 1 article pour Journal of Molecular Medicine

07-2018 : 1 article pour Thrombosis and Haemostasis

10-2018 : 1 article pour Thrombosis Research

07-2019 : 1 article pour Atherosclerosis

12-2019 : 1 article pour Journal of Clinical Medicine

12-2019 : 1 article pour Journal of Molecular Medicine

01-2020 : 1 article pour Journal of Clinical Medicine

02-2020 : 1 article pour International Journal of Molecular Sciences
03-2020 : 1 article pour International Journal of Molecular Sciences
04-2020 : 1 article pour British Journal of Haematology

05-2020 : 1 article pour International Journal of Molecular Sciences
05-2020 : 1 article pour British Journal of Pharmacology

06-2020 : 1 article pour International Journal of Molecular Sciences
07-2020 : 1 article pour International Journal of Molecular Sciences
08-2020 : 1 article pour Oxidative Medicine and Cellular Longevity
09-2020 : 1 article pour International Journal of Molecular Sciences
10-2020 : 1 article pour Journal of Clinical Medicine

11-2020 : 1 article pour International Journal of Molecular Sciences
01-2021 : 1 article pour Journal of Clinical Medicine

01-2021 : 1 article pour Scientific Reports

01-2021 : 1 article pour Frontiers in Physiology

02-2021 : 1 article pour International Journal of Molecular Sciences
04-2021 : 1 article pour Journal of Thoracic Disease

05-2021 : 1 article pour Journal of Molecular Medicine

05-2021: 1 article pour Metabolites

06-2021: 1 article pour European Heart Journal Open

07-2021: 1 article pour Antioxidants and redox signaling

08-2021: 1 article pour Hamostaseologie

09-2021: 1 article pour Frontiers in Cardiovascular Medicine

Evaluation de demandes de financements :

10-2017 : évaluation d’'une demande de financements pour la FRM (Fondation pour la
Recherche Médicale).

02-2019 : évaluation d’'une demande de financements pour le BMBF (Federal Ministry
of Education and Research of Germany).

03-2020 : évaluation d’'une demande de financements pour le National Science Center
in Poland.

10-2020 : évaluation d’'une demande de financements pour le National Science Center
in Poland.
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F. Contrats de recherche et financements.

Les contrats de recherche et financements que j'ai obtenus ainsi que leurs utilisations et
pour quels projets sont résumés dans le tableau suivant.

Tableau 2 : résumé des contrats de recherche et financements

Investigateur | Organisme | Montant | Année et | Utilisation Titre

principal et lieux

Co-

investigateur

Lagrange DSHF 40 k€ 2018 Fonctionnement | Exploration of the role of
Fondation Heme oxygenase-1 on
allemande Mayence polarization and
pour le regulation of LysM+
coeur cells in vascular

inflammation and
hypertension.

Lagrange BMBF 50 k€ 2019 Fonctionnement | Endothelial  glycocalyx
ministére de et salaire d’'un as interaction base
la recherche Mayence | technicien between coagulation
allemand -Nancy and the endothelium in

vascular  inflammation
and ageing.

Lagrange FRM 138 k€ 2019 Salaire pour 24 | Mécanismes des
Fondation mois manifestations
pour la Nancy thrombotiques et
recherche vasculaires dans les
médicale maladies inflammatoires

chroniques de l'intestin
(MICI).

Lagrange FFC 30 k€ 2019 Fonctionnement | Mécanismes
Fédération immunothrombotiques
francaise de Nancy et vasculaires dans les
cardiologie maladies inflammatoires

chroniques de l'intestin
(MICI).
Regnault Pfizer 50 k€ 2020 Fonctionnement | VASCIBD: Role of
Lagrange VASCular changes in
Nancy the development of
complications in
Inflammatory Bowel
Diseases.
Lagrange UL-BMS 10 k€ 2021 Fonctionnement | Etude des cellules
endothéliales et des
Nancy cellules musculaires
lisses vasculaires dans
l'interface sang-
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vaisseaux : implication
du glycocalyx

Mercier UL (LUE) 107 k€ 2021 Salaire Le glycocalyx des
Lagrange doctorant et cellules musculaires
Nancy 15 k€ de lisses endothéliales et
fonctionnement | vasculaires : base des
interactions entre
l'insudation sanguine et
la mécanotransduction
artérielle au cours du
vieillissement
vasculaire.
Lagrange CHRU 45 k€ 2021 Salaire Exploration de
Peyrin- Nancy- postdoctorant l'implication du facteur
Biroulet Région von Willebrand (VWF)
Grand Est dans

'immunothrombose des
maladies inflammatoires
chroniques de l'intestin
(MICI)

G. Autres responsabilités.

2019- : Membre du comité d’éthique de Lorraine.

2021- : topic editor pour JCM (Journal of Clinical Medicine)
2021 : Membre du comité de sélection d’'un MCF a TlUMR_S 1116
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VIl. Projet de recherche: Etude de [Ilinterface sang-
vaisseaux : roles cellulaires des facteurs de la coagulation et
implication de I'immunothrombose, du glycocalyx et des
globules rouges.

Mon projet de recherche est un projet transversal a la fois thématiquement mais
également en termes de cibles. En effet, je vais étudier différents processus transverses
dans le vaisseau sanguin : de I'lIT intraluminal au glycocalyx de la surface des CEs, pour
finir dans la paroi artérielle et les modifications des CMLVSs.

A. Introduction Générale.

Les maladies athérothrombotiques sont caractérisées par un épaississement intimal
provoqué par une convection de lipides du sang vers la paroi vasculaire. Ces lipides
engendrent le développement de plaques athéromateuses composées d’'un noyau
lipidique entouré d’une matrice fibreuse et de CMLVs provenant de la media. La
pathologie peut ensuite évoluer en incluant une néoangiogenése et la migration de
leucocytes depuis le sang dont 'un des événements finals sont des hémorragies dans la
plague. Enfin, la déstructuration de la paroi provoquée par le développement de plaques
se traduit par la rupture de ces plaques et des évenement thrombotiques.

Cette pathologie est un exemple typique de ce que peut provoquer le déséquilibre de
I'interface sang-vaisseaux. Mes travaux ont jusqu’a présent porté sur un aspect particulier
de ce déseéquilibre qui pourrait étre résumé en I'étude des réles cellulaires des facteurs
de la coagulation. La premiére partie de I'état de 'art ciblera ces aspects.

Ces effets cellulaires des facteurs de la coagulation dans la paroi vont de pair avec les
effets cellulaires qu’ils peuvent avoir sur les cellules circulantes. Ces cellules sont bien
connues pour participer aussi au développement des pathologies athéromateuses et
vasculaires de maniere générale.

Pour que les facteurs de la coagulation et les cellules circulantes puissent interagir avec
les cellules de la paroi vasculaire il est nécessaire qu’ils migrent dans la paroi depuis le
sang (Figure 10). Cela nécessite une altération de la barriere endothéliale et en
particulier du glycocalyx endothélial qui recouvre ces cellules. De maniere intéressante
ce glycocalyx a été trés peu étudié dans sa participation a la barriere endothéliale.
Pourtant cette barriere physique empéche en conditions physiologiques le roulement et
'adhésion des cellules immunitaires aux CEs et permet la présence d'un
microenvironnement plasmatique limitant les échanges entre les cellules de la paroi et le
plasma (et vice et versa). Pour mieux comprendre les altérations de l'interface sang-
vaisseaux je souhaite donc étudier plus en détails la biologie du glycocalyx endothélial
en conditions physiologiques et pathologiques.

Enfin, les études de ces derniéres années montrent des interactions entre cellules et
processus jusqu’a présent sous-estimés qui pourraient étre directement impliqués dans
I'interface sang-vaisseaux. C’est par exemple le cas de 'immunothrombose (IT) qui
correspond a un processus de protection contre la dissémination de pathogénes via
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'hémostase et 'immunité innée. Les GRs sont aussi sous le feu des projecteurs car ces
cellules qui historiguement étaient considérées comme passives dans 'hémostase ont
montré qu’elles pouvaient a la fois contribuer au développement de thrombose et des
pathologies vasculaires.

Ainsi je souhaite focaliser mon travail sur I'lT et I'implication des GRs dans l'interface
sang-vaisseaux. Les connaissances actuelles concernant ces processus et implications
cellulaires seront aussi réesumées dans I'état de I'art.

AN
Conductance radiale
hydraulique

Migration e
prolifération
des CMLV

Synthése de facteurs de Ia
coagulation
J

Media Intima Sang

Figure 10. Vue générale des échanges entre les compartiments sanguin et
parietal.

B. Etat de I’art.

1. L’interface sang-vaisseaux : exemple des facteurs de la coagulation.

Une bréche vasculaire provoque I'adhésion des plaquettes et la formation d’'un caillot
destiné a limiter les saignements. La fibrinolyse quant a elle suit la formation du caillot et
permet sa dissolution. La coagulation est possible en présence de phospholipides, de
calcium et surtout avec les zymogénes et les récepteurs cellulaires engendrant
activation de ces zymogenes dans une cascade impliquant plusieurs boucles
d’amplification et de régulation. L’hémostase est altérée dans de nombreuses maladies
et aboutit a des risques de thromboses ou d’hémorragies augmentés. Un résumé genéral
de 'hémostase est présenté en Figure 11.
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Figure 11. Vue Générale de la cascade de coagulation.

En présence d’une breche vasculaire les cellules du sous-endothélium exposent du facteur
tissulaire (FT) qui permet I'activation du facteur VII (FVIIa) puis 'activation du facteur X (FXa).
Les premieres molécules de FXa vont convertir la prothrombine (Fll) en thrombine (Flla) et
celles-ci vont amplifier leur formation en activant les facteurs V (FVa), VIII (FVllla) et XI (FXla).
Le FXla peut ensuite activer le facteur IX (FIXa) qui avec 'aide du FVllla activera plus de FX.
En méme temps, la thrombine peut cliver le fibrinogéne aboutissant a la formation du caillot de
fibrine qui sera stabilisé par l'intermédiaire du facteur Xlll activé (FXllla). La lyse du caillot
commence lorsque le plasminogéne est converti en plasmine par I'activateur tissulaire du
plasminogeéne (t-PA) ou de l'urokinase (uPA) aboutissant a la formation de produits de
dégradation du fibrinogéne (PDF). La fibrinolyse peut étre inhibée par les inhibiteurs de
I'activateur du plasminogene (PAI-1, PAI-2). Les fleches noires courbées indiquent une
conversion, les fleches bleues une activation et les fleches grises indiquent des effets
pléiotropiques supplémentaires.

Le lien entre les modifications de I'hnémostase et les pathologies vasculaires est bien
établi. L’hypertension artérielle en est un bon exemple. Cette pathologie touche prés de
20% de la population adulte et est le principal facteur de risque cardiovasculaire . Si elle
n’est pas traitée, I'hypertension peut aboutir a une insuffisance cardiaque ou rénale ou
encore des infarctus du myocarde ou cérébraux. En ce qui concerne I'hémostase,
'hypertension augmente les concentrations circulantes de facteur VII (FVII), de
fibrinogéne ou encore de D-dimére suggérant la présence d’un état prothrombotique. Les
facteurs anticoagulants sont aussi modifiés avec une augmentation de I'antithrombine
(AT) ou de la protéine C (PC) chez les patients hypertendus.

L’athérosclérose est liée a une dysfonction vasculaire et une augmentation de la synthése
de facteur tissulaire (FT) ou encore de FVII, tous deux synthétisés par les macrophages
et les CMLVs de la plague et de la paroi vasculaire 8. Le FX est également présent dans
les macrophages de la plaque ° et les produits de dégradations de la fibrine sont associés
a la gravité de I'athérosclérose.

Les CEs permettent au sang de ne pas coaguler au contact du vaisseau, en particulier
des surfaces procoagulantes telles que le collagene ou les CMLVs. La fonction
endothéliale est dégradée dans les pathologies cardiovasculaires. Le VWF est
normalement stocké dans les corps de Weibel-Palade et dans une moindre mesure dans
les granules alpha des plaquettes. Cependant, il voit sa concentration circulante
augmenter chez les patients hypertendus ou insuffisants cardiaques ou la présence d’une
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dysfonction endothéliale est bien décrite °. D’autres marqueurs de [I'activation
endothéliale telle que la part soluble de 'EPCR sont augmentés dans I'hypertension 1.
Ces modifications et les altérations de la synthése d’autres facteurs de la coagulation
indiquent de profondes modifications de la régulation de 'hémostase dans le cadre des
pathologies vasculaires.

Le risque de thrombose est majoritairement considéré comme une conséquence des
pathologies vasculaires. Pourtant il y a une vingtaine d’années, la possibilité que
I'némostase elle-méme affecte directement le cours de la maladie a été proposée?!?.

L’hypothése d’une implication directe des facteurs de la coagulation sur les cellules
vasculaires a également remis en cause la fonction de barriére « totalement » étanche
de I'endothélium. Ce changement de paradigme a permis de développer I'’hypothése de
I'existence d’'une interface sang-vaisseaux définie comme étant un échange constant
cellulaire ou de composants cellulaires et plasmatiques a la fois du sang vers le vaisseau
et vice et versa. La présence d’'une conductance hydraulique provoquée par la pression
du sang sur la paroi et la migration vers le sang de produits synthétisés par les cellules
vasculaires ainsi que les conséquences phénotypiques pour les CMLVs a trés bien été
résumeé dans la revue « The vascular smooth muscle cell in arterial pathology: a cell that
can take on multiple roles »*3.

2. Implication des facteurs de la coagulation sur la fonction vasculaire.

Le FT initie la voie extrinseque de la cascade de la coagulation. Dans la paroi vasculaire
les CEs, les CMLVs, les fibroblastes mais aussi les cellules myéloides telles que les
macrophages et les neutrophiles sont capables de synthétiser du FT 4. Dans le sang la
source principale de FT provient des monocytes '°. La majorité du FT exprimé par les
monocytes est cryptique et l'activation des cellules permet son exposition 6. Le
ionophore calcique, la phosphatidylsérine et I'activation des monocytes par I'activation
d’autres cellules ou vésicules extracellulaires sont impliqués dans le décryptage 178,

Les cellules immunitaires sont une des principales sources de FT impliquées dans les
thromboses veineuses et I'athérothrombose %29, De plus, des vésicules extracellulaires
exposant du FT peuvent étre générées a partir des monocytes et avoir une activité
procoagulante 2122, La délétion spécifique du FT dans les monocytes et les neutrophiles
empéche la formation des thromboses veineuses chez la souris 2324, Chez la souris
'absence de FT est |éthal au stade embryonnaire et aucune déficience n’a été observé
chez 'hnomme 2°. Une désorganisation des vaisseaux du sac vitellin a été observé chez
les embryons de souris déficientes pour le FT suggérant I'importance du FT dans le
développement des vaisseaux 26. Le complexe formé pour le FT et le FVlla peut activer
le récepteur 2 activé par les protéases (PAR-2) et contribuer a I'angiogenése,
I'inflammation ou encore la cancérogénese (Figure 12)%728. De plus, l'inhibition du
complexe FT-FVlla a une action anti-angiogénique via le récepteur PAR-2 dans un
modéle de neoangiogenése induite par I'nypoxie 2°. La migration et la prolifération des
CMLVs peut étre induite par le complexe FT-FVlla via I'activation de PAR-2 et la voie
ERK 3031, Plus récemment il a été montré que la liaison entre le FVlla et le site de liaison
aux intégrines était nécessaire pour la formation du complexe intégrant l'intégrine Bl
déclenchant un signal proangiogénique dépendant de la voie du TF et de PAR-2 32,
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Figure 12. Implication des facteurs de la coagulation dans le développement de la
dysfonction vasculaire.

Les contraintes de cisaillement stimulant la synthése de facteur tissulaire (FT) et l'inhibiteur de
la voie du FT (TFPI) par les cellules musculaires lisses vasculaires (CMLVS). Les monocytes
activés, en plus de produire du FT, peuvent adhérer aux cellules endothéliales (CEs) et migrer
dans la paroi vasculaire. Le complexe FT/FVlla ainsi que la thrombine peuvent activer les
récepteurs activés par les protéases (PAR-1, -2 et -4) et induire la prolifération des CMLVs. Les
fleches noires courbées indiquent une conversion, les fleches bleues une activation, les fleches
verte une activation des récepteurs et les fleches grises des effets pléiotropiques
supplémentaires.

Les CEs et les CMLVs sont stimulées par les contraintes de cisaillement, la pression
sanguine ou encore I'onde de pouls. Les battements cardiaques créent des contraintes
cycligues de cisaillement sur les CMLVs aboutissant a un amincissement de la paroi
vasculaire via des signaux de mécanotransduction par l'intermédiaire d’intégrines, de
récepteurs tyrosines kinases ou encore de canaux ioniques 33. Appliquées aux CEs, les
contraintes de cisaillements diminuent la synthése de TNF-a induite par le FT 34,
L’inhibiteur de la voie du FT (TFPI) est aussi régulé par ces contraintes de cisaillement.
Une contrainte de 10% a 1 Hz augmente la synthése de TFPI par les CMLVs 3. Cette
relation entre le TFPI et les contraintes de cisaillement cycliques a été observée dans
une cohorte de femme ménopausées (Figure 13).
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Figure 13. Role des contraintes pulsatiles sur la synthése de I'inhibiteur de Ila voie
du facteur tissulaire (TFPI) par les cellules musculaires lisses vasculaires
(CMLVs).

Le TFPI circulant est corrélé a la vitesse d’onde de pouls dans une cohorte de femmes
ménopauseées (panel de gauche) et un étirement cyclique appliqué a des CMLVs augmente la
synthése de TFPI (panel de droite)®.

31



De plus le TFPI induit 'apoptose des CMLVs et ainsi participe a I'athérothrombose 6.
Enfin, le TFPI a la capacité d’inhiber la prolifération des CEs en liant le récepteur des
lipoprotéines de trés basse densité (VLDLR) ¥.

Le fibrinogéne est a la fois un marqueur d’'inflammation et d’hypercoagulabilité. Son
augmentation est décrite dans les maladies a composantes inflammatoires affectant la
paroi vasculaire telle que I'hypertension, I'athérosclérose et la maladie coronaire 383°, Les
cytokines pro-inflammatoires comme ['lL-6 augmentent la synthése hépatique de
fibrinogéne qui en retour est capable d’induire la production d’autres cytokines
proinflammatoires (TNF-a, IL-1B) 441, Au niveau des CMLVs, le fibrinogéne, la fibrine et
les produits de dégradation de la fibrine ont tous des effets délétéres 4042, Les produits
de dégradation de la fibrine augmentent la perméabilité de I'endothélium et la migration
de CEs #3. Les concentrations plasmatiques en fibrinogene sont augmentées chez les
rats spontanément hypertendus et hyperlipidémiques #*. Au contraire, les IL-4, IL-10 et
IL-13 limitent les altérations vasculaires impliguées dans le développement de
I'athérosclérose aboutissant a une diminution de la synthése de fibrinogéne #°. Tous ces
résultats suggerent que le fibrinogéne participe a la progression des pathologies
vasculaires.

Le FXllla qui a également la capacité d’influencer la migration des CMLVs 4. Les cellules
immunitaires, en particulier les monocytes, participent a la fois au développement de
I'hypertension et de Il'athérosclérose et le FXIII peut se lier au récepteur 1 de
I'angiotensine sur les monocytes permettant une activation compléte de ces cellules par
I'angll 4748, Dans un modéle d’infarctus du myocarde chez la souris, 'absence de FXIII

limite le renouvellement de la matrice extracellulaire et diminue la réparation des tissus
49

Le plasminogene est converti en plasmine par I'activateur tissulaire de la plasmine (t-PA)
ce qui déclenche la fibrinolyse. Le récepteurs 2 de la bradykinine (B2R) et le récepteur
beta-2-adrénergique (AR) peuvent former des hétérodimeres et la bradykinine ainsi que
le récepteur AR augmente la synthése de l'activateur tissulaire de la plasmine (t-PA) ce
qui peut étre inhibé par des betabloquants 5051, L’'urokinase (U-PA) peut aussi participer
a la migration de CMLVs soumises a des contraintes pulsatiles alors que le PAI-1 inhibe
ces effets 523,

3. Le role central de lathrombine dans le couplage sang-vaisseaux.

La conversion de la prothrombine en thrombine est I'étape essentielle aboutissant a la
polymérisation des fibres de fibrine et la formation du caillot. La thrombine a des effets
cellulaires importants pour I'hémostase par lintermédiaire des récepteurs PARs,
principalement via I'activation des plaquettes.

La famille des récepteurs PARs fait partie des récepteurs a 7 domaines
transmembranaires couplés aux protéines G. Il existe 4 récepteurs PARS, tous exprimés
par les plaquettes et les cellules vasculaires 4. La synthése peut différer en fonction du
type cellulaire et de I'espece. Par exemple, les plaquettes humaines expriment PAR-1 et
PAR-4 tandis que les plaquettes de souris expriment PAR-3 et PAR-4 5556, | "activation
des PARs par les protéases provoquent un démasquage de la partie N-terminale 5.
Apres activation, ce domaine se lie au domaine extracellulaire du récepteur provoquant
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un changement conformationnel permettant d’initier la cascade de signalisation 8. PAR-
1, PAR-2 et PAR-4 sont activés de cette maniere mais 'activation de PAR-3 est différente
puisqu’il agit comme un cofacteur de PAR-4 en présence de thrombine (Figure 14) %°.
Les récepteurs PARs peuvent former des hétérodimeres constitués en différentes
isoformes de PARs ce qui rend d’autant plus complexe l'identifications des voies de
signalisation dépendantes de ces récepteurs. Des activations non canoniques des PARs
ont aussi été décrites. Certaines protéases peuvent directement cliver la partie N-
terminale. C’est par exemple le cas de la protéine C activée (PCa) qui peut activer
PAR 1 €,

Ces récepteurs sont présents sur d’autres types cellulaires que les plaquettes ce qui
confére a la thrombine des propriétés pléiotropiques indépendantes de ’hémostase. La
thrombine a des effets sur la différenciation cellulaire, la migration, la réponse
inflammatoire ou encore I'expression de certains génes °1. La thrombine peut activer les
récepteurs PAR-1 et -4, mais également PAR-2 62, Dans la paroi vasculaire, PAR-1 est
présent sur les CEs et les CMLVs 83, Dans les artéres pulmonaires, la thrombine peut
induire une relaxation dépendante de I'endothélium via une activation non canonique de
PAR-1 et une vasoconstriction des vaisseaux ol I'endothélium n’est pas présent %4. De
la méme maniere que pour le FT, la déficience en PAR-1 est léthale des le stade
embryonnaire suggérant la aussi une implication de ce récepteur dans le développement
vasculaire °,
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Figure 14. Effets cellulaires des facteurs de la coagulation via les récepteurs
activés par les protéases (PARS).

Les contraintes de cisaillement augmentent la synthése de PAR-1 par les cellules endothéliales
(CEs). Les facteurs VIl et V activés (FVllla, FVa) augmentent la génération de thrombine (Flla)
et l'activation de PAR-1 active le relargage de facteur von Willebrand (VWF) par les CEs. La
synthése d’interleukine 6 et de metalloprotéinases (MMPS) peut aussi étre induite par PAR-1 et
la voie de signalisation dépendant de RhoA. Cette cascade de signalisation aboutit & une
altération de la barriére endothéliale. De plus, la thrombine peut activer les PAR-2 et PAR-4
avec l'aide de PAR-3 et stimuler la migration et la prolifération des cellules musculaires lisses
vasculaires (CMLVs). L’interaction entre la thrombine, la thrombomoduline (TM) et le récepteur
endothélial de la protéine C (EPCR) aboultit a I'activation de la protéine C (PCa) qui peut aussi
activer PAR-1 et qui, via Rac-1 et l'inflammasome des monocytes, permet une protection de la
barriere endothéliale. La fleche noire courbe indique une conversion, les fleches noires droites
une activation, les barres en T une inhibition, les fleches vertes I'activation d’un récepteur, et les
fleches grises des effets pleiotropiques.
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La thrombine agit comme un facteur de croissance en conditions pathologiques et
participe au remodelage vasculaire via son action sur la prolifération des CMLVs %6, PAR-
1, PAR-2 et PAR-4 provoquent la migration des CMLVs, leur prolifération et leur
hypertrophie ¢. Les contraintes pulsatiles augmentent la synthése de PAR-1 par les
CMLVs et en retour la prolifération induite par la thrombine 8. La thrombine est aussi
importante dans la réponse inflammatoire puisqu’elle stimule la synthése de monocyte
chemoattractant protein 1 (MCP-1 ou CCL2) et d’IL-6 ou encore la production de MMPs
qui participent a la dégradation de la matrice extracellulaire et au remodelage vasculaire
69,70 |La thrombine peut aussi augmenter la chimiotaxie des monocytes en stimulant la
production de MCP-1, participer a la réponse immune et moduler la réponse
inflammatoire aigue et chronique ..

Concernant le role des récepteurs PARSs sur le systeme cardiovasculaire, le PAR-4 dans
les cardiomyocytes peut transactiver le facteur de croissance de I'épithélium (EGFR) 72.
Dans les CEs humaines de cordon ombilical de prééclampsie, PAR—2 induit I'expression
de VEGF 7. Le récepteur B2R induit une vasodilatation dépendante de la bradykinine
provoquant des cedemes et peut interagir avec PAR-4 74, Le systéme rénine angiotensine
aldostérone, qui intervient aussi dans la régulation de la voie de la bradykinine est aussi
lié aux PARs. En effet 'angiotensine augmente la synthése de PAR-1 dans les CMLVs
par l'intermédiaire du récepteur 1 de I'angiotensine °. PAR-1 est également important
dans le remodelage vasculaire induit par '’Angll tandis que les inhibiteurs du FXa et de
la thrombine peuvent tout deux limiter le développement de I'athérosclérose et
d’anévrysmes dans des modeles expérimentaux 6.

Chez les patients atteints d’anévrysmes de l'aorte ascendante, les marqueurs de la
génération de thrombine in vivo sont corrélés a la dilatation de l'aorte 7’. Dans les
vaisseaux touchés par I'athérosclérose la concentration en thrombine présente dans la
paroi est suffisante pour activer PAR-1 78, La thrombine de la media peut ainsi participer
a la déstabilisation de la paroi vasculaire qui en retour aura un potentiel thrombogénique
augmenté.

Enfin, l'utilisation des inhibiteurs du FXa a récemment été étudiée dans I'lC lors de I'étude
COMMANDER 7°. L’inhibition du FXa n’a pas pu diminuer le risque d’infarctus, d’AVC ni
de déces cependant I'évolution de la réactivité vasculaire n’a pas été étudiée dans cette
étude. La question se pose de l'intérét de I'inhibition des effets cellulaires de la thrombine
sur le long terme chez les patients atteints de pathologies ayant des retentissements
cardiovasculaires.

4. Conclusion sur les fonctions cellulaires des facteurs de coagulation.

Les facteurs de la coagulation ont des fonctions allant bien au-dela de I'hémostase.
Certains ont des fonctions directes via les récepteurs PARs, d’autres indirectes sur les
cellules de la paroi vasculaire. De nombreuses questions restent ouvertes notamment
sur la provenance de ces facteurs (circulant ou produit par les cellules vasculaires) ou
sur les quantités provenant de chaque compartiment. L’interface sang-vaisseaux
implique la présence d’'une communication entre compartiments. Cette communication
dépend de I'endothélium qui n'est pas une barriere complétement étanche méme en
conditions physiologiques. Le rdle protecteur des CEs a particuliérement été étudié dans
les pathologies mais en omettant la présence a leur surface d’'une couche de

34



protéoglycanes protecteurs, le glycocalyx, servant d’interface entre le sang et le
compartiment vasculaire. En outre la barriere endothéliale ne commence pas a la surface
des CEs mais par cette couche de glycocalyx. Ce glycocalyx pourrait ainsi jouer un role
majeur dans l'interface sang-vaisseau.

C. Rodle du glycocalyx des cellules endothéliales et des cellules
musculaires lisses dans l'interface sang-vaisseaux.

1. Glycocalyx endothélial et interface sang-vaisseaux.

En conditions physiologiques, la couche de CEs n’est pas en contact direct avec le sang.
Ces cellules sont recouvertes de protéoglycanes (des syndécanes, des
glycasaminoglycanes) qui forment le glycocalyx. Cette couche est une zone d’interface
entre le sang et les cellules pariétales (Figure 15). Il est ainsi aisé d’envisager
I'importance cruciale du glycocalyx endothélial dans l'interface sang-vaisseau.

(@) Capillary lumen

Glycocalyx {

Endothelium < I

Figure 15. Glycocalyx des cellules endothéliales en microscopie électronique.
Reproduction de Oshima, K et al., Pulm. Circ. (2018).8°

Le filet de protection formé par le glycocalyx contient entre 1 et 1,5 litres de plasma qui
forment un équilibre dynamique avec le sang 8. Le glycocalyx participe ainsi par exemple
a la fonction anticoagulante de I'endothélium en emprisonnant ou en protégeant des
protéines anticoagulantes a la surface des CEs. C’est le cas par exemple pour la TM ou
'EPCR. A cela s’ajoute une fonction de barriere physique puisque le glycocalyx
endothélial empéche le roulement et 'adhésion des cellules immunitaires.

En conditions pathologiques une dégradation du glycocalyx peut étre observée et
évaluée par la mesure des produits de dégradations plasmatiques tels que le syndécane-
1. Ainsi des patients ayant subi un infarctus du myocarde avec segment ST élevé
(STEMI) présentent des concentrations circulantes de syndécane-1 et de TM élévées .
Dans le sepsis, les concentrations circulantes de syndécane-1 sont associées au risque
de coagulation intravasculaire disséminé 8. Ces résultats récents mettent en évidence le
lien direct entre I'état du glycocalyx endothélial et le risque cardiovasculaire.
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Il est intéressant de noter que 'immense majorité des études réalisées sur les liens
existants entre les compartiments sanguin et pariétal ne prennent pas en compte la
présence (ou l'absence) du glycocalyx. Par exemple, dans l'article ou nous avons
démontré le r6le du FXI dans le développement de la dysfonction vasculaire par
I'intermédiaire de linfiltration monocytaire, jai observé le roulement et 'adhésion des
cellules immunitaires sur I'endothélium de carotides d’animaux traités a I'’Angll sans
envisager que cette étape ne puisse étre possible que parce que le glycocalyx était
dégradé. J'ai par la suite mesuré le syndécane-1 chez des animaux traités a I'Angll et il
apparait que les niveaux étaient bien supérieurs a ceux des souris controles (ce résultat
est visible Figure 20 p48 de la partie « résultats soutenant le projet »). Il est également
a noter que chez les souris controles les événements de roulement et d’adhésion de
cellules immunitaires circulantes a 'endothélium sont trés rares.

De maniere intéressante le glycocalyx a attiré I'attention dans les années 1980 avant de
tomber en désuétude pendant prés de 25 ans. Depuis 5 a 6 ans lintérét de I'étude du
glycocalyx augmente de nouveau. Cette variation inhabituelle s’explique en partie par la
difficulté que représente I'étude du glycocalyx. En effet, la principale méthode utilisée a
longtemps été la microscopie électronique et les études fonctionnelles sont difficiles a
réaliser. Cela ne fait que quelques années que d’autres techniques sont utilisées,
notamment par la mesure des produits de dégradation. A cela s’ajoute plusieurs
techniques d’'imagerie permettant d’évaluer de maniére directe ou indirecte I'épaisseur
du glycocalyx in vivo.

Une autre fonction du glycocalyx a récemment été démontrée dans la biologie du VWF.
En effet il apparait que le glycocalyx permet au VWF de s’ancrer a la surface des CEs®*.
Un résultat que j'ai obtenu renforce aussi I’hypothése d’'une implication trés sous-estimée
du glycocalyx endothélial dans linterface sang-vaisseau. J'ai en effet étudié les
modifications de I’hémostase dans un modele de rat obése (le rat Zucker) adulte et agé
pour lequel le phénotype vasculaire a été réalisé en paralléle . Il apparait que les
modifications de I'hémostase apparaissent trés td6t en comparaison des altérations
vasculaires ce qui va dans le sens d’une influence causale de ’hémostase sur la fonction
vasculaire. L’élément qui est venu encore renforcer cette hypothése est la forte activité
gélatinolytique (MMP-2 et MMP-9) in situ visible au niveau de I'endothélium chez les
animaux agés qu'ils soient sains ou obeses (ces résultats sont visibles Figure 2) . Les
MMPs jouent un rdle majeur dans la dégradation du glycocalyx et cette différence plus
importante en fonction de I'dge que de I'obésité est en lien avec les modifications de la
fonction vasculaire dégradée de maniére plus importante avec I'adge. Un article récent
allant dans le sens de cette hypothése a ainsi montré une dégradation du glycocalyx
augmentée durant le vieillissement 87,

Cependant la maniére dont le glycocalyx régule le vieillissement vasculaire en interaction
avec les facteurs de la coagulation (du point de vue de leurs fonctions cellulaires) et
l'infiltration pariétale d’autres protéines et cellules n’a, jusqu’a présent, pas été étudiée.

2. Réles du glycocalyx des cellules musculaires lisses vasculaires.

Une couche de glycocalyx n’est pas seulement présente autour des CEs, un glycocalyx
entoure également les CMLVs et a une importance fonctionnelle au niveau de ces
cellules. En effet le glycocalyx des CMLVs a une fonction de modulateur de la prolifération
et de la production de NO en fonction des contraintes pulsatiles . Il joue aussi sur le
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phénotype des CMLVs a la fois en modifiant I'expression de certains génes 8 et la motilité
des cellules . L’héparane sulfate et la chondroitine sulfate sont aussi directement
impliqués dans la mécanotransduction induite par les contraintes pulsatiles et la réponse
contractile des CMLVs . Cette mécanotransduction est realisée par la voie Rho kinase
(ROCK)- phosphatase de la chaine légere de la myosine (MLPC) °2. Le glycocalyx des
CMLVs est aussi impliqué dans le remodelage vasculaire induit par les contraintes
hémodynamiques. Cet effet il a été montré suite a une dégradation du glycocalyx via
I'utilisation de hyaluronidase °3. De plus, une diminution du glycocalyx des CMLVs a été
observée suite a un traitement par une concentration en sel élevée destinée a induire
une hypertrophie des CMLVs 4,

Le vieillissement provoque un épaississement intimal principalement par l'intermédiaire
des CMLVs et une rigidification artérielle associée aux contraintes hémodynamiques et
au développement d’'une dysfonction endothéliale augmentant les échanges entre le
sang et la paroi .

Les résultats récents présentés plus haut remis dans le contexte de l'interface sang-
vaisseaux laissent penser que le glycocalyx des CEs et des CMLVs serait impliqué dans
de nombreuses pathologies.

D. Altération de VIlinterface sang-vaisseaux: exemple de
Fimmunothrombose dans les maladies inflammatoires chronique de
intestin.

Le concept d'IT a été décrit pour la premiere fois en 2013 . Il désigne une activation
adaptée de la coagulation, des plaquettes et des cellules immunitaires pour limiter la
diffusion de pathogénes. Ce concept fait I'objet d’'une attention croissante en pathologie
humaine et est en train de changer profondément I'approche thérapeutique des maladies
thromboemboliques. Une dérégulation de I'I'T (locale ou touchant d’autres territoires
pathologiques) peut étre a l'origine de thromboses veineuses ou artérielles dans la
microcirculation voire dans la macrocirculation. Les acteurs identifiés et étudiés jusqu’a
présent sont les pieges extracellulaires de neutrophiles (NETS). Les NETs peuvent se
fixer au VWF °7. Actuellement cette vision peut étre considérée comme réductrice car I'l T
implique bien d’autres cellules et molécules que les NETs. Le réle de I'lT a été décrit
principalement jusqu’ici dans des maladies telles que le sepsis ou la polyarthrite
rhumatoide 9.

L’IT pourrait étre impliquée dans d’autres pathologies inflammatoires telles que les
maladies inflammatoires chroniques de [intestin (MICI). Les deux complications
principales de ces pathologies sont une augmentation du risque de thrombose qui
pourrait provenir d’une IT dérégulée et le développement d’'une fibrose intestinale et
vasculaire. La fibrose vasculaire, en plus d’étre provoquée par les aspects inflammatoires
de la pathologie pourrait étre exacerbée par I'lT et l'activation continuelle de la
coagulation et des cellules immunitaires.

1. Les MICI et le risque de thrombose.

Les MICI incluent la maladie de Crohn (MC) et la rectocolite hémorragique (RCH) et sont
aussi des facteurs de risque indépendants pour les premiers évenements thrombotiques
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ou les thromboses récurrentes. Les larges études de populations ont montré une
augmentation du risque de MTEV dans les MICI comparés a la population générale %,

Les MICI augmentent aussi le risque de récurrence des thromboses comparativement
aux patients ayant eu un évenement thrombotique mais pas atteints de MICI %°. L’activité
de la maladie est également un facteur de risque indépendant pour les MTEV. Le risque
de thrombose artérielle est également augmenté dans les MICI (infarctus du myocarde,
ischémies mésentériques, accidents vasculaires cérébraux) 1. De la méme maniére que
pour les MTEV le risque de thrombose artérielle augmente avec 'activité de la maladie.

2. Implication des plaquettes dans les MICI.

L’augmentation du compte plaquettaire dans les MICI a été décrit pour la premiere fois il
y a 50 ans 19! puis rapporté dans de nombreux autres travaux (Figure 16). Ce
phénomene est appelé thrombocytose réactionnelle. Dans les modéles murins de MICI
au dextran sulfate de sodium (DSS), la numération plaquettaire ainsi que le
renouvellement des plaquettes sont augmentés %2, Dans ce méme modéle les plaguettes
activées et agrégées a des cellules immunitaires (neutrophiles, monocytes, lymphocytes)
sont augmentées.
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Figure 16. Altération plaquettaire chez les patients atteints de MICI.

Chez les patients atteints de MICI, la numération plaquettaire est augmentée suite a
une thrombocytose réactive. De plus, le volume moyen plaquettaire (VMP) est diminué
et les larges vésicules extracellulaires dérivées des plaguettes (VEL-P) sont
augmentés. Ces vésicules ont un fort pouvoir procoagulant et la génération de
thrombine in vivo est augmentée chez les malades en phase active. L’augmentation de
la réactivité plaquettaire aboutit a :

- une augmentation des concentrations de facteur von Willebrand (VWF) et de
fibrinogene qui activent les plaquettes via les récepteurs GPIIb/llla et GPIb-V-IX ;

- une activation des récepteurs activés par les protéases (PAR)-1 et PAR-4.

- une augmentation du relargage des contenus des granules denses et a (fibrinogéene,
VWEF, facteur plaquettaire 4 (PF4), facteur (F) V, XI, ou inhibiteur de I'activateur du
plasminogéne (PA-1)).
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Le volume plaquettaire moyen (VPM) est également modifié par la thrombocytose
réactionnelle. Il diminue lors d’'un processus inflammatoire et est associé a une
augmentation de la production de plaquettes ainsi que leur consommation. Le VPM est
lié a l'inflammation et aux maladies thrombotiques 1. La diminution du VPM dans les
MICI est lié a I'activité de la maladie 1°*. De maniéere intéressante le VPM est un bon
marqueur dans la MC de la réponse aux anti-TNF-a. (Infliximab) 9. En ce qui concerne
la fonction plaquettaire, I'activation et I'agrégation sont augmentées avec l'activité de la
maladie 1°. Certains ont montré une augmentation de I'agrégation méme pendant les
phases inactives de la maladie 1°7. Le facteur plagquettaire 4 (PF4) qui est un marqueur
de l'activation plaquettaire est augmenté dans les MICI et il est également corrélé a
I'activité de la maladie 1°8. Il a méme été montré une agrégation spontanée des plaquettes
dans les MICI traduisant une hypersensibilité de ces cellules 1°°. Les récepteurs a la
thrombine, les récepteurs activeés par les protéases (PAR)-1 et -4 qui participent a
I'activation plaquettaire augmentent I'activation plaquettaire dans la MC 9. Un autre
facteur participant a 'lhémostase peut influencer la réactivité plaquettaire dans les MICI :
le VWEF. Ce facteur est produit en majorité par les CEs et dans une moindre mesure par
les cellules précurseurs des plaquettes, les mégacaryocytes. Le VWF est impliqué dans
la formation du thrombus via sa capacité a transporter le FVIII et a participer a I'activation
et 'adhésion plaquettaire par I'intermédiaire du récepteur GPIba . Les niveaux du VWF
circulant sont augmentés dans les MICI et la métalloprotéinase impliquée dans sa
dégradation (ADAMTS 13) est diminuée 112, Les niveaux circulants de VWF sont aussi
associés a l'activité de la maladie 113,

Les complexes formés par le VWF et ADAMTS13 sont augmentés quel que soit I'état de
la maladie 2. | est intéressant de noter que chez les patients souffrant d’hémophilie A
et B ou encore de maladie de Willebrand l'incidence des MICI est diminuée 4.

Les plaquettes ont un réle majeur dans I’'hémostase mais de nouvelles fonctions leur ont
été attribuées en particulier dans linflammation 15 Elles peuvent participer a
inflammation en interagissant avec les cellules immunitaires et de la paroi vasculaire.
De plus l'activation des plaquettes aboutit a la fois au relargage des molécules
inflammatoires et a I'expression membranaire de récepteurs de I'inflammation 6.

Chez les souris traittes au DSS l'expression plaquettaire de I'épitope permettant
I'activation du récepteur GPllb/llla est augmentée 192, Ce récepteur, avec le concours de
I'antigéne macrophage-1 (Mac-1 ou intégrine amBz) permet la liaison entre les leucocytes
et les plaquettes et leur adhésion a d’autres surfaces cellulaires 7. Malgré le grand
nombre d’études cliniques réalisées sur les inhibiteurs de GPIIb/llla aucune n’a été faite
dans les MICI %8, Puisque certains anti-intégrines, notamment a7, qui limite le trafic des
cellules immunitaires, se sont montrés bénéfiques dans les MICI, le fait de cibler d’autres
intégrines notamment impliquées dans le risque thrombotique telles que GPIlb/llla
pourrait aussi présenter un intérét thérapeutique.

3. Les altérations de la coagulation dans les MICI.

La conversion de prothrombine en thrombine est I'étape centrale de la coagulation et les
marqueurs de l'activation continuelle de cette étape (complexes thrombine-antithrombine
(TAT), fragments 1+2 (F1+2 de la prothrombine) sont tous augmentés dans les MICI en
phases actives 119121 |a présence d’'une augmentation de ces marqueurs est en
revanche bien moins claire dans les phases inactives de la maladie. Un autre marqueur
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de I'activation de la coagulation sont les D-dimeres, la encore la majorité des études ont
montré une augmentation des concentrations circulantes 119120122 (mais certaines autres
n‘ont pas rapporté de différences significatives. 123-12%). Les concentrations en
prothrombine ne sont pas différentes %5, et bien que les complexes TAT soient
augmentés, il n'y a pas de variation claire de I'AT 19122, Concernant la génération de
thrombine mesurée in vitro par la méthode CAT elle n’est pas différente excepté aprés
ajout de TM pour évaluer l'inhibition de la voie de la PCa et uniquement en présence
d’une inflammation importante (évaluée par mesure de la protéine C réactive) 126, Une
autre étude a cependant montré une augmentation de la génération de thrombine
uniquement en phase aigué '?7. Chez des jeunes patients la génération de thrombine
était augmentée mais d’autres parametres telles que le temps de latence étaient
augmentés le tout corrélé a I'activité de la maladie 128,

Trés récemment un travail portant sur les variations de génération de thrombine chez les
patients traités avec un anti-TNFa (infliximab) a été publié 12°. La génération de thrombine
était augmentée chez les patients atteints de MICI par rapport a des personnes saines
avec et sans TM (1865 (1270-2337) versus 2120 (1611-3041) nM x min). De plus un
traitement anti-TNFa pendant 22 semaines a permis de diminuer la génération de
thrombine (2082 (1678-3041) versus 1883 (1339-2929) nM x min). Plus particulierement
le FVIII, le VWF et le fibrinogéne étaient diminués de facon significative a la suite de ce
traitement.

Le TF a été trouvé comme ayant une fonction délétere dans les modéles expérimentaux
de colite 130131 | "ytilisation d’anticorps dirigés contre le TF dans le modéle au DSS ou
chez des souris synthétisant tres peu de TF (1% de la concentration normale) a montré
une diminution de la migration des cellules immunitaires dans le colon conjointement a
une diminution des marqueurs inflammatoires dans les organes.

Pour ce qui est du FVII, les résultats concernant sa variation divergent puisque certains
ont observé une augmentation et d’autres une diminution de son activation dans les MICI
122132 | es deux études présentent un résultat commun avec une augmentation de
I'activité du FVII dans la MC. Le FX a quant a lui été montré comme étant augmenté dans
la RCH aigue tandis que le FV a été trouvé augmenté a la fois dans le RCH et dans la
MC 119.123.124 '] & FXa n’est pas associé a I'activité de la maladie en dépit du fait que les
marqueurs in vivo de la coagulation soient augmentés avec I'activité de la maladie 1. Le
FVIII a en revanche été trouvé augmenté dans la plupart des publications 119122123
L’implication du FVIII dans les thromboses veineuses est bien établi et pourrait avoir un
role également dans les thromboses chez les patients atteints de MICI 134, Cependant
une concentration élevée en FVIII n’est pas associée au risque de récidive de
thrombose °.

Les variations en FXII plasmatique différent en fonction des études 119120, Le FXI est I'un
des facteurs de la coagulation les plus augmentés dans les MICI quelle que soit I'activité
de la maladie 119120,

L’absence de FIX chez la souris, de la méme maniére que 'inhibition du FT, est capable
de diminuer les symptdmes d’une colite induite au DSS en limitant linfiltration des
neutrophiles dans le tissu colique!®®. L’épithélium intestinal est capable de synthétiser le
FIX et une activation locale de la coagulation pourrait avoir des effets cellulaires par
'intermédiaire des récepteurs PARs. Il est intéressant de noter en revanche que les
souris déficientes en FXII ne sont pas protégées des effets de la colite induite au DSS?3,
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Cet effet différentiel entre deux facteurs de la voie intrinseque pourrait étre similaire a
celui que nous avions décrit dans le cadre du développement de la dysfonction
vasculaire’t. Les souris déficientes en FXI étaient protégées des effets de 'Ang Il en
termes de développement de la dysfonction vasculaire tandis que les souris déficientes
en FXII n’étaient pas protégees.

4. Formation du caillot et altération de la fibrinolyse au cours des MICI.

De la méme maniére que pour la majorité des facteurs de la coagulation les
concentrations circulantes mesurées en fibrinogéne difféerent en fonction des études.
Certains ont montré une augmentation dans la MC et dans la RCH 120.122.128 et d’gutres
uniquement dans la MC 122132 oy seulement dans la RCH 21, Une explication possible
provient du fait que le fibrinogéne est bien connu comme étant corrélé a I'état
inflammatoire, état qui varie énormément au cours de la maladie dans les MICI.

Une diminution du FXIII corrélée a I'activité de la maladie a été montrée chez les patients
atteints de MICI37-139 Cette diminution pourrait provenir d’'une consommation du FXIII
dans des microthrombi disséminés dans la microcirculation et les capillaires intestinaux.
Ce résultat est en faveur de la présence d’une IT chez ces patients

De la méme maniére que pour les marqueurs in vivo de la fibrine, les tests de temps de
coagulation (APTT, temps de céphaline avec activateur, PT : temps de prothrombine)
montrent des variations importantes en fonction des études. Si certaines études ne
montrent pas de différences de 'APTT ou du PT dans la MC ni la RCH, d’autres ont
observé un prolongement des temps de coagulation 119-122 || est a noter qu’aucune étude
n’a montré de temps de coagulation plus courts dans les MICI.

Tous les résultats ne sont pas clairs concernant la fibrinolyse mais plusieurs études
indiquent une altération de la capacité fibrinolytique chez les patients. Les concentrations
circulantes en plasminogéne sont inchangées chez les patients atteints de MICI 120123,
Alors que les variations du tPA sont importantes, plusieurs études ont rapporté une
augmentation 129137 tandis que d’autres ont montré une diminution a la fois pour
I'antigéne et pour lactivité 40141 Enfin, certaines études n’ont pas rapporté de
différences 142143, De maniéere similaire les concentrations en PAI-1 montrent de larges
variations. Cependant la majorité des études a montré une augmentation 120:137.142,144,
Récemment Kaiko et al. ont observé que I'expression du PAI-1 était élevée chez les
patients atteints de MICI ne répondant pas aux anti-TNF 14°, En bloquant le tPA, le PAI-
1 amplifie les altérations de la muqueuse intestinale et son inhibition les réduit. Le PAI-1
peut également interagir avec des composants de la matrice tels que la vitronectine ou
le LDL-1, et 'uPA avec son récepteur intervient dans la migration cellulaire 46, Ainsi,
I'inhibition de PAI-1 diminue la migration des CMLVs et la formation de la neointima 47.
Ces effets cellulaires pourraient avoir une importance dans les atteintes vasculaires des
MICI. Récemment une étude a montré que le PAI-1 pouvait se lier au FXla a la surface
des CEs aboutissant a sa clairance et dégradation 148, Ce nouveau mécanisme met en
lumiére les interactions entre la coagulation, la fibrinolyse et la fonction endothéliale qui
pourraient participer a la pathogénése des MICI. L’augmentation du PAI-1 suggere une
diminution de la fibrinolyse tout comme la diminution de I'inhibiteur de la fibrinolyse
activable par la thrombine (TAFI) 144,
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Concernant les tests intégratifs, le temps de lyse du caillot est prolongé chez les patients
atteints de MICI (Figure 17) 4°. L’aire sous les courbes de fibrinolyse est aussi plus
importante chez les patients ayant déja présenté un évenement thromboembolique 149,

7 Formation de thrombine in vivo
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Figure 17. Modification de la fibrinolyse chez les patients atteints de MICI.

Les concentrations de fibrinogéne sont augmentées par l'inflammation. La thrombine provoque
la polymérisation des fibres de fibrine. De plus la thrombine active le FXIII qui va lier la fibrine et
stabiliser le caillot. La fibrinolyse est diminuée du fait de 'augmentation de l'inhibiteur de
I'activateur du plasminogéne (PAI-1) qui inhibe I'activateur tissulaire du plasminogéne (tPA) et
'urokinase, limitant ainsi I'activation de la plasmine. Dans les MICI le caillot est plus dense et le
temps de lyse allongé. Les produits de dégradation de la fibrine (PDF) sont augmentés. TAFI :
inhibiteur de la fibrinolyse activable par la thrombine.

5. Endothélium vasculaire.

Une dysfonction de I'endothélium peut conduire au relargage de TFPI. C’est le cas des
MICI ou les patients présentent des concentrations de TFPI circulantes augmentées. De
plus ces concentrations sont corrélées aux biomarqueurs du statut inflammatoire et de
I'activité de la maladie '°°. Le TFPI et le FT sont tous deux augmentés dans les tissus du
colon des patients RCH 51, De plus chez des patients jeunes atteints de MICI I'activité
anticoagulante du TFPI est diminuée '°2. Enfin, I'ajout de TFPI dans du plasma de
patients atteints de MICI modifie tres peu la génération de thrombine comparé aux
contrdles ou la diminution est plus importante. Cette résistance au TFPI pourrait expliquer
le fait que méme avec des augmentations a la fois du TFPI et du FT la balance soit reste
en faveur du coté procoagulant.

Il en va de méme pour la TM dont les concentrations circulantes sont augmentées alors
que dans le méme temps I'expression dans les CEs est diminuée 1°3. Enfin, TEPCR
présente des variations similaires a celles de la TM et tout comme la TM son expression
est diminuée dans la muqueuse colique *°3. La PC ne montre pas de variation dans les
MIC| 120122123 3 ['exception d'un seul article ayant observé une augmentation des
concentrations de PC dans les RCH en phase active!'®. Les résultats présentés pour le
cofacteur de la PCa, la protéine S (PS) sont aussi ambigus avec certaines études
montrant des diminutions 120154 et d’autres pas de variations significatives 19122123 Une
concentration en PS basse est généralement associée au risque de thrombose 1%°, |l est
a noter que la PS est aussi un cofacteur du TFPI et que ce dernier peut aussi inhiber le
FXa. Ainsi une altération dans les MICI a la fois de la PS et du TFPI pourrait étre d’autant
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plus délétére pour moduler et limiter la génération de thrombine. Des déficiences
acquises transitoires en PC et PS ont été observées chez un patient atteint de MICI et
ayant fait un AVC %8, Plusieurs autres études ont émis I'hypothése qu’une altération de
la voie de la PC pourrait contribuer au développement de thromboses veineuses 154157,
De plus la PC, de par son effet protecteur via les PARs, a montré un effet bénéfique au
niveau des cellules épithéliales intestinales dans les MICI 158, A cela s’ajoute le fait que
des souris avec des concentrations tres faibles en PC présentent un phénotype de colite
spontanée pointant une nouvelle fois les interactions trés proches entre systeme de la
coagulation et pathologies inflammatoires %3,

Enfin et pour faire le lien avec la partie précédente portant sur les réles cellulaires des
facteurs de la coagulation, un travail récent a permis de montrer que I'épithélium intestinal
était capable de synthétiser de la prothrombine. Une fois activée et convertie en
thrombine, cette derniére a la capacité de dégrader le biofilm matriciel qui entoure les
batteries intestinales et ainsi limite la migration des bactéries a travers I'épithélium?°.

En conclusion, de maniere surprenante pour des maladies qui touchent autant de
personnes, il n'y a pas de résultats suffisamment forts publiés concernant les
modifications de I'hémostase pour conclure sur les facteurs responsables de
'augmentation du risque de thrombose et leurs variations en fonction de la maladie ou
de son activité. De plus, d’autres acteurs non considérés jusqu’a présent pourraient
intervenir dans la modulation du risque de thrombose dans les MICI. C’est notamment le
cas des GRs qui sont des cellules historiquement considérées comme passives Vvis-a-vis
de I'hémostase. En plus de tout cela les GRs sont modifiés dans les MICI et mes résultats
de postdoctorat indiquent qu’ils sont aussi importants dans I'l T.

E. Implication des globules rouges dans les MICI.

1. Les globules rouges dans les thromboses.

Historiquement, le risque de thrombose a été associé aux facteurs de la coagulation, aux
plaguettes, au flux sanguin et a la paroi vasculaire. Cependant des données récentes
suggerent que I'importance des GRs a été trés sous-estimée.

En effet les GRs peuvent, par exemple, s’agglutiner et former des rouleaux.
L’agglutination des GRs augmente lorsque le flux sanguin diminue. Dans les
microvaisseaux la diminution du flux favorise l'agglutination ce qui peut aboutir a
I'occlusion de ces microvaisseaux %, L’agglutination des GRs augmente notamment en
présence d’une réponse inflammatoire 161,

Les GRs peuvent servir de support cellulaire pour la génération de thrombine 2. En effet
une population de GRs peut exprimer de la phosphatidylsérine a leur surface et permettre
la conversion de prothrombine en thrombine 163

Les caillots artériels sont généralement riches en plaguettes mais les GRs peuvent
participer a leur formation en facilitant le transport et I'orientation des plaquettes vers la
paroi vasculaire 164,

Les caillots veineux comprennent généralement une forte proportion de GRs 165
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Les globules peuvent exprimer a leur surface des molécules d’adhésion telles que ICAM-
4 qui peut par exemple lier le récepteur plaquettaire allbB3 166, De maniére inverse les
GRs pourraient aussi exprimer a leur surface de I'allbp3 7. Ainsi les GRs peuvent a la
fois faciliter la génération de thrombine, participer au développement du caillot et
également a sa stabilisation 163

Une stase sanguine permet I'adhésion du VWF aux GRs 168 Ce résultat met en
perspective le fait que les GRs peuvent étre retenus dans les thrombi veineux en cas de
faible flux via leur interaction avec le VWF 1%, Cependant, aucun récepteur n’a été
identifié jusqu’a présent a la surface des GRs pour permettre 'adhésion du VWF 168,

Une élévation de I'hématocrite est associée avec une réduction du saignement et une
augmentation de la thrombose 170, Les GRs sont des éléments centraux de
'augmentation de la viscosité du sang et cette viscosité n‘augmente pas de maniére
linéaire avec 'augmentation de ’'hématocrite. Le risque de thrombose est augmenté dans
un modéle de souris sélectionné pour son hématocrite constitutionnellement élevé 179,

Le modéle de thrombose au chlorure ferrique est le modéle le plus utilisé chez la souris
171 Dans ce modéle les premiéeres cellules a adhérer a la paroi vasculaire sont les GRs
qui, par la suite, permettent de recruter des plaquettes et de former un caillot 172,

Chez des souris anémiques soumises a une thrombose au chlorure ferrique le temps
d’occlusion est prolongé 173. L'effet inverse a été observé chez des souris avec une
hématocrite élevée 170, Ces deux études ont aussi montré I'importance des GRs dans la
modulation de la formation du thrombus.

Les marqueurs inflammatoires tels que la CRP sont associés au risque de maladie
coronaire 1’4, Ces mémes marqueurs sont aussi associés a I'agglutination des GRs qui
peut participer au développement de la maladie en limitant le flux sanguin et les apports
en oxygene 17°,

Une déficience en fer tout comme des concentrations trop élevées sont associées au
risque de thrombose 176, Chez des souris, 'administration de fer augmente le stress
oxydatif et la thrombose artérielle 177,

L’association entre le risque de thrombose et les GRs est bien établie, cependant
certaines situations compliquent le tableau. En effet, j'ai observé avec surprise que dans
le cadre d’une inflammation chronique élevée associée aux MICI, 'agglutination des GRs
limitait 'augmentation du risque de thrombose. Je compte poursuivre ce travail dans mon
projet et ai déja obtenu de nouveaux résultats confirmant mes premieres observations.

2. Les globules rouges dans les maladies inflammatoires chroniques de
intestin.

Une diminution de 'hémoglobine et de I’hématocrite aboutissent a une anémie qui est
une complication commune des MICI 178, Dans les MICI d’autres marqueurs sont utilisés
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pour diagnostiquer la présence d’'une anémie, c’est le cas de la ferritine ou encore de la
transferrine 179,

Il existe deux formes d’anémie associées aux MICI : 'anémie ferriprive et 'anémie
inflammatoire chronique. La plus commune est 'anémie ferriprive qui est provoquée par
une malabsorption du fer au niveau intestinal a laquelle s’ajoute des saignements du fait
de la maladie 1.

L’hépcidine est une hormone qui est secrétée par le foie et régule le métabolisme du fer
en particulier au niveau de I'absorption intestinale 8. Cette hormone permet de réduire
la concentration circulante en fer en limitant son relargage par les cellules, en patrticulier
les macrophages et les entérocytes. La diminution en hépcidine augmente I'absorption
intestinale en fer et dans les macrophages ce qui conduit a une surconcentration en fer.
En revanche, des concentrations en hépcidine trop élevées sont liées a I'anémie
inflammatoire. Dans ces conditions la diminution en fer causée par I'hépcidine limite
I'érythropoiése ce qui caractérise I'anémie inflammatoire ¥2, De maniére inverse une
synthese en hépcidine déficiente pourrait étre un facteur favorisant le développement de
la maladie dans le cadre des MICI 81,

Les patients atteints de MICI ayant une anémie inflammatoire ont des niveaux circulants

en hépcidine plus importants comparativement aux patients souffrant d’anémie ferriprive
183

Le FXIIl peut aussi participer a la rétention des GRs et augmenter la taille du thrombus
184 Un modele de souris ayant une mutation pour le fibrinogéne a moins de GRs
incorporés dans un thrombus. Un résultat similaire a été observé avec l'inhibition du FXIII
184 De maniére intéressante les patients atteints de MICI ont des concentrations
circulantes en FXIII diminuées 8. Cette diminution pourrait étre provogquée par une
consommation du FXIll au niveau des sites de coagulation ou de formation de
microthrombi.

L’augmentation de I'agglutination des GRs est associée a une diminution du flux dans les
capillaires et une diminution de l'oxygénation des tissus. La présence d'une forte
tendance a l'agglutination des GRs chez les patients atteints de MICI est bien
documentée 188, Cette agglutination des GRs est aussi présente dans les vaisseaux
mésentériques de rats traités au DSS 187,

F. Roles des globules rouges dans la dysfonction vasculaire et
implications possibles dans I'immunothrombose.

En plus de leurs rdles dans les thromboses intraluminales les GRs montrent des fonctions
dans le développement de l'athérome et ainsi seraient impliqués en amont des
thromboses. Delbosc et al., ont montré que I'efférocytose des GRs par les cellules de la
paroi artérielle, en particulier les CMLVs, déclenchait les processus d’oxydation
cellulaires participant au développement précoce de I'athérome 8.

Dans des aortes humaines avec des stries lipidiques, des produits associés aux GRs
(hémoglobine, fer ferreux, glycophorin A) sont présents dans la paroi ce qui n’est pas le
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cas dans des aortes saines. Ce phénotype a pu étre reproduit grace a une co-culture de
GRs senescents et de CMLVs et par l'injection de GRs scénecents a des rats.

L’infiltration des globules rouges dans l'intima ne peut cependant se faire que si
'endothélium ne joue plus son rble de barriére et que le glycocalyx endothélial est
dégradé. Une revue trés récente de Jean-Baptiste Michel et José Luis Martin-Ventura a
resumé l'état de l'art concernant les réles des GRs et de I'hémoglobine dans le
développement de [l'athérosclérose et les pathologies associées'®. L'implication
principale des GRs dans le développement de pathologies vasculaires provient du fer
ferreux présent dans 'héme qui en cas d’hémolyse a un trés fort pouvoir oxydant. Les
CEs et les CMLVs peuvent étre affectées par le fer ferreux allant jusqu’a la mort des
cellules. Ainsi une hémolyse locale est associée au développement de I'athérosclérose.
Ce méme processus pourrait aussi avoir son importance dans des pathologies telles que
les anévrysmes aortiques abdominaux ou la présence d’un thrombus au niveau de la
paroi de 'anévrysme provoque une lyse des GRs et un stress oxydant continu sur les
cellules pariétales qui dégraderait encore plus la paroi. Le développement de
calcifications vasculaires pourrait aussi étre associé aux GRs puisque ces calcifications
vont provoquer des hémorragies intrapariétales et les GRs lysés vont en retour amplifier
le develppement des calcifications.

La toxicité cellulaire directe du fer ferreux de I'héme n’est pas le seul mécanisme par
lequel les GRs peuvent altérer la paroi. En effet, 'héme libre a la capacité de chélater le
NO ce qui peut provoquer la contraction des CMLVs voire participer au développement
de I'’hypertension.

Dans les MICI, le réle des GRs dans le développement des complications vasculaires n’a
pas été étudié. En revanche 'augmentation de dégradation du glycocalyx a été observée
et est un argument en faveur d’une déstabilisation de la barriere endothéliale permettant
aux GRs d’exercer leurs fonctions délétéres dans la paroi.

L’'implication des GRs dans I'immunothrombose est aussi un concept nouveau qui n'a
pas été décrit. Pour reprendre 'exemple des MICI, la présence d’'une agglutination des
GRs en plus de la dégradation du glycocalyx endothélial va limiter le flux sanguin, en
particulier dans les microvaisseaux, et pourrait de ce fait participer a I'l T.
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Résumé des points importants et résultats soutenant le projet.

L’importance de l'interface sang-vaisseaux et des fonctions cellulaires des facteurs de
la coagulation

Une des particularités des maladies athérothrombotiques est I'épaississement intimal
provoqué par une convection de lipides du sang vers la paroi vasculaire. Cette
convection comprend aussi des facteurs de la coagulation qui peuvent exercer
différentes actions sur les cellules de la paroi vasculaire.

Les thromboses, une complication fréquente et parfois mortelle des MICI.

Les évenements thromboemboligues sont une complication fréquente des MICI 19,
Etant donné la gravité et la fréquence de ces complications une recherche active 1°1:192
a été menée au cours des derniéres décennies sans pouvoir identifier de mécanismes
responsables 1%, Point important, il a été montré que ces évenements
thromboemboliques différaient de ceux observés dans la population générale °4. Par
exemple, ces patients ne présentent pas de raccourcissement des temps de
coagulation et la présence d’'un nombre de plaquettes élevé n’est pas associée avec
la survenue de thromboses.

L’'immunothrombose explique-t-elle le risque thrombotique au cours des MICI ?

Le concept d'IT désigne une activation adaptée de la coagulation, des plaquettes et
des effecteurs immunitaires pour limiter la diffusion de pathogénes. Le réle de I'lT a
été décrit dans le sepsis ou la polyarthrite rhumatoide, mais son réle au cours des MICI
n‘est pas connu °. L’inflammation peut induire I'agglutination des GRs, mais les
répercussions sur la formation des immunothrombi ne sont pas connues. Au cours des
MICI 'agglutination des GRs va modifier la rhéologie sanguine et pourrait étre 'un des
mécanismes de I'IT en limitant la perfusion de I'intestin. Les preuves s’accumulent pour
désigner les GRs comme une composante jusque-la peu prise en compte dans
I'hnémostase %, mais rien n’est connu concernant leurs rbles dans IIT. Ainsi
'agglutination des GRs diminue les surfaces phospholipidiques libres disponibles pour
les réactions de coagulation et pourrait aussi intervenir dans la modulation du risque
thrombotique au cours des MICI. Mes résultats préliminaires sont en faveur de cette
hypothése. J'ai également pu montrer que la voie de signalisation IL-6 et son récepteur
(IL-6R)/JAK/Stat3 induisait la synthése d’alpha-2-macroglobuline (A2M) qui est un
inhibiteur de la thrombine. En conditions normales, 'A2M est plasmatique, mais jai
montré qu’en conditions inflammatoires elle était localisée a la surface des GRs ce qui
pourrait limiter le risque de thrombose et participer au réle protecteur de I'lT
(Figure 18). L’inhibition de JAK pourrait provoquer une diminution de la synthése
d’A2M chez les patients, levant ainsi linhibition basale de la thrombine tout en
désagrégeant les GRs, ce qui aboutirait a une augmentation du risque de thrombose.
Par ailleurs, il a recemment été montré que le VWF pouvait se lier aux GRs uniquement
dans des conditions de faible flux ce qui correspond aux conditions provoquées par
I'IT dans la circulation mésentérique 1°. Le VWF apparait de plus en plus comme une
molécule centrale de I'I'T. Nos résultats préliminaires vont dans ce sens (Figure 19).
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Figure 18. Implication des globules rouges dans la modification du temps de
coagulation en sang total.

La surexpression d’IL-6 chez la souris induit une agglutination des globules rouges (A) et la
dilution du sang désagrége les globules rouges. Les globules rouges agrégés portent a leur
surface de grandes quantités d’IL-6 et d’A2M (B). Un temps de coagulation en sang total
montre un allongement du temps de formation du caillot chez ces souris tandis que la
dilution du sang (désagrégeant les globules rouges) aboutit & une formation accélérée du
caillot (C). Ce résultat montre I'importance des surfaces des globules rouges combinée a
I'anticoagulation par 'A2M dans la formation du caillot. Toutes ces observations ont été
trouvées également chez des patients atteints de MICI (D, E, F).
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Figure 19. Modification de marqueurs liés a la nétose chez les patients atteints
de MICI.
Concentrations circulantes en VWF au cours des MICI (A), courbes de génération de
thrombine en plasma riche en plaquettes (B) et potentiel thrombinique correspondant (ETP)

().

La dégradation du glycocalyx endothélial, premiere étape du déséquilibre de l'interface

sang-vaisseaux.

Pour que les facteurs de la coagulation et les cellules circulantes, en particulier les
GRs puissent interagir avec les cellules de la paroi il est nécessaire qu’ils migrent dans
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la paroi depuis le sang. Cela nécessite une altération de la barriere endothéliale et en
particulier du glycocalyx endothélial qui recouvre ces cellules (Figure 20).
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Figure 20. L’augmentation des concentrations circulantes de syndécane-1
indique une dégradation du glycocalyx endothélial.

Des rats hypertendus par traitement a I'angiotensine Il présentent une dégradation du
glycocalyx plus importante que des rats hypertendus par néphrectomie 5/6°™. Cette
différence pourrait résulter de l'inflammation induite par I'angiotensine Il tandis que
I’hypertension par néphrectomie est une hypertension volume-dépendant

Le pouvoir oxydatif des GRs altere les CMLVSs.

En plus de leur implication dans 'hémostase, les GRs vont exercer un stress oxydant
et une chélation du NO en cas d’hémolyse via 'héme. L’efférocytose des GRs par les
CMLVs va participer a la modification du phénotype de ces cellules et participer au
développement de pathologies vasculaires (Figure 21).
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Figure 21. Implication du thrombus intraluminal dans les anevrysmes aortiques
abdominaux (AAA).
Les globules rouges piégés dans les thrombi des AAA peuvent étre dégradés par les CMLVs
de la paroi et induire un stress oxydant pouvant conduire a la mort de ces cellules.
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G. Hypotheses générales de travail et objectifs.

Mes hypothéses de travail sont les suivantes (Figure 22) :

1. Les GRs et leurs interactions avec les autres cellules circulantes (plaquettes,
leucocytes) jouent un réle essentiel dans le processus d’IT au cours des MICI.

2. La voie de signalisation IL-6/JAK/Stat3/A2M ainsi que le VWF sont des acteurs
moléculaires majeurs de I'lT et sa dérégulation aboutit a des thromboses
pathologiques au cours des MICI.

3. La dégradation du glycocalyx endothélial dépend du stress oxydant plus que des
contraintes physiques provoquées par le sang et elle est responsable d’'un déséquilibre
de l'interface sang-vaisseaux.

4. Les GRs provoquent un stress oxydant pariétal qui modifie les CMLVs et participe
au développement de la dysfonction vasculaire.
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Figure 22. Résumé des hypothéses de travail et axes de recherche.
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H. Approches méthodologiques : modeles animaux et cohortes de patients.

Pour répondre aux différentes questions posées, des modeles cellulaires, des modeles
transgéniques et de traitements murins et également des cohortes de patients seront
utilisés.

Modeles cellulaires

Des cultures primaires de CEs et de CMLVs aortigues humaines commerciales seront
utilisées pour les aspects moléculaires des hypothéses de travail. Des GRs
sénescents ou non seront préparés pour étre mis en contacts avec les CMLVSs.

Modeéles murins

e LysMcre* IRG* (DsRed-express, Cre-mediated GFP) permettant le suivi de lignées
cellulaires.

e Des souris déficientes en VWF.

e Un modéle de souris unique généré a Mayence qui surexpriment I'lL-6 dans les
cellules LysM* (neutrophiles, monocytes, macrophages).

e Des souris surexprimant JAK2 dans les cellules LysM*.

Plus particulierement pour les MICI, j utiliserai le modéle de colite au sulfate de dextran
sodique (DSS) avec une administration dans I'eau de boisson (solution de 3 a 5 %)
pendant 5 jours. Ce modéle est maitrisé depuis plusieurs années dans I'équipe 2 de
'UMR_S 1256. Les modéles « aigu, chronique et en rémission » peuvent étre obtenus
en modifiant les concentrations de DSS et la fréquence d’administration. Tous les
modeles de colite expérimentale seront induits & 2 mois. Il existe une disparité
d’induction d’une colite en fonction du fond génétique et du sexe. Ainsi, le modele DSS
sera réalisé sur un fond génétique C57BL/6, chez des males. La saisine pour ces
travaux a été obtenue (APAFIS #23548).

e Des souris contrdles traitées avec de I'ang |l par minipompes osmotiques.

Pour I'étude du glycocalyx et de I'implication des GRs sur les cellules de la paroi
vasculaire, des souris seront traitées avec I'ang Il par minipompe osmotique (0,5
mg/kg/jour pendant 2 semaines) pour induire une inflammation permettant la
dégradation du glycocalyx, et seront ensuite traitées avec des GRs sénescents
(injection iv de 2.107 cellules).

Cohortes ciblées de patients

Cette étude sera réalisée en collaboration avec le service de gastroentérologie et
'équipe 2 de l'unité UMR_S 1256 (Pr L Peyrin-Biroulet). J'utiliserai la cohorte I-BANK
(NCT03809728) qui est issue d’'une étude prospective monocentrique de patients
atteints de MICI, diagnostiqués sur des criteres radiologiques, endoscopiques et
histologiques. Les premieres inclusions ont débuté fin 2019. La population finale
atteindra 1000 patients d’ici 2024. Toutes les caractéristiques de la maladie, les
traitements ainsi que les complications thrombotiques seront notamment disponibles
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chez ces patients. Cette MICI-théque est hébergée dans la biobanque du CHRU de
Nancy (CRB Lorrain). Elle contiendra du sérum, du plasma citraté ainsi que des
cellules mononuclées sanguines périphériques isolées par ficoll auxquels jaurai accés
pour mon projet. J'aurai également acceés aux pieces chirurgicales que j’utiliserai pour
I'étude histologique des microvaisseaux et des capillaires mésentériques.

Pour explorer les causes de la dégradation du glycocalyx endothélial, jutiliserai les
prélevements plasmatiques de la cohorte TELARTA (NCT02176941) qui est une
cohorte de patients recrutés car devant subir diverses procédures chirurgicales
(chirurgie vasculaire, chirurgie orthopédique, chirurgie plastique, greffe de rein, pose
de défibrillateur). Cette cohorte initialement créée pour étudier les variations de taille
des téloméres en fonction du vieillissement vasculaire est trés bien phénotypée au
niveau cardiovasculaire et au niveau du statut inflammatoire (CRP, IL-6, IL-1B). Ainsi
je pourrai faire le lien entre les marqueurs de la dégradation du glycocalyx et le
vieillissement cardiovasculaire physiologique ou pathologique.

l. Axes de recherche.

1. Axe de recherche 1: Ro6le des cellules circulantes dans
limmunothrombose au cours des MICI.

Il est nécessaire dans un premier temps de définir la contribution des cellules
circulantes a I'lT au cours des MICI. Dans le but de visualiser les immunothrombi et
de mesurer la perfusion des microvaisseaux mésentériques, des souris LysM cre*
IRG™ traitées au DSS seront utilisées. Ce modele de souris permettra de discriminer
en microscopie confocale intravitale les GRs et les plaquettes (par leur taille) et les
neutrophiles qui fluoresceront dans le vert (GFP). Ainsi je pourrai évaluer la
contribution de chaque type cellulaire a I'lT. In vitro, I'agglutination des GRs sera
mesurée par la vitesse de sédimentation (VS), la réalisation de frottis sanguins et une
étude protéomique des protéines membraniaires pouvant participer a la modulation de
'agglutination sera faite en utilisant la plateforme dédiée de I'unité mixte de service
(UMS) 2008 de la faculté de médecine de 'UL. Des marquages pour I'lL-6, 'A2M et le
VWEF seront réalisés sur les frottis sanguin. De plus, un temps de coagulation en sang
total non dilué sera réalisé pour intégrer I'effet des agrégats de GRs a ’lhémostase (j’ai
développé ce test lors de mon postdoctorat). Les interactions entre cellules circulantes
seront étudiées chez les souris LysM cre* IRG* traitées au DSS directement en
microscopie confocale intravitale mais également en cytométrie en flux. Le VWF
pouvant se fixer en faible flux aux globules, la méme expérience sera réalisée avec
des GRs (fluorescents) de souris LysM cre* IRG™.

Dans la cohorte I-BANK la VS des GRs sera corrélée aux différents parameétres de I'lT
(activation in vivo des plaquettes de la coagulation et génération de NETS) dans le but
d’évaluer ceux impliqués dans leur agglutination. De la méme maniére le VWF et ’A2M
circulants seront mesurés par ELISA pour permettre une stratification des patients.
Cette stratification prendra aussi en compte I'état de la maladie (phase active ou
rémission) et le traitement. Les interactions entre GRs, plaquettes et cellules
immunitaires seront évaluées par cytométrie en flux.
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Chez les souris traitées au DSS et chez les patients de la cohorte, les marqueurs de
I'activation in vivo de 'hémostase et les marqueurs de la formation et de la dégradation
des NETs (ADN, myéloperoxidase, complexes ADN-histones, FT, polyphosphates,
protéine disulfure isomérase, ...) seront mesurés. In vitro, I'évaluation de I'activation
des cellules circulantes impliquées dans la génération et I'inhibition de la thrombine
et/ou impliguées dans la formation des NETs (GRs, plaquettes, monocytes,
neutrophiles) permettront de mieux cibler I'implication de chaque type cellulaire dans
IT.

Enfin, une étude plus fondamentale des GRs sera nécessaire. En effet, jai montré lors
de mon postdoctorat que I'agglutination de GRs ne dépendait pas d’interactions
récepteur/ligand et que linhibition du récepteur de 'A2M ne changeait pas cette
capacité d’agglutination. Ainsi, une étude physico-chimique des GRs sera réalisée en
collaboration avec le LIBio (Jordane Jasniewski, MCF, LIBio, Nancy). Cette
caractérisation consistera dans un premier temps en I'étude du potentiel Zéta des GRs,
c’est-a-dire la mesure de la charge de surface des cellules. De plus, des mesures de
microrhéologie par diffusion dynamique de la lumiere seront mises en ceuvre pour
évaluer I'impact de la viscosité du sang sur I'agglutination des GRs. La composition de
la membrane des GRs sera étudiée en dosant notamment chaque type de
phospholipides par chromatographie sur couche mince couplée a un détecteur a
ionisation de flamme (latroscan) et les caractéristigues macroscopiques des GRs, a
savoir hydrophobie/hydrophilie et caractere acide/base de Lewis par une approche de
mesure d’affinité aux solvants. Une mesure de la fluidité membranaire par anisotropie
de fluorescence est envisagée si des différences de composition en phospholipides
sont relevées. Enfin, des mesures de pH cytoplasmique et de potentiel de membrane
pourront étre réalisées par des approches de fluorescence spécifique.

2. Axe de recherche 2: Implication du VWF et de I'A2M dans
Fimmunothrombose et sa dérégulation au cours des MICI.

Pour disséquer les acteurs moléculaires dérégulant I'l' T, des souris déficientes pour le
VWEF et traitées au DSS seront utilisées. L’activité des cellules immunitaires circulantes
sera évaluée par microscopie intravitale du tissu mésentérique. Les leucocytes seront
marqués avec de l'acridine orange et le nombre de cellules roulant et adhérant a
'endothélium sera évalué a l'aide d’enregistrements vidéo °7. De plus, I'ischémie
meésentérique étant 'événement thrombotique le plus courant au cours des MICI un
modéle de thrombose au FeCls sera réalisé chez ces souris traitées au DSS pour
évaluer la participation du VWF a ces thromboses.

Un modéle de souris surexprimant I'lL-6 dans les cellules LysM* (disponible dans le
cadre de ma collaboration avec le CTH de Mayence) sera utilisé pour étudier le réle
de cette cytokine dans I'I'T. Concernant I'étude des thrombi des microvaisseaux de
I'intestin et les interactions entre les cellules circulantes, elle se fera par microscopie
confocale intravitale. Ces souris ne seront pas traitées au DSS car elles développent
spontanément un phénotype proche d’'une MICI. Ce phénotype est a lier au fait que
I'IL-6 est 'une des cytokines principales augmentées dans les MICI.
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J'utiliserai également des souris surexprimant JAK2 (Jackson labs) qui permettront
d’induire la production d’A2M sans IL-6. Une dérégulation de I'IT chez ces souris
permettrait de mettre en évidence l'importance de l'interaction entre IL-6 et A2M et
ainsi de mieux cibler les candidats potentiels pour limiter I'I'T dépendante de
'agglutination des GRs. Il sera nécessaire de différencier les effets indirects de I'lL-6
(via la liaison a ’A2M) par rapport aux effets directs via la voie de signalisation JAK1/2
puisque des inhibiteurs de I'lL-6 et de son récepteur ont été testés au cours des MICI.

Chez les patients de la cohorte I-BANK, les niveaux circulants de VWF libre ou sous
forme multimérique ainsi que 'ADAMTS13 qui permet le clivage des multimétres
seront mesurés. Les pieces chirurgicales permettront de réaliser des histologies des
microvaisseaux et capillaires intestinaux dans le but d’observer les microthrombi et
caractériser leur composition cellulaire ainsi que la distribution de VWF et d’A2M.

3. Axe de recherche 3 : Altération du glycocalyx endothelial et répercutions
sur l'interface sang-vaisseaux.

Des travaux récents ont montré un réle inattendu des GRs dans le développement de
la plaque d’athérome 18, La transmigration des GRs dans la paroi peut arriver lorsque
les CEs ne remplissent plus leur réle de barriére. Cette barriere repose en particulier
sur la présence du glycocalyx endothélial que j'ai trouvé endommagé dans un contexte
inflammatoire. L’objectif sera d’explorer les interactions entre les cellules circulantes
et les CEs (altération du glycocalyx endothélial, insudation des molécules
plasmatiques dans la paroi vasculaire) provoquées par I'inflammation systémique et
leurs conséquences dans la modulation de I'IT.

Pour évaluer lI'importance de la dégradation du glycocalyx jutiliserai un modéle de
souris traité a I'Angll et mesurerai la dégradation du glycocalyx par dosage des
produits de dégradation (syndécane-1) mais également des protéines anticoagulantes
normalement présentes a la surface de I'endothélium (TM, EPCR). In vivo, I'épaisseur
du glycocalyx peut étre estimée grace au changement de perfusion avant et apres le
passage d’un leucocyte dans un capillaire 8. Toujours in vivo, le glycocalyx pourra étre
directement visualisé a l'aide d’anticorps dirigés contre I'héparane sulfate et la
connexine 43 %8 [’estimation de I'insudation de cellules et de protéines du sang dans
la paroi sera réalisée par histologie des facteurs de la coagulation (prothrombine,
fibrinogéne) et des cellules circulantes (macrophages, lymphocytes, neutrophiles,
plaquettes, GRs). Les modifications structurales seront quant a elles étudiées par
colorations histologiques (trichrome de Masson, Safranin O et Alcian pour les
glycosaminoglycanes (GAG)) *°. Les MMP-2 et -9 seront marquées in situ comme
marqueurs de dégradation du glycocalyx (observation faite chez les rats Zucker). La
différenciation des CMLVs sera évaluée avec différents marqueurs : a-SMA, SM22a
SM-MHC, smootheline, caldesmone, calponine and vimentine. La capacité
proliférative des CMLVs sera mesurée a I'aide de BrDU et la senescence avec des
marquages de la B-galactosidase, de p16 et de p21. Enfin la production de ROS sera
guantifiée avec la sonde fluorescente CM-H2DCFDA.

Au niveau cellulaire des CEs des GRs seront utilisés. Les CEs seront traitées avec
des GRs, sénescents ou non, pour évaluer la dégradation du glycocalyx. Les
techniques utilisées seront les mémes que celles présentées précédemment.
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Pour évaluer l'importance des relations entre dégradation du glycocalyx et état
cardiovasculaire, les marqueurs de dégradation du glycocalyx seront mesurés dans la
cohorte TELARTA dont les patients ont été phénotypés pour les parametres
cardiovasculaires et de I'inflammation. Ceci pourra confirmer les résultats trouvés chez
les souris.

De plus, I'état du glycocalyx endothélial pourra aussi étre mesuré chez les patients de
la cohorte IBANK et corrélé au type et a I'état de la maladie. Une technique in vivo
pourra aussi étre utilisée : le Glycocheck, un microscope sublingual qui mesure
I'épaisseur du glycocalyx a 'aide de la distance entre les GRs circulants et la surface
de I'endothélium. Ce microscope permet également de voir la présence d’agrégats de
GRs chez 'lhomme.

4. Axe de recherche 4 : Implication des globules rouges dans la dysfonction
vasculaire.

Les réactions d'immunothrombose pourraient participer au développement des
anomalies vasculaires et jai reccemment montré que le VWF était présent dans l'intima
avec remodelage des plaques d’athéromes et induisait la prolifération des CMLVs. A
cela s’ajoute les fonctions pro-oxydantes des GRs sur les CMLVs qui pourraient,
directement ou dans un contexte d'immunothrombose, exacerber le développement
de la dysfonction vasculaire. L’objectif sera d’étudier I'implication des GRs dans le
remodelage vasculaire.

Chez des souris déficientes en VWF et traitées au DSS le phénotype artériel sera
évalué : mesures de pression artérielle par télémétrie, rigidité artérielle (VOP),
structure et composition de la paroi et réactivité vasculaire (carotide et artére
mésentérique). Concernant I'hémostase, la modification des propriétés
anticoagulantes de l'endothélium sera étudiée au méme titre que les propriétés
procoagulantes des CMLVs (mesure de la thrombomoduline soluble et de I'expression
de FT et de TFPI). De la méme maniére que pour I'axe 3 l'insudation sanguine dans
la paroi sera mesurée.

In vitro, des cultures de CMLVs en présence de GRs sénescents ou non seront
réalisées. Les altérations fonctionnelles provoquées par les GRs seront évaluées au
méme titre que les marqueurs de différenciation et les répercussions sur I'activation
de la coagulation. L'implication du VWF dans I'exacerbation de ces phénomeénes sera
également évaluée.

La présence d’altérations dépendantes des GRs chez des patients sera visualisée via
I'histologie de tissus vasculaires (aortes, carotides) de personnes saines ou présentant
des pathologies vasculaires (athérosclérose, anévrysme) provenant de la biobanque
constituée par Jean-Baptiste Michel.

L’une des poursuites de ce travail se fera via I'étude du glycocalyx des CMLVs. Des
CMLVs aortigues humaines en culture seront traitées avec un mélange d’héparanase
et de hyaluronidase. Les interactions cellule-matrice au niveau des adhésions focales
seront visualisées a I'aide de la kinase FA (FAK), de I'activation de I'intégrine av et de
leur activation. La dynamique des adhésions focales en présence ou absence de
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glycocalyx pourra étre visualisée avec un microscope TIRF (total internal reflaxtion
fluoresence microscopy) en collaboration avec TUMR CNRS 7213 (Strasbourg, P.
Rondé).

5. Résultats attendus.

Ce projet permettra d’identifier les causes de 'augmentation du risque de thromboses
liée a I'l'T dérégulée ainsi que les implications des GRs et du glycocalyx dans le
développement de la dysfonction vasculaire.

Les données obtenues devraient permettre :

1) La découverte d’'un profil biologique prothrombotique chez les patients MICI et
donc lidentification de sous-groupes présentant un risque plus élevé de
thrombose et pour lesquels un traitement antithrombotique pourrait étre
envisagé. Cette approche préventive s’inscrirait ainsi dans le cadre d’une
médecine de précision.

2) Le développement de nouvelles approches thérapeutiques ayant une fonction
anti-thrombotique ciblée et également anti-inflammatoire, par exemple en ciblant
les mécanismes d’action de I'A2M, du VWF et l'agglutination des GRs pour
prévenir la dérégulation de I'IT.

3) Une meilleure compréhension des implications respectives du glycocalyx
endothélial et des GRs dans le développement de pathologies vasculaires. La
restauration d’un glycocalyx endothélial fonctionnel et I'inhibition du VWF a I'aide
d’anticorps a domaine variable unique (nanobody) pourront étre testées a moyen
terme.

Les avancées de ce projet pourront étre applicables a d’autres maladies
inflammatoires chroniques qui touchent au total un Francais sur 10.

J. Activités de direction et collaborations.

J’ai commencé a coordonner mon groupe dans I'équipe d’accueil en participant a la
supervision a la fois de doctorants et d’étudiants en master travaillant sur mon projet
(Figure 23). J'ai également déja déposé une demande de financement a la Région
(Financement CHU-Région) pour faire venir a Nancy une postdoctorante de Mayence
qui est compétente sur les aspects de 'hémostase et immunitaire de mon projet. Je
consoliderai les financements déja obtenus en postulant cette année a une ANR
jeunes chercheurs et dans les prochaines années a des demandes bi-nationales
(France-Allemagne, ANR-DFG) et européennes. Concernant les ressources
techniques, je peux compter sur 'TUMS2008 (IBSLOR) ou 'UMR_S 1116 accueille la
plateforme de cytométrie.

Je souhaite poursuivre la formation d’étudiants en master pour les préparer au
concours de I'école doctorale BioSE. J'encourage également mes étudiants a s’investir
a différents niveaux a l'université, que ce soit dans les conseils scientifiques (Pdle
Biologie/Médecine/Santé, conseil scientifique de l'université), dans I'association des
doctorants, ou encore a I'école doctorale puisque toutes ces activités m’ont beaucoup
apporté lors de mon doctorat.
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Figure 23 Résumé de I'environnement de recherche et des collaborations

J’ai établi des collaborations locales, nationales et internationales qui me permettront
de mener a bien mon projet. A la faculté de médecine de Nancy je peux compter sur
TUMR_S 1256 « Nutrition — génétique et exposition aux risques environnementaux
(Dir. Pr Jean-Louis Guéant) et en particulier 'équipe 2 « Interactions métaboliques-
génomiques en médecine personnalisée et thérapeutique innovante de la maladie
inflammatoire chronique de I'intestin » (Pr Laurent Peyrin-Biroulet) ayant 'expertise de
la physiopathologie des MICI et des modéles de colite expérimentale ainsi que des
approches translationnelles via la Plateforme de Recherche sur les Maladies
Inflammatoires Chroniques de I'Intestin du CHRU de Nancy. J'aurai également acces
aux prelévements de la cohorte TELARTA constituée par Athanase Benetos (UMR _S
1116). Toujours au niveau local, j'ai établi une collaboration avec Jordane Jasnieswki,
MCF au laboratoire LIBio a 'TENSAIA pour ce qui concerne les mesures physico-
chimiques des GRs.

Au niveau national je bénéficierai de I'aide de Cécile Denis (directrice de TUMR_S
1176) et Peter Lenting, spécialistes du VWF et qui ont produit les souris déficientes en
VWE. Je bénéficierai également de toute I'expérience de Jean-Baptiste Michel (DR
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INSERM émeérite) au niveau de la physiopathologie cardiovasculaire et également via
la large biobanque de tissus qu’il a constitué.

Au niveau international je poursuivrai des collaborations avec mon laboratoire de
postdoctorat (Pr Wolfram Ruf, directeur du CTH, Pr Philip Wenzel, Dr Marina Panova-
Noeva, directeurs d’équipes au CTH). J'utiliserai notamment la plateforme intravitale
pour les parties du projet relatives au glycocalyx sur les souris LysM cre* IRG*. Je
poursuis aussi d’autres projets sur l'implication du FXI, de 'HO-1 et I'implication des
inhibiteurs du FXa et de la thrombine sur la génération de thrombine. A cela s’ajoute
ma collaboration avec le Dr Susanne Karbach (également directrice d’équipe au CTH)
qui a mis au point les souris surexprimant I'lL-6 et m’a permis d’étudier les
modifications de I'hémostase chez ces souris. Je continue également une
collaboration établie lors que mon doctorat pour le travail portant sur le rat Zucker avec
Kennedy Cruickshank et Chris Faulkes a Londres (Kings College et Queen Mary
University) concernant un projet portant sur le rat taupe nu. Ces animaux peuvent vivre
pres de 30 ans sans présenter de vieillissement vasculaire. Leur étude fera également
partie de la thése qui commencera en fin d’année. Enfin, je travaille avec Magnus Béack
(Pr au Karolinska Institutet) qui a constitué plusieurs cohortes qui pourront étre
utilisées pour pousser I'exploration des implications physiopathologiques de
l'altération du glycocalyx des CEs.
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Annexe |
Encadrements : Résumé des projets.

Clémence Docq, co-encadrée lors d’un stage de SIR (2012).

Ce travail a été publié dans la journal Platelet en 20173

Titre : Influence de I'activation plaquettaire sur la génération de thrombine évaluée par
thrombinographie

Résumé : La mesure de génération de thrombine par thrombinographie est réalisée
principalement avec du PPP (Plasma pauvre en plaquettes) mais également avec du
PRP (Plasma Riche en Plaquettes). Dans le cas du PRP on peut penser que les
conditions présentes in vivo ne sont pas parfaitement reproduites puisque les
plaquettes ne sont pas stimulées de la méme maniére. En effet, le milieu de réaction
est statique, ce qui ne favorise pas I'agrégation des plaquettes en PRP, bien qu’elles
puissent étre activées du fait de la présence de thrombine. De plus, les surfaces
phospholipidiques issues des plaquettes, qui supportent la coagulation, peuvent s’en
trouver modifiées. Notre but est donc de déterminer le rble des éléments relargués par
les plaquettes, et le réle de l'agrégation de ces derniéres, sur la génération de
thrombine. Pour cela nous avons réalisé une agrégation plaquettaire avant de faire
une thrombinographie. Nos résultats révelent une diminution significative du temps de
latence et du temps pour atteindre le pic dans le PRP aprés agrégation, que I'agoniste
utilisé soit ’ADP ou le collagéne. Le pic et la vélocité ne varient pas dans le PRP aprés
agrégation en collagene alors qu’ils augmentent avec I'ADP. Ces variations sont
partiellement reversées dans le cas ou la thrombinographie est réalisée avec les
agrégats isolés et resuspendus en PDP. En conclusion, les variations dans le PRP
apres agrégation sont dues a la fois aux plaquettes agrégées mais de maniere plus
importante aux substances et microparticules libérées. Ainsi 'agrégation plaquettaire
influence la cinétique de génération de thrombine. La réaliser avant une
thrombinographie pourrait étre un outil permettant de mettre en relation le
phénotypage de I'hémostase primaire et de la coagulation.

Arthur Thomas co-encadrée pour son Master 1 Biologie Santé (Avril-Mai 2021).
Titre : Etude des rbles respectifs des contraintes hémodynamiques et du statut
inflammatoire dans la dégradation du glycocalyx endothélial dans une cohorte de
patients adultes.

Résumé : Les résultats préliminaires obtenu dans des modéles animaux et chez
’homme de I'étude portant sur les altérations du glycocalyx ont montré de maniére
etonnante que les contraintes de cisaillements n’étaient pas responsables de la
dégradation du glycocalyx. Il semble en revanche que la composante inflammatoire ait
un réle central. Le travail de ce M1 portera sur la mesure des produits de dégradation
du glycocalyx dans la cohorte TELARTA. Cette cohorte de patients recrutés suite a
des chirurgies est trés bien phénotypée au niveau cardiovasculaire et permettra
d’identifier les facteurs responsables de la dégradation du glycocalyx.

Julie Martin encadrée pour son Master 2 Biologie Santé (Janvier-Mai 2020).

Titre : Etude du potentiel thrombotique chez le rat-taupe nu

Résume : La rigidité artérielle et I'état prothrombotique augmentent avec l'age. Les
cellules musculaires lisses vasculaires (CMLVsS) ont un réle majeur dans le
développement de la rigidité artérielle et supportent la génération de thrombine. Le rat-
taupe nu (NMR, de 'anglais « naked mole rat ») est I'espéce de rongeurs qui vit le plus
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longtemps avec une durée de vie maximale supérieure a 30 ans. Des études
antérieures ont mis en évidence que ces mammiféres ont un vieillissement similaire a
celui de 'Homme, sans cependant présenter d’augmentation de la pression artérielle
ou de la vitesse d’onde de pouls, témoin d’une élasticité artérielle conservée avec
I'age. Aucune étude n’a été réalisée dans ce modele de vieillissement concernant les
changements de 'hémostase. Notre hypothése est que le rat-taupe nu posséde une
hémostase intacte tout au long de sa vie. L'objectif a ainsi été d'analyser les variations
de I'hémostase et ainsi que la composition artérielle chez les NMRs agés de 2, 10 et
20 ans et de comparer les résultats a ceux de souris jeunes (4 mois) et agées (16
mois). La mesure de l'activité des facteurs de coagulation a été réalisée a partir de
plasma et leur expression a partir du foie. Nos résultats indiquent qu’il n'y a eu aucune
augmentation de la génération de thrombine plasmatique ni aucune augmentation
significative du fibrinogéne, tous deux connus pour augmenter normalement avec l'age
chez 'Homme. Cependant, une augmentation du FVIII semble apparaitre avec I'age
chez les NMRs.

Nos résultats confirment que comme pour la réactivité vasculaire, les NMRs sont
capables de maintenir une hémostase fonctionnellement intacte de 2 ans jusqu’a 20
ans. L'ensemble de ces résultats suggere d’utiliser une stratégie comparative afin de
trouver des facteurs influencés par 'age et augmentant le risque de thrombose chez
'Homme au cours du vieilissement mais pas chez les NMRs. Des résultats
préliminaires sur l'étude de la paroi artérielle ont été réalisés sur des aortes
thoraciques. Les analyses histologiques d’aortes ont montré des modifications au
cours du vieillissement chez les NMRs. La densité des CMLVs est identique chez les
NMRs de 2 et 10 ans, tandis qu'une hyperplasie cellulaire est observée chez les
animaux plus agés. Il sera intéressant par la suite d’étudier le couplage
sang/vaisseaux pour comprendre comment le NMR peut conserver ses fonctions
vasculaires et de I'hémostase au cours du vieilissement tout en présentant des
modifications cellulaires et d’expressions.

Yvonne Weihert, encadrée pour sa thése de médecine (2014-2017, soutenance le 16
novembre 2019).

Ce travail a été publié dans le journal Science Translationnal medicine en 2017’
Titre: Analysis of thrombin generation by calibrated automated thrombography in
plasma of hypertensive patients (HT).

Résumé : We found a significant relation in the platelets examination and the thrombin
generation of HT patients. This applies in particular to kinetic parameters like velocity,
peak of TG and time to peak. They are correlated with BP. TG is literally accelerated
in HT circumstances. The management of HT did not lower ETP or kinetic parameters
in our patients. Hence, we consider TG to be increased chronically. Inhibition of GP1ba
showed no effect on TG. This result however might be falsified by aspirin. Outstanding
results of FXI inhibition were found which showed a significant decrease of ETP and
of the kinetic parameters in HT. FXI presumably has a stronger impact on TG than
GP1ba via a positive feedback loop.

The results confirmed the pivotal interaction between inflammation and coagulation
system as a potential cause for vascular dysfunction and HT. Pharmaceutically, this
will be of great interest for the development of new treatment principles. Thrombin
inhibitors are already available and FXI inhibitor will be on the market in the coming
years but their clinical benefit-risk balance is discussed controversially due to severe
bleeding occasions (Eikelboom et al., 2017; Jansa et al., 2010). Further studies must
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reveal if a non-full-anticoagulant therapy improves HT and inflammation (Makhoul et
al., 2019). FXI inhibitors promise an effective future strategy for the treatment of HT
and vascular dysfunction.

Next to therapeutic consequences, TG measurements by CAT might operate as a
precursor to identify cardiovascular endangered patients as we found an increased TG
to be a chronic state. It might not be a potent running parameter, but may be a future
criterium for an evaluation of the overall cardiovascular risk’s.

Matthieu Bardin, actuellement en doctorat (UMR_S 1116), co-encadrement.

Titre : Résolution de I'inflammation par les médiateurs lipidiques dans le vieillissement
vasculaire. ACT du 23-10-2019.

Résumeé : L’inflammation chronique est un déterminant majeur du vieillissement
cardiovasculaire. Les médiateurs lipidiques dérivés des acides gras polyinsaturés
peuvent étre pro-inflammatoires ; c’est le cas des leucotrieénes. lls peuvent au contraire
exercer des effets de résolution de I'inflammation comme les résolvines qui sont des
meédiateurs lipidiques dérivées des acides gras oméga-3. Parmi ces médiateurs
lipidiques pro-résolutifs spécifiques (SPMs), la résolvine D2 (RvD2) posséde un fort
potentiel anti-inflammatoire via son récepteur spécifique : le récepteur GPR18, un
récepteur couplé aux protéine G exprimés par différents types cellulaires dont les
cellules musculaires lisses vasculaires (CMLVS).

L’hypothése est que linflammation chronique au cours du vieillissement vasculaire
résulte d’'un dysfonctionnement des mécanismes de résolution liés aux SPMs. Notre
objectif est de déterminer si les SPMs peuvent retarder le vieillissement vasculaire et
métabolique en agissant principalement sur les propriétés des CMLVs qui régulent la
rigidité artérielle, les calcifications et le stress oxydatif, et de préciser les mécanismes
impliqués.

Virginie Dufrost, actuellement en doctorat (UMR_S 1116), co-encadrement.

Titre : Implication de TREM-1 et des NETs dans la thrombogénése du SAPL. (ACT en
cours)

Résumé: Le syndrome des anticorps antiphospholipides (SAPL) est une
thrombophilie acquise définie par la présence d’anticorps antiphospholipides (aPL) et
la présence de manifestations clinique (thrombose veineuse, artérielle et/ou
microcirculatoire, et/ou manifestation obstétricale). Le risque thrombotique est variable
d’'un patient a l'autre. L’enjeu principale au cours du SAPL est ainsi de déterminer les
patients a risque d’évenement thrombotique afin de personnaliser les stratégies
thérapeutiques. Des travaux ont permis de montrer que les neutrophils extracellular
traps (NETS) pourraient jouer un réle favorisant dans le processus thrombotique au
cours du SAPL. D’autre part, un récepteur exprimé sur les cellules myéloides,
triggering receptor on myeloid cells 1 (TREM-1) semble impliqué dans de nombreux
phénomenes inflammatoire, auto-immun et thrombotique. Au cours du SAPL, une
seule étude est disponible rapportant une élévation de la forme soluble de ce récepteur
(STREM-1) chez des patients avec un SAPL thrombotique.

Notre objectif principal est de démontrer que les aPL sont pathogénes par
l'intermédiaire de l'activation de TREM-1 et la production de NETs. Pour cela, nous
souhaitons vérifier sur un modéle animal si l'inactivation de TREM-1 permet de
diminuer la formation de thrombi au cours du SAPL et évaluer si l'inactivation de
TREM-1 diminue la production de NETs. Nos objectifs secondaires sont premiérement
de vérifier si le taux de NETs circulants est prédictifs de la survenue d’événement au
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sein d’'une cohorte de patients SAPL. Deuxiémement, nous souhaitons explorer si les
aPL au cours du COVID-19 sont pathogénes autant que les aPL du SAPL par leur
caractérisation et I'étude de ces méme voies de 'immunité (TREM-1 et NETS).

Les hypothéses auxquelles ce travail de thése répondra sont les suivantes :

- L’inactivation de TREM-1 diminue la formation de thrombus au cours du SAPL
par la diminution de I'activation des neutrophiles, monocytes et cellules endothéliales
par les aPL

- Les taux de NETs circulants sont augmentés chez les patients SAPL par rapport
aux sujets porteurs d’aPL asymptomatiques et aux sujets contréles et prédictifs de la
survenue d’événement au cours de leur suivi

- Les aPL présents au cours de la COVID-19 ont la méme pathogénicité que les
aPL des patients SAPL avec le méme profil immunologique, profil hypercoagulable et
leurs impacts sur les voies NETs et TREM-1

Mohammad Jahangiri et qui débutera son doctorat le 1 er octobre 2021

Titre : Le glycocalyx des cellules musculaires lisses endothéliales et vasculaires : base
des interactions entre I'insudation sanguine et la mécanothransduction artérielle au
cours du vieilissement vasculaire chez le rat-taupe nu et les souris traitées a
'angiotensine II.

Résumé : L'importance du glycocalyx des cellules vasculaires (cellules endothéliales,
EC et cellules musculaires lisses vasculaires, CMLV) a commencée a étre étudiée au
cours de la derniére décennie et a largement bénéficié de I'avancée méthodologique
pour étudier ses effets. Dans des conditions physiologiques, la couche endothéliale
n'‘est pas directement en contact avec le sang. Elle est recouverte d'abondants
protéoglycanes (syndécanes, glycosaminoglycanes) appelés glycocalyx qui forment
l'interface entre le sang et les cellules ainsi que les composés pariétaux. De plus, les
composants sanguins (plaguettes, cellules immunitaires et molécules) peuvent
pénétrer dans la paroi en fonction du gradient de pression entre la pression artérielle
(100 mmHgQ) et la pression interstitielle (12 mmHg) et la perméabilité endothéliale
(appelée insudation). Il reste a étudier comment les modifications du glycocalyx
endothélial affectent la fonction artérielle et le phénotype des cellules vasculaires au
cours du vieillissement normal et accéléré. Le vieillissement vasculaire provoque un
épaississement intimal progressif da a la prolifération des VSMC, une matrice plus
rigide en plus d'altérations hémodynamiques telles que I'hypertension et des flux
sanguins perturbés. Des études récentes ont montré des associations entre les
altérations du glycocalyx et (i) le remodelage vasculaire (i) la réponse de
vasoconstriction induite par la contrainte de cisaillement et (iii) I'nypertrophie des CML
induite par le sel élevé. Ces données récentes suggerent que le glycocalyx pourrait
retarder le vieillissement artériel.

Nous visons a étudier comment le glycocalyx des CE et des CMLV participent au
développement du vieilissement vasculaire avec un accent particulier sur les
propriétés anticoagulantes endothéliales et la mécanotransduction des CMLV. Deux
modeles animaux et un modele cellulaire seront utilisés : - Les rats-taupes nus comme
modéle exceptionnel de résistance au vieillissement - Le Modéle de souris traitée a
I'angiotensine Il comme modéle de vieillissement accéléré dans lequel I'inflammation
et I'hnypertension sont induites.69 - Les cellules en culture primaire de CMLV d'aorte
humaine in vitro (AoSMC de chez LONZA) dans un glycocalyx normal ou altéré.

Ces modeles in vivo et in vitro nous permettront de nous concentrer sur les objectifs
suivants : (i) Evaluer la composition / I'intégrité de l'aorte et de la carotide en utilisant
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une analyse histologique avancée pour quantifier les marqueurs de différenciation et
de sénescence, l'insudation des produits sanguins et le statut glycocalyx de rats-
taupes nus (RMN) a 2, 10 et 20 ans comme ainsi que des souris adultes et agées (20
semaines d'age). (ii) Réaliser des études mécanistes sur les AOSMC (de la membrane
matrice-cellule a la mécanotransduction nucléaire associée a la plasticité des VSMC
(marqueurs de migration, de sénescence et de différenciation).
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Endothelial mineralocorticoid receptor activation
enhances endothelial protein C receptor
and decreases vascular thrombosis in mice
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ABSTRACT Previous studies have shown that aldo-
sterone, which activates the mineralocorticoid receptor
(MR), promotes thrombosis in animal models. Our
objective was to determine whether MR activation/
expression in the vascular endothelium could modify
thrombotic risk in vivo and to examine thrombin gen-
eration at the surface of aortic endothelial cells
(HAECGCs). MR was conditionally overexpressed in vivo
in vascular endothelial cells in mice (MR-EC mice) or
stimulated with aldosterone in HAECs. Thrombosis
after ferric chloride injury was delayed in MR-EC mice
compared with controls as well as in wild-type FVB/NRj
mice treated with aldosterone (60 ng/kg/d for 21 d).
Thrombin generation in platelet-poor plasma did not
differ between MR-EC mice and controls. In MR-EC
mice, aortic endothelial cell protein C receptor (EPCR)
expression was increased. Aldosterone (1078 M) atten-
uated thrombin generation at the surface of cultured
HAECs, and this effect was associated with up-regula-
tion of expression of EPCR, which promotes formation
of activated protein C. Aldosterone increases EPCR
expression via a transcriptional mechanism involving
interaction of MR with the specificity protein 1 site.
These findings demonstrate that MR activation acts on
endothelial cells to protect against thrombosis in phys-
iological conditions and that MR-mediated EPCR over-

Abbreviations: ActD, actinomycin D; APC, activated protein
C; CAT, calibrated automated thrombography; CHX, cyclo-
heximide; CT, control; EGM-2, endothelial cell growth me-
dium 2; EPCR, endothelial protein C receptor; ETP, endog-
enous thrombin potential; GR, glucocorticoid receptor;
HAEC, human aortic endothelial cell; HASMC, human aortic
smooth muscle cell; ICAM-1, intercellular adhesion molecule
I; MR, mineralocorticoid receptor; MR-EC, mineralocorti-
coid receptor overexpression in vascular endothelial cells;
PCR, polymerase chain reaction; PPP, platelet-poor plasma;
RT-PCR, reverse transcription polymerase chain reaction;
SP1, specificity protein 1; TF, tissue factor; TFPI, tissue factor
pathway inhibitor; TM, thrombomodulin; VCAM-1, vascular
cell adhesion molecule 1; VSMC, vascular smooth muscle cell;
vWEF, von Willebrand factor; WT, wild type
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expression drives this antithrombotic property through
enhancing protein C activation.—Lagrange, J., Li, Z.,
Fassot, C., Bourhim, M., Louis, H., Nguyen Dinh Cat,
A., Parlakian, A., Wahl, D., Lacolley, P., Jaisser, F.,
Regnault, V. Endothelial mineralocorticoid receptor
activation enhances endothelial protein C receptor
and decreases vascular thrombosis in mice. FASEB J.
28, 2062-2072 (2014). www.fasebj.org

Key Words: aldosterone - thrombin - SPI + smooth muscle
cell - transcriptional regulation

SINCE THE DISCOVERY OF ALDOSTERONE by Simpson et
al. (1) in 1953, the role of this mineralocorticoid
hormone was thought to be limited to salt and water
homeostasis in the kidney. The pioneering work of
Brilla et al. (2) in the mid-1990s showed a profibrotic
effect of aldosterone in the myocardium and gave new
dimensions to this hormone and its receptor, the
mineralocorticoid receptor (MR). Significant progress
has been made in understanding the pathological
situations in which MR antagonism is beneficial, but the
underlying mechanisms remain unclear. Clinical trials
have demonstrated the therapeutic benefit of MR
blockade in heart failure (3-5), and aldosterone is
often considered as a deleterious hormone in the
cardiovascular system (6). In certain situations, how-
ever, aldosterone has a paradoxical effect: in diabetic
cardiomyopathy, cardiac aldosterone synthesis is bene-
ficial (7); in the vasculature, aldosterone increases
either vasodilation (8, 9) or vasoconstriction (10).
Therefore, the effect of aldosterone may be site-specific
and may also depend on the pathological context.
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Aldosterone has been proposed to be a prothrom-
botic factor in animal models (11, 12), through en-
hancement of platelet activation and impairment of
fibrinolysis (13). These effects are partially or totally
prevented by MR antagonism (14, 15). In human bone
marrow endothelial cells, aldosterone up-regulates the
endothelial protein C receptor (EPCR; ref. 16). How-
ever, no direct measurements of thrombin generation
have been reported in this context. Thus, our objective
was to determine the role of MR activation/expression
restricted to endothelial cells on thrombin generation.

We have therefore developed a strategy combining
transgenic mice and cell-based assays to investigate the
role of endothelial MR in the putative prothrombotic
and antithrombotic properties of aldosterone. We first
explored EPCR expression and arterial thrombus for-
mation in response to vascular injury in a transgenic
mouse strain with conditional overexpression of hMR
restricted to the vascular endothelium. To get insights
into the underlying mechanisms, we then examined the
in vitro procoagulant and anticoagulant properties of
human aortic endothelial cells (HAECs) in response to
aldosterone. The in wvivo functional consequence of
endothelial MR activation is to reduce arterial throm-
bus formation in mice. Aldosterone decreased throm-
bin generation at the surface of HAECs via EPCR
overexpression and activated protein C (APC) genera-
tion.

MATERIALS AND METHODS

Cell culture

Clonetics HAECs or human aortic smooth muscle cells
(HASMCs) from Lonza (Basel, Switzerland) were used at
passages 5—7. Cells were grown to subconfluence in Clonetics
endothelial cell growth medium 2 (EGM-2) or smooth muscle
growth medium 2 (SmGM-2), respectively, and incubated for
18 h in desteroidized serum. Cells were then incubated for 24
h with 107® M aldosterone (Sigma-Aldrich, St. Louis, MO,
USA), in the presence or absence of 10~® M MR antagonist
RU28318 (Tocris Bioscience, Bristol, UK) or glucocorticoid
receptor (GR) antagonist RU486 (Mifepristone, Sigma-Al-
drich), or drospirenone, a progesterone receptor/MR antag-
onist (Sigma-Aldrich) or actinomycin D (ActD; Sigma-Al-
drich, 5X107¢ M, pretreatment 1 h), or cycloheximide
(CHX; Sigma-Aldrich, 10 wg/ml, pretreatment 1 h).

Plasmid constructions and reporter gene assay

pGL4.10 vectors (Promega, Madison, WI, USA) containing
the firefly luciferase reporter gene were used for in vitro
reporter gene analysis. pGL4.10 does not contain any eukary-
otic promoter. Different lengths of human EPCR 5’ regula-
tory regions were amplified by high-fidelity polymerase chain
reaction (PCR) using the specific oligonucleotides (see Sup-
plemental Table S1) and inserted into the Xhol-BgllI sites of
the pGL4.10 vector by using the In-Fusion PCR Cloning
System kit (Clontech, Mountain View, CA, USA). Mutation of
the transcription factor specificity protein 1 (SP1) binding
site (from TCCTCCC to cCtTCaa) was performed using the
mutated oligonucleotides. The constructions were verified by
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sequencing and used to transfect HAECs. Cells were plated in
24-well plates at 50,000 cells/well and cotransfected the next
day with 500 ng of the reporter plasmid and 50 ng of
transfecting efficiency control (CT) plasmid hRLuc contain-
ing the renia luciferase gene by using lipofectamine 2000
(Life Technologies, Carlsbad, CA, USA). After 24 h, trans-
fected cells were starved in the EGM-2 medium containing
0.5% desteroidized serum for 18 h and stimulated with 10™°
M aldosterone for 24 h. Luciferase activity was determined
with the dual-luciferase kit (Promega).

Mouse strains

Mice with conditional hMR overexpression in vascular endo-
thelial cells (MR-EC) were generated as described previously
(10). Monotransgenic tetO-hMR mice and monotransgenic
transactivator VE-cadherin-tetOFF mice were mated to obtain
double-transgenic MR-EC mice. Monotransgenic VE-Cadh-
tetOFF, tetO-hMR, and wild-type (WT) FVB/NR;j mice were
used as CT mice. WT FVB/NRj mice were also treated with
aldosterone (60 pg/kg/d for 21 d) via osmotic minipumps.
Male mice aged 3-7 mo were used for experiments. All
procedures were conducted in accordance with and approved
by the Animal Ethics Committee of the Institut National de la
Santé et de la Recherche Médicale and conformed to the U.S.
National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Endothelial cell activation markers

Circulating and cell-associated von Willebrand factor (VWF)
antigen was measured by ELISA vWF (Asserachrom; Diagnos-
tica Stago, Asnie¢re-sur-Seine, France). Each sample was as-
sayed at 2 dilutions chosen to interpolate results using the
calibration curve obtained with the human calibrator sup-
plied within the kit (17).

Soluble CD146 was measured using a homemade ELISA.
Costar high-binding 96-well plates (Corning, Corning, NY,
USA) were coated overnight at 4°C with 100 pl of the
anti-CD146 P1HI2 clone at 1 pg/ml in carbonate-bicarbon-
ate buffer (0.05 M, pH 9.6). Plates were blocked overnight
with 125 ul of PBS containing 0.5% gelatin. Samples (100 pl)
were assayed at 2 dilutions (1:5 and 1:10) in PBS containing
0.05% Tween and incubated for 2 h at room temperature.
After subsequent revelation with the anti-CD146 2Q401
monoclonal antibody at 1 pg/ml for 1 h and horseradish-
conjugated streptavidin at 1:1000 for 15 min at room temper-
ature, color was developed with tetramethylbenzidine/H,O,
substrate. Absorbance was measured in a microplate reader at
450 nm.

Cell-associated and secreted EPCR from HAECs was mea-
sured by Asserachrom sEPCR (Diagnostica Stago). EPCR in
mouse plasma and aorta was measured using a mouse sEPCR
ELISA kit (Elabscience, Wuhan, China). Aortic extracts were
prepared by 3 freeze-thaw cycles in PBS. A total amount of 2
g proteins/well was analyzed in ELISA.

Intercellular adhesion molecule 1 (ICAM-1) and vascular
cell adhesion molecule 1 (VCAM-1) were measured by Quan-
tikine ELISA (R&D Systems, Abingdon, UK). Tissue factor
pathway inhibitor (TFPI) activity was measured by a chromo-
genic assay (Actichrome TFPI; American Diagnostica, Stam-
ford, CT, USA). Thrombomodulin (TM) was measured by
ELISA (USCN Life Science, Wuhan, China) and ADAM
metallopeptidase domain 17 (ADAM17) by ELISA (Cusabio
Biotech, Wuhan, China). A total amount of 10 ug aortic
proteins/well was analyzed for TM and ADAM17.
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Thrombin generation assay

Mice were anesthetized with isoflurane. Whole blood was
collected by cardiac puncture and mixed with 10% citrate
(109 mM) for calibrated automated thrombography (CAT)
experiments. Platelet-poor plasma (PPP) was prepared within
2 h following sampling by 2 successive centrifugations (190 g
for 10 min and 1750g for 10 min at room temperature), and
then supernatants were centrifuged at 13,000 g for 30 min to
remove all platelets and cell fragments. PPP was frozen and
stored at —80°C until use.

CAT was performed for mouse PPP (18) without or with
rabbit TM (American Diagnostica) at 60 nM, and for human
PPP with washed HAECs in a microtiter plate fluorometer
(Fluoroskan Ascent; ThermoLabsystems, Helsinki, Finland)
using dedicated software (Thrombinoscope BV, Maastricht,
The Netherlands) as previously reported (19, 20). Round-
bottom 96-well Greiner blue plates (Greiner Bio One, Frick-
enhausen, Germany) were used for mouse PPP and 96-well
tissue culture plates for cultured cells (Microtest96; BD
Biosciences, Heidelberg, Germany) for human PPP with
washed HAEC monolayers. Coagulation was triggered by
recalcification in the presence of 6 pM recombinant human
tissue factor (TF; Dade Behring, Marburg, Germany) for
mouse PPP. Where indicated, a goat anti-human TM directed
against the EGF1-EGF2 domains (American Diagnostica; 30
pg/ml) was added. Some experiments were performed with
protein C-deficient PPP in the absence or in the presence of
homemade purified protein C (17) at a final concentration of
1 U/ml. Thrombin generation curves were recorded in
triplicate. The parameters calculated by the software were the
lag time, thrombin peak, time-to-peak, velocity, and endoge-
nous thrombin potential (ETP).

Protein C activation assay

APC generation on HAECs was measured as described else-
where (21). Cell monolayers were washed with 20 mM
HEPES, 150 mM NaCl, and 2 mM CaCl, (pH 7.4), and 50 wl
of protein C (65 nM) was incubated together with 50 pl of
bovine thrombin (DiaThrombin; DiaMed SA, Cressier
s/Morat, Switzerland; from 0 to 30 nM) on the surface of
HAEGs at 37°C. After 1 h, thrombin was inhibited with 10 pl
of 500 nM hirudin, and 100 pl of each sample was transferred
to wells of 96-well Polysorp plates (Nunc, Roskilde, Denmark)
containing 50 ul of S2366 substrate (0.4 mM). APC activity
was determined by measuring the rate of hydrolysis of S2366
at 405 nm. Dilutions of known concentrations of purified
APC (0-5 nM; ref. 22) were used for preparation of the
calibration curve.

FeCl;-induced arterial thrombosis

Mice were anesthetized with pentobarbital (50 mg/kg i.p.),
and the carotid arteries were exposed using blunt dissection.
An ultrasound transit-time flow probe (0.5 PSB Nanoprobe;
Transonic, Ithaca, NY, USA) was placed on the left carotid
artery to monitor blood flow. Data were recorded, stored, and
analyzed using a Data Translation analog-to-digital converter
and IOX software (EMKA Technologies, Paris, France).
Thrombus formation was induced by applying 2 pieces of
filter paper, soaked in a 3% aqueous FeCl; solution, to the
outside of the carotid artery. After 3 min of exposure, the
filter papers were removed, and the vessel was washed with
physiological saline. Carotid blood flow was monitored for 5
min before ferric chloride application to measure the basal
level and continuously after FeCl; application; flow rates were
illustrated before (time 0) and at the end of FeCl; applica-
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tion. Total carotid occlusion was checked visually after each
experiment.

Isolation of RNA and gene expression

Total RNA was isolated from HAECs using the RNeasy Mini
kit (Qiagen, Venlo, The Netherlands). First-strand cDNA was
synthesized according to the manufacturer’s instructions
(Fermentas; Thermo Fisher Scientific, Waltham, MA, USA).
Quantitative real-time PCR analysis was then performed with
SYBR green PCR technology (Bio-Rad, Hercules, CA, USA)
using the following conditions: 10 s at 95°C; 45 s at the
annealing temperature (7,); 60 s at 72°C, repeated for 40
cycles. PCR primers and 7, for genes of interest are listed in
Supplemental Table S1. Results from =3 independent reverse
transcription PCR (RT-PCR) analyses were expressed relative
to glyceraldehyde-3 phosphate dehydrogenase (GAPDH) or
ribosomal protein S29 (RPS29) expression.

Western blot analysis

Protein lysates were analyzed by standard SDS-PAGE tech-
niques, as described previously (23). Membranes were incu-
bated with primary antibodies at 4°C overnight according to
the following conditions: EPCR (1:1000 dilution; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), TM (1:1000; Santa
Cruz Biotechnology), and TFPI (1:1000; Santa Cruz Biotech-
nology). Equal protein loading was ensured by probing with
1:2000 a-tubulin antibody (Sigma-Aldrich). Horseradish per-
oxidase (HRP)-conjugated secondary antibodies specific for
the host species of the primary antibodies were applied to the
membranes for 1 h at 20°C. Reactions were visualized using
the ECL Western blot Detection Kit (Bio-Rad). Densitometry
was measured in pixel intensity by Multi Gauge 3.0 (Fujifilm,
Tokyo, Japan).

Immunostaining

Immunostaining was performed as described previously (24).
HAEGs and cryosections of mouse aortas were fixed with
paraformaldehyde [4% w/v in Tris buffered saline (TBS)] for
10 min, blocked with 5% BSA in TBS for 30 min. HAECs were
incubated for 1 h at room temperature with an anti-EPCR
antibody (1:50, mouse monoclonal, R&D Systems) and a
rabbit polyclonal antibody against TM (1:50, Santa Cruz
Biotechnology). The DyLight488-conjugated anti-mouse anti-
body (1:100; Abcam, Cambridge, MA, USA) and DyLight549-
conjugated anti-rabbit antibody (1:100; Abcam) were then
incubated with the cells for 1 h at room temperature. Mouse
aortas were stained with a rat monoclonal antibody against
EPCR (1:100; EBioscience, San Diego, CA, USA) and a mouse
monoclonal antibody against smooth muscle actin (1:400;
Sigma) for 1 h at room temperature and then biotinylated-
conjugated anti-rat from goat (1:100; Santa Cruz Biotechnol-
ogy) or Alexa488-conjugated anti-mouse (1:100, Molecular
Probes, Eugene, OR, USA) secondary antibody was applied
for 60 min followed by Cy3-conjugated streptavidin (Jackson
Immunoresearch, West Grove, PA, USA) for 30 min. Nuclei
were counterstained with DAPI (Sigma). Cells and cryosec-
tions were then observed by fluorescence confocal micros-
copy (Leica TCS SP5; Leica Microsystems, Wetzlar, Ger-
many).

Statistical analysis

Results are expressed as means * sp. Statistical analyses were
performed using the Student’s ¢ test for unpaired or paired
data as appropriate.
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RESULTS

Aldosterone infusion and endothelial MR
overexpression increases the time to vessel occlusion
after FeCl; injury

We first explored whether aldosterone produces a net
prothrombotic or antithrombotic effect by challenging
the WT FVB/NRj mice with aldosterone for 3 wk before
assessing thrombus formation in a thrombosis model
based on external application of FeClg to the carotid
artery. As normal vascular endothelium is known to act
as an anticoagulant blood container, an antithrombotic
effect of aldosterone signaling on endothelial cells
could be hypothetized. To assess the specific role of MR
in the endothelium in absence of secondary effects
related to global aldosterone challenge, we also exam-
ined whether targeted increase in MR expression in
endothelial cells only affects thrombosis in MR-EC
mice. Before FeCl; application, blood flow was similar
between MR-EC or aldosterone-treated WT mice and
their respective CTs. After FeCly application, blood
flow decreased more slowly in aldosterone-treated WT
and MR-EC mice compared with respective CTs (Fig. 14, B).
Aldosterone-treated WT and MR-EC mice exhibited
successive increases and decreases in blood flow, sug-
gesting the presence of unstable clots before the estab-
lishment of a stable one. Occlusion time was longer in
aldosterone-treated WT and MR-EC mice (by a factor of
1.5 and 1.7, respectively) than in CT mice (Fig. 10),
supporting an antithrombotic effect of MR on endothe-
lium. In the absence of the APC pathway and endothe-
lial cell surfaces, thrombin generation in PPP did not
differ between MR-EC and CT groups (Fig. 1D) and
between aldosterone-treated and untreated mice (not
shown). The addition of soluble TM to plasma im-
proves the physiological relevance of coagulation assays
by allowing the protein C system to exert its crucial role
in the down-regulation of thrombin formation. Added
TM diminished ETP, thrombin peak, and velocity of
thrombin conversion similarly in the 2 groups of mice
(Fig. 1D, E and Table 1), thus suggesting that the effect
of MR required endothelial cellular surfaces.

In vivo endothelial MR overexpression increases
EPCR expression in mouse aorta

To test an involvement of soluble endothelial proteins,
we evaluated the effect of endothelial MR activation on
soluble markers of endothelial function. Plasma vWF
was increased in MR-EC compared with CT mice (Table 2).
No difference between MR-EC and CT mice was found
either for the other soluble markers of endothelial
function, sCD146 (a marker of endothelial junction),
SICAM and sVCAM (inflammatory markers), sTM and
TFPI (anticoagulant molecules), or for the soluble
form of EPCR. Unlike the soluble form, membrane-
bound EPCR favors protein C activation mainly in the
macrovasculature. We therefore investigated EPCR ex-
pression in mouse aorta. The EPCR protein level was
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increased in the aorta of MR-EC compared with CT
mice without changes in ADAM17 (Table 2), a metal-
loproteinase responsible for EPCR ectodomain shed-
ding. Expression of TM, the other component of the
APC pathway on the endothelial cell surface, was un-
changed. Confocal microscopy revealed higher levels of
EPCR expression in endothelial cells but not in smooth
muscle cells in MR-EC compared to CT mice (Fig. 1F).
These results suggest that increase EPCR expression
may be involved in the antithrombotic effect of MR
activation.

Aldosterone decreases thrombin generation on
HAECs

To explore the effects of MR activation on thrombin
generation at the surface of endothelial cells, HAECs
were stimulated for 24 h with 107® M aldosterone.
Aldosterone increased vVWF mRNA expression 1.4 fold
(n=6; P=0.04) as well as cell-associated vWF (641 * 62
vs. 56 * 43 ng/mg; n=16; P=0.04) and vWF released
into the cell supernatant (132 = 14 vs. 116 * 18 ng/ml;
n=16; P=0.04). Thrombin generation was significantly
reduced at the surface of aldosterone-treated HAECs
(Fig. 2), with changes in all kinetic parameters: a small
but statistically significant delay of the lag time and the
time to peak, an obvious decrease in the peak size, and
a more modest reduction in the velocity of thrombin
formation (Table 3). To assess the relative involvement
of the MR and the GR in these effects, HAECs were
incubated with aldosterone along with the MR antago-
nist RU28318 or the GR antagonist RU486. All aldoste-
rone effects were prevented by RU28318 but not by
RU486, whereas the antagonists added to CT cells
failed to modify the thrombin generation pattern (Fig.
2). These results support an MR-dependent limitation
of thrombin generation and suggest that activation of
the MR on the endothelium may enhance its thrombo-
resistance. In contrast to the limitation of thrombin
generation at the surface of aldosterone-stimulated
HAECGs, we observed a significant increase in thrombin
generated at the surface of aldosterone-stimulated
HASMCs (Supplemental Fig. S1). These effects of
aldosterone were prevented by the MR antagonist
RU28318 and by drospirenone.

Impaired thrombin generation in response to MR
activation is driven by EPCR overexpression

At the protein level, both cell-associated and secreted
EPCR were significantly elevated (Fig. 3A). These
changes were reversed by the RU28318 MR antagonist,
confirming the role of MR. By contrast, TM and TFPI
protein expressions were unchanged in response to
aldosterone (Supplemental Fig. S2). Confocal analysis
revealed that the MR-dependent increase in EPCR was
not associated with any increase in colocalization of
EPCR and TM (Fig. 3B). To evaluate a possible effect of
cell-bound EPCR overexpression on TM-mediated pro-
tein C activation and subsequent inhibition of throm-
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formation (blood flow and occlusion
time), plasma thrombin generation,
and membrane-bound EPCR expres-
sion in aldosterone-treated WT and/or
MR-EC mice. A) Tracings represent-
ing flow rate in the carotid artery after
exposure to 3% FeCl, for 3 min in 1
typical aldosterone-treated WT FVB/
NRj mouse (Aldo-WT) and 1 typical
untreated WT FVB/NRj mouse (WT).

Mice were treated with aldosterone (60 wg/kg/d for 21 d) via osmotic minipumps before assessing FeClg-induced
thrombosis. B) Tracings representing flow rate in the carotid artery after exposure to 3% FeCl, for 3 min in 1 typical
MR-EC mouse and 1 typical CT mouse. C) Vascular occlusion times in Aldo-WT, WT, MR-EC, and CT mice. Results
are means * sp (n=4-10). *P < 0.05 vs. respective CT mice. D) Representative thrombin generation curves in PPP
triggered with 6 pM of tissue factor in MR-EC (solid black trace) or CT mice (gray trace) in absence (left panel) or
in presence (right panel) of 60 nM TM. E) ETP values were significantly lower in CT and MR-EC mice in presence
of TM. Results are means * sp of 9 experiments. P < 0.05 vs. 0 nM TM group. /) Confocal micrographs of
representative cross sections of thoracic aortas. Nuclei were visualized by DAPI staining; EPCR is identified by red
immunostaining, and smooth muscle actin by green immunostaining. Scale bar = 20 wm.

bin generation, experiments were performed in pres-
ence of an anti-TM antibody. Inhibition of protein C
activation by the anti-TM antibody resulted in an en-
hancement of both the thrombin peak and ETP, which
was not impaired by aldosterone (Fig. 3C). Similar
results were obtained with protein C-deficient PPP (Fig.
3D), and aldosterone did not modify the pattern of
thrombin generation; the addition of purified protein
C to this PPP totally restored the effect of aldosterone,
indicating that the ability of aldosterone to reduce
thrombin formation is mainly attributable to enhanced
protein C activation. This hypothesis was confirmed in
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a purified system where washed HAECs were incubated
with purified protein C and increasing concentrations
of thrombin. Aldosterone enhanced APC generation
on these cells in a thrombin dose-dependent manner
(Fig. 3E). This effect was prevented by RU28318, indi-
cating the causal role of MR.

SP1 is a cofactor for MR interaction with the EPCR
promoter gene

To provide a mechanistic insight into the inhibitory
effects of MR activation on thrombin generation, we
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TABLE 1. Thrombin generation parameters in mouse PPP

No T™M ™ No T™ ™

Parameter CT MR-EC CT MR-EC WT Aldo-WT WT Aldo-WT
n 15 10 9 9 7 8 5 5
ETP (nM-min) 302 42 304 = 20 236 *+ 40 235 * 32 263 21 255 = 48 153 = 30 177 = 71
Lag time

(min) 1.5+04 16=*03 22 *0.4 21+0.3 1.6 £03 1503 1.9 £0.6 1.8 0.4
Peak (nM) 86 = 11 87+ 10 63 + 11 60 =7 86 * 14 85 = 18 33 £ 12 38 =18
Time to peak

(min) 34+03 35*04 44 +0.7 4.2+ 0.4 3303 32=*05 53+ 1.2 52+ 1.8
Velocity

(nM/min) 48 £ 10 44 *5 317 30 £ 4 50 = 11 50 £ 13 12+ 7 15*+9
SR 0.75 £0.05 0.77 = 0.10 0.60 £ 0.17 0.74 = 0.23

Results are means = sp. Thrombin generation was determined in PPP in the absence or presence of 60 nM rabbit TM. SR;, TM sensitivity

ratio (ETP.y/ETPy, 1y)-

examined the effects of aldosterone on gene expres-
sion of EPCR, TM, and TFPI in HAECs. EPCR but not
TM and TFPI gene expression was increased in re-
sponse to aldosterone (Fig. 4A). This increase was
specifically dependent on MR activation, because it was
abrogated only by RU28318 and not by RU486.

We determined EPCR mRNA expression over an
aldosterone stimulation time course (1, 3,9, and 24 h).
A significant increase in EPCR mRNA was observed at 1
h and sustained over 24 h (Supplemental Fig. S3).

To explore the mechanism for the mRNA increase in
response to aldosterone, we measured aldosterone-
stimulated EPCR mRNA levels after pretreatment with
the transcriptional inhibitor ActD or the translation
inhibitor CHX. The aldosterone-induced up-regulation
of EPCR mRNA was completely inhibited by pretreat-
ment with ActD or CHX (Fig. 4B).

To determine the binding region necessary for the
interaction between the EPCR promoter and activated
MR, we cloned different lengths of EPCR promoter
regions (—5837 to —145 bp) into the reporter gene
pGL4.10. We found that the fold induction achieved by
aldosterone was similar for plasmids containing the
fragments —5837 and —153 bp (Fig. 4C). By contrast,

TABLE 2. Endothelial markers in MR-EC and CT mice

Marker CT MR-EC
Plasma
n 12 14
vWF (ng/ml) 658 + 349 1006 + 332%*
sCD146 (OD450,m) 0.66 = 0.12 0.69 = 0.16
sICAM-1 (ng/ml) 42*+05 44 £1.0
sVCAM-1 (ng/ml) 79+ 1.0 8.5 £ 2.0
TFPI (U/ml) 3.4+ 0.6 3.3+0.5
sTM (ng/ml) 1.2 £0.3 1.06 £ 0.19
sEPCR (ng/ml) 22 + 11 17+ 6
Aorta
n 6 7
TM (ng/ml) 21 +0.5 2.3+ 0.8
EPCR (ng/ml) 13.5 = 1.0 15.7 = 1.7%
ADAM17 (ng/ml) 1.2 04 1.1 £04

Data are means * sp. *P < 0.05 vs. CT.

ROLE OF ENDOTHELIAL MR IN THROMBIN GENERATION

the deletion (—145) or mutation (—153mut) of the SP1
site blunted the response to aldosterone treatment.

DISCUSSION

We show here that MR activation attenuates thrombus
formation in the mouse carotid artery and thrombin
generation at the surface of HAECs. The mechanism
involves up-regulation of EPCR gene and protein ex-
pression and thereby enhancement of protein C activa-
tion.

Endothelial activation by aldosterone has been pre-
viously reported in HAECs: aldosterone incubation for
1 h stimulated endothelial exocytosis of Weibel-Palade
bodies, externalizing P-selectin and releasing vWF into
the culture medium (25). We confirmed this result in
HAEGs after 24 h aldosterone stimulation. Our results
showed that MR, as an aldosterone-activated transcrip-
tion factor, up-regulates EPCR gene expression with
subsequent attenuation of thrombin generation. EPCR
has long been known to play a central role in orches-
trating the functions of the protein C pathway (26, 27).
EPCR down-regulates blood coagulation on the surface
of large vessels by concentrating protein C on the
endothelium and accelerating its activation by the
thrombin/TM complex. APC combined with cell-ex-
pressed TFPI synergistically inhibits thrombin genera-
tion on vascular cells (28). The absence of changes in
TM and TFPI expression excludes the possibility that
these 2 other endothelial anticoagulant molecules are
involved in downregulating thrombin generation on
HAECGs.

To test the effect of MR-dependent EPCR stimulation
on thrombin generation in vivo, we took advantage of
the fact that MR overexpression in mouse vascular
endothelium is not accompanied by stimulation of the
renin-angiotensin system. These mice exhibited a mild
increase in blood pressure (113*4 vs. 125+5 mmHg)
mainly due to increased sensitivity to vasoactive agents.
We cannot therefore exclude the possibility that endo-
thelial activation in our study may result in part from
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Figure 2. MR mediates the aldosterone-induced decrease in thrombin formation in cultured HAECs. Pooled normal human PPP
was added to confluent cell monolayers incubated for 24 h with 108 M aldosterone, 10~ ® M aldosterone plus 105 M RU28318,
107® M aldosterone plus 107° M RU486, 10~° M RU28318, or 107° M RU486 alone. Thrombin generation was triggered by
recalcification with 16.7 mM CaCl, and monitored with the CAT assay. A) Representative thrombin generation curves. B) ETP
values were significantly lower in aldosterone and aldosterone plus RU486-treated cells than in untreated cells. Results are

means * sp of 10 independent experiments. *P < 0.05 vs. CT cells.

this blood pressure elevation (10). Among endothelial
markers, only plasma levels of vWF are elevated in
MR-EC mice relative to CT animals, and we previously
reported no decrease in flow-mediated dilation. More-
over, several genes involved in oxidative stress were not
increased in this model, suggesting that endothelial
activation is a direct aldosterone/MR-mediated effect,
as previously demonstrated in HAEGs (25). Together,
these findings might be taken as evidence that modest
endothelial activation, rather than endothelial damage,
occurs in MR-EC mice. Such endothelial activation may
be driven by MR activation with subsequent modulation
of vascular gene expression (29).

The temporal pattern of mRNA EPCR expression
indicates that the EPCR gene is an early target for MR
action. The aldosterone-induced up-regulation of
EPCR mRNA was completely inhibited by pretreatment
with ActD or CHX, suggesting that aldosterone-in-
duced EPCR expression is mediated by a genomic
action with requirement of de novo protein synthesis.
The finding that 5.8 kb upstream of the EPCR transla-
tion start site is necessary for maximal EPCR expression

TABLE 3. Thrombin generation paramelers at the surface of HAECs

in HAECs is in agreement with previous work in
HUVECGs identifying an enhancer region near —5.5 kb
(30). The presence of a MR-response element in the
—153-bp construction is demonstrated by the similar
fold induction achieved by aldosterone for plasmids
containing the —5837- and —153-bp fragments.

Recently, Meinel et al. (31) identified a 65-bp frag-
ment (MREI1) of the EGFR promoter as a specific
MR-response element and confirmed that SP1 is a
compulsory cofactor for the interaction. The results
obtained with the deleted or mutated SP1 site indicate
that the SP1 site is essential for the MR response since
these two constructions do not respond to aldosterone
treatment. Thus our results support the hypothesis that
MR-SP1 interaction might be a new mechanism of
MR-mediated gene expression applicable to several
genes.

MR overexpression in the vascular endothelium in
vivo attenuated thrombus formation in a mouse FeClg
carotid injury model. This argues for a stimulation of
the antithrombotic rather than the prothrombotic role
of the activated endothelium. The demonstration that

Parameter CT Aldosterone Aldosterone + RU28318 Aldosterone + RU486 CT + RU28318 CT + RU486
ETP (nM-min) 785 + 17 661 * 17%* 770 = 19 688 = 35* 778 = 32 763 = 33
Lag time

(min) 10.8 £ 1.0 11.5 £ 1.4* 11.0 £ 1.3 11.5 + 0.7* 11.0 £ 1.3 107+ 14
Peak (nM) 60 = 7 51 * 7% 61 =7 55 = 3* 63 =7 59 = 7
Time to peak

(min) 171+ 1.6 18.1 £ 1.4* 174+ 1.3 18.4 £ 1.3* 173+ 1.5 16.8 = 1.7
Velocity

(nM/min) 9.7+ 19 8.6 + 1.2% 9.6 1.7 9.0 £ 0.8% 10.1 £ 2.0 9.4+ 05

Results are means * sp of 10 to 20 experiments. *P < 0.05 vs. CT.
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Figure 3. MR-mediated induction
of EPCR up-regulates APC genera-
tion on aldosterone-treated HAECs.
Cell monolayers were stimulated
for 24 h with 10® M aldosterone,
107® M aldosterone plus 107° M
RU28318, or 1°® M aldosterone
plus 107° M RU486. A) Protein
levels of EPCR in cell supernatants
and cell-associated proteins. Results
are means = sp of 4 experiments
performed in triplicate. B) Charac-
terization of EPCR and TM expres-
sion using confocal analysis. Dual

immunofluorescence was performed using antibodies specific for EPCR (green) and TM (red). Scale bar = 20 wm. C)
Typical thrombin generation curves obtained in the presence of an anti-TM antibody (30 pwg/ml) in PPP added to
washed untreated (CT) and aldosterone-treated (aldo) HAECs. Thrombin generation was triggered by recalcification
with 16.7 mM CaCl, and monitored with the calibrated automated thrombogram assay. One representative experiment
of 3 is shown. D) Representative tracings of 3 experiments performed with protein C-deficient PPP (def PC) added to
CT and aldosterone-treated HAECs in the presence or absence of purified protein C (PC) at a final concentration of
1 U/ml. E) PC activation at the surface of CT, aldosterone-treated or aldosterone plus RU28318-treated HAECs was
evaluated with purified PC and thrombin. APC is expressed as the ratio of values with aldosterone-treated cells to those
with CT cells (means*sp of 9-12 experiments). *P < 0.05 vs. CT cells.

aldosterone reduced thrombin generation on HAEGs
via EPCR up-regulation points to an in vivo mechanism
involving an MR-mediated increase in endothelial
EPCR expression. The finding that plasma levels of
EPCR were not elevated in MR-EC mice rules out any
involvement of this soluble form in the regulation of
thrombin generation and is consistent with the absence
of change in ADAM17, which is responsible for EPCR
shedding (32). The increase in membrane EPCR in
MR-EC aorta supports this hypothesis. This assumption
is also corroborated by the observation that decreased
thrombin generation does not occur in MR-EC PPP,
even in the presence of TM but where membrane
EPCR is not operating. Although previous findings
suggested that FeClg application leads to endothelial
denudation, it has been recently demonstrated that this
model does not include endothelial damage within the
frame of thrombosis (33), supporting the idea that MR
activation and up-regulation of EPCR contribute to the
observed phenotype in our study. This beneficial anti-
coagulant role of EPCR is consistent with previous
observations: MR-mediated EPCR induction in-
creased the prolongation of coagulation time by APC
(16); mice overexpressing EPCR on endothelial cells
displayed increased circulating APC levels in re-
sponse to thrombin infusion and decreased throm-

ROLE OF ENDOTHELIAL MR IN THROMBIN GENERATION

bin/antithrombin complex formation on challenge
with FXa and phospholipids (34); and membrane
EPCR ligand binding site occupancy by antibodies
promoted thrombus formation in a mouse FeClg
carotid injury model (35).

Our finding that aldosterone delayed FeClg-induced
thrombosis, as in MR-EC mice, is in favor of an overall
antithrombotic effect of aldosterone in the presence of
an intact endothelium. Published data demonstrating
that aldosterone increases thrombosis in mice or rats
have used carotid photochemical injury (11) or ligation
of the vena cava (12, 13).

In the work by Bodary et al (11), Rose Bengal was
used for carotid photochemical-induced vascular in-
jury. Rose Bengal also targets endothelial cells, and
results in complete endothelial denudation (36). In
contrast, in our experimental model, we used a low
concentration of ferric chloride (3%). This low concen-
tration is indeed less violent for the endothelial layer as
recently demonstrated (33), allowing the endothelial
layer to be present, at least during the early stages of
thrombus formation. As such, the endothelial MR is
still able to contribute to the endothelial response in
this thrombotic process.

Our mechanistic hypothesis is that aldosterone-acti-
vated endothelial MR possesses antithrombotic proper-

2069

Downloaded from www.fasebj.org to IP 193.54.110.33. The FASEB Journal Vol.28, No.5, pp:2062-2072, February, 2017



A B
§ 1.3 E %  wmmEPCR * f 1.6 E —g:::;ml
] ] == THBD o ] *
£ 1.2 TFPI 147 *
5 ] &
@ 11 212 3
£ »
X 1.0 1 x 1.0 7
) ] ) ]
§ 0.9 - ; 0.8
(4 ] o ]
o . P ]
2 08 1 2 0.6 7
I . & ]
7] ] > ]
© o7 X 0.4 -
Control Aldo  Aldo+ Aldo + Vehicle ActD CHX Vehicle ActD  CHX
RU28318 RU486
3h 24 h
Aldo treatment
C -145 Figure 4. SP1 binding site is a crucial element
-5837 153 0 in MR regulation of EPCR transcription in
ﬁ HAECGs. Cell monolayers were stimulated for
the indicated times with 10~ ® M aldosterone,
10~% M aldosterone plus 10~° M RU28318, or
25 - SP1 site 1078 M aldosterone plus 10-6 M RU486. A)
o) 1 * Relative fold change in EPCR, TM, and TFPI
) ] mRNA expression. B) HAEC monolayers were
> 2.0 * — Z(;:tml stimulated with aldosterone after pretreatment
S . with or without 5X107° M ActD, or 10 pg/ml
b ] CHX for 1 h. EPCR mRNA levels were measured
g 1.5 7 by RT-PCR. Bars represent mean * sp fold
o ] increase over the value of CT cells of 4 experi-
3 1.0 3 ments performed in duplicate. *P < 0.05 vs. CT
5'5 T cells. C) Different lengths of human EPCR 5’
= 1 regulatory regions were amplified and inserted
2 o5 - into the Xhol-Bglll sites of the pGL4.10 vector
= ] containing the firefly luciferase reporter gene.
© ] Mutation of the transcription factor SP1 binding
X 00 site (from TCCTCCC to CCTTCAA) was per-

-5837
-1563
-145

-153 mut

Promoter fragment

ties in healthy vessels while aldosterone is known to act
synergistically with endothelial injury to exert pro-
thrombotic effects (87). Because vascular smooth mus-
cle cells (VSMCs) express high levels of TF and MR,
prothrombotic effects may occur at the surface of
VSMCs when endothelial cells are absent. Our finding
that aldosterone increased thrombin generation at the
surface of human VSMGCs supports this hypothesis.
These effects of aldosterone were prevented by the MR
antagonist RU28318, indicating that vascular MR medi-
ates opposite thrombotic effects on endothelial cells
and VSMCs that may contribute to the beneficial and
detrimental effects of aldosterone on vascular physiol-
ogy and diseases in humans, especially when the endo-
thelium is injured.

The net effects of aldosterone/MR in thrombosis
may therefore be dependent on the cellular context
and the pathological setting. A balance between bene-
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formed using the mutated oligonucleotides in
the —153-bp fragment (—153 mut). Transfected
HAECs were stimulated for 24 h with 107° M
aldosterone and luciferase activity was deter-
mined. Bars represent mean * sp fold increase
over the value of CT cells of 4 experiments. *P <
0.05 vs. CT cells.

ficial and deleterious effects of aldosterone has been
reported in other situations. While aldosterone/MR is
clearly deleterious for arrhythmia, myocardial infarc-
tion and heart failure, cardiac aldosterone prevents
harmful effects of diabetes in the mouse heart by
preserving capillary density (7). In the vasculature,
aldosterone may promote vasodilation in situations
with low levels of oxidative stress, while at higher levels
(high salt intake, vascular injury, high oxygen tension,
and inflammation) aldosterone is associated with vaso-
constriction (8, 29). Discrepant results from clinical
studies show that inhibition of MR improves endothe-
lial vasodilator dysfunction and NO bioavailability in
patients with heart failure but worsens endothelial
function patients with type 2 diabetes (8). All these data
suggest that vascular health status, extent, duration,
and the combination of endothelial dysfunction/dam-
age and vascular oxidative stress are critical contribu-
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tors to the net effect of MR activation on vascular
function. A detrimental prothrombotic role of MR
activation in disease is attractive, based on the concept
that a stressed/damaged endothelium shifts from a
quiescent healthy antithrombotic state to a provasocon-
strictive, proinflammatory, and prothrombotic pheno-
type in response to specific challenges (38, 39).

Our finding showing the inhibitory effect of dro-
spirenone on the antithrombotic property of MR acti-
vation in endothelial cells may have clinical implica-
tions in oral contraceptive administration. Recently,
drospirenone-containing oral contraceptives were re-
ported to be unexpectedly associated with an increased
risk of deep vein thrombosis and pulmonary embolism
relative to other combined oral contraceptives (40—
42). Unlike the other contraceptives, drospirenone is
also a potent MR antagonist (43). Further studies are
thus required to test the effect of drospirenone on
hemostatic properties in comparison to other third-
generation oral contraceptives and to evaluate the
implication of its MR antagonist property.

In summary, our results demonstrate that MR activa-
tion in the endothelium protects against thrombosis
through interactions with the APC pathway supported
by MR-mediated EPCR overexpression via a transcrip-
tional mechanism. This protective effect could be lost
in the presence of endothelial damage, which is consis-
tent with the beneficial effect of MR antagonists in
cardiovascular diseases.
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HYPERTENSION

Platelet-localized FXI promotes a vascular coagulation-
inflammatory circuit in arterial hypertension
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Sabine Kossmann,* Jeremy Lagrange,’* Sven Jackel,'" Kerstin Jurk,"" Moritz Ehlken,’?
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Multicellular interactions of platelets, leukocytes, and the blood vessel wall support coagulation and precipitate
arterial and venous thrombosis. High levels of angiotensin Il cause arterial hypertension by a complex vascular
inflammatory pathway that requires leukocyte recruitment and reactive oxygen species production and is followed
by vascular dysfunction. We delineate a previously undescribed, proinflammatory coagulation-vascular circuit that
is a major regulator of vascular tone, blood pressure, and endothelial function. In mice with angiotensin ll-induced
hypertension, tissue factor was up-regulated, as was thrombin-dependent endothelial cell vascular cellular adhe-
sion molecule 1 expression and integrin ayf,- and platelet-dependent leukocyte adhesion to arterial vessels. The
resulting vascular inflammation and dysfunction was mediated by activation of thrombin-driven factor XI (FXI)
feedback, independent of factor XIl. The FXI receptor glycoprotein Iba on platelets was required for this thrombin
feedback activation in angiotensin ll-infused mice. Inhibition of FXI synthesis with an antisense oligonucleotide
was sufficient to prevent thrombin propagation on platelets, vascular leukocyte infiltration, angiotensin ll-induced
endothelial dysfunction, and arterial hypertension in mice and rats. Antisense oligonucleotide against FXI also re-
duced the increased blood pressure and attenuated vascular and kidney dysfunction in rats with established ar-
terial hypertension. Further, platelet-localized thrombin generation was amplified in an FXI-dependent manner in
patients with uncontrolled arterial hypertension, suggesting that platelet-localized thrombin generation may serve
as an inflammatory marker of high blood pressure. Our results outline a coagulation-inflammation circuit that
promotes vascular dysfunction, and highlight the possible utility of FXI-targeted anticoagulants in treating hyper-

tension, beyond their application as antithrombotic agents in cardiovascular disease.

INTRODUCTION

Arterial hypertension is a risk factor for cardiovascular disease and
death (1). Vascular inflammation is a hallmark of atherosclerosis (2)
and arterial and venous thromboembolic disease (3). In this setting,
vascular injury occurs with infiltration of lymphocyte antigen 6
complex locus C1high (Ly6Chi) monocytes into the vessel wall (4). Vas-
cular inflammation and hypertension (5) induced by angiotensin II
(ATII) similarly depends on the recruitment of ATII receptor type
1 (Agtrl)-expressing Ly6C™ monocytes to the vasculature (6), which
cause NADPH (reduced form of nicotinamide adenine dinucleotide
phosphate) oxidase-dependent reactive oxygen species (ROS) produc-
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tion in arteries (7). The combined effects of the inflammation and ox-
idative stress triggered by infiltrating immune cells result in NADPH
oxidase—-dependent vascular dysfunction and high blood pressure (8, 9).
ATII induces infiltration of immune cells into the vessel walls by pro-
moting their adhesion to endothelial cells and transmigration (10).
Vascular cellular adhesion molecule 1 (VCAM-1) is induced by ATII
(11) and thrombin (12), which can be generated by coagulation acti-
vation through tissue factor (TF), another ATII-induced gene product
(13). Platelets provide a pro-coagulant surface for amplified thrombin
generation (TG) in hemostasis and thrombosis (14). They also pro-
mote leukocyte recruitment in arterial injury and angiogenesis models
(15, 16) through the interaction of platelet glycoprotein Iba. (GPIbar)
with the integrin oy, (CD11b/CD18 or Mac-1) on leukocytes (17)
and also regulate monocyte and neutrophil activation (18).

How platelets, coagulation factors, leukocytes, and the vessel wall
interact to promote vascular inflammation in arterial hypertension
remains unclear. We have therefore investigated the roles of factor
XII (FXII), FXI, thrombin, and TF on inflammatory monocyte-driven
vascular dysfunction and arterial hypertension in ATII-infused mice
and rats, as well as in partially nephrectomized rats.

RESULTS

The hemostatic system contributes to ATll-induced
leukocyte adhesion

We investigated mechanisms underlying leukocyte adhesion to the
vascular endothelium of arteries by epifluorescence intravital video
microscopy (IVM) imaging in normocholesterolemic C57BL/6 mice
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chronically infused with ATII (1 mg kg™" day™" for 7 days via osmotic
minipumps). This model is characterized by robust arterial hyper-
tension and accumulation of CD11b" leukocytes in arterial vessels
(8). ATII treatment induced extensive rolling and adhesion of leuko-
cytes to the endothelium in the carotid artery (Fig. 1A and videos S1
and S2). Leukocyte integrin o, [very late antigen 4 (VLA-4)] recog-
nizes endothelial VCAM-1 to mediate leukocyte adhesion to inflamed
endothelium (19). Short-term blockade of this interaction with anti—
VLA-4 (10 mg kg") or anti-VCAM-1 (1 mg kg™') antibody pre-
vented both leukocyte rolling and adhesion in ATII-infused mice
(Fig. 1, B and C, and videos S3 and S4). Short-term inhibition of
TF with an anti-TF antibody (25 mg kg ') or thrombin with lepirudin
(1.7 mg kg™") (20) immediately before IVM imaging also markedly
reduced leukocyte rolling and adhesion (Fig. 1, D and E). Depletion
of platelets with an anti-GPIba antibody (3.4 mg kg™") and antibody
inhibition of the leukocyte integrin CD11b/CD18 (6.5 mg kg™") simi-
larly prevented leukocyte rolling and adhesion (Fig. 1, F and G),
indicating that both coagulation and platelets contributed to ATII-
induced leukocyte adhesion in high flow arterial vascular beds.

Platelet GPIba is required for thrombin-dependent
vascular inflammation

To further investigate this interaction of coagulation factors, platelets,
and arterial vessels, we evaluated the contribution of coagulation to

ATTI-induced vascular inflammation and endothelial dysfunction by
intervention with the anticoagulant and specific thrombin inhibitor
lepirudin. In ATII-infused mice, simultaneous thrombin inhibition
substantially improved endothelial dysfunction, as quantified by ace-
tylcholine (ACh)-induced vascular relaxation (Fig. 2A). Consistent
with previously established roles for thrombin in the induction of en-
dothelial cell VCAM-1 (12) and monocyte chemoattractant protein
1 (MCP-1; encoded by Ccl2) (21), which is required for ATII-induced
monocyte recruitment (22), lepirudin prevented expression of these
genes in the vessel wall and attenuated Ly6c mRNA levels (Fig. 2D),
indicating reduced vascular recruitment of inflammatory monocytes.
This was paralleled by diminished vascular ROS production assessed
by the superoxide-sensitive dye dihydroethidium (DHE) (Fig. 2G).

Because platelets promote localized thrombin formation by
providing a pro-coagulant surface, we evaluated their role in vascular
dysfunction in ATII-infused mice. Platelet depletion with anti-GPIba
antibody (3.4 mgkg™") during chronic ATTI administration significant-
ly reduced or prevented endothelial dysfunction (Fig. 2B); Veam-1, Ccl2,
and Ly6C mRNA expression in the vessel wall (Fig. 2E); and vascular
ROS production (Fig. 2G). Thus, depletion of platelets largely recapitu-
lated the effects of thrombin inhibition, suggesting a crucial role for pla-
telets in promoting TG or mediating its proinflammatory effects.

To better understand thrombin interactions with platelets, we ana-
lyzed human interleukin-4 receptor (hIL-4R)/Ibo. mice with a defective
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Fig. 1. A proinflammatory circuit of TF, thrombin, and platelets promotes ATll-induced endothelial leukocyte adhesion. (A to G) Epifluorescence IVM of en-
dothelial adherent and rolling leukocytes in the common carotid artery of ATIl-infused mice. Nucleated cells were visualized with acridine orange (green fluorescence).
(A) IVM of carotids at day 3 (d3) and day 7 (d7) of continuous ATIl infusion compared to sham. Left: Representative image at day 3. Right: Quantification of adherent and
rolling leukocytes. **P < 0.01; ***P < 0.001, one-way analysis of variance (ANOVA); n = 4 to 7 animals per group. (B to G) IVM of carotids at day 3 of ATl infusion, the time
point of deflection of the blood pressure curve in response to ATIl 60 hours after initial increase of blood pressure (8), before and 30 min after single intravenous
injections of anti-VCAM-1 (B), anti-VLA-4 (C), anti-TF (D), the thrombin inhibitor lepirudin (Lepi) (E) of anti-GPIbo, to acutely deplete platelets (F), and anti-Mac-1 (G). Injection of
isotype control immunoglobulin G (IgG) antibodies had no significant effect on rolling (ATII versus ATII + control IgG: 39 + 3.7 versus 44 + 4.8 rolling cells/0.015 mm?) or
adhesion (ATIl versus ATIl + control IgG: 1683 = 377 versus 1486 + 270 adherent cells per mm?). Left: Representative image at day 3. Right: Quantification of adherent
and rolling leukocytes. *P < 0.05; **P < 0.01; ***P < 0.001, unpaired t test; n = 5 to 6 animals per group. Data are means + SEM.
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type mice treated with an antibody (14E11)
that interferes with FXII-dependent activa-
tion of FXI and found that contact-phase
FXII-mediated FXI activation played no
major role in mediating ATII-induced en-
dothelial dysfunction (Fig. 3B). This re-
sult indicated that initiation of TG by
the TF pathway was necessary and suffi-
cient to cause endothelial dysfunction in
response to chronically elevated levels of
ATII in mice.

Thrombin can amplify coagulation by
feedback activation of FXI (25, 26). In ad-
dition to binding thrombin, GPIbo can
recruit FXI via binding to its apple 3 do-
main (27-29). We found that endothelial

dek  kdk
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dysfunction in ATII-infused mice was
significantly improved in FXI™'~ mice
(Fig. 3C) and in wild-type mice after
pharmacologic inhibition of FXI synthe-
sis by FXI-specific antisense oligonu-
cleotides (FXI ASOs; Fig. 3D). FXI ASO
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Fig. 2. Blockade of thrombin and GPlba protects against endothelial dysfunction and preserves regulation
of vascular tone. (A to C) Concentration-relaxation curves in response to ACh of isolated aortic segments from C57BL/6
mice treated for 7 days with either lepirudin (Lepi) (A) or anti-GPIba. (B) or hIL-4R/1bo chimeric mice and C57BL/6
controls (C) treated with or without ATIl for 7 days. *P < 0.05 versus C57BL/6; #p < 0,05 versus C57BL/6 + ATII, one-
way ANOVA and Bonferroni’s multiple comparison test of maximal relaxation; n = 5 to 8 animals per group. (D to
F) Aortic mRNA expression of Ccl2, Vcam-1, and Lyé6c. (G) Oxidative fluorescence microtopography. Top: Representative
photomicrographs of isolated aortic segments incubated with DHE (1 uM, 30 min at 37°C). Green, laminae (autofluo-
rescence); red fluorescence, superoxide formation; E, endothelium; M, media; A, adventitia. Bottom: Densitometric anal-
ysis, integrated optical density (IOD). *P < 0.05; **P < 0.01; ***P < 0.001, one-way ANOVA and Bonferroni’s multiple

comparison test; n = 4 to 6 animals per group. Data are means + SEM.

platelet GPIba, a well-characterized thrombin receptor (23). These
mice lack the extracellular ligand-binding domains of GPIba but re-
tain GPIbo cytosolic receptor interactions, surface expression of addi-
tional subunits of the GPIb-IX complex, GPIbp and GPIX, and
normal platelet size (24). ATII-infused hIL-4R/Ibo. mice were com-
pletely or largely protected from ATII-induced vascular endothelial
dysfunction (Fig. 2C), oxidative stress (Fig. 2G), and increased expres-
sion of Ccl2, Vcam-1, and Ly6c mRNA (Fig. 2F), as also seen in platelet-
depleted mice. These findings identified platelet GPIbo as a relevant
platelet receptor for ATII-induced endothelial dysfunction and vascu-
lar inflammation.

FXI promotes vascular dysfunction by amplifying thrombin
formation involving platelet GPlba

We next determined how coagulation is initiated in ATII-dependent
vascular dysfunction. As expected from diminished leukocyte adhesion
seen in ATII-infused mice after acute anti-TF treatment (Fig. 1D),
long-term blockade of TF during ATII administration attenuated en-
dothelial dysfunction (Fig. 3A) and reduced oxidative stress within the
vessel wall [DHE staining: C57BL/6 + ATII versus C57BL/6 + ATII +
anti-TF: 163 + 16% versus 87 + 5% IOD (% of C57BL/6 + SEM)]. We
analyzed ATII-induced endothelial dysfunction in FXII”~ mice or wild-
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-+

T interferes with F11 mRNA and leads to
t o= - - - F11 mRNA degradation (30). FXI ASO
T treatment dose-dependently reduced FXI

1+ 1

hIL-4R/Ibo plasma pro-coagulant activity, hepatic
F11 mRNA levels, and FXI protein ex-
pression in plasma (Fig. 3, E to H). Spec-
ificity of the effects of FXI depletion was
confirmed by continuous in vivo supple-
mentation with human FXI (hFXI) (He-
moleven). This treatment restored the
reduction plasma FXI activity caused
by FXI ASO application (Fig. 4A) and
reestablished vascular endothelial dys-
function in FXI ASO-treated mice in-
fused with ATII (Fig. 3I).

IVM showed that ATII-induced leukocyte rolling, as well as ad-
hesion in the carotid artery, was also reduced by FXI ASO treat-
ment. Supplementation of FXI-depleted mice with hFXI restored
ATII-induced leukocyte adhesion (Fig. 4B and videos S5 to S8).
These results demonstrate that FXI activity is required for the
ATII-induced and coagulation-dependent vascular pathology and
indicate a role for thrombin-FXI feedback activation in the vascu-
lature in vivo.

ATII also increased association of CD11b* monocytes with CD41*
platelets; this process may involve interaction of GPIba on platelets
with leukocyte-expressed Mac-1 (15). Treatment of ATII-infused
mice with the Mac-1-inhibiting antibody M1/70 significantly attenu-
ated endothelial dysfunction (Fig. 4F) as well as vascular Ccl2 and
Vcam-1 mRNA expression (Fig. 4G) and circulating platelet-monocyte
conjugates (Fig. 4H). The number of platelet-monocyte conjugates was
also normalized in FXI ASO-treated mice (Fig. 4C), indicating that co-
agulation activation was crucial for the inflammation-promoting interac-
tion of Mac-1 with platelets. Circulating levels of thrombin-antithrombin
(TAT) complexes, a marker for intravascular thrombin formation, were
neither increased by ATII infusion nor altered by FXI ASO (Fig. 4D),
excluding the possibility that the platelet-monocyte interaction was pro-
moted by overt intravascular coagulation in the circulation.

C57BL/6
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Fig. 3. FXI promotes ATll-induced vascular dysfunction initiated by TF. (A to D) Concentration-relaxation curves in response to ACh (endothelium-dependent) of
isolated aortic segments of mice treated with or without ATIl (1 mg kg™' day™" for 7 days). (A) C57BL/6 mice treated for 7 days with anti-TF or control IgG (n = 8 to 9 animals
per group). (B) C57BL/6 + 14E11 (antibody blocking FXIl-dependent activation of FXI) and FXII”’~ mice (n = 4 to 12 animals per group). (C) FXI™~ and C57BL/6 mice (n = 4 to
7 animals per group). (D) C57BL/6 mice with continuous in vivo inhibition of FXI synthesis by FXI ASO or scrambled control ASO (FXI ASO and Scr ASO, respectively; n = 4 to
10 animals per group). *P < 0.05 versus C57BL/6 or C57BL/6 + Scr ASO; #p < 0,05 versus C57BL/6 + ATIl or C57BL/6 + Scr ASO + ATII; 5P < 0.05 versus FXII™’—; TP < 0.05 versus
C57BL/6 + 14E11, one-way ANOVA and Bonferroni’s multiple comparison test of maximal relaxation. n.s., not significant. (E) Experimental protocol of FXI ASO studies. To
control for nonspecific effects of ASO injections, mice that were not injected with FXI ASO were control-injected with Scr ASO in all respective experiments. iv, intra-
venously; sc, subcutaneously. (F) Hepatic mRNA expression of F17 measured by real-time reverse transcription polymerase chain reaction (RT-PCR). Unpaired t test; n = 4 to
10 animals per group. Ctr, control. (G) FXI activity in platelet-poor plasma (PPP) of mice assessed after 1, 2, or 3 weeks of treatment with FXI ASO (25 or 50 mg kg") in vivo.
Kruskal-Wallis and Dunn’s multiple comparison test; n = 4 to 25 animals per group. (H) FXI protein in plasma. Top: Densitometry. Bottom: One representative Western blot
of four independent experiments. Kruskal-Wallis and Dunn’s multiple comparison test; n = 4 animals per group. (I) Concentration-relaxation curves in response to ACh of
isolated aortic segments of FXI-depleted, ATll-infused C57BL/6 mice with or without continuous in vivo reconstitution with hFXI (hemoleven; unpaired t test of maximal

relaxation; n = 8 animals per group). Data are means + SEM. *P < 0.05; **P < 0.01.

We therefore hypothesized that thrombin-FXI feedback activa-
tion was localized to platelets in the inflammatory cross-talk of ATII-
induced vascular dysfunction. In platelet-rich plasma (PRP), ex vivo
addition of thrombin promotes additional TG [thrombin-evoked en-
dogenous thrombin potential (ETP)] (31). PRP from ATII-treated
mice showed increased TG compared to control mice, but Mac-1 in-
hibition did not affect platelet-localized TG (Fig. 4I). In contrast,
PRP from mice with pharmacological inhibition of FXI production
in the liver failed to amplify TG after chronic ATII exposure (Fig. 4E).
Addition of hFXI to PRP from these mice was sufficient to restore
the platelet-dependent TG. Consistent with the proposed role of
GPIba as a binding site for both thrombin and FXI (27, 28), endog-
enous TG was not increased in ATII-treated hIL-4R/Ibo mice and
remained unchanged after addition of hFXI to PRP in vitro (Fig. 4E).
Thus, the FXI-dependent TG feedback loop amplifies TF-initiated
coagulation and requires platelet GPIba, but not Mac-1, to cause
vascular inflammation.

Targeting FXI attenuates ATll-induced

vascular inflammation

We further evaluated the therapeutic potential of interrupting FXI
synthesis and function (30, 32) to attenuate vascular dysfunction in
arterial hypertension. Aortas of ATII-infused mice showed an expan-
sion of CD45" leukocytes, CD11b"GR-1" myelomonocytic cells (C57BL/6

Kossmann et al., Sci. Transl. Med. 9, eaah4923 (2017) 1 February 2017

versus C57BL/6 + ATII versus C57BL/6 + FXI ASO versus C57BL/6 +
FXI ASO + ATIL: 24.3 + 5.5 versus 329.7 + 248.2 versus 15.9 * 4.0
versus 140.3 + 42.9 cells per aorta), and CD11b*Ly6G Ly6C" mono-
cytes (Fig. 5A). Vascular injury was also macroscopically visible as
inflamed patches at predilection sites of aortic aneurysm formation, a
late sequel of ATII challenge (fig. S1). Aortas of ATII-exposed animals
showed increased Ccl2, Veam-1, and Nos2 [encoding for inducible ni-
tric oxide synthase (iNOS)] mRNA expression (Fig. 5B). Aortic protein
expression of nox2, reflecting the presence of phagocyte-type NADPH
oxidase and heme oxygenase-1 (HO-1), a classical anti-inflammatory
and antioxidant response gene, was increased by ATII (fig. S2). Lower-
ing FXT levels with FXI ASO treatment normalized all these parameters
of vascular inflammation and leukocyte infiltration. In addition, vascu-
lar ROS formation and fibrotic remodeling were blocked by FXI ASO
administration in ATII-infused mice (Fig. 5, C and D).

Targeting FXI prevents blood pressure increase in
arterial hypertension
On the basis of our observation that FXI was critical for ATII-induced
vascular dysfunction, we continuously recorded arterial blood pressure
by telemetry. Reducing FXI levels by FXI ASO significantly attenuated
the ATII-induced blood pressure increase in mice (Fig. 5E).

To exclude species limitations, we confirmed the efficacy of this
therapeutic intervention with FXI inhibitors in Wistar rats. Compared
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to Scr ASO, rat-specific FXI ASO very effectively reduced F11 mRNA
levels in the liver (control versus FXT ASO: 100 + 4% versus 7 + 1% of
control). ATII infusion induced endothelial dysfunction (Fig. 6A),
which was significantly attenuated by FXI ASO treatment. ATII in-
fusion increased aortic mRNA expression of Ccl2 and Vcam-1 as well
as of Ccr2, which encodes the MCP-1 receptor, and of Spn, which en-
codes sialophorin (CD43) and is involved in leukocyte adhesion (33)
and a marker for monocytes in rats (Fig. 6B) (34). Accordingly, ATII
infusion induced vascular accumulation of CD45" leukocytes (Fig. 6C)
and increased vascular oxidative stress in the aorta (Fig. 6D) and sys-
tolic blood pressure (Fig. 6E). FXI ASO application attenuated these
alterations: neither endothelial function, vascular mRNA expression of

Kossmann et al., Sci. Transl. Med. 9, eaah4923 (2017) 1 February 2017

inflammatory genes, accumulation of CD45" cells, vascular oxidative
stress, nor blood pressure was significantly different in ATII-infused
FXI ASO-treated rats compared to sham-infused Scr ASO- or FXI
ASO-treated rats. This recapitulated the findings obtained in the
ATII-infused C57BL/6 mice.

To investigate an alternative model of arterial hypertension that
reflects human pathology, we next studied 5/6 nephrectomized (5/6Nx)
compared to sham-operated Wistar rats. This rat model is an
established model of chronic kidney disease characterized by endoge-
nous up-regulation of the renin-angiotensin-aldosterone system
(RAAS) with increased systemic ATII levels and progressive and sus-
tained arterial hypertension and vascular dysfunction (35). Hepatic
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Fig. 5. Inhibition of FXI protects against vascular inflammation. C57BL/6 mice
were treated with FXI ASO or Scr ASO and infused with ATIl or sham for 7 days (see
Fig. 3E for experimental protocol). (A) Flow cytometry of CD45* leukocytes and
CD11b*Ly6C" cells in aortic lysates and absolute numbers of viable CD45* and
CD45"CD11b*Ly6C"Ly6G™NK1.1™ cells. Left: Representative original plots of
cb1 b*Ly6ChiLy6G’NK1.1’ myelomonocytes. Right: Quantification. One-way ANOVA
and Bonferroni's multiple comparison test; n = 5 animals per group. (B) Aortic mRNA
expression of Ccl2, Vcam-1, and Nos2. One-way ANOVA and Bonferroni's multiple com-
parison test; n =4 to 13 animals per group. (C) Oxidative fluorescence microtopography.
Left: Representative photomicrographs of aortic cryosections; superoxide formation
appears in red. Right: Densitometry, IOD. One-way ANOVA and Bonferroni’s multiple
comparison test; n = 5 animals per group. (D) Sirius red staining of aortic sections.
(E) Summary of 192 hours of telemetrically recorded systolic blood pressure (in milli-
meters of mercury). Two-way ANOVA and Bonferroni post test; n = 4 to 5 animals per
group. Data are means + SEM. *P < 0.05; **P < 0.01; ***P < 0.001. In (E), *P < 0.05 versus
C57BL/6 + Scr ASO and C57BL/6 + FXI ASO; *P < 0.05 versus C57BL/6 + Scr ASO + ATII.

F11 mRNA levels were not increased by the surgery and were effectively
reduced by FXI ASO in both sham-operated and 5/6Nx rats (sham ver-
sus 5/6Nx versus sham + FXI ASO versus 5/6Nx + FXI ASO: 100 + 6%
versus 92 + 8% versus 2 + 1% versus 1 £ 0% of sham). Four weeks after
surgery, 5/6Nx rats had endothelial dysfunction, as compared to sham-

Kossmann et al., Sci. Transl. Med. 9, eaah4923 (2017) 1 February 2017

operated animals, which was prevented by concomitant FXI ASO ad-
ministration (Fig. 6F). FXI ASO decreased the vascular oxidative stress
in the aorta elicited by the increased RAAS activation in the 5/6Nx rats
(Fig. 6F). TG was increased in PRP of 5/6Nx rats and was markedly
diminished by FXI ASO application, mimicking the results from hyper-
tensive mice (Fig. 6H). Together, these results indicate that attenuation
of the inflammatory pro-coagulant milieu in this rat model prevented
blood pressure increase (Fig. 61), as seen in ATII-infused mice and rats.

Treatment of arterial hypertension with FXI ASO reduces
blood pressure, vascular dysfunction, and kidney injury

To extend our finding that FXI ASO could attenuate arterial hyper-
tension when given preventively, we next aimed to treat established hy-
pertension. Eight weeks after 5/6 nephrectomy, 5/6Nx rats were
characterized by vascular endothelial dysfunction (Fig. 7A) as well as
increased vascular mRNA expression of Ccr2 and Spn (Fig. 7B), vascu-
lar accumulation of CD45" leukocytes (Fig. 7C), and ROS formation
(Fig. 7D). In rats that had been nephrectomized for 8 weeks, Pai-1 mRNA
(encoding for plasminogen activator inhibitor-1) expression in the renal
cortex was drastically increased (Fig. 7E) and associated with kidney
fibrosis, structural kidney damage (Fig. 7, F and G), and impaired kid-
ney function, as indicated by retention of urea nitrogen (urea-N) and
creatinine in plasma (Fig. 7H) and proteinuria (Fig. 7I). Blood pres-
sure significantly increased 2 weeks after 5/6 nephrectomy and pla-
teaued between weeks 4 and 8 (Fig. 7J). Continuous treatment of
5/6Nx rats with FXI ASO starting 3 weeks after surgery significantly
improved vascular injury, renal damage, and expression of Pai-I
mRNA and significantly and persistently reduced arterial hyper-
tension. Thus, the coagulation-inflammation circuit involving the
thrombin-FXI loop is a major regulator of arterial hypertension,
and interruption of this pathway reduces established vascular dys-
function and arterial hypertension and can treat long-term complica-
tions of kidney injury associated with hypertension.

FXI-dependent TG is increased in humans with
uncontrolled hypertension

To assess the applicability of our findings to human disease, we ex-
plored platelet-localized TG in an all-comer population of patients
with arterial hypertension who came to the emergency room and
outpatient clinic of the University Medical Center Mainz. We ob-
served a positive correlation between mean arterial blood pressure
and ETP, which corresponds to the overall thrombin generated over
time, as well as peak (maximum amount of thrombin generated) and
velocity of TG in PRP (Fig. 8A). According to current guidelines (36),
we divided our study population into three groups. Except for systolic,
diastolic, and mean arterial blood pressure, there were very few
demographic differences between the groups (Table 1). Individuals
with hypertension grade II or higher showed significantly higher
TG than controls, recapitulating our findings from mouse and rat
models (Fig. 8B). Addition of an FXI anti-apple 3 domain antibody
to block FXI activation by thrombin markedly reduced ETP, peak TG,
and velocity of TG in PRP from control subjects and completely ab-
rogated the increase of these markers in PRP from patients with un-
controlled hypertension (Fig. 8C). To exclude the possibility that these
results were due to alterations in plasma components and make sure
that they were related to platelets, we resuspended washed platelets in
PPP from healthy donors. When the resuspended platelets were
derived from individuals with uncontrolled hypertension, but not when
they were from healthy controls, we measured significantly increased
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Fig. 6. FXI ASO administration prevents vascular dysfunction and arterial hypertension in ATll-infused and 5/6NXx rats. (A to E) Wistar rats were treated for 1 week
with ATIl or sham and with FXI ASO (Wistar + FXI ASO + ATII) or Scr ASO (Wistar + Scr ASO + ATII) starting 2 weeks before ATIl infusion to be analogous to the mouse treatment
scheme (see Fig. 3E). (A) Endothelium-dependent relaxation of isolated aortic segments. *P < 0.05 versus Wistar + Scr ASO; *P < 0.05 versus Wistar + Scr ASO + ATIl, one-way
ANOVA and Bonferroni's multiple comparison test of maximal relaxation; n = 5 to 9 animals per group. (B) Aortic mRNA expression of Ccl2, Vcam-1, sialophorin (Spn), and
chemokine receptor 2 (Ccr2). Kruskal-Wallis and Dunn’s multiple comparison test; n = 3 to 6 animals per group. (C) Immunostaining of aortic cryosections. Green, autofluo-
rescence; red, CD45; blue, 4'6-diamidino-2-phenylindole (DAPI). Red fluorescence was quantified in whole aortic rings. One-way ANOVA and Bonferroni’s multiple comparison
test; n = 4 to 5 animals per group. (D) Superoxide formation in aortic cryosections. Left: Representative DHE photomicrotopographs of aortic cryosections; superoxide for-
mation appears in red. Right: Quantification. One-way ANOVA and Bonferroni’s multiple comparison test, n = 6 animals per group. (E) Systolic blood pressure after 1 week of
ATl infusion or sham treatment. Kruskal-Wallis and Dunn’s multiple comparison test; n = 3 to 14 animals per group. (F to I) Wistar rats underwent 5/6 nephrectomy (5/6Nx) or
sham operation (sham) and were administered for 3 weeks with FXI or Scr ASO, starting 1 week after surgery. (F) Endothelium-dependent relaxation of isolated aortic
segments. One-way ANOVA and Bonferroni's multiple comparison test of maximal relaxation; n = 5 to 12 animals per group; *P < 0.05 versus Wistar + Scr ASO; *P < 0.05
versus Wistar + Scr ASO + 5/6Nx. (G) Oxidative fluorescence microtopography. Left: Representative photomicrographs. Right: Densitometry. One-way ANOVA and Bonferroni'’s
multiple comparison test; n = 6 animals per group. (H) ETP in PRP. Kruskal-Wallis and Dunn’s multiple comparison test; n = 4 to 6 animals per group. (I) Systolic blood pressure
after nephrectomy. #p < 0.05 versus Wistar + Scr ASO + 5/6Nx, two-way ANOVA and Bonferroni’s post tests; n = 4 (sham) and 8 to 10 (5/6Nx) animals per group. Data are
means + SEM. *P < 0.05; **P < 0.01; **P < 0.001 (B to D, F, and G).

peak TG and velocity of TG, confirming that platelets from patients
with hypertension are sufficient and essential to support TG in plasma
(Fig. 8D).

DISCUSSION

Our findings provide insight into the pathogenic role of the thrombin-
EXI loop in inflammation and show that this pathway makes a crucial
contribution to arterial hypertension in the absence of overt vascular
thrombotic occlusion. We delineate an unexpected sequence of events
that specifically fosters vascular inflammation in RAAS-driven arterial

Kossmann et al., Sci. Transl. Med. 9, eaah4923 (2017) 1 February 2017

hypertension. ATII triggers TF up-regulation in the vasculature,
providing initial TG that is amplified by an FXI feedback loop mediated
through GPIbo. Additional thrombin generated on platelets leads to
leukocyte adhesion and vascular inflammation, which depends on
VCAM-1, VLA-4, and Mac-1. We demonstrated that FXI inhibition
blocks ATII-driven vascular immune cell infiltration and attenuates ar-
terial hypertension (see scheme in Fig. 8E). FXI inhibition introduces a
disruption at the crossroads of an orchestrated inflammatory response
that involves platelets, leukocytes, and the vessel wall. Localized platelet-
amplified thrombin formation mediates the recruitment of proinflam-
matory monocytes to the vasculature in a process that leads to arterial
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Fig. 7. FXI ASO treatment of established arterial hypertension attenuates vascular and kidney injury and reduces blood pressure in 5/6Nx rats. Wistar rats
underwent 5/6 nephrectomy (5/6Nx) or sham operation (sham) and were treated for 5 weeks with FXI ASO or Scr ASO, starting 3 weeks after surgery. (A) Endothelium-
dependent relaxation of isolated aortic segments. *P < 0.05 versus Wistar sham, one-way ANOVA and Bonferroni’s multiple comparison test of maximal relaxation; n = 4
to 6 animals per group. (B) mRNA expression levels of Spn and Ccr2 in aortic lysates. Kruskal-Wallis and Dunn’s multiple comparison test; n = 4 to 6 animals per group.
(C) Immunostaining of aortic cryosections. Green, autofluorescence; red, CD45; blue, DAPI. Red fluorescence was quantified in whole aortic rings. One-way ANOVA and
Bonferroni’s multiple comparison test; n = 4 animals per group. (D) Oxidative fluorescence microtopography. Left: Representative photomicrographs. Right: Densitom-
etry. One-way ANOVA and Bonferroni’s multiple comparison test; n = 4 to 6 animals per group. (E) mRNA expression levels of Pai-1 in renal cortex. Kruskal-Wallis and
Dunn’s multiple comparison test; n = 4 to 6 animals per group. (F) Sirius red staining and (G) periodic acid-Schiff (PAS) staining of kidney sections (left) and score for
PAS staining (right). One-way ANOVA and Bonferroni’s multiple comparison test; n = 4 to 6 animals per group. Quantification of (H) plasma urea-N and creatinine and
(I) proteinuria. Kruskal-Wallis and Dunn’s multiple comparison test; n = 4 to 6 animals per group. (J) Systolic blood pressure. *P < 0.05 versus Wistar + 5/6Nx; °P < 0.05 versus
Wistar + Scr ASO and Wistar + FXI ASO; *P < 0.05 versus Wistar + Scr ASO + 5/6Nx, two-way ANOVA and Bonferroni's post tests; n = 8 (sham) and 12 (5/6Nx) animals per group.
Data are means + SEM. *P < 0.05; **P < 0.01 (B to |).

hypertension. Given that arterial hypertension is a multifactorial disease, Platelet inhibitors, such as aspirin (acetylsalicylic acid), which are
which requires combined medical treatment targeting multiple path- among the most prescribed drugs worldwide, are very effective in reducing
ways [salt/water retention, increased sympathetic tone, and activated mortality in people who have experienced adverse cardiovascular events
RAAS (36)], it is interesting that targeting FXI alone was effective in  such as myocardial infarction and are also being considered for primary pre-
reducing not only vascular inflammation but also blood pressure. vention in the general population (37, 38). Aspirin has an anti-inflammatory
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Fig. 8. Blood pressure correlates with platelet-localized, FXI-dependent TG in humans. (A) In all participants of
the FACTO-RR study, linear regression analysis was performed between mean arterial pressure (MAP) and ETP and
between peak TG and velocity of TG; n = 71, Pearson correlation coefficient; exact two-tailed P values are given. (B) On
the basis of current guidelines (36), the population was stratified into three groups, for example, controlled hyper-
tension (control, n = 19), arterial hypertension grade | (HT’l; n = 16), and arterial hypertension grade Il or higher (HT>°Il;
n = 36). ETP in PRP was analyzed for each individual group. Kruskal-Wallis test with Dunn’s multiple comparison test
was used. (C) Participants of the FACTO-RR study were split into two groups: controlled hypertension (C; n = 19) and
uncontrolled (HT°l and HT>ll) hypertension (HT; n = 52). ETP, peak TG, and velocity of TG were measured before and
after addition of 1A6, an anti-apple 3 domain antibody blocking the feedback activation of FXI by thrombin. Data are
means = SEM. Kruskal-Wallis test with Dunn’s multiple comparison test was used. (D) In selected patients, washed
platelets of controlled (n = 10) and uncontrolled (n = 13) hypertensives were resuspended in PPP of healthy donors
and triggered with exogenous TF to evoke ETP. Mann-Whitney test. Data are means + SEM. *P < 0.05; **P < 0.01; ***P <
0.001. Each measurement was performed in triplicate, yielding one data point. (E) Scheme illustrating the main find-
ings. Blue color marks the most relevant interaction partners of the newly identified mechanism. Green, positive

feedback loop; red, inhibitory action.

preventive potential in individuals with increased high-sensitivity
C-reactive protein, who are at risk for future cardiovascular events
(39). The pathway we have described here is driven by ATII and crit-
ically depends on platelet-expressed GPIbo, a known receptor for both
thrombin and FXI. Anti-platelet drugs such as abciximab, a GPIIb/IIla
antagonist, and aspirin only partially influence TF-triggered TG in
PRP (40). Furthermore, there is no evidence that aspirin or GPIIb/IIla
inhibitors reduce blood pressure. Therefore, our findings suggest that
inhibiting the GPIba-dependent, thrombin-FXI-amplifying loop may
provide added cardiovascular benefits that are synergistic with those of
established platelet inhibitors.

Anticoagulants blocking vitamin K-dependent synthesis of coagu-
lation factors (vitamin K antagonists) and newer, protease-specific di-
rect oral anticoagulants such as thrombin inhibitors could both be of
clinical utility to interrupt the proinflammatory TE-thrombin pathway
uncovered in our study. Our data unexpectedly show that pharmaco-
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itors. A wide range of antihypertensive
drugs are available to control blood pres-
sure; however, we unexpectedly discovered
that established arterial hypertension can
be attenuated by FXI ASO in rats. Inhibi-
tion of FXI was sufficient to prevent PAI-
1 expression in the kidney. PAI-1 is in-
duced by thrombin in both the vasculature
(45) and the kidneys (46) and is a
surrogate marker for kidney injury (47),
and PAI-1 activity leads to kidney fi-
brosis induced by ATII (48). Thus, tar-
geting of FXI does not simply modulate
a redundant pathway in blood pressure
regulation but may substantially improve
hypertension-associated renal dysfunction, kidney fibrosis, and injury.

Preclinical (30) and clinical (49) evidence further indicate that in-
hibition of FXI is associated with a lower risk of bleeding complica-
tions than is warfarin or enoxaparin. The described surrogate marker
evaluation of this pathway (Fig. 8), together with the reported safety
in avoiding bleeding complications (30, 49), suggests that the pleio-
tropic effects of FXI inhibitors to prevent vascular inflammation, dys-
regulation of vascular tone, and ensuing kidney damage should be
exploited in medical care. Because our mechanistic results are largely
limited to animal models, randomized clinical trials are needed to test
whether these effects hold true in humans. At first, the anti-inflammatory
and blood pressure-lowering effects of FXI inhibitors should be
monitored once this type of drug enters clinical use as antithrombotic
medication. FXI inhibitors may prove more therapeutically useful
than anticipated in individuals with cardiovascular disease and acti-
vated RAAS.
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Table 1. Patient characteristics of all participants of the FACTO-RR study. On the basis of the current guidelines on arterial hypertension, the population
was stratified into three groups (36), for example, controlled hypertension (control), arterial hypertension grade |, and arterial hypertension grade Il or higher
(summarized as uncontrolled hypertension in some analyses). *P < 0.05 versus control; *p < 0.05 versus hypertension grade |, Kruskal-Wallis test with Dunn’s
multiple comparison test or Fisher's exact test. bpm, beats per minute; ACE, angiotensin-converting enzyme; NSAIDs, nonsteroidal anti-inflammatory drugs; BMI,
body mass index; MI, myocardial infarction; CAD, coronary artery disease; PAD, peripheral artery disease; COPD, chronic obstructive pulmonary disease; CVD,
cardiovascular disease.

Controlled hypertension Uncontrolled hypertension
Hypertension Hypertension
grade | grade Il or >lI
n 19 16 36

continued on next page
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Controlled hypertension

Uncontrolled hypertension

Hypertension Hypertension

grade | grade Il or >ll
History of Ml or CAD 12 (63.2) 6 (37.5) 5 (13.9*

Hlstory o fstmke ...................................................................... 1(53) ............................................................. 1(63) .................................................... 2(5 6) .......
PAD ........................................................................................ 2(105) ........................................................... 3(188) .................................................... 1(28) .......
COPD ....................................................................................... 1(53) ................................................................. 0 ............................................................ 0 ...........
Fam,|yh|5toryofCVD AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 6(316) AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 8(50)17(472) AAAAA
A|coho|abuse ........................................................................ 8(421) ............................................................ 8(50)13(361) .....
Cancer .................................................................................... 3(158) ........................................................... 2(125) .................................................... 1(28) .......
Chromck|dneyd|sease .......................................................... 5(263) ............................................................... 0* ...................................................... 4(”1) ......

MATERIALS AND METHODS

Study design

The overall objective of the study was to test the hypothesis that leu-
kocytes, platelets, and coagulation factors interact to promote vascu-
lar injury in arterial hypertension. We designed a translational study,
involving experimentation with laboratory animals (mice, in part ge-
netically modified, and rats) and blood plasma as well as an observa-
tional analysis of a monocentric nonrandomized unblinded all-comer
clinical cohort. In the experimental studies, samples were measured
at least in duplicate and replicated at least three times (n > 3 animals
per group, specified in each figure legend). Experimentators were
blinded to the treatment arm by pseudonymization of the samples,
whenever feasible.

Chemicals

All chemicals were of highest analytical grade and obtained from either
Sigma-Aldrich or Merck. FXI ASOs [mouse: lot nos. 404071 (FXI ASO)
and 421208 (control); rat: lot nos. 404088 (FXI ASO) and 141923 (con-
trol)] were produced by Ionis Pharmaceuticals. They were designed to
suppress hepatic mRNA levels of FXI in mice and rats. The ASOs had a
length of 20 nucleotides, and phosphorothioate and 2'-O-methoxyethyl
were added (30).

Animals and in vivo treatment

EXII™~ (50), FXI”'~ (51), and hIL-4R/Ibo mice (24) were generated
and backcrossed more than 10 times to the C57BL/6] background, as
described previously. C57BL/6] mice were purchased from the Jackson
Laboratory and used as control mice in all experiments. Male mice (10
to 12 weeks old) were used as experimental animals. Mice were in-
fused subcutaneously with ATII (1 mg kg™ day ™' for 7 days) via
miniosmotic pumps (model 1007D, ALZET) versus sham. In sel-
ected experiments, mice were injected subcutaneously with FXI ASO
(50 mg kg™") or Scr ASO solved in 0.9% NaCl twice per week for
a period of 3 weeks, starting 2 weeks ahead of the ATII regimen (see
Fig. 3E). After 3 weeks, mice were euthanized by exsanguination un-
der isoflurane anesthesia, and aorta, liver, and blood were collected. In
selected experiments, C57BL/6 mice were intraperitoneally or intra-
venously injected with platelet-depleting anti-GPIbo. antibody [SA7 Ab
(52); 3.4 mg kg ' intraperitoneally three times per week or acutely
34 mg kg intravenously], TF-inactivating antibody (21E10; 20 mg kg '
intraperitoneally three times per week or acutely 25 mg kg™ intra-
venously), anti-VCAM-1 antibody (clone 429 MVAM.A, eBioscience;
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1 mg kg™, intravenously), anti-VLA-4 antibody (clone PS20; 10 mg kg,
intravenously), anti-Mac-1 antibody (clone M1/70, BioXCell; acutely
6.5 mg kg '), and an antibody blocking the FXII-dependent activation
of FXI (14E11, provided by A. Gruber; 5 mg kg ™" intraperitoneally three
times per week) or respective control IgGs resolved in phosphate-buffered
saline (PBS). In some experiments, mice were reconstituted intra-
venously with highly purified plasma-derived hFXI (30 U kg™") (Hemo-
leven, Swedish Orphan Biovitrum) every second day for 1 week or
sham (0.9% NaCl). Thrombin inhibition was achieved by continuous
infusion of lepirudin via miniosmotic pumps (model 1007D, ALZET)
implanted intraperitoneally (0.3 mg kg™' hour™") or by acute intra-
venous injections (1.7 mg kg'). In addition, male Wistar rats (8 to
10 weeks old; 450 to 500 g; Charles River Laboratories) were used. In
analogy to the mouse experiments, rats were treated subcutaneously with
ATII (1 mg kg™ day " for 7 days) via miniosmotic pumps (model 2001,
ALZET) versus sham. Rats were injected subcutaneously with FXI ASO
(50 mg kg™") or Scr ASO solved in 0.9% NaCl twice per week for a
period of 3 weeks, starting 2 weeks ahead of the ATII regimen.

As an additional hypertension model, 5/6Nx rats were used. Stud-
ies were carried out on male Wistar rats from Janvier Labs, aged 8 weeks
old. Rats underwent one-step 5/6 subtotal nephrectomy, as described
previously (53), or sham operation performed by Janvier Labs as the
commercial provider. Briefly, surgery consists of right nephrectomy
and surgical ablation of the lower and upper poles of the left kidney.
Depending on the study protocol, 1 week (preventive protocol) or 3 weeks
(treatment protocol) after operation, subcutaneous injection of FXI
ASO (50 mg kg™") or Scr ASO twice per week for a period of 3 weeks
(or 5 weeks, respectively) was started. Animal treatment was approved
by the board of examinations of the state of Rhineland-Palatinate
(authorization number 23 177-07/G12-1-002).

Blood pressure recordings

For blood pressure recordings of mice, carotid catheters were implanted
into C57BL/6 animals [TA-PA11C10, Data Science International
(DSI)]. For anesthesia and analgesia, mice received intraperitoneal
injections of midazolam (5 mg kg™ '; Ratiopharm GmbH), medeto-
midine (0.5 mg kg™' body weight), and fentanyl (0.05 mg kg™ body
weight; Janssen-Cilag GmbH). After the surgical procedure, the
animals were administered atipamezole (0.05 mg kg '), flumazenil
(0.01 mg kg_l), and naloxone (0.024 mg kg_l) subcutaneously to
antagonize anesthesia. Postoperative analgesia was carried out with
buprenorphine (0.075 mg kg™'). The implantation of the catheters
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was performed under sterile conditions. After surgery, mice recov-
ered for 1 to 2 weeks until the recording was started. Blood pressure
was continuously recorded to receiver platforms (DSI), and the data were
saved using DataQuest system (DSI). Rat blood pressure measure-
ments were performed by tail cuff with the Coda Monitor System
(Kent Scientific). Blood pressure in ATII versus sham-infused rats was
measured 1 week after pump implantation and in 5/6Nx versus sham-
operated rats once a week for a period of 4 or 8 weeks starting 1 week
after surgery.

Preparation of PPP and PRP from mice and rats

Blood samples were collected from experimental animals under iso-
flurane anesthesia by puncture of the inferior caval vein. Complete
blood counts and hematocrit were determined with an automatic cell
counter KX-21N (Sysmex Corporation). The obtained blood (700 pl;
10:1 with 3.2% sodium citrate) was gently mixed for proper anti-
coagulation. After centrifugation for 15 min at 2500g at 20°C, PPP
was transferred into new tubes, snap-frozen, and stored at —80°C until
further use. PRP from experimental animals was prepared by differ-
entiated centrifugation of citrate-anticoagulated whole blood, taken by
retro-orbital vein puncture using silanized glass capillaries.

FXI activity assay and activated partial thromboplastin time
PPP was defrosted at 37°C, every sample was gently stirred, and assays
were performed using the Siemens BCS II according to the manufac-
turer’s protocol. Results are compared to human pooled values.

Preparation of PPP and PRP from human subjects

Blood was obtained by venipuncture via a 21-gauge needle and
collected into 0.129 M sodium citrate (9:1, v/v). Complete blood counts
and hematocrit were determined with an automatic cell counter KX-21N
(Sysmex Corporation). PRP was prepared within 1 hour of blood
sampling with a first centrifugation of 190g for 10 min at 20°C. The
supernatant was removed, and the platelet count was adjusted to 150 x
107 per liter with PPP prepared with a 10-min centrifugation at 1750g
at 20°C. In platelet resuspension experiments, PRP was centrifuged for
4 min at 1750g at 20°C, supernatant was removed, platelets were re-
suspended in a pool of PPP from healthy volunteers, and platelet
count was adjusted at 150 x 10 per liter.

TG assay in PRP

Platelet-dependent TG was assessed in PRP upon stimulation with
o--thrombin (0.1 U/ml) by fluorogenic calibrated automated thrombography
in vitro in a microtiter plate fluorometer (Fluoroskan Ascent) using
the thrombinoscope and Synapse BV software program (31, 54-56).
Where indicated, an anti-apple 3 domain of FXI (1A6; generated
by A. Gruber) was added at a concentration of 5 ug/ml. The para-
meters calculated by the software were the lag time, thrombin peak,
time to peak, velocity, and ETP, which corresponds to the area under
the curve.

Vascular reactivity studies

To assess vasodilator properties of isolated aortic segments (~4 mm),
they were mounted to force transducers in organ chambers to test
their response to ACh. The aortic rings were preconstricted with
phenylephrine (0.15 uM) or prostaglandin F,o (3 nM) to reach 50
to 80% of the tone induced by KCI. Concentration-relaxation curves
were recorded in response to the endothelium-dependent vasodilator
ACh (1 nM to 3 uM) (8).
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Fluorescence oxidative microtopography

To quantify vascular ROS production, the aortas were cut into rings
of 4 mm in length and then incubated in Krebs-Hepes buffer plus
protease inhibitors [NaCl (5.78 g liter ), KCI (0.35 g liter ), CaCl,
037g liter ™), MgSO, (0.30 g liter "), NaHCO; (2.1 g liter ), K,HPO,
(014 g liter 1), Hepes (521 g liter 1), and p-glucose (2.0 g liter V)] for
10 min at 37°C. The aortic rings were placed in aluminum cups filled
with OCT (optimal cutting temperature) resin (Sakura Finetek) and
slowly frozen with liquid nitrogen. ROS production was quantified
with DHE (1 pM)-derived fluorescence after incubation for 30 min at
37°C. A Zeiss Axiovert 40 CFL microscope and an AxioCam MRm
camera (Zeiss) were used for detection, and images were analyzed using
the AxioVision data acquisition software (Zeiss) and quantified as IOD.

Reverse transcription polymerase chain reaction
FXI-mRNA expression of hepatic tissue was analyzed by quantitative
RT-PCR using 7900HT Fast Real-Time PCR System (Applied Biosys-
tems). Hepatic mouse mRNA was isolated following the manufac-
turer’s instructions of the RNeasy Fibrous Tissue Mini Kit (Qiagen).
For isolation of aortic RNA from snap-frozen mouse or rat aortas, rat
kidneys or rat liver tissues were homogenized with the TissueLyser I
(Qiagen), and for RNA isolation, the modified guanidine isothiocyanate
method of Chomezynski and Sacchi (57) was used. RT-PCR was per-
formed with the CFX96 Real-Time PCR Detection System (Bio-Rad).
For RT-PCR analysis, total RNA (0.125 ug) was used with the QuantiTect
Probe RT-PCR kit (Qiagen). TagMan Gene Expression assays were used
as probe and primer sets (Applied Biosystems) for TATA-box binding
protein (mouse: Thp, Mm00446973_m-1; rat: Thp, Rn01455646_m1)
and FXI (mouse: F11, MmO01194987_m]; rat: F11, Rn01767420_m1),
Veam-1 (mouse: Mm00449197_m1; rat: Rn00563627_m1), MCP-1
(Ccl2; mouse: Mm00441242_m1; rat: Rn00580555_m1), Ly6c (mouse:
Mm03009946_m1), iNOS (Nos2; mouse: Mm00440485_m1), Spn (rat:
Rn02061804_s), Ccr2 (rat: Rn01637698_s1), and Pai-1 (mouse: Serpinel,
Mm00435858_m1; rat: Serpinel, Rn01481341_m1). Results were quanti-
fied with the relative C, method and normalized to TATA-box binding
protein as the endogenous control. mRNA levels were expressed re-
lative to levels of control.

Western blot analysis

PPP and isolated aortic tissue were used for Western blot analysis.
Under nonreducing conditions, proteins of PPP were separated by
7.5% SDS-polyacrylamide gel electrophoresis (PAGE). Sample volume
of 1 ul was diluted in sample buffer. Immunoblotting was performed
with an antibody against FXI (1:250; Nordic Immunology). Protein
suspension of homogenized aortic tissue was separated by 12%
SDS-PAGE under reducing conditions. After blotting on a nitro-
cellulose membrane, immunoblotting was accomplished with anti-
bodies against o-actinin as a loading control (1:1000; Sigma-Aldrich),
nox2 (gp91Ph°X, 1:500; BD Biosciences), and HO-1 (1:2000; Epi-
tomics). Detection of specific bands was performed with peroxidase-
conjugated secondary antibodies (1:10,000; Vector Laboratories) and
enhanced chemiluminescence according to the manufacturer’s
instruction. These bands were analyzed by densitometry.

Enzyme-linked immunosorbent assay

TAT complexes in PPP were quantified by ELISA. Plasma samples
were diluted 1:10 with sample diluent. The ELISA Kit for TAT com-
plexes (USCN Life Science, E90831Mu) was performed according to
the manufacturer’s instructions. The assay was performed with a Millenia
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Kinetic Analyzer (Diagnostic Products Corporation), and results were
analyzed with SoftMax Pro (Molecular Devices).

Picro-sirius red staining

Isolated aortic rings and decapsulated left kidneys were fixed in para-
formaldehyde (4%) directly after removal and embedded afterward
in paraffin. After deparaffinization, nuclei were prestained with he-
mealaun. Samples were stained in picro-sirius red solution (0.1%
with 1.2% picric acid). Finally, specimens were dehydrated with eth-
anol and coverslipped with Entellan. To determine the presence of
early fibrosis and collagen accumulation, 10 images per animal were
taken using an Olympus IX73 microscope and an Olympus SC30
camera and were examined.

Immunofluorescence staining of rat aorta

Aortic cryosections (5 um) were blocked with 1% bovine serum al-
bumin in PBS with 0.05% Tween 20. Tissue sections were stained
with the primary anti-CD45 antibody (1:150, ab10558; Abcam) at
4°C overnight. Slides were washed three times with PBS and incu-
bated with the secondary antibody Alexa 594 donkey anti-rabbit
(1:2000, A21207; Life Technologies) for 1 hour at room tempera-
ture in the dark. After three washes in PBS for 5 min each, slides
were counterstained with DAPI and mounted using ProLong Dia-
mond Antifade Mounting medium with DAPI (Life Technologies).
Sections were imaged with an Olympus IX73 microscope. Negative
controls were performed for every set of experiments by omitting the
primary antibodies from the procedure. For quantification, red fluo-
rescence of whole aortic rings was quantified by digital image analysis
using Image]. For publication images with DAPI staining, green auto-
fluorescence and red fluorescence were taken using a 10x objective.

Kidney histological evaluation

The left kidneys were decapsulated, fixed in phosphate-buffered 4% para-
formaldehyde (pH 7.4), embedded in paraffin wax, and cut longitudinally
to a thickness of 5 um. Renal tissue sections were stained with PAS and
hematoxylin and eosin. All histology stainings were performed by the
Histology Core Facility of the Institute of Molecular Biology (University
of Mainz, Germany). To determine kidney injury, 10 consecutive cortical
and juxtamedullary images per animal were taken using an Olympus
IX73 microscope and an Olympus SC30 camera and were examined.
Quantitative analysis of kidney injury was determined by semi-
quantitative injury scoring (PAS score: 0, <5%; 1, 5 to 15%; 2, 15 to
25%; 3, 25 to 50%; 4, >50%). These examinations were performed
blinded by two investigators, and the mean values were calculated.

Protein excretion

Creatinine (milligram per deciliter; Jaffe reaction) in spontaneous
urine samples was measured by an Abbott ARCHITECT ¢8000
Clinical Chemistry Analyzer (Abbott) using Abbott reagents. The
total protein content was determined by Bradford assay using Roti-
Quant (Bio-Rad) following the manufacturer’s instructions. Protein-
uria was calculated as milligram of protein per milligram of creatinine.

Plasma analysis of kidney function

Heparinized blood was collected by right ventricular heart punc-
ture. Creatinine (milligram per deciliter; Jaffe reaction) and urea-N
(milligram per deciliter; urease method) were measured in mouse
heparinized plasma by an Abbott ARCHITECT c8000 Clinical
Chemistry Analyzer using Abbott reagents.
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Flow cytometric analysis of aortic lysates and of
platelet-leukocyte conjugates in peripheral blood

Aortic vessels were cleaned of perivascular fatty tissue and adventitia,
minced, and digested by liberase (1 mg/ml; Roche Diagnostics), as
described previously (8, 58). Single-cell suspensions were stained with
CD45-allophycocyanin (APC)-eFluor 780, CD11b-phycoerythrin
(PE), Ly6G- or GR-1-fluorescein isothiocyanate (FITC), Ly6C—peridinin
chlorophyll protein (PerCP)-Cy5.5, NK1.1-PE-Cy7, F4/80-APC, and
Viability Dye eFluor 506 monoclonal antibodies. At least 2.5 x 10° to
4.0 x 10° cells were treated with Fc-block, washed, and surface-
stained. On the basis of a live gate, events were acquired and analyzed
using a BF FACSCANTO II flow cytometer (Becton Dickinson) and
FACSDiva software (Becton Dickinson), respectively. Monocyte-
platelet conjugates were analyzed in citrate-anticoagulated whole
blood (59), taken by retro-orbital vein puncture using heparinized
glass capillaries. Platelets were stained with anti-CD41-FITC antibody;
monocytes were stained with anti-CD11b-PE, anti-GR-1-V450, and
F4/80-APC antibodies and gated from CD45" viable cells.

Intravital fluorescence microscopy

Mice were anesthetized with midazolame, medetomidine, and fenta-
nyl injected intraperitoneally as described previously. Animals were
fixed on a custom-built stage to maintain a physiological temperature.
The right and left common carotid arteries were dissected free. For
the quantification of leukocyte adhesion, 100 pl of acridine orange
(0.5 mg ml™'; Sigma-Aldrich) was injected via jugular vein catheter
(inside diameter, 0.28 mm; outer diameter, 0.61 mm; Smiths Medical
Deutschland GmbH) to stain circulating leukocytes in vivo. Measure-
ments were performed with a high-speed wide-field Olympus
BX51WTI fluorescence microscope using a long-distance condenser
and a 10x (numerical aperture, 0.3) water immersion objective with
a monochromator (MT 20E; Olympus Deutschland GmbH) and a
charge-coupled device camera (ORCA-R*, Hamamatsu Photonics).
For image acquisition and analysis, a Realtime Imaging System eXcellence
RT (Olympus Deutschland GmbH) software was used. Cell recruit-
ment was quantified in four fields of view (100 x 150 um) per carotid
artery. Adherent cells were defined in each vessel segment as cells that
did not move or detach from the endothelial lining within an obser-
vation period of 10 s and presented per square millimeter.

The FACTO-RR study

We enrolled 71 all-comer patients with arterial hypertension admitted
to either the outpatient clinic or the emergency room of the Center for
Cardiology, University Medical Center Mainz into the “Interaction of
coagulation FACtors, Thrombocytes and leukOcytes in patients with
aRterial hypeRtension study” (FACTO-RR study, DRKS00011232).
Inclusion criteria were age (=18 years old) and history of essential
arterial hypertension of at least 6 months. Exclusion criteria were
age (=90 years old), anticoagulant therapy (unfractionated or low-
molecular weight heparin, vitamin K antagonist, FXa inhibitors, and
thrombin inhibitors), acute coronary syndromes, exacerbated disease
requiring critical care medicine (for example, hypertensive crisis with
pulmonary edema and respiratory failure), or immediate surgery (for
example, aortic dissection or rupture). The study protocol was approved
by the local ethics committee of the state of Rhineland-Palatinate,
Germany, reference number 837.354.12 (8455-F). Written informed
consent was obtained from every participant. Medical history was taken,
and body weight, height, and heart rate were obtained. Office blood
pressure was measured in each study participant in an upright sitting
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position (room temperature, 22°C) using the Omron 705CP-II device,
and upper arm cuffs were adapted to upper arm circumference (17 to
22 cm, 22 to 32 cm, and 32 to 42 cm, respectively). The upper part of
the body was undressed, and measurements were taken beginning 5 min
after application of the blood pressure cuff. The first measurement was
taken on both the left and right arm, and both second and third measure-
ments were taken 3 min after another. If in the first measurement differ-
ences between systolic and diastolic blood pressure between the two arms
were below 20 or 15 mmHg, the second and third measurements were
taken only on the left upper arm. For each individual, the mean of the
second and third measurements was calculated and included in the study.
According to current guidelines (36), grade I hypertension was defined as
systolic blood pressure (SP) of 140 to 159 mmHg and/or diastolic
blood pressure (DP) of 90 to 99 mmHg; grade II hypertension or
higher was defined as SP >160 mmHg and/or DP >100 mmHg.
MAP was calculated as follows: MAP = ((2 x SP) + DP)/3. Here, the
groups hypertension grade I and hypertension grade II or higher were
called “uncontrolled hypertension”; all others were termed “controlled
hypertension.” A maximum of 10 ml of venouscitrated blood was drawn
from the cubital vein of the right arm to prepare PPP and PRP and to
assess blood count using the Sysmex XP300 analyzer (Sysmex Corpo-
ration). In a subset of the study participants, in which preparation of
PRP exceeded a minimum volume of greater than 3 ml after the TG
assays were performed, as described previously (31, 54-56), we
prepared washed platelets by centrifuging the PRP at 2500g for 4 min
at room temperature. We resuspended the platelets in aliquots of con-
trol PPP that we had obtained from six healthy volunteers (mean age,
285 + 1; 50% female; no cardiovascular risk factors), pooled, ali-
quoted, frozen at —80°C, and thawed. In those samples, we performed
the TG assays as described previously for PRP.

Statistics

Data are expressed as means + SEM. Statistical calculations were per-
formed with GraphPad Prism 5 (GraphPad Software Inc.). D’Agostino-
Pearson normality test was first performed, and Pearson’s correlation,
Fisher’s exact test, Mann-Whitney test, paired or unpaired ¢ test, Kruskal-
Wallis test, and one- or two-way ANOV A with post hoc Bonferroni’s or
Dunn’s multiple comparison test were used as appropriate. P values of
<0.05 were considered significant and marked by asterisks (*P < 0.05;
**P < 0.01; ***P < 0.001).

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/9/375/eaah4923/DC1
Fig. S1. Therapeutic targeting of FXI protects from vascular inflammation.
Fig. S2. Protein expression of gp91phox and HO-1.

Video S1. C57BL/6.

Video S2. C57BL/6 + ATII.

Video S3. C57BL/6 + ATII + control IgG.

Video S4. C57BL/6 + ATII + anti-VCAM-1 antibody.

Video S5. C57BL/6 + Scr ASO.

Video S6. C57BL/6 + ATIl + Scr ASO.

Video S7. C57BL/6 + FXI ASO.

Video S8. C57BL/6 + ATII + FXI ASO.
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Background: The metabolic syndrome (MetS) and aging are associated with
modifications in blood coagulation factors, vascular inflammation, and increased risk of
thrombosis.

Objectives: Our aim was to determine concomitant changes in thrombin generation
in the blood compartment and at the surface of vascular smooth muscle cells (VSMCs)
and its interplay with adipokines, free fatty acids (FFA), and metalloproteinases (MMPs)
in obese Zucker rats that share features of the human MetS.

Methods: Obese and age-matched lean Zucker rats were compared at 25 and
80 weeks of age. Thrombin generation was assessed by calibrated automated
thrombography (CAT).

Results: Endogenous thrombin potential (ETP) was increased in obese rats independent
of platelets and age. Clot half-lysis time was delayed with obesity and age. Interleukin
(IL)-18 and IL-13 were increased with obesity and age respectively. Addition of
exogenous fibrinogen, leptin, linoleic, or palmitic acid increased thrombin generation
in plasma whereas adiponectin had an opposite effect. ETP was increased at
the surface of VSMCs from obese rats and addition of exogenous palmitic acid
further enhanced ETP values. Gelatinase activity was increased in aorta at both
ages in obese rats and MMP-2 activity was increased in VSMCs from obese rats.
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Hypercoagulability in Zucker Rats

Conclusions: Our study demonstrated in MetS an early prothrombotic phenotype
of the blood compartment reinforced by procoagulant properties of dedifferentiated
and inflammatory VSMCs. Mechanisms involved (1) increased fibrinogen and impaired
fibrinolysis and (2) increased saturated fatty acids responsible for additive procoagulant
effects. Whether specifically targeting this hypercoagulability using direct thrombin
inhibitors would improve outcome in MetS is worth investigating.

Keywords: vascular aging, blood coagulation test, obesity, fatty acids, thrombin generation

INTRODUCTION

Atherothrombotic events and venous thromboembolism are
associated with the metabolic syndrome (MetS), a cluster of risk
factors for cardiovascular disease including insulin resistance
(IR), abdominal adiposity, dyslipidemia, and hypertension
(Dandona et al., 2005). Likewise, obesity is causally related to
the high prevalence of MetS. Inflammation in MetS results
in endothelial dysfunction and increased arterial stiffness
(Weiss et al., 2013), probably through the action of matrix
metalloproteinases (MMPs; Halcox et al., 2009). Aging is also
associated with intimal thickening, breaks in the internal elastic
lamina and impaired endothelial function leading to increased
arterial stiffness (Wang et al., 1996).

A further cascade of obesity-induced chronic inflammation
leads to increased tissue factor (TF; Samad et al, 2001)
through the NF-kB pathway (Sonnenberg et al., 2004). Von
Willebrand factor (VWF) participates in the prothrombotic state
found in MetS (Lim et al, 2004). Total thrombin generation
and platelet reactivity are increased in type 2 diabetes and
older obese women (Beijers et al., 2010). Furthermore, as far
as fibrinolysis is concerned, chronic inflammation, abdominal
obesity, and IR all increase plasminogen activator inhibitor-1
(PAI-1) production, so reducing plasminogen conversion and
leading to a hypofibrinolytic state (Alessi and Juhan-Vague, 2008;
Suehiro et al., 2012).

Adipokine levels (adiponectin, leptin) as well as free fatty acid
(FFA) metabolism are changed significantly in MetS (Matsuzawa
et al,, 2004; Wakil and Abu-Elheiga, 2009). Both are known
also to be directly or indirectly implicated in haemostasis and
increased thrombosis (Konstantinides et al., 2001; Restituto
et al., 2010). Since haemostasis is modified in the MetS
and during aging our hypothesis is that MetS, the related
adipokines, and FFAs have a major impact on haemostasis
changes, increased thrombotic risk and worsen the vascular
phenotype. A major challenge is to elucidate the mechanisms
leading to increased thrombosis during MetS and in the natural
course of aging, and how they are related to the interaction
between blood haemostasis and the vascular wall. Rodent models
that mimic human MetS are major tools for understanding this
pathophysiology (Sloboda et al., 2012).

Obese Zucker rats have a missense point mutation (fa/fa) in
the leptin receptor gene that leads to hyperphagia and marked
obesity (Phillips et al., 1996). These rats display also many other
aspects of the human condition, such as IR, hypertension, and
increased plasma lipid levels. We have shown previously that

obese Zucker rats exhibited an increased age-dependent arterial
stiffening which was greater in obese than lean, as well as
endothelial dysfunction with increased systemic oxidative stress
(Sloboda et al., 2012).

We have developed therefore a strategy combining “adult”
(25-week-old) and “old” (80-week-old) Zucker rats with MetS
characteristics and their lean controls and a vascular smooth
muscle cell (VSMC) approach to investigate the role of FFAs
and vascular inflammation in the prothrombotic properties of
MetS. We first explored thrombin generation and its functional
consequences on the fibrin network and on fibrinolysis in
the blood compartment. To get insights into the underlying
mechanisms we then examined thrombin generation at the
surface of Zucker rat VSMCs and their MMP activity. We
demonstrated that obesity from at least 25 weeks triggers
increased thrombin generation in the blood compartment and at
the surface of VSMCs via increased FFAs and associated vascular
inflammation.

MATERIALS AND METHODS

Animals

Male Zucker rats with the MetS (MSZR, fa/fa; n = 18) and their
age-matched male lean Zucker rat controls (LZR, FA/-; n = 18)
were obtained from the breeding colony (animal facility, Faculty
of Medicine, University of Lorraine, France). The animals were
maintained at a constant temperature of 22-24°C, with a 12h
light-dark cycle (light beginning at 8 a.m.) and given free access
to water and standard chow (A04, Scientific Animal Food and
Engineering advance, Augy, France). The metabolic status of
MSZR and LZR has been published previously (Sloboda et al.,
2012).

Eighty weeks of age corresponds to 5 weeks before the mean
maximum life span of rats from our local breeding colony.

This study was carried out in accordance with
recommendations of the Animal Ethics Committee of the
Institut National de la Santé et de la Recherche Médicale and
conformed to the Guide for the Care and Use of Laboratory
Animals, published by the National Institutes of Health. The
protocols were approved by the Animal Ethics Committee of the
Institut National de la Santé et de la Recherche Médicale.

Blood Sampling

Rats were anesthetized with isoflurane and whole blood was
collected via a carotid catheter into syringes containing one-
tenth the volume of 0.106 M sodium citrate. Platelet count
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was determined with an automatic cell counter (Micros 60
ABX model, Montpellier, France). Blood was centrifuged at
190 g for 10min at room temperature to obtain platelet-rich
plasma (PRP) and then at 1,750 g for 10 min to obtain platelet-
poor plasma. PRP was adjusted to 200 x 10° platelets/l by
addition of autologous platelet-poor plasma and used for platelet
aggregation and thrombin generation. Platelet-free plasma (PFP)
was obtained by centrifugation of platelet-poor plasma at
13,000 g for 30 min at 4°C, and frozen at —80°C.

Preparation of Arterial Cryo-Sections

Artery cryo-sections were collected in the cross-sectional
orientation and used subsequently for in situ gelatin zymography.
The descending thoracic aorta was embedded in Optimal Cutting
Temperature (OCT) medium and frozen using iso-pentane pre-
cooled in liquid N, and stored at —80°C until cryo-sectioning.
Cryo-sections were cut at a thickness of 5 um and mounted onto
glass slides (Leica, Milton Keynes, UK) and stored at —80°C until
use.

Cell Culture

The descending thoracic aorta was excised from rats after
isoflurane anesthesia (4.5% in 1.5 l/min dioxygen) and
exsanguination. VSMCs were isolated as described previously
(Ait Aissa et al, 2015). VSMCs were grown in DMEM/F12
supplemented with 10% fetal bovine serum (Lonza, Basel,
Switzerland). For thrombin generation assays, VSMCs at
passages 3-5 were seeded (7,500 cells/well) in 96-well tissue
culture flat-bottom plates (MICROTEST™96), grown to
subconfluence and washed with HBS before use.

Platelet Aggregation

Blood was centrifuged at 190g for 4min followed by 70s at
1,900 g at room temperature to obtain PRP and then platelets
were sedimented by centrifugation at 5,000 g for 4 min. Platelets
were re-suspended in Tyrode buffer (5 mM Hepes, 137 mM NaCl,
2.7 mM KCl, 12 mM NaHCO3, 0.4 mM NaH,POy,4, 2 mM CaCl,,
1 mM MgCl,, 5.5 mM glucose, pH 7.3). Platelet aggregation was
measured by turbidimetry at 37°C under stirred conditions.
PRP or washed platelets were adjusted to 200 x 107 platelets/l
and were stimulated by 5pg/ml collagen or 5uM ADP (SD
Innovation, Frouard, France). Aggregation was followed for
10 min using a TA-8V aggregometer (SD Innovation).

Thrombin Generation Assay

Calibrated automated thrombinography (CAT) in PRP or PFP
was performed in a microtiter plate fluorometer (Fluoroskan
Ascent, ThermoLabsystems, Helsinki, Finland) using a dedicated
software program (Thrombinoscope BV, Maastricht, The
Netherlands) as reported previously (Regnault et al., 2004).
All reagents were used at half the ordinary volume as follows:
40 pl PRP or PFP, 10 pl of 5 pM recombinant human
tissue factor (TF) (Dade Behring, Marburg, Germany) and
phospholipid vesicles (PV) consisted of phosphatidylcholine-
serine-ethanolamine (PC/PS/PE) 60/20/20 mole% at a final
concentration of 4 WM equivalent PS, 10 pl fluorogenic substrate
and calcium. PV were replaced by buffer in PRP and VSMC

experiments. Round-bottom 96-well Greiner blue plates were
used for PFP and PRP, and MICROTEST™96 plates for VSMC
monolayers. Thrombin generation curves were recorded in
triplicate. Thrombin generation was monitored also following
supplementing PFP with adiponectin or leptin (BioVision, San
Francisco, USA), with fibrinogen (Sigma-Aldrich, St Louis,
USA), or with palmitic acid or linoleic acid (Sigma-Aldrich).

Coagulation and Circulating Parameters
Prothrombin and FVIII were measured in PFP samples diluted
1:40-80 in factor diluent (Instrumentation Laboratory, Le Pré
Saint Gervais, France). For each assay 50 pl of diluted sample
were added to 50 pl of human prothrombin-deficient plasma
(Siemens Healthcare Diagnostics SAS, Saint-Denis, France)
or FVIII deficient plasma (Dade Behring, Deerfield, USA).
After 1 min of incubation at 37°C in a KC10 coagulometer,
coagulation was started by addition of 80 wl of Thromborel®
S. Calibration curves were generated using the reference plasma
Unicalibrator (Diagnostica Stago, Asniéres, France). Fibrinogen
was measured in PFP samples diluted 1:10-20 in Owren-Koller
buffer (Diagnostica Stago, Asniéres, France). Unicalibrator was
used to generate calibration curves. After 4 min of incubation
at 37°C in a KC10 coagulometer, coagulation was started by
addition of 100 pl of Fibriquik (Biomérieux-Trinity Biotech,
Bray, Ireland). Antithrombin levels were measured with the
Coamatic® antithrombin test kit from Chromogenix, and TAT
with the Enzygnost® TAT micro (Instumentation Laboratory).
TF and TF pathway inhibitor (TFPI) activities were measured in
PFP using the Actichrome® tissue factor and Actichrome® TFPI
activity assay respectively (American Diagnostica, Stamford, CT).
PAI-1 levels were measured with the rat PAI-1 total antigen
ELISA kit from Innovative Research, Inc. IL-13 and IL-1f
concentrations were measured with the IL-13 and IL-1 beta
rat ELISA kits from Invitrogen. MMP-9 levels were measured
with the Quantikine rat total MMP-9 immunoassay from R&D
Systems. VCAM-1 was assessed with the rat VCAM-1 ELISA kit
from Elabscience.

In Vitro Fibrinolytic Test

PFP (20 pl) was diluted by addition of 40 pl buffer containing
5 pM recombinant TE, PV at 4 uM equivalent PS, 5nM rabbit
thrombomodulin (TM) (American Diagnostica, Greenwich,
USA) and 4pg/ml recombinant human tissue Plasminogen
Activator (tPA) Actilyse® (Boehringer Ingelheim, Ingelheim am
Rhein, Germany). Clot formation was initiated by addition of 10
pl of 100 mM CaCl,. To monitor clot lysis, absorbance was read
kinetically at 405 nm using a microplate reader. To standardize
the figure, for each sample basal optical density (OD) after lysis
was subtracted from each point of the curve. Half lysis time
was defined as the time required to reach half-maximal variation
in OD.

Microscopy of Fibrin Fiber Ultrastructure

The thrombin generation assay was performed in order to
generate fibrin for fixation using the same TF and PV
concentrations as in the CAT experiments. This was done using
plasma on paper disks and a Rhodamine substrate was used
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(Ninivaggi et al., 2012). Immediately after thrombin generation
was finished (50 min for each run), the mineral oil was removed
from the well and a solution of glutaraldehyde (grade I) in
phosphate buffered saline (PBS) (Sorensen’s PBS, pH 7.2) was
applied. This was put at room temperature for 1h and then kept
at 4°C overnight. The samples were then washed 5 times with PBS
and a secondary fixation was performed in OsOy4 (1%) in sodium
cacodylate (200nM, pH 7.4) for 1h at RT. The samples were
then dehydrated with increasing concentrations of ethanol each
during 3 min (30, 50, 70, 90, 100%) and the last step (100%) was
performed three times. Further dehydration was accomplished
by a hexamethyldisilazane (HMDS)/ethanol solution (1:1) for
3 min and HMDS for 10 min. The samples were removed from
the wells and left to dry. In order to visualize the samples with a
Phenom G2Pro scanning electron microscopy (SEM) (Phenom-
World, Eindhoven, the Netherlands), they were put on stubs
using carbon tabs and coated with gold.

For each sample, 3-5 pictures were analyzed. Fiber thickness
was measured using Image] software (version 1.48v). For each
picture 100 measurements were performed. The density of the
fibers was calculated from the pictures by counting the number
of fibers that crossed a line of 26.8 pm (Konings et al., 2011).

Rat Cytokine Antibody Array

The Rat Cytokine Array Panel A (Cat # ARY008) from
R&D system (Minneapolis, MN) was used to probe cytokines
in PFP from MSZR and LZR by following the procedures
recommended by the manufacturer. Bound antibodies were
detected by chemiluminescence using the Immobilon™ Western
Chemiluminescent HRP Substrate (Millipore, Billerica, MA).
This was performed once with a plasma pool from 5
to 6 animals to reduce inter-animal variability in each

group.

Phospholipid Procoagulant Activity

The chromogenic assay measuring the phospholipid-related
procoagulant activity (PPA) in VSMCs was performed as
described previously for plasma (Wagenvoord et al., 1994;
Membre et al.,, 2008). VSMCs cultured in 96 well plates were
washed and 50 pl of 50 mM Tris, 175 mM NaCl, pH 7.9 (TBS)
containing 2 g/l bovine serum albumin (BSA) were added as
well as 50 wl of activated factor X (1.2nM), activated factor
V (2.4nM), CaCl, (15mM) and 50 pl of bovine prothrombin
(6 wM) plus Z-Gly-Gly-Arg-AMC substrate (1.25 mM) in 20 mM
HEPES pH 7.5 containing 60 g/l BSA. The plate was placed
in the Fluoroskan Ascent fluorometer and allowed to warm
up to 37°C for 5min before kinetic readings were taken
over 10min. Phospholipid concentration was estimated from
the initial rate of thrombin formation by reference to a
standard curve constructed with PV, and expressed as PS
equivalents.

Western Blot

Cell extracts were obtained by lysing VSMCs in complete Lysis-
M buffer (Roche Diagnostics Corporation, Basel, Switzerland).
Detergent-soluble fractions were retained, and protein
concentrations in samples were determined using a Bradford

protein assay (Bio-Rad, Hercule, USA). Lysates containing 30
pg of protein were electrophoresed on polyacrylamide gels
(8% gel), transferred to Hybond-C nitrocellulose membranes
(transblot turbo, Bio-Rad, Hercule, USA) and blotted with
the following antibodies: a-smooth muscle actin (aSMA),
4/1,000 (Sigma-Aldrich), smooth muscle myosin heavy chain
(SM-MHC), 1/1,000 (Abcam; Cambridge, UK); smoothelin,
1/500 (Santa Cruz Biotechnology, USA); integrin oy, 1/1,000
(Santa Cruz Biotechnology, Dallas Texas); integrin B3 1/500
(Merck Millipore, Billerica, USA) and tubulin, 2/1,000 (Sigma-
Aldrich). After rinsing, incubation with a secondary rabbit
antibody 1/1,000 (o, B3, smoothelin, SM-MHC, Sigma-Aldrich)
and mouse antibody 1/1000 (aSMA, tubulin, Sigma-Aldrich).
Reactions were visualized by the ECL Western Blot Detection
Kit (Bio-Rad, Hercule, USA) after incubation with peroxidase
conjugates 1/2000 (GE Healthcare, Little Chalfont, UK). Tubulin
was used as loading control and the protein expression was
normalized to tubulin.

In Situ Gelatin Zymography

In situ gelatin zymography was performed to determine the
gelatinase activity across the aortic wall using DQ-gelatin
(Life Technologies, Paisley, UK) as described previously (Mook
et al., 2003). Fluorescein isothiocyanate (FITC, 1/110), and 4,6-
diamidino-2-phenylindole (DAPI, 1/150) filters were used to
visualize the degree of gelatinase activity and the localisation
of nuclear tissue by fluorescence microscopy using a x20
optical objective (Keynece, Osaka, Japan). Analysis of average
fluorescence was performed for three 20 wm thick profile lines
across 3 arterial wall regions for each sample.

Zymography Analysis

VSMCs from LZR or MSZR (passage 4-6) were seeded (50,000
cells/well) in 6-well culture plates in DMEM/F-12 supplemented
with 10% fetal bovine serum (life technology Thermo Fisher
Scientific, Waltham, USA). Cells were grown to subconfluence
and after 16h in serum-free medium, cells were washed with
PBS (Sigma-Aldrich), the medium was changed and cells
were incubated for 4, 8, or 20h at 37°C. Conditioned media
were then removed and centrifuged at 500g for 10min at
room temperature and used for the determination of MMP-2
secretion.

Conditioned media were analyzed for gelatin degradation
by electrophoresis under non-reducing conditions on a 10%
polyacrylamide-SDS gel containing 0.1% gelatin. Gels were
washed for 1 h at room temperature in a 2% triton X-100 solution
and incubated overnight at 37°C in 50 mM Tris-HCl/10 mM
CaCl;, (pH 7.6) bufter.

Gels were stained in a 0.1% coomassie Blue (G250)/45%
methanol/10% acetic acid solution and de-stained in a 10% acetic
acid/20% methanol solution. White lysis strips, indicative of
gelatinolytic activity, were revealed and scanned (Fujifilm LAS
4000, Life sciences, Branford, USA). Densitometric analysis was
made using MultiGauge software (Fuji, Tokyo, Japan). Fetal
bovine serum diluted at 1% in serum free medium was used as
a positive control.
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Statistical Analysis

Results are presented as mean = standard error of the mean. Data
were analyzed by a one-way or two-way ANOVA, followed by a
Fisher’s test for multiple comparisons to evaluate the influence of
age and strain and their interaction on the different variables. In
the case of SEM measurements, the differences in fiber thickness
were analyzed using the Mann Whitney U-test.

RESULTS

Platelet Aggregation, Thrombin
Generation, and Fibrinolysis Were All
Impaired with the MetS and/or Aging

Platelet count in blood was increased in MSZR at both ages
compared to the same aged LZR (Table 1). Platelet aggregation
using washed platelets and collagen as a strong agonist was
not significantly modified as shown by the mean maximum
aggregation (Figure 1A). For platelet aggregation in PRP using
ADP, mean maximum aggregation was increased in 80 week-old
MSZR and LZR compared to 25 week-old controls (Figure 1B).
The F1+2 fragment was analyzed to evaluate the in vivo reactivity
of the coagulation system. The amount of F142 fragment was
increased in 25 week-old MSZR compared to the same aged LZR
(Table 1). Thrombin generation measurement was performed as
an integrative in vitro phenotype of coagulation. Adult and very
old MSZR had a significantly increased endogenous thrombin
potential (ETP) compared to same aged LZR. The other thrombin
generation parameters (lag time, peak, and velocity) were not
changed significantly except for the time to peak which was
increased in obese at both ages (Table 1; Figure 1C). The ratio of
thrombin generation in PFP and PRP compared to 25 week-old

LZR was made to evaluate the platelet reactivity impact on
thrombin generation. Interestingly, thrombin generation was
more increased in PRP from MSZR at 25 week of age compared
to 80 week-old rats (Figure 1D). The coagulation parameters,
TE, TFPI, prothrombin and fibrinogen, were all increased in
MSZR compared to LZR at both ages. TFPI was decreased and
fibrinogen was increased with age in MSZR and prothrombin
was increased with age in LZR. FVIII was increased significantly
with age and MetS in 80 week-old MSZR. Antithrombin
measurements showed no modification in MSZR and LZR rats
(Table 1). Fibrin clots were characterized by SEM. Computerised
analysis of the SEM images showed a decrease of fibrin fiber
thickness in MSZR compared to LZR at both ages while fiber
density was only increased in 80 week-old LZR (Figures 1E-G).
Circulating levels of PAI-1 were increased in both 80 week-old
LZR and MSZR (Figure 1H). In a fibrinolysis test (Figure 1I),
half-time lysis was increased in MSZR compared to LZR at
both ages and aging significantly increased half-time lysis in
both groups (Figure 1J). Maximal lysis speed was not modified
(Figure 1K).

Inflammation, Metabolic Factors, and Free
Fatty Acids Modified Thrombin Generation

Fibrinogen concentration was correlated highly to ETP (r
0.069) and supplementing plasma with exogenous fibrinogen
at concentrations that agreed with the changes between MSZR
and LZR gradually increased ETP (Figures 2A,B). The 1.2-
fold increase in ETP with the 2.5 mg/mL concentration is
consistent with the 1.4 increase in plasma fibrinogen in MSZR.
We have then tested the effects of addition of exogenous
leptin, adiponectin, linoleic acid, and palmitic acid to PFP
at concentrations selected to encompass the range previously

TABLE 1 | Blood coagulation parameters and thrombin generation parameters of LZR and MSZR at 25 and 80 weeks of age.

25 week-old 80 week-old ANOVA

LZR MSZR LZR MSZR Strain Age Interaction
n 9 10 12 9
Platelets (10%/mm?3) 574 + 37 789 + 34* 633 + 29 834 + 63* <0.0001 0.009 0.013
F1+2 (pmol/l) 41 4+05 7.9+ 1.0* 58+ 1.2 55+ 09 0.009 0.7 0.05
TF (pM) 0.3 £ 0.1 122 +£1.77 20+ 04 9.9 £ 15" <0.0001 0.8 0.09
TFPI activity (U/ml) 49+0.2 11.2 £ 0.2* 54 +0.2 9.9 £ 0.6# <0.0001 0.3 0.01
FVIIT (%) 104 28 190 34 124 28 466 52*# <0.0001 0.002 0.001
Prothrombin (%) 94 + 3 223 + 19* 165 £+ 14# 264 + 16* <0.0001 0.002 0.5
AT (%) 129 +£ 2 1256 +£ 2 127 +£ 1 123+ 3 0.04 0.5 0.9
Fibrinogen (g/l) 2.8 + 0.1 4.0+ 0.2* 3.1+ 0.1 4.9 + 0.2 <0.0001 0.0003 0.2
n 11 11 10 7
Lag time (min) 1.5+ 0.1 1.7 £ 041 1.4 £ 041 1.5+ 0.1 0.09 0.4 0.6
Peak (nM) 99 +8 121+ 9 102 + 10 117 £ 15 0.07 0.98 0.7
Time to peak (min) 4.4 + 01 5.2+ 0.3 4.1 £ 041 53+ 02" <0.0001 0.6 0.3
ETP (nM.min) 395 + 37 549 + 52* 362 + 34 553 + 76* 0.001 0.8 0.8
Velocity ("M/min) 35+3 37 +4 40+ 4 31+4 0.6 0.98 0.2

Results are mean = standard error to the mean. *p< 0.05, SMZR vs. LZR at the same age; *p < 0.05, 80 vs. 25 week-old rats in the same strain. F1+2, fragment 1+2; TF, tissue
factor; TFPI, tissue factor pathway inhibitor; AT, antithrombin; ETP, endogenous thrombin potential.

Frontiers in Physiology | www.frontiersin.org 5

November 2017 | Volume 8 | Article 949


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Lagrange et al.

Hypercoagulability in Zucker Rats

A _ —_ (] D
8 = 60; :‘;g' LZR 25 &2:5 3 PPP
] = 1 - - MSZR 25 ~N
$ 801 S s o =20 » 3 PRP
= ey 8 £1001  Afw LZR 80 i
S S 40 /¢ " =- MSZR 80 £
2 6o F % =+ ? g 40 2 80 /4‘ \ ® 1.5 & g
=] =] € 60 » '\ 2 = -
S ® S 4 [ o
© © = s/ \ Ve S1.01 [ Pl &=
£ 401 £ 20 £ 401 g7\ © | &
S S F 50l QAN = o & =
£ £ o - o 0.51] | 3 ]
E Fi 0 iy B || &
s 20— T T T S 04— T T 0 10 20 30 40 50 0.0 LLIE = &=
P PO O ° S : . R Q ()
\'}3. é"q. &q. 4\3' Jg. o,'\g. \,yq. G}g. Time (min) Q:\r Q:l' Q_‘b Q-‘b
N « & N N &
& &
F G
ES'O' 4 EZSO-
3 £ |
-5 = 200
= o 0
2 52.5- g
o = X
T = o
= © =
[ ; =
£ 92.0 5
£ 2
E i
PP S
\,}/Q' 1g~ \3?‘ 19'
9 9
S ~
H | J 4 K
50- # 1.07 LZR 25 __60; # * g 0.08
(-3
- | [ ] . 0.84 -- MSZR 25 = 2
g 40 # £ semtmen, — LZR80 % > o % @ _ 0.06
B 30 Coo6{ ¢ \-- MSZR80 @ 50 = 1 ., 2F o m
g i \ > == e > E s -
- o . ° a0 = & &
3 20 & _g E 4o = * Ee S~
T - E  0.02
& 10 = 5 g
—-— & T g
01— y - . 30 6 T T T 0.00 ‘a T T T
O N O O
Q:i" lef’ & & Time (min) O’Q} & 093’ & \jgﬁ' & \,},Q’ &
NN & & & &
A0 &~
FIGURE 1 | Platelet aggregation, thrombin generation, and fibrinolysis in LZR and MSZR rats. (A) Mean maximum aggregation in washed platelets in response to
collagen (5 pg/ml) and in (B) platelet-rich plasma (PRP) in response to ADP (5 uM), with the platelet count adjusted to 200 x 109 platelets/l. (C) Calibrated automated
thrombinography (CAT) in rat plasma. Mean thrombin generation curves in platelet free plasma (PFP) triggered by 5 pM tissue factor in LZR and MSZR at 25 and 80
weeks of age. (D) Endogenous thrombin potential (ETP) in PFP and PRP of 25 and 80 week-old LZR and MSZR, expressed as ratios of values for 25 week-old LZR.
(E) Ultrastructure of fibrin fibers was visualized by scanning electron microscopy. Pictures were made at 10,000 x magnification. (F,G) Fiber thickness and fiber
density of fibrin clot in LZR and MSZR. (H) ELISA results of PAI-1 measured in PFP (n = 17-19). (I) Representative curves of fibrinolytic tests in PFP in LZR and MSZR.
(J,K) Half-lysis time and maximal lysis speed of fibrinolytic tests in LZR and MSZR. Results are mean =+ standard error of the mean (n = 7-11). *p < 0.05 vs. LZR at
the same age; #p < 0.05 vs. 25 week-old rats in the same strain.

reported for each molecule in MSZR (Sloboda et al, 2012;
Godin et al,, 2013). Addition of leptin or adiponectin elicited
similar concentration-dependent changes in ETP whatever the
group of rat. The two adipokines had opposite effects on
thrombin generation, leptin increased ETP whereas adiponectin
decreased it (Figures 2C,D). The two lower concentrations of
added linoleic acid (0.75 and 1.5 mg/mL) had clear procoagulant
effects whereas the higher concentration (3 mg/mL) was less
effective in increasing thrombin generation (Figures 2E,F).
There was a significant increase in thrombin generation for

all added concentrations of palmitic acid whatever the group
of rat. The results show an additive effect of FFAs on MSZR
plasma.

Plasma Cytokines Were Increased Both
with MetS and Aging

To explore inflammation in our model we performed a plasma
cytokine array of 27 cytokines in order to provide qualitative
data that will subsequently be used to quantify cytokines known
likely to promote prothrombotic phenotypes (Figure 3). Panel

Frontiers in Physiology | www.frontiersin.org 6

November 2017 | Volume 8 | Article 949


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Lagrange et al.

Hypercoagulability in Zucker Rats

>
=i
=
S

a o
o O
o o

w
(=1
o

ETP (nM.min)
8
o

r=10.069

p=0.01

100 G
20 25 30 35 40 45 50 55 6.0

Fibrinogen (g/l)

N
1=
153

<

Leptin

1.5 1
, Il 0 ug/m

[ 0.05 pg/ml
B 0.1 pg/ml
1 pg/ml

ETP ratio

2.5+
Il 0 mg/ml

[ 0.75 mg/ml
B 1.5mg/ml
3 mg/mi

ETP ratio

ng’ L Q_@
& F &

FIGURE 2 | Effect of fibrinogen, adipokines, and free fatty acids on thrombin generation. (A) Correlation between ETP and plasma fibrinogen concentration of 25 and
80 week-old LZR and MSZR (r = 0.069, p = 0.01). (B) ETP values in 25 week-old LZR platelet free plasma supplemented with 0.5, 1.0, 2.0, or 2.5 g/I fibrinogen.
(C-F) ETP values, expressed as ratios of values in presence of adipokines or free fatty acids to those obtained with no addition for each group, in platelet free plasma
supplemented with 0.05, 0.1, or 1.0 ng/ml leptin (C), with 2, 4, or 8 wg/ml adiponectin (D), with 0.75, 1.5, or 3 mg/ml of linoleic acid (E) or with 0.75 1.5, or 3 mg/ml
of palmitic acid (F). Results are mean + standard error of the mean (n = 11-16). *p < 0.05 vs. no addition.

500
*

—_ * *
£
£ 4004
=
=
Q. 300
& 300
w

200

0 0.5 1 2 25
Added fibrinogen (g/l)
Adiponectin
1.5+
Hl 0 pg/ml
2 pg/ml

.%10- i WE . @ W 4pgiml
hd - ¥ i ¥ 8 pg/ml
B
i 0.5+

Il 0 mg/mi

[ 0.75 mg/ml

B 1.5 mg/ml
3 mg/ml

ETP ratio

ng’ L L
& & &

\2)
\,}gf"

A presents pictures of the cytokine array membranes. A 50%
variation between two groups was chosen as a threshold to
classify cytokines into four groups. The first group of five
cytokines showed no modifications (Figure 3B), a second group
of eight cytokines were increased with MetS (Figure 3C), a third
group of three cytokines were increased with aging (Figure 3D)
and a last group of 11 cytokines were increased with both MetS
and aging (Figure 3E). The highest variation between 25 week-
old MSZR and LZR was found for IL-1f (>3,000% variation)
and the highest variation between 80 and 25 week-old rats was
observed for IL-13 (>400% variation). ELISAs performed with
individual rat PFP for IL-1f and IL-13 showed an increase of

these cytokine levels in LZR and MSZR with age (Figures 3EG).
IL-13 was increased also in 80 week-old MSZR compared to same

aged LZR.

MetS and Aging-Induced Inflammation and
Haemostasis Impairment Were Related to
Alteration of VSMCs

To explore the contribution of VSMCs, thrombin generation
was measured at the surface of cultured VSMCs isolated from
LZR and MSZR. Thrombin generation with PFP from LZR and
MSZR was always increased at the surface of MSZR VSMCs

Frontiers in Physiology | www.frontiersin.org

November 2017 | Volume 8 | Article 949


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Lagrange et al.

Hypercoagulability in Zucker Rats

MSZR25 LZR80 MSZR 80

coe
.:oo RANTES CCLS5

L-selectine CD62L

oS+

Fractalkine 3

10

Mets-modified cytokines

LIX f—
IFN-gamma =

Thymus Ct

LZR25
= MSZR25
wu LZR 80
== MSZR80

Unchanged cytokines

SICAM-1 e
TIMP-1 e

Variation compared to LZR 25 (%)

Mets and age-modified cytokines

Age-Modified cytokines

L1 3 s

LZR 25
w MSZR25
= LZR80
== MSZR 80

CINC-1

wm LZR80
= MSZR80

10 100 1000
Variation compared to LZR 25 (%)

VEGF

=

100 1000

F 200

-
o
=)

IL-1beta (pg/ml)

10
Variation compared to LZR 25 (%)

1000

10 100
Variation compared to LZR 25 (%)

chemoluminescence compared to 25 week-old LZR was measured. (B) Unchanged

FIGURE 3 | Plasma cytokine array in Zucker rats. (A) Cytokine arrays of pooled platelet free plasma from 25 to 80 week-old MSZR and LZR. Relative

and age. ELISAs results for IL-1B (F) and IL-13 (G) measured in PFP (n = 14-18), results are mean =+ standard error of the mean, *o <0.05 vs. LZR at the same age;
#p < 0.05 vs. 25 week-old rats in the same strain. VEGF, vascular endothelial growth factor; CINC-1, cytokine-induced neutrophil chemoattractant 1; CINC-3,
cytokine-induced neutrophil chemoattractant 3; GM-CSF, granulocyte macrophage colony stimulating factor; MIP, Macrophage Inflalmmatory Protein; MIG, C-X-C
motif ligand 9; IP-10, interferon gamma-induced protein 10; CNTF, ciliary neurotrophic factor; INFy, interferon vy; IL, interleukin.

1L-13 (pg/ml)

LZR 25
mm MSZR 25
mm LZR 80
= MSZR 80

S

RS

& & %
F& IS

1000
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compared to LZR VSMCs. Remarkably, addition of palmitic
acid in LZR VSMCs increased thrombin generation to the level
of MSZR independently of the PFP used (Figure 4A). MSZR
VSMCs displayed increased procoagulant phospholipids at their
surface compared to LZR VSMCs (Figure 4B). Integrin subunit
oy was increased in MSZR compared to LSZ VSMCs while the 83
subunit was not modified. VSMC differentiation markers a-SMA,
SM-MHC, and smoothelin, interestingly, were all decreased in
MSRZ VSMCs compared to LZR VSMCs (Figures 4C,D). Thus,
in situ gelatin zymography was performed to explore MMP
activity through gelatinase activity (Figure 4E). Figure 4E shows
representative photographs of in situ gelatin zymography in
aorta, gelatinase activity is in green. Mean gelatinase activity
in the aortic wall was increased in 25 and 80 week-old MSZR
compared to age matched LZR aortas (Figure 4F). However,
age did not modulate gelatinase activity. At the cellular level
MSZR VSMCs displayed increased MMP-2 secretion compared
to LZR VSMCs (Figures 4G,H). Circulating levels of MMP-9
were increased in 80 week-old MSZR whereas VCAM-1 was
increased in 25 week-old MSZR compared to same aged LZR and
in 80 week-old LZR (Figures 4L]).

DISCUSSION

The aim of the present study was to determine concomitant
changes in the haemostasis system and VSMC phenotype and

their interplay with FFAs and MMPs during aging in obese rats
compared to lean rats of the same age. Our results demonstrated
(1) increased thrombin generation in MetS in plasma as early as
25 weeks of age, independently of platelets and at the surface of
VSMCs; (2) reinforcement of this hypercoagulability by reduced
plasma fibrinolysis; (3) no influence of aging on plasma thrombin
generation; (4) an age-related increase in platelet aggregation and
clot half lysis time and, (5) contribution of saturated FFAs to the
increased thrombin generation both in plasma and at the surface
of VSMCs.

Increased thrombotic risk can be attributed to three factors:
abnormalities in the vessel wall, in blood flow, and in haemostasis
including coagulation and fibrinolysis. We found previously that
MSZR presented endothelial dysfunction as shown by increased
circulating VWF. This endothelial dysfunction was exacerbated
during aging as shown by increases in both VWF and soluble
CD146 (Sloboda et al., 2012).

Few studies have used Zucker rats to look at haemostasis
and to our knowledge none have been performed in very old
Zucker rats. Paul et al. found that 12 week-old diabetic Zucker
rats presented unmodified in vitro platelet reactivity (Paul et al.,
2007). Recently Shang et al. have shown increased thrombosis,
increased thrombin generation and decreased fibrinolysis in 7-
10 week-old diabetic Zucker rats (Shang et al., 2014). They found
also decreased platelet reactivity to collagen and ADP in obese
rats in PRP. In PRP, we found increased platelet aggregation
using ADP in 80 week-old MSZR and LZR rats compared to
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FIGURE 4 | Role of smooth muscle cells in thrombin generation. (A) ETP values measured at the surface of vascular smooth muscle cells (VSMCs) from LZR and
MSZR, with LZR or MSZR platelet free plasma (PFP), and with or without 1.5 g/I exogenous added palmitic acid (PAL). Results are mean =+ standard error of the
mean, n = 3 with 6 wells per condition per experiment. *p < 0.05 vs. LZR VSMC, #p < 0.05 vs. LRZ PFP and LRZ VMSC. (B) VSMC associated procoagulant
activity reported as phosphatidylserine (PS) equivalent in LRZ and MSZR. Results are mean =+ standard error of the mean (n = 25). *p < 0.05 vs. LZR. (C) Typical
Western blot and (D) quantification analysis of VSMC differentiation markers (aSMA, SM-MHC, and smoothelin) and integrin subunits (ay and B3) in cultured VSMCs.
(Continued)
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FIGURE 4 | Continued

Results, expressed as fold change vs. VSMCs from LZR, are mean =+ standard error of the mean (n = 6). *p < 0.05, MSZR vs. LZR. (E) Representative images of
gelatinolytic metalloproteinase activity in the aorta was measured using in situ gelatin zymography for each group of Zucker rats. Fluorescence as marker for
intra-plaque gelatinolytic activity was quantified. Nuclei were visualized by DAPI staining. (F) Average wall fluorescence of the gelatinolytic metalloproteinase activity in
the aorta. (G) Representative images of zymography gels of LZR and MSZR VSCMCs supernatant at 4, 8, and 20 h. (H) Relative MMP-2 activity in LZR and MSZR
VSMC supernatant at 4, 8, and 20 h. Results are mean =+ standard error of the mean (n = 5). *p < 0.05, MSZR vs. LZR. ELISAs results of MMP-9 (1) and VCAM-1 (J)
measured in PFP (n = 17-22). *p < 0.05 vs. LZR at the same age; #p < 0.05 vs. 25 week-old rats in the same strain.

25 week-old controls, but not between rats of the same age. In
addition, we were not able to aggregate platelets using collagen.
Washed platelets were able to aggregate when triggered with
collagen but we did not find any significant changes with obesity
or with age. These changes might be related to the metabolic
differences existing between rats since they used diabetic Zucker
rats while we used obese Zucker rats that only develop diabetes
very late with age. Moreover, platelet count was not modified
in the diabetic Zucker rats of the Shang et al. study while we
found a 25% increased count in MSZR compared to LZR at both
ages. Interestingly, platelet-related thrombin generation showed
a very important increase in 25 week-old MSZR compared
to thrombin generation made with PFP. Altogether, increased
platelet aggregation to ADP with age concomitant to increased
platelet count in obese Zucker rats is in favor of a prothrombotic
state.

To better assess the prothrombotic state in obese and aged rats
we investigated in vivo thrombin generation by measuring F1+4-2
fragments, which were increased in MSZR indicating increased
in vivo formation of thrombin with MetS. As expected, MetS also
increased the in vitro thrombin generation capacity of plasma,
but this ability was not modified with age. This change in the in
vitro reactivity of the coagulation system points out the role of
several components including metabolic factors and the vascular
wall. Regarding individual clotting factors it was clear that TF
increased in MSZR as well as its inhibitor (TFPI). Increased
prothrombin concentration leads to higher thrombin generation
and can contribute to the increased ETP in MSZR. Other
procoagulant factors such as FVII, FVIII, and VWF are known
to be increased with MetS and aging. Metabolic factors such as
leptin and adiponectin can participate in haemostasis. Leptin has
been suggested previously to represent a link between obesity and
atherothrombosis (Petrini et al., 2016). It has been reported that
leptin enhanced platelet aggregation while adiponectin reduced
it (Konstantinides et al., 2001; Restituto et al., 2010). Adiponectin
has been involved also in the endothelium anticoagulation
function (Lee et al., 2011) since it increased endothelial TFPI
synthesis (Chen et al., 2008). We found in all Zucker rats a
strong positive correlation between plasma TPFI and adiponectin
concentrations dosed previously (data not shown; Sloboda et al.,
2012). Moreover, in our study, we found for the first time that
leptin increased ETP and that adiponectin decreased it. Despite
it being a modest effect, it argues for a major involvement of
adipokines in the regulation of thrombin generation.

Fibrinogen concentration was correlated also to ETP and
we confirmed that increased plasma fibrinogen increased ETP
(Kumar et al., 1994). Thrombin linked to fibrin can possibly
be protected from inhibition by antithrombin, in the same way

as it is protected from inhibition when bound to TM (Bourin,
1987). This may participate in explaining the increased time to
peak observed in MSZR and increased ETP with no significantly
increased peak.

We found that fibrinogen concentration was increased in
MSZR and during aging. In favor of the relevance of this result
it has been shown that synthesis of fibrinogen is upregulated
by inflammatory cytokines such as IL-6 (Morozumi et al,
2009). The consequence of an increased thrombin generation
was an increased fibrin network formation in MSZR as shown
by thinner fibrin fibers (Wolberg, 2007). The increase in PAI-
1 with aging in LZR as well as in MSZR is relevant to
human physiology since it is known that during aging PAI-
1 is associated with an increased thrombotic risk. In addition,
the fibrinogen concentration increased during aging but the
mechanisms underlying this association with thrombotic risk are
unclear (Cesari et al., 2010). Human fibrinolysis is also impaired
in the MetS with a decrease in clot lysis ability linked to increased
PAI-1 (Pandolfi et al., 2001). Organization of the fibrin network is
likely due to the increased thrombin generation found in MSZR
(Wolberg, 2007). Moreover, clots with thinner fibrin fibers are
more resistant to lysis than clots with thick fibers (Gabriel et al.,
1992). This is supported by the increased half-time lysis found in
MSZR and very old Zucker rats. Other factors must be implicated
since fiber thickness was unchanged with age in both groups
whereas fibrinolysis time increased only during aging indicating
the formation of a denser clot. In line with this, adiponectin may
act as an anticoagulant molecule. Indeed, full length adiponectin
reduces platelet aggregation, inhibits TF and enhances TFPI
expression at the surface of endothelial cells (Chen et al., 2008;
Restituto et al., 2010). Both adiponectin and IL-13 increase the
expression of MMPs which can degrade fibrinogen (Hotary et al.,
2002; Wanninger et al., 2011; Firszt et al., 2014). Consistent
with this, we found an increase in IL-13 plasmatic concentration
with aging and also with the MetS in 80 week-old MSZR which
presents the same variations as plasma levels of MMP-9 and
FVIIL. Whether adiponectin interplays directly with fibrinogen
remains an open question. The increase in FVIII with MetS and
associated inflammatory stimuli was anticipated in Zucker rats as
it is in humans (Begbie et al., 2000; Kotronen et al., 2011).

Inflammation during aging and in the MetS triggers vascular
remodeling. Fibrinogen (Lominadze et al., 2010) as well as fibrin
and fibrin degradation products have proinflammatory functions
that can modify VSMC phenotype (Lu et al., 2011). Cytokines in
the plasma, as shown in the array presented here, are increased
by the MetS, aging, or both. Our data indicated that the more
relevant proinflammatory cytokines such as IL-1a, IL-18, IL-2,
IL-3, and IL-6 were increased early with the MetS while few
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anti-inflammatory cytokines were increased with MetS and aging
(IL-10, IL-1ra, IL-17). Our cytokine array made with a pool of
plasma for each group was checked using ELISA measurements
with individual samples for the two main cytokines involved in
the regulation of haemostasis (IL-13 and IL-1f). IL-13 changes
were confirmed while IL-18 increased only with aging but not
with the MetS at 25 weeks of age. This points to a determinant
role of age in complex vascular pathologies including several
comorbidities. IL-1f has a pleiotropic effect in the development
of atherothrombosis through its action on leukocyte adhesion to
the vascular wall and induction of procoagulant activity (Libby
et al., 1986; Dinarello, 2011). Recently, inhibition of IL-1f and
subsequent reduction of inflammation (without modification of
lipid levels) in patients with previous episodes of myocardial
infarction was found to reduce recurrent cardiovascular events
(Ridker et al., 2017). These findings are in line with the increase
of circulating IL-1p and increased activity of haemostasis with
age we observed in MSZR. Therefore, exploration of haemostasis
function in MSZR with inhibition of IL-1f could be of interest.

Other factors related to MetS that can potentiate the
modifications we observed in MSZR haemostasis are FFAs.
Saturated FFAs such as palmitic acid are known to be
associated with ischemic heart disease and increase postprandial
concentrations of fibrinogen (Simon et al., 1995; Pacheco et al.,
2006). One other mechanism proposed recently to explain the
thrombogenic effect of palmitic acid was its ability to induce
extracellular release of histones (Shrestha et al., 2013). Histones
are known to promote thrombin generation through platelet
activation (Semeraro et al., 2011). Additionally, palmitic acid
was measured recently in diabetic Zucker rats pointing out a
2.75 times increased concentration in obese rats (0.68 g/l in LZR
vs. 1.87 g/l in MSZR) (Godin et al., 2013). A similar increase
was observed for a polyunsaturated FFA, linoleic acid. We
supplemented 25 week-old LZR PFP with linoleic or palmitic acid
to reach MSZR plasma concentrations. We showed for the first
time a direct effect of FFAs on thrombin generation confirming
the prothrombotic effect of palmitic acid.

All these FFAs, pro-inflammatory cytokines and coagulation
factors can have deleterious effects on the vascular wall. We
have shown previously the presence of endothelial dysfunction
in MSZR (Sloboda et al., 2012). In the present study we studied
VSMCs in more detail. Interestingly, thrombin generation
measured at the surface of VSMCs from MSZR was increased
compared to LZR VSMCs. This increase can be related to the
increased procoagulant phospholipids at the surface of MSZR
VSMCs. We showed recently that thrombin generation at the
surface of VSMC from spontaneously hypertensive rats (SHR)
leads to increased ETP and VSMCs were responsible for a
prothrombotic phenotype in SHR rats. In the same way as for
SHR rats, increased VSMC-supported thrombin generation can
be a mechanism implicated in the prothrombotic phenotype
we have observed in Zucker rats. In these cellular experiments
addition of palmitic acid exacerbated also thrombin generation
over MSZR VSMCs.

MMPs are related to FFAs, obesity-related diseases such as
type 2 diabetes and overall, inflammation. In our model, mean
gelatinase activity, focusing on MMP-2 and-9 activities, was

increased in MSZR. These molecules are responsible for the
degradation of type IV collagen, elastin, fibronectin, and laminin,
among other proteins. It is known that FFAs and insulin lead
to hyperactivity of MMP-2 and-9 (Boden et al, 2008). The
close relation between MMPs and insulin was demonstrated
also in Zucker rats (Zhou et al., 2005). IL-13 was increased
in old rats and is known to be an activator of MMPs (Firszt
et al., 2014). This increase in aortic MMP activity in the intima
with aging has been described in rats and was 2-fold higher
in old vs. young non-human primates (Li et al,, 1999; Wang
et al, 2007). In addition, MMP activity may participate also
in age-related vascular remodeling in the aortic media since
MMPs accumulate around elastic fibers in the aortic media
(Li et al., 1999), which become fragmented with age-associated
increases in arterial stiffness which thus increases cardiovascular
risk. Interestingly, MMP production can be stimulated through
integrin ayP3 (Bendeck et al., 2000). Concerning this pathway, we
found an increase of the ay subunit in MSZR VSMCs and MMP-
2 secretion was increased in MSZR compared to LZR. Moreover,
we have shown previously that this integrin is responsible for
thrombin generation supported by VSMCs and it argues for its
role in vascular remodeling (Mao et al., 2012). Very interestingly
all VSMC differentiation markers we tested were downregulated
in MSZR and even absent concerning SM-MHC. This illustrates a
phenotype switch from contractile to secreting VSMCs occurring
in vascular diseases such as atherosclerosis (Lacolley et al,
2012).

In conclusion, our study demonstrates in MetS a
prothrombotic phenotype of the blood compartment reinforced
by procoagulant properties of the vascular wall. Regarding the
mechanisms, fibrinogen contributes to this hypercoagulable
phenotype in plasma at an early stage of MetS. Leptin and
adiponectin exert moderate opposite effects on thrombin
generation precluding a major contribution of adipokines. An
increase in proinflammatory cytokines likely increased MMP
activity inducing a VSMC dedifferentiated phenotype exhibiting
procoagulant properties. An increase in FFAs contributes to the
increased thrombin generation both in plasma and at the surface
of VSMCs. Plasma from MSZR and palmitic acid elicit additive
procoagulant effects. The potential benefit of direct thrombin
inhibitors should be investigated both on haemostatic balance in
blood compartments and on the cellular phenotypic modulation
within the vessel wall, and MMP production in MetS and its
complications with aging.
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Abstract: Background: The direct oral anticoagulant rivaroxaban inhibiting specifically activated
factor X (FXa) causes delayed thrombin generation (TG) as measured by calibrated automated
thrombography (CAT). The implications of these changes for assessing bleeding or residual
prothrombotic risks of patients are unclear in the absence of a better understanding of the underlying
mechanism. Methods: We compared platelet rich plasma (PRP) without or with prior collagen-induced
platelet aggregation (agPRP) in the CAT assay to better characterize TG in the presence of rivaroxaban.
Results: In the presence of rivaroxaban, TG curves in agPRP showed a distinct profile with a
rapidly ascending phase followed with a protracted phase. Inhibition of tissue factor pathway
inhibitor amplified the first phase of the curve which was also modulated by procoagulant
phospholipids. Inhibition of FXIla-dependent FXI activation revealed that aggregated platelets
influenced the first phase by a combination of extrinsic and intrinsic coagulation pathway initiations.
Thrombin-dependent amplification of TG (even prior collagen activation) was responsible for the
second phase of the TG curve. Conclusions: AgPRP fully includes platelet ability to support TG and
reveal distinct TG phases in the presence of direct FXa inhibitors highlighting its potential use in an
anticoagulated setting.

Keywords: thrombin; platelets; factor Xa inhibitor; phospholipids

1. Introduction

Direct oral anticoagulants (DOACs) are increasingly used as first line treatment for venous
thromboembolism (VTE) and for prevention of ischemic stroke in atrial fibrillation, but regular
assessment of their anticoagulant effects remains challenging. The coagulation system leads to the
formation of thrombin and fibrin and its polymerization that will form a clot. Most of the thrombin
generation (TG) occurs after the clot formation and total TG potential of a plasma can be assessed
with calibrated automated thrombography (CAT), which gives a better overview of the coagulation
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system than clotting times (prothrombin time or activated partial thromboplastin time) [1-4]. The CAT
assay uses a fluorogenic substrate to measure prothrombin conversion to thrombin in a recalcified
plasma in the presence of phospholipids (PL). In patients with acute VTE, the use of TG assays
becomes challenging once an antithrombotic treatment, including DOACs, has been initiated. It is
well established that anticoagulants impair dramatically thrombin generation, making it difficult to
monitor the bleeding or residual prothrombotic risk.

The COMPASS study (Cardiovascular Outcomes for Peoples Using Anticoagulant Strategies)
included patients with stable atherosclerotic disease treated with rivaroxaban plus aspirin compared
to rivaroxaban or aspirin alone and showed a lower risk of cardiovascular death, stroke, myocardial
infarction, fatal bleeding, or symptomatic bleeding into a critical organ with dual therapy [5]. However,
major bleeding events occurred in 3.1% (rivaroxaban plus aspirin patients) vs. 1.9% (patients under
aspirin) pointing out that even if the combination of anticoagulation with antiplatelet therapy on the
overall cardiovascular risk is beneficial, stratification needs to be improved.

Current clinical guidelines recommend assessment of bleeding and thrombotic risks when making
a decision to start anticoagulation, principally by using the clinical risk scores, such as ABC-bleeding [6],
HAS-BLED [7], or CHA2DS2-VASc risk score [8]. In addition to clinical characteristics, biomarkers
shown to improve bleeding and/or stroke risk estimates are also part of the clinical scores, such as
NT-proBNP, high-sensitivity cardiac troponin T (hsTnT), growth differentiation factor-15 (GDEF-15),
hemoglobin level and platelet count [6,9]. However, risk scores may present limitations depending on
cohort recruitment and follow-up and parameters selected [10]. In addition, to date no hemostatic
functional assays are routinely used to estimate patients’ bleeding risk. The evaluation of bleeding risk
in patients receiving both anticoagulant and antiplatelet agents, e.g., rivaroxaban and aspirin, poses a
greater challenge. The reason is that the hemostasis inhibition includes both inhibition of platelets and
of coagulation, and most laboratory tests evaluate these processes separately.

The presence of rivaroxaban in plasma can change the appearance of the TG curve with the
formation of camel-back shaped instead of normal curves [11]. Endogenous thrombin potential
(ETP), representing the total amount of thrombin formed, and the peak height of TG, representing
the maximum thrombin formed, are the most widely used parameters to evaluate the thrombin
potential of a plasma. However, the presence of DOACs seems to affect more the parameters related to
the kinetics of TG such as the lag time, the velocity and the time to peak, often not reported in the
literature [12]. Not only the amount (ETP) but also the kinetic of thrombin formation and its inhibition
are important for hemostasis. After a systemic review using the words (thrombin generation) and
(rivaroxaban) in PubMed, from the 54 publications released over the past 10 years in which the CAT
assay was performed only 26 presented curves of TG and no more than 17 of these publications showed
camel-back shaped curves. These curves were also described with other Xa inhibitors as apixaban [13];
however, to date this effect has not been clarified. To the best of our knowledge, no specific studies
reported on the impact of rivaroxaban on the shape of TG curves.

In the present work, we aimed to explore the origin and determinants of camel-back shaped TG
curves in the presence of new oral anticoagulants, in particular rivaroxaban. We took advantage of
the use of aggregated platelet rich plasma (PRP/agPRP) in the CAT [14] which fully includes platelet
procoagulant activity since modified TG kinetics in particular faster TG could compensate the slow TG
often observed after rivaroxaban treatment.

2. Experimental Section

2.1. Blood Sampling and PRP Preparation

Studies using human platelets were approved by the ethics committee of the University
Mainz (study no. 837.302.12; 25.07.12). Blood from 16 healthy volunteers (8 women, 8 men,
mean age 30 + 2.6 years) was obtained after informed consent by venipuncture via a 21-gauge
needle and collected in S-monovette tubes containing sodium citrate (3.2%) (Sarstedt, Niimbrecht,
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Germany). Complete blood counts and hematocrit were determined with a cell counter (KX-21N,
Sysmex Corporation, Kobe, Japan). PRP was prepared within 1 h following blood sampling with a
centrifugation at 200x ¢ for 10 min at 20 °C. The supernatant was removed and the platelet count
was adjusted to 200 x 109/L with platelet poor plasma (PPP) prepared with a 10 min centrifugation at
2000x g at 20 °C. Platelet free plasma (PFP) was prepared by centrifuging PPP at 13,000x g for 30 min
at 4 °C. The collected PFP was stored at —80 °C until use.

2.2. Platelet Aggregation

Platelet aggregation was monitored for 10 min by measuring light transmission through
stirred PRP at 37 °C using a platelet aggregometer (APACT 4S plus aggregometer, Diasys Greiner,
Holzheim, Germany). Platelet aggregation was triggered by 2 pug/mL equine collagen fibrils type I
(Chrono-log Corp, Havertown, PA, USA). Aggregated PRP was used directly after aggregation for
CAT measurement [14].

2.3. Thrombin Generation Assay

CAT was performed with PRP and agPRP or PFP (Figure S1). CAT in PRP and PFP was performed
in a microtiter plate fluorometer (Fluoroskan Ascent, ThermoLabsystems, Helsinki, Finland) using
dedicated software (Thrombinoscope BV, Maastricht, The Netherlands) as reported previously [15,16].
All reagents were used as follows: 80 uL PRP, homogenous agPRP or PFP, 20 uL of PRP-Reagent
or PPP-Reagent low (Thrombinoscope BV, Maastricht, The Netherlands), and 20 puL of a mix of
fluorogenic substrate and calcium (FluCa-Kit reagent). In specific experiments with PRP or agPRP TG
was triggered with 0.1 U/mL human thrombin (Roche Diagnostics, Mannheim, Germany) instead of
PRP-Reagent. Rivaroxaban, PAR 1 (vorapaxar) and PAR 4 (BMS 986120) inhibitors were purchased
from Cayman Chemical (Ann Arbor, MI, USA) and reconstituted in DMSO. Vorapaxar was used at a
final concentration of 100 ng/mL following a 10,000-times dilution in HEPES buffer (HEPES 20 mM,
NaCl 140 mM, pH 7.35) before an additional 67 times dilution in plasma. BMS 986120 was used at a final
concentration of 1 ug/mL following a 1000 times dilution in HEPES buffer before an additional 67 times
dilution in plasma. Anti-TFPI antibody was purchased from Loxo (Dossenheim, Germany) and used
at a final concentration of 5 pg/mL. An IgG isotype control was purchased from Sigma-Aldrich, St
Louis, MO, USA) and used at a final concentration of 5 pg/mL (Figure S2). The 14E11 monoclonal
antibody which is directed against the A2 domain of FXI in order to block its activation by FXIla was
provided by A. Gruber and use at a final concentration of 5 ug/mL. The phospholipid vesicles (PV)
consisted of phosphatidyl-choline -serine -ethanolamine (PC/PS/PE; Sigma-Aldrich, St Louis, MO,
USA) 60/20/20 mol % at final concentrations of respectively 1 uM, 4 uM, and 48 pM equivalent PS were
prepared in HEPES buffer sonicated (amplitude 8%) 5 times 5 min on ice bath.

2.4. Statistical Analysis

Normal distribution of the data was tested by D’Agnostino and Pearson test. Data were analyzed
with Kruskal-Wallis or Mann-Whitney test. Results are presented as median (min—-max).

3. Results

3.1. Addition of Rivaroxaban to agPRP Change the Shape of the TG Curve

TG was performed in PRP and collagen-induced agPRP from healthy volunteers in the absence
or presence of rivaroxaban and initiated with 1 pM of tissue factor (TF) (Figure 1A). Addition of
rivaroxaban to PRP leads to two-fold increased lag time (8.4 (5.9-13) versus 16 (8.9-26) min) and time
to peak (tt peak) (18 (14-25) versus (35 (28-51) min) and decreased peak and velocity of TG (Table 1,
Figure 1C,E). ETP is also significantly decreased (Table 1). The use of agPRP spiked with rivaroxaban
showed similar modifications (Table 1, Figure 1D,F). Concerning the curve shapes, PRP and agPRP
presented normal shaped TG curves (Figure 1A). After addition of rivaroxaban to PRP, small curve
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alterations were discernible in a few subjects while clear transformation of the TG curve into a
camelback shape was visible when using agPRP.
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Figure 1. Effect of platelet aggregation with addition of rivaroxaban and anti-tissue factor pathway
inhibitor (TFPI) on human platelet rich plasma (PRP) in thrombin generation (TG). Representative TG
curves in PRP or PRP after aggregation (agPRP) triggered with 2 pg/mL of collagen with and without
addition or 50 ng/mL of rivaroxaban (A) and inhibition of TFPI (anti-TFPI 5 ug/mL) (B). Lag time of
thrombin generation for the different conditions (C,D). Velocity of thrombin generation under the
different conditions (E,F). Results are presented as median (min-max). ** p < 0.01, *** p < 0.001, vs. PRP;
##p < 0.01, ### p < 0.001, vs. agPRP, n = 16 per group for left panels and n = 5 for right panels.
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Table 1. PRP thrombin generation parameters.

50f13

ETP (nM.min)

PRP

PRP + Rivaroxaban

agPRP

agPRP + Rivaroxaban

TF
TF + anti-TFPI
TF + Vorapaxar
TF + BMS 986120
TF + Vorapaxar + BMS 986120

1489 (1231-2185)
1473 (1231-2185)
1348 (1196-1483)
1332 (1190-1463)
1414 (1231-1538)

1299 (819-1759) **

1375 (1175-1759)
1148 (546-1443)
977 (667-1423)
1143 (779-1445)

1680 (1437-2692)
1579 (1510-2692)
1911 (1514-2130)
1737 (1481-2078)
1864 (1556-2095)

1330 (1016-1915) #t#
1324 (1016-1915)
1461 (1220-1621) #
1259 (1084-1753)
1363 (873-1519) ##

TF + 14E11 1124 (821-1370) 692 (570-1482) 1621 (1375-1727) 917 (719-1304)
Thrombin 1220 (873-1380) 794 (300-1002) * 834 (615-1086) 758 (610-1003)
Peak (nM)
PRP PRP + Rivaroxaban agPRP agPRP + Rivaroxaban
TF 91 (64-152) 35 (22-72) *** 137 (82-270) 48 (26-87) #H#
TF + anti-TFPI 85 (64-115) 36 (34-49) ** 105 (91-219) 36 (28-66) ##
TF + Vorapaxar 79 (64-106) 38 (24-46) * 182 (140-328) 52 (33-101) ##
TF + BMS 986120 75 (66-98) 28 (26-49) * 168 (110-227) 47 (34-129) #
TF + Vorapaxar + BMS 986120 88 (57-99) 35 (29-58) 199 (171-245) 37 (30-61) ##
TF + 14E11 49 (45-73) 16 (12-29) * 120 (104-183) 29 (15-42)
Thrombin 70 (43-92) 21 (15-38) * 33 (28-56) 13 (11-24) ##
tt peak (min)
PRP PRP + Rivaroxaban agPRP agPRP + Rivaroxaban
TF 18 (14-25) 35 (18-51) *** 14 (9.7-19) 26 (15-40) ##
TF + anti-TFPI 17 (16-18) 35 (30-37) 14 (12-16) 29 (22-31)
TF + Vorapaxar 21 (19-22) 39 (32-72) * 14 (9.0-15) 20 (14-34) #
TF + BMS 986120 22 (1-23) 39 (30-72) * 13 (12-17) 26 (15-33)
TF + Vorapaxar + BMS 986120 21 (19-24) 38 (29-72) * 12 (11-13) 25 (20-32) ##
TF + 14E11 26 (24-28) 49 (47-50) * 16 (15-16) 33 (28-36)
Thrombin 18 (14-21) 30 (26-58) * 15 (12-22) 35 (30-49) ##

Thrombin generation parameters of platelet rich plasma (PRP) and PRP after aggregation (agPRP) triggered with 1 pM
of TF or thrombin (0.1 U/mL) with addition of rivaroxaban (50 ng/mL), anti-TFPI (5 ug/mL), vorapaxar (100 ng/mL),
BMS 968120 (1 pug/mL), or 14E11 (5 pg/mL). Results are presented as median (min-max). n =3-16, * p <0.05** p < 0.01
% < 0.001, vs. PRP, # p < 0.05 ## p < 0.01 ### p < 0.001, vs. agPRP.

3.2. TFPI Modulates the First Phase of the Camelback TG Curves

TG curves in agPRP in the presence of rivaroxaban and initiated with 1 pM TF presented a
camelback shape with two peaks. One possible explanation is the ability of TFPI to inhibit both
TF-FVIla and FXa. In order to limit these effects an antibody targeting TFPI was added prior the CAT
assay (Figure 1B). In the presence of rivaroxaban, inhibition of TFPI affected lag time and velocity to the
same extent as without rivaroxaban but camelback curves were still present (Figure 1D,F). Variation of
ETP, peak and tt peak with or without rivaroxaban after collagen-induced agPRP were similar as
the variations observed without TFPI inhibition (Table 1). Interestingly, TFPI inhibition exacerbated
the first phase of the camelback phase in PRP plus rivaroxaban leading to curves similar to agPRP
plus rivaroxaban.

3.3. Phospholipids Modulate the Camelback Shape of TG Curve in Presence of Rivaroxaban

AgPRP can influence TG by the release of coagulation factors such as FV and emission of
procoagulant vesicles. It seems unlikely that platelet-derived coagulation factors are implicated since
camelback curves are often present when using PFP. To test whether PL could modulate the appearance
of camelback curves we used PFP in which we added different concentrations of PV and rising
concentrations of rivaroxaban (Figure 2). The addition of PV to PFP mimicked the camelback curves of
TG especially when using the usual PV concentration used for the CAT assay (4 uM). PV increased
the peak height of the first TG phase of the camelback shaped curve in a concentration-dependent
manner. Moreover, a shift in the peak was visible, changing the peak from long and vague at low PV
concentration to high and marked at high PV concentration (Figure 2B,C). This effect was visible in the
changes of the modifications of the tt peak (Table 2).



J. Clin. Med. 2019, 8, 1990

-

(=

o
1

Thrombin [nM]
(4]
b

-

o

o
1

Thrombin [nM]
(4,
hrd

— PFP +1 pMPV
— PFP+ 4 uM PV
PFP + 48 uM PV

30
Time [min]

(A)

= PFP +1 pM PV
= PFP + 4 pM PV
PFP + 48 yM PV
+ 50 ng/mL Rivaroxaban

N/ it

30
Time [min]

©

100+

Thrombin [nM]
o
?

6 of 13

— PFP+1 pMPV
— PFP+4pMPV

PFP + 48 yMPV

+ 15 ng/mL Rivaroxaban

30

Time [min]

(B)

— PFP +1 uMPV
— PFP +4 yMPV

-
(=]
-

Thrombin [nM]
a
<

0

PFP + 48 pM PV

+ 200 ng/mL Rivaroxaban

0 el L ITAPIN NN vt s
30

Time [min]

(D)

Figure 2. Modulation of camel-back shaped thrombin generation (TG) curve by the addition of
phospholipids artificial vesicles. Representative curves of TG in platelet free plasma (PFP) supplemented
with increasing concentrations of rivaroxaban: baseline (A), 15 ng/mL (B), 50 ng/mL (C), and 200 ng/mL
(D). For each concentration, three concentrations of phospholipid vesicles (PV) were tested. PRP:
Platelet rich plasma; agPRP with collagen 2 ug/mL, ETP, endogenous thrombin potential, tt peak,
time to peak. Results presented as median (min-max). n = 6.

Table 2. PFP thrombin generation parameters.

Lag Time (s)

PFP PFP + Rivaroxaban 15 ng/mL PFP + Rivaroxaban 50 ng/mL PFP + Rivaroxaban 200 ng/mL
1uMPV 8.6 (5.2-14) 10.5 (6.8-15) 12 (7.9-17) 19 (9.6-32) *
4 UM PV 7.1 (4.6-11) 8.9 (5.9-14) 11 (6.8-16) 16 (9.8-26) **
48 UM PV 7.9 (4.6-11) 8.6 (5.9-13) 11 (7.3-19) 15 (10-22) **
ETP (nM.min)
PFP PFP + Rivaroxaban 15 ng/mL PFP + Rivaroxaban 50 ng/mL PFP + Rivaroxaban 200 ng/mL
572 *
1uMPV (387-1837) 426 (322-1150) 300 (184-663) 104 (67-332)
687 . _ .
4 uM VS (457-2035) 616 (409-1527) 320 (210-1021) 163 (111-363)
907 "
48 UM PV (737-1878) 745 (596-1779) 516 (282-1176) 245 (144-483)
Peak (nM)
PFP PFP + Rivaroxaban 15 ng/mL PFP + Rivaroxaban 50 ng/mL PFP + Rivaroxaban 200 ng/mL
1uM PV 43 (30-170) 27 (17-70) 12 (10-34) * 42 (3.1-16) *
4uM PV 60 (39-280) 45 (21-121) 16 (11-65) 7 (5.6-19) **
48 UM PV 100 (76-336) 67 (40-201) 29 (18-94) * 12 (9.3-33) ***
tt peak (s)
PFP PFP + Rivaroxaban 15 ng/mL PFP + Rivaroxaban 50 ng/mL PFP + Rivaroxaban 200 ng/mL
1 uM PV 18 (11-21) 21 (17-25) 26 (21-29) 34 (23-48) ***
4 uM PV 14 (11-20) 17 (11-20) 22 (14-25) 29 (20-38) **
48 UM PV 13 (7.9-15) 12.9 (9.9-19) 18 (12-27) 25 (19-32) ***
Velocity (nM/min)
PFP PFP + Rivaroxaban 15 ng/mL PFP + Rivaroxaban 50 ng/mL PFP + Rivaroxaban 200 ng/mL
1uM PV 5 (3.9-27) 23(1.2-6.7) 1(0.6-2.6)* 0.3 (0.2-1.1) ***
4 uM PV 8.4 (5-64) 6.3 (2.1-22) 2.3 (0.9-11) 0.6 (0.4-1.8) **
48 UM PV 23 (16-100) 16 (4.2-50) 49 (2.3-19) 1.3 (0.8-4.0) ***

Thrombin generation parameters of platelet free plasma (PFP) triggered with 1 pM of TF with addition of rivaroxaban
and phospholipid vesicles (PV). Results are presented as median (min-max). n =6, * p < 0.05, ** p < 0.01, ** p < 0.001,

vs. PFP.
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3.4. A Potential Platelet Secondary Activation Is Not Responsible for the Camelback TG Curves

Another possible explanation of the camelback curves is a secondary activation of platelets by the
first amount of thrombin generated during the initiation of TG. In order to inhibit the thrombin effect
on platelets we added PAR-1 (vorapaxar) and PAR-4 (BMS-986120) inhibitors or the combination of
both prior the CAT assay (Figure 3). In PRP addition of PAR-1 and/or PAR-4 inhibitor prior to CAT
tended to lower TG while no changes were visible after aggregation (Table 1). However, inhibition of
PAR-1 and/or PAR-4 in the presence of rivaroxaban affected the kinetic parameters (lag time and
velocity) to the same extent as without rivaroxaban (Figure 3D-I) and camelback curves were still
present (Figure 3A-C).
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Figure 3. Effect of platelet aggregation with addition of rivaroxaban, PAR-1 and PAR-4 inhibitor to
human platelet rich plasma (PRP) in TG. Representative TG curves in PRP or PRP after aggregation
(agPRP) triggered with 2 pg/mL of collagen with and without addition or 50 ng/mL of rivaroxaban and
inhibition of PAR-1 with vorapaxar (100 ng/mL) (A), inhibition of PAR-4 with BMS 896120 (1 pug/mL)
(B) or a combination of both inhibitor (C). Lag time after addition of vorapaxar (D) BMS 986120 (E) or
a combination of both inhibitor (F). Velocity after addition of vorapaxar (G) BMS 986120 (H) or a
combination of both inhibitor (I). Results are presented as median (min-max). * p < 0.05, vs. PRP;
#p <0.05, ## p < 0.01, vs. agPRP, n = 4-5 per group.
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3.5. Triggering TG with Thrombin in the Presence of Rivaroxaban Abolished the Camelback Curve

The two phases of the rivaroxaban-derived TG curves could be the result of dissociation between
TG amplification related to FVa and propagation phases due to activation of FXIa by thrombin. Indeed,
FXa inhibition prolonged TG and could lead to a distinct appearance of those phases, which should
normally be fused into the normal shaped TG curve. To test this, we used an antibody blocking
specifically FXI activation by FXIla but not by thrombin (antibody 14E11). In this condition, agPRP plus
rivaroxaban still displayed camel-back curves with two phases in the ascending part of the curve
(Figure 4A) but a lower first ascending phase compared to agPRP with rivaroxaban must be noted.
Rivaroxaban displays similar effects on PRP and agPRP in the presence of 14E11 as in its absence
(Table 1, Figure 4C,E). To highlight the thrombin-dependent increase of TG, we used low amounts of
thrombin to initiate TG (Figure 4B). This lead to normal shaped curves in PRP as well as in agPRP with
or without rivaroxaban despite a flattening of the curves indicating, in concert with the decrease of the
first ascending part of TG in agPRP plus rivaroxaban with 14E11, that the first phase is a combination
of the activation of both extrinsic and intrinsic pathways, while the latter phase depends on thrombin
activation (Figure 4D).
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Figure 4. Implication of tissue factor (TF) and thrombin positive feedback pathways in the camel-back
shaped TG curve. Representative TG curves in PRP or PRP after aggregation (agPRP) triggered with
2 ug/mL of collagen with an antibody inhibiting FXIla-dependent activation of FXI without affecting
thrombin-dependent activation of FXI (14E11; 5 ug/mL) (A). Corresponding lag time and velocity (B,C).
Representative curves of PRP and agPRP triggered with thrombin instead of TF (D) and corresponding
lag time and velocity (E,F). Results are presented as median (min-max). * p < 0.05, vs. PRP; ## p < 0.01,
vs. agPRP. n = 3-5 per group.
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4. Discussion

Recent studies reported an unexpected interaction between platelet and oral thrombin inhibitors
leading to increased platelet aggregation during arterial thrombosis [17,18]. Platelets, especially mean
platelet volume and platelet count, are important modulators of TG [19]. Interactions between platelets
and the coagulation system are most often not considered in clinical laboratory tests and the use of
direct oral anticoagulants presents novel challenge into this analytical gap. Here we explored the
determinants of camelback TG curves appearing in the presence of FXa inhibitor. AgPRP was used as
we observed that performing platelet aggregation before performing the CAT assay highly accelerates
the kinetics of prothrombin conversion compared to PRP. Moreover, the observed changes were
different compared to an activation step of platelet prior TG [14]. Thus, using PRP with unstimulated
platelets does not fully include their procoagulant activity (induced by the first traces of generated
thrombin) and ability to support thrombin generation. The use of agPRP in TG measurement is an
advantage in the presence of anticoagulants that flatten TG curves and highly diminish ETP. Indeed,
after addition of 50 ng/mL of rivaroxaban, TG curves were still visible when using agPRP and displayed
two phases in the ascending part (or very long-lasting peaks). Some publications reported the presence
of bell-shaped curves in patients taking rivaroxaban and we reproduced this phenomenon in control
persons by adding ex vivo 50 ng/mL rivaroxaban [20-22]. The concentration of 50 ng/mL corresponds
to the plasma concentration of rivaroxaban 12 h after administration of 10 mg of rivaroxaban [23].
Under physiological conditions, platelet activation mainly due to exposed collagen follows vascular
injury and supports TG while in the CAT assay using PRP, platelets are activated once first traces of
thrombin are generated. This can be visible by comparing lag time of TG which is often prolonged
in PRP compared to similar conditions in PFP, while the opposite should be expected due to platelet
procoagulant function and ability to generate procoagulant large extracellular vesicles and coagulation
factors. In our set of experiments, baseline lag time for PRP was 8.9 + 2.6 min vs. 7.5 £ 2.1 min
(mean + SD) for PFP. This shows that at baseline, platelets are neutral to coagulation and need to be
activated to support thrombin generation.

In a comment, Kremers et al. [24] have suggested that TFPI could play a role in the appearance
of the camel-back curves. We found that the addition of an antibody against TFPI did not restore
normal shaped curves. However, in the presence of anti-TFPI the first phase of the ascending part of
the curve in PRP in the presence of rivaroxaban matched the agPRP plus rivaroxaban curve indicating
that contrary to the second phase of the camel-back shape the first is highly dependent on TF and FX.
Since platelets contain almost half of circulating full length TFPI, which is the main active form, the
absence of increased TG in agPRP plus rivaroxaban compared to PRP plus rivaroxaban in the presence
of the anti-TFPI is surprising [25,26]. The increase in procoagulant PL may maximize the formation
rate of thrombin and TFPI action is not sufficient to inhibit it.

In the presence of rivaroxaban, a secondary activation of platelets by the generated thrombin was
a possible explanation for the occurrence of camelback curves once aggregation is completed. It has
been already described that PAR-1 is responsible for a second wave of aggregation [27]. In order to test
this hypothesis, we added inhibitors of platelet receptors for thrombin PAR-1 and PAR-4. The very
first ascending phase of the curve was perceptibly decreased after the use of PAR-4 and in combination
of PAR-1 inhibitors. However, these inhibitors—separately or combined—did not abrogated the
camelback curves.

In order to test the importance of FXII and FXI in the first phase, we added an antibody (14E11)
blocking specifically FXIla-dependent FXI activation, or initiated TG directly with a small amount
of thrombin. Addition of 14E11 did not abolish the first phase of camelback curves although the
first phase peak height was lowered compared to identical conditions with no antibody. This result
shows that both intrinsic (starting from thrombin-triggered FXI activation) and extrinsic pathways
lead to this first burst of thrombin generation. Interestingly, the use of thrombin as a trigger of TG to
dissect the importance of thrombin-dependent TG amplification in the presence camelback shape curve
reveals that this amplification is not responsible for the presence of camel-back curves. Conversely to
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TF-triggered TG in PRP or agPRP, lag time and time to peak were identical when using thrombin as
an initiating factor. These results highlight the importance of TF and FXIla-dependent initiation in
enhancing the kinetics of TG. Moreover, triggering PFP (where platelets are replaced by PV) with
thrombin leads to no TG emphasizing the role of platelets in TG amplification which could be linked
with recent findings pointing out the ability of platelet surface to concentrate procoagulant factors
(FIXa, FX, and FXa, FVIII and prothrombin) [28]. This role of platelets is again not visible without prior
activation. One remaining question was coming from the important variability observed in the first
phase of the camelback shaped curves. Platelet-derived microvesicles are well described to initiate TG
in a FXIla-dependent manner [29]. Antiplatelet agents were shown to lead to two-peaked thrombin
generation in PRP due to delayed PL exposure on the platelet surface [30]. Thus, we decided to add
increasing concentrations of PV in PFP. The most striking effect of PV in the presence of rivaroxaban was
on the first ascending phase of the curve indicating that surfaces, presenting PL such as platelet-derived
microvesicles are very important for the first amplification of TG. Here again TG performed with PRP
very likely hides the ability of platelets to modulate TG through microvesicle production.

Taken together, our results show that agPRP might be of use in the presence of new oral
anticoagulant since TG is well detectable. The relevance of the CAT assay has been established in
the occurrence of venous thrombosis, but its use is more controversial concerning the prediction of
recurrence [31-34]. The use of agPRP could lead to a better stratification of thrombotic risk in patients
by including platelet ability to modulate TG (independently of thrombin induced platelet activation)
which is underestimated with the use of unactivated PRP. Taking into account the full procoagulant
potential of platelets to TG in the CAT assay was already attempted more than 15 years ago by using
frozen-thawed PRP and could be an alternative if agPRP cannot be prepared freshly [35]. Since the
shape of the curve is affected, it will be necessary to reevaluate the current parameters of the CAT that
were developed for asymmetric bell-shaped curves. Another aspect that deserves to be extensively
studied is the intra and inter-individual variability to an identical dose of rivaroxaban which is very
important, making the requirement for developing an integrative test to personalize treatment even
more attractive [23,36,37].

5. Conclusions

In conclusion, we present evidence that camelback shaped curves in the presence of rivaroxaban
result from a protraction of TG duration and dissociation of the amplification phase and the
thrombin-dependent propagation phase. In addition, we show that the first phase can be modulated
by PL and could potentially be of use for personalized treatment adjustment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/11/1990/s1,
Figure S1: Plasma preparations from human citrated blood samples for CAT assay; Figure S2: IgG isotype control
effect on aggregated platelet in TG.
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Abstract:

Aims: Von Willebrand factor (VWF) is a plasma glycoprotein involved in primary hemostasis,
while also having additional roles beyond hemostasis namely in cancer, inflammation,
angiogenesis and potentially in vascular smooth muscle cell (VSMC) proliferation. Here, we
addressed how VWF modulates VSMC proliferation and investigated the underlying molecular
pathways and the in vivo pathophysiological relevance.

Methods and results: VWF induced proliferation of human aortic VSMCs and also promoted
VSMC migration. Treatment of cells with a siRNA against ayintegrin or the RGT-peptide
blocking ayBs signaling abolished proliferation. However, VWF did not bind to a,f33 on VSMCs
through its RGD-motif. Rather, we identified the VWF A2 domain as the region mediating
binding to the cells. We hypothesized the involvement of a member of the LDL-related receptor
protein (LRP) family due to their known ability to act as co-receptors. Using the universal LRP-
inhibitor receptor-associated protein, we confirmed LRP-mediated VSMC proliferation. siRNA
experiments and confocal fluorescence microscopy identified LRP4 as the VWF-
counterreceptor on VSMCs. Also co-localization between o,z and LRP4 was observed via
proximity ligation analysis and immuno-precipitation experiments. The pathophysiological
relevance of our data was supported by VWF-deficient mice having significant reduced, if any,
hyperplasia in carotid artery ligation and artery femoral denudation models. In wild-type mice,
infiltration of VWF in intimal regions enriched in proliferating VSMCs was found. Interestingly,
also analysis of human atherosclerotic lesions showed abundant VWF accumulation in VSMC-
proliferating rich intimal areas.

Conclusions: VWF mediates VSMC proliferation through a mechanism involving A2 domain
binding to the LRP4 receptor and integrin a,f3 signaling. Our findings provide new insights into
the mechanisms that drive physiological repair and pathological hyperplasia of the arterial
vessel wall. In addition, the VWF/LRP4-axis may represent a novel therapeutic target to

modulate VSMC proliferation.
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Translational perspective

The mechanisms that drive physiological repair and pathological hyperplasia of the arterial
vessel wall are complex and only partially understood. Specifically, the role of subendothelial-
matrix proteins remains unclear. Here, we show that the hemostatic protein von Willebrand
factor (VWF) accumulates in the vascular wall of atherosclerotic lesions and localizes to areas
of vascular smooth muscle cell (VSMC) proliferation. VWF was found to use its A2-domain for
binding to the VSMC-receptor LRP4, which in turn triggered outside-in signaling via integrin
avPs, thereby inducing VSMC proliferation. Interfering with A2-domain/LRP4 interactions might

offer innovative and additional therapeutical approaches to limit pathological hyperplasia.
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1. Introduction

Vascular smooth muscle cells (VSMCs) are crucial to maintain the structure and functions of
the arterial wall. Upon vascular injury, however, these cells may start to proliferate and migrate
from the media into the intima in an early process of repair called neointima formation or intimal
hyperplasia (IH). This process is key in several physiological and pathogenic events, such as
atherosclerosis progression and in-stent restenosis'3. The molecular basis of VSMC
proliferation is complex and may be provoked by a number of mitogenic agents or growth
factors, such as platelet-derived growth factor (PDGF)*. A basic requirement for these growth
factors to induce VSMC proliferation involves their translocation from circulating blood into the
vascular wall. Interestingly, the vascular wall already consists of many matrix proteins, and the
mitogenic potential of these matrix proteins has poorly been explored so far.

One protein known to be present constitutively in the subendothelial matrix is von Willebrand
factor (VWF). VWF is a multimeric plasma glycoprotein that plays a crucial role in hemostasis,
bridging platelets to subendothelial components upon vascular injury, thus contributing to
bleeding arrest®. Following its biosynthesis by endothelial cells, VWF is directed towards
storage organelles, the Weibel-Palade bodies, from where it will be secreted through
constitutive or regulated pathways®. The constitutive pathway not only releases VWF towards
the luminal side but also serves to deposit VWF in the subendothelium, usually into an acellular
area’.

Animal studies from the 1990s suggested that the location and quantity of VWF in the vessel
wall can vary in vascular pathologies. Indeed, in a model of cuff-induced neointima formation
in the rabbit carotid artery, VWF accumulates in the media after 24h, while at later time-points
(7-14 days), VWF deposits were observed in the extracellular space of the neointima between
VSMCs®. Additional modifications in VWF deposition in the vessel wall, whether in the media
or during neointima thickening have been reported in various animal models of atherosclerosis
or angioplasty®!'. These observations have raised the question of a potential role for VWF in
vascular tissue injury responses in general and in modulating VSMC behavior in particular. An
attempt to answer this question was undertaken by Qin et al who reported decreased IH
following carotid artery ligation in a murine strain known to have low VWF levels, the RIIIS/J
mice, in comparison to wild-type C57B/6J mice!?. Additional studies further demonstrated that
VWEF can interact directly with murine VSMCs, and induces proliferation of these cells?*°, The
VWF-induced proliferation of murine VSMCs has been proposed to involve a Notch-dependent
signaling pathway31°,

Apparently, VWF combines its presence in the vascular wall with the potential to modulate
VSMC proliferation. However, the molecular basis of VWF-mediated VSMC proliferation
remains obscure. We further do not know whether the link between VWF and VSMCs applies

to human VSMC patho-physiology as well.
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Here, we explored human atherosclerotic tissue at different stages of severity, observing
abundant intimal VWF accumulation in aorta, coronary and carotid atherothrombotic lesions.
In addition, we demonstrate that human VSMCs are prone to VWF-induced proliferation via a
novel and unusual pathway. First, the VWF A2-domain induced proliferation via interactions
with low-density lipoprotein receptor-related protein-4 (LRP4), a newly identified receptor for
VWEF. Second, LRP4 was found to co-localize with integrin avfs, and VWF binding to LRP4

triggered an outside-in signaling pathway via integrin owps.

120z Atenige g uo Jasn WYISNI AQ 2Z0¥E1L9/Z70GBAD/IA/E60 L 0 | /I0P/3[0IE-80UBAPE/SIOSBAOIPIED/WO0D dNo-oIWapeoe//:sdny WoJj papeojumoq



2. Methods

Additional information on Methods is available in the online Supplementary materials.

2.1 Materials and reagents

A detailed description of resources used in this study (reagents & cells, antibodies, inhibitors)
are detailed (name, vendor/source and clone/reference) in the Supplementary materials and
methods.

2.2 Animals

8-10 weeks old wild-type (VWF+/+) or VWF-deficient (VWF-/-)!* male mice on a C57BL/6J
background were used for this study. Housing and experiments were conducted in accordance
with the French regulations and the experimental guidelines of the European Community
(Directive 2010/63/EU). Animals were housed under standard conditions and given free
access to standard rodent chow and water. The protocols were approved by the local Animal
Ethics Committee of the University of Lorraine, France (#9411-2017032718404787 v4).
Anesthesia was induced by isoflurane inhalation at 3.5% in 1L/min oxygen, and then
maintained at 1.5% in 1L/min oxygen during the intervention. Mice were euthanized via

exsanguination under isoflurane anesthesia (1.5% in 1L/min oxygen).

2.3 Human tissues

Post-mortem human arterial, aortic, carotid and coronary artery walls, including healthy and
pathology at different stages of atherosclerotic diseases were collected from the Inserm human
CV biobank (BB-0033-00029, U 1148, X. Bichat hospital, Paris), included in the European
network BBMRI-ERIC, in accordance with the French regular and ethical rules (BioMedicine
Agency convention DC2018-3141) and the principles of the declaration of Helsinki. Approval
was obtained from the French Biomedical Agency (ABM, PFS09-007 & PFS17-002) and the
Institutional Ethical Review board (SC09-09-66). Tissues were obtained from deceased organ
donors for kidney and/or hepatic transplantation, in the absence of therapeutic uses for the
aorta and/or the heart. Human arterial tissues were fixed with 4% (w/v) buffered formaldehyde
solution prepared by depolymerization of paraformaldehyde and imbedded in paraffin. Serial

5-7 um thick sections were performed.

2.4 Immunohistochemistry

For VSMC detection in murine tissue sections, representative sections were immunostained
with a monoclonal antibody (MoAb) against a Smooth Muscle Actin (a-SMA), a MoAb against
VWF or a MoAb against proliferating cell nuclear antigen (PCNA). Briefly, sections were
deparaffinized and rehydrated. Endogenous peroxidases were quenched with 3% H»O0, The

mouse primary antibody was first combined with a secondary antibody (a goat anti-mouse
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antibody conjugated to horse-radish peroxidase (HRP)) in a tube and allowed sufficient time
to form an antibody complex. Any non-complexed secondary antibody was bound up with
mouse serum. The mixture is then applied to the tissue. After washing, sections were
successively incubated with a biotinylated secondary antibody for 30 min at RT, washed, and
reacted with HRP-streptavidin. Color development from peroxidase antibodies was carried out
using 3,3’-diaminobenzidine as the chromogen.

Immunohistochemistry of human arterial tissues were performed using a-SMA and VWF

MoAbs and then revealed using 3,3’-diaminobenzidine staining on serial sections.

2.5 Cell culture

Human aortic VSMCs were obtained as cryopreserved ampules from Lonza (cat# CC-2571),
containing 2500,000 cells/ampule with >95% viability and >95% seeding efficiency. All cells
were from single individuals aged between 18 and 57 years, and >10 different lots have been
used during the study (ratio male/female about 60:40). Human aortic VSMCs were cultured in
Smooth Muscle Cell Growth Medium-2 (SmGM-2) containing 5% fetal bovine serum at 37°C

with 5% CO,. Human VSMCs were used between passages 3 and 6.

2.6 Proliferation assay

Human VSMCs were seeded at a density of 5x10* cells/well in SmMGM-2 containing 5% fetal
bovine serum into a 24-well plate. The next day, cells were synchronized in serum-free medium
for 6h (or 24h or 48h for indicated experiments) and treated with various proteins: recombinant
human platelet-derived growth factor (PDGF-BB), VWF (0-4 nM) or recombinant VWF-Fc
fragments (100 ng/ml) in serum-free medium. After 24h, cell proliferation was evaluated by cell
counting using a Neubauer-improved counting chamber (Marienfeld). Alternate methods to
assess cell proliferation such as analysis of cellular DNA content by flow cytometry or
incorporation of 5-bromo-2’-deoxyuridine (BrdU) were used for some experiments. In indicated
groups, cells were pre-incubated with receptor-associated protein (RAP; 1 uM) for 1 min, a
cyclic RGDPV peptide (1 mM) or RGT and GRT peptides (250 puM) for 30 min. Some
experiments were performed in the presence of antibody LM609 (10 pg/ml). In the control
group, VSMCs were cultured without any treatment. For each experiment, triplicate wells were

counted.

2.7 Wound-healing and migration assays

Experiments were performed on confluent monolayers of human VSMCs seeded in a 6-well
plate. After starving the cells in serum-free medium for 6h, a wound scratch was created with
a 200 pl pipette tip. Cells were washed twice with PBS to remove detached cells, and then

cultured in a serum-free medium with or without VWF or VWF fragment. The wounded area
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was observed and photographed at t=0,16, 24 and 48h after wounding. Using ImageJ
Software, VSMC migration and wound repair was evaluated by the number of cells that
migrated into the wounded area.

2.8 Western blotting

Cells treated as indicated in individual experiments were harvested, washed twice with PBS
and lysed in a cold lysis buffer (Roche Life Sciences, Meylan France) containing proteases
and phosphatase inhibitors cocktails (Roche). The lysates were pelleted and the supernatant
fractions were collected and examined for protein concentration using a Bradford Protein assay
kit (Bio-Rad, Marnes-la-Coquette, France). Proteins were separated by SDS-PAGE and
electro-transferred onto a nitrocellulose membrane. After blocking for 1h in 5% non-fat milk
dissolved in Tris buffered saline with 0.1% Tween-20, membranes were incubated with
indicated specific primary antibodies overnight at 4°C. Membranes were then washed and
incubated with appropriate secondary antibodies for 1h at room temperature (RT). The
immunoreactive bands were visualized by chemiluminescence (Western ECL substrate, Bio-

Rad) using a luminescent image analyzer system (LAS-4000 mini, Fujifilm).

2.9 Immunofluorescence staining of VSMCs

A detailed description of this procedure is presented in the Supplementary materials. VSMCs
were grown on glass coverslips, and incubated in the presence or absence of VWF. After
formaldehyde fixation, cells were incubated with primary antibodies against VWF, a,Bsintegrin,
Protease Activated Receptor-2 (PAR2) or LRP4. Nuclei were counterstained with 4',6'-
diamidino-2-phenylindole (DAPI). Negative controls were performed by omitting the primary
antibody or the VWF treatment. Images were acquired via fluorescent confocal microscopy,
and analyzed by Image J software using the plugin colocalization finder to calculate the
Pearson’s coefficient!’.

For the Duolink®- Proximity Ligation Assay (PLA), double immunostaining of human VSMCs
(treated or not with VWF) was performed using primary antibodies to LRP4 and a.f3; integrin,
the secondary antibodies being replaced by PLA probes. The remainder of the protocol was
conducted according to the manufacturer's recommendations. For confocal microscopy, a
Nikon C2 microscope with Ti-FL stage and C-HGFi fluorescent bulb was used. Acquisition was

performed with the NiS Elements software.

2.10 siRNA transfection
To evaluate the role of LRP4 or a,83 in VWF-induced human VSMC proliferation, cells were
transfected with siRNA directed against LRP4 or ay or the negative control using a magnet-

assisted transfection reagent according to the manufacturer’s instructions. siRNA-sequences
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are provided in the Supplementary materials. Briefly, for each well of a 24-well plate, 0.25 ug
of siRNA was diluted in serum-free Dulbecco's Modified Eagle Medium (DMEM) to an end
volume of 50 ul. The diluted siRNA was added to 0.75 ul of MATra-Si Reagent, followed by
mixing and incubation at RT for 20 min. The transfection complex siRNA/MATra-Si reagent
was added to the cells. The plate was then incubated on a magnetic plate for 15 min at 37°C.
The magnetic plate was removed, followed by a 24h resting period in a serum-free medium.

Cells were then used for VWF-induced human VSMCs proliferation or migration assays.

2.11 Binding assays

LRP proteins (50 pl, 1 pg/ml) were immobilized on half-well microtiter plates in carbonate buffer
pH 9.6 overnight at 4°C. After washing with TBS (Tris 25 mM, NaCl 150 mM, pH 7.4) containing
2.5 mM CacCl; and 0.1% Tween-20, a post-coat step was applied (30 min at 37°C in the same
buffer but with 3% BSA). VWF or VWF fragments diluted in TBS-Ca-Tween/3% BSA were then
added to the wells (50 pl) for 2h at 37°C. In one set of experiments, VWF was pre-incubated
or not with 1 mg/ml of ristocetin at RT before addition to the wells. After three washes, HRP-
coupled antibodies to VWF or to Fc-tag were added (50 pl) for 2h at 37°C. 3,3’,5,5-
tetramethylbenzidine was added to reveal bound proteins and the reaction was stopped with
H2>S0O4. OD was read at 450 and 570 nm in a multiplate reader (Biotek).

2.12 Statistical analysis

Data are presented as mean+SD, unless specified. Statistical analysis was performed using
Graphpad prism 5 software. A two-tailed unpaired Student t test was applied for comparisons
between two groups. When indicated, multiple t-test was performed. One-way ANOVA
followed by Tukey’s or Dunnett’s multiple comparisons test was performed when comparing
multiple groups. P<0.05 was considered as statistically significant. For the in vivo experiments,
an N-1 Chi-square test was performed when comparing the number of mice with or without
hyperplasia. When comparing the intima/media ratio or nuclei number, a Mann-Whitney test
was applied.
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3. Results

3.1 VWF is involved in intimal hyperplasia in vivo

In view of the different mouse strains that were compared for their sensitivity to VWF-
dependent hyperplasia formation in previous studies??, we first set to confirm such an effect in
a more appropriate setting using VWF-KO mice and their wild-type littermates. Two distinct
models of vascular injury were used: 1) ligation of the common carotid artery and 2) femoral
artery denudation. In the carotid artery ligation model, 5 out of 9 VWF+/+ mice had extensive
intimal hyperplasia (IH), whereas none of the 8 VWF-/- did (p=0.015; Supplementary Table
S1). A similar difference in neointima formation was observed in the femoral artery denudation
model, with 10 out of 14 VWF+/+ mice developing IH versus 4 out of 13 VWF-/- mice (p=0.038;
Supplementary Table S1 & Fig. S1). Histological analysis of the ligated and contralateral
arteries revealed the presence of neointima selectively in the ligated arteries of VWF+/+ mice
(Fig. 1A). Importantly, only the neointima of ligated arteries in VWF+/+ mice stained positive
for PCNA, a marker for cell proliferation (Fig. 1B). Indeed, the intima/media ratio was
significantly increased in these mice (p=0.0294), as was the number of nuclei (p=0.0294; Fig.
1F). Neointima stained positive for a-SMA, compatible with proliferating cells being VSMCs
(Fig. 1C). Interestingly, neointima also stained positive for VWF, which was absent in the intima
of the contralateral artery, suggesting that VWF is present within the proliferating area (Fig.
D). This infiltration seemed specific for VWF as no changes were observed for collagen,
another sub-endothelial matrix protein (Fig. 1E). Thus, these mouse data confirm the link
between VWF and VSMC proliferation. However, it does not teach us whether VWF modulates
VSMC proliferation in a direct or indirect manner.

3.2 VWF is present in the intima and core of human atherosclerotic lesions

To explore the possibility that VWF could contribute to the pathogenesis of neointima formation
in humans, we performed qualitative analyses of rare tissue aortic sections for the presence
of VWF in areas enriched in proliferating VSMCs. As expected, VWF is predominantly detected
in the most luminal part of healthy human aorta (corresponding to the endothelium), with minor
variable subendothelial staining in the a-SMA-positive cell area (Fig. 2A). In contrast, clear
prominent VWF immunostaining was observed in the intima of human fatty streaks (aorta and
coronary artery), largely overlapping with areas of a-SMA-positive cell migration and potential
proliferation (Fig. 2B & Supplementary Fig. S2). Similarly, abundant VWF immunostaining
was detected in endothelium and VSMC-rich subendothelium of the cap in human fibrolipidic
plagues (Fig. 2C). VWF accumulation also predominated in the core of the plague, an area of
high plasma protein insudation (Fig. 2C). Another example relates to complex neo-

atherosclerotic lesions that are formed following coronary artery stenting. Also in this condition,
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VWF accumulates in the VSMC-rich area of the shoulder of a stented segment
(Supplementary Fig. S2).

Extravascular VWF accumulation was also observed in carotid tissue sections
(Supplementary Fig. S2). Profuse VWF immunostaining was present in areas of carotid
intimal proliferation, involving both endothelial, subendothelial and SMA-positive intima
(Supplementary Fig. S2). In culprit plague, VWF appeared in the cap endothelium and in the
VSMC-rich cap intimal proliferation area (Supplementary Fig. S2). As observed in the
fibrolipidic aorta, VWF is also present in the VSMC-poor external part of the lesion, an area
corresponding to intraplaque hemorrhage (Supplementary Fig. S2). Altogether, we observe
an accumulation of VWF in VSMC-rich areas of various pathological arterial tissue sections. It

seems conceivable therefore that VWF may be in direct contact with these cells.

3.3 VWF induces human aortic VSMC proliferation and migration

In the remainder of our study, we focused on the potential of VWF to induce proliferation of
human VSMCs and its underlying molecular pathway. In a first series of experiments, the
mitogenic effect of VWF on VSMCs was compared to that of PDGF-BB. Proliferation in the
absence of any mitogenic protein was arbitrarily defined as 1.0. As expected, PDGF-BB
induced VSMC proliferation in a dose-dependent manner (Fig. 3A). In line with previous
studies, the proliferative effect of PDGF-BB followed a bell-shaped curve!® °. A similar dose-
dependent and bell-shaped effect was observed for VWF (Fig. 3A). Interestingly, similar
maximum proliferative index values were obtained for PDGF-BB and VWF (1.8+0.1 for PDGF-
BB vs 1.8+0.3 for VWF at the peak, p<0.0005 vs untreated cells). Similar proliferative index
values for VWF were obtained when applying other means to quantify cell proliferation: cell
cycle analysis by flow cytometry or incorporation of BrdU (Fig. 3B). In an alternative approach,
we analyzed the effect of VWF on VSMC recolonization in a wound healing scratch assay,
which measures both migration and proliferation. Again, VWF was found to stimulate VSMC
recolonization of the wound area as indicated by the significantly higher number of cells
present after 16, 24 and 48h (Supplementary Fig. S3). These data are compatible with VWF
having the potential to simulate human VSMC proliferation, akin to PDGF-BB.

3.4 Signaling pathways associated with VWF-induced VSMC-proliferation

We next explored the cellular responses of VSMCs used at passages 3-6, following exposure
to VWEF. First, quantitative PCR of nine specific VSMC markers was performed at 24h and 48h
after exposure to VWF. However, no change in RNA expression for each of these markers
was detected compared to cells without VWF exposure (Fig. 3C). In accordance with these
data, no changes in expression of a-SMA, Smooth Muscle Myosin Heavy Chain (SM-MHC),

vimentin, myocardin, and smoothelin upon VWF treatment were observed (Supplementary

11

1202 Aienige4 g1 uo Jasn WHISNI AG ZZ0VE19/2700BA/IA/EE01 01 /I0P/3|0IIB-8OUBAPE/SIOSEACIPIED/WO0 dNoolepeoe//:sdiy Wol) papeojumoq



Fig. S4), indicating the maintenance of a differentiated state of VSMCs, allowing the
proliferative status of the cells.

To analyze which signaling pathways were activated by VWF, we quantified phosphorylation
of Akt, ERK1/2, p38-Mitogen-activated protein kinases (p38-MAPK), Src and STAT3. No VWF-
dependent activation of STAT3 could be detected (Supplementary Fig. S5). In contrast, VWF
significantly induced Akt phosphorylation at the Thr308 site and ERK1/2 phosphorylation at
the Thr202/Tyr204 site with a maximum effect at 15 min (Fig. 3D-E). To further elucidate the
VWEF-dependent signaling pathway upstream of regulators of Akt and ERK1/2, we examined
the level of phosphorylation of p38-MAPK and Src, a major intracellular mediator of integrin-
dependent functions. Induction of both p38-MAPK phosphorylation at the Thr179/Tyr181 site
and Src phosphorylation at the Tyr418 site were increased within 5 to 15 min and the

phosphorylation returned to basal levels after 30 min (Fig. 3F-G).

3.5 Identification of a,3; involvement in VWF-induced VSMC proliferation

The a,Bsintegrin has previously been reported as a receptor for VWF on VSMCs?®, and we
therefore investigated whether VWF co-localized with this integrin at the cellular surface via
confocal microscopy. VSMCs were incubated in the absence or presence of VWF and co-
stained for av and VWF (Fig. 4A) or, as negative control, PAR2 and VWF (Fig. 4B). Confocal
images revealed selective co-staining for VSMCs incubated with VWF and co-stained for av
and VWF, but not in other conditions (Fig. 4A-B). Observations were quantified via pixel-
analysis of multiple z-stacks, revealing a median Pearson’s correlation coefficient of 0.71 for
av/VWF versus 0.11 for PAR2/VWF (Fig. 4A-B). These data confirm that VWF co-localizes
with owfs.

To establish if VWF-induced VSMC proliferation involves a,f33, we used a siRNA-strategy. A
specifically designed a.-targeting siRNA blocked a, RNA expression by 78% and protein
expression by 41%, whereas both remained unchanged in the presence of control siRNA
(Supplementary Fig. S6). Adding the av SIRNA and control siRNA to VSMCs induced a 15-
20% reduction in cell proliferation in the absence of VWF (p=0.012 and p=0.046, respectively
when comparing to “no VWF no siRNA” condition; Fig. 4C), indicating that the siRNA
procedure in itself has a minor but significant effect on VSMC proliferation. However, a similar
1.6-fold increase in VSMC proliferation was observed for both control conditions (no siRNA
and control siRNA) in the presence of VWF compared to the absence of VWF, showing that
this procedure does not interfere with the mitogenic activity of VWF. In contrast, no VWF-
induced proliferation was found in the presence of the a, SiRNA (Fig. 4C). Apparently, the

presence of ayps is indispensable for VWF-induced VSMC proliferation.
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3.6 The VWF-o,fs integrin axis in VSMC proliferation

Since VWF comprises an RGD-motif in its C-terminal region, we anticipated that this motif
would mediate direct binding of VWF to a.f3. This hypothesis was challenged by analyzing
VWF-mediated VSMC proliferation in the absence or presence of a cRGDPV-peptide or the
anti-awPs integrin antibody LM609, both of which would annihilate the binding of the VWF RGD
motif to owf3 and subsequent VSMC proliferation. In the absence of VWF, we observed that
the cRGDPV-peptide alone inhibited basal cell proliferation by 60% (p=0.002 compared to
control without any additions), whereas no effect was observed when antibody LM609 was
tested in the absence of VWF (Fig. 4D). Despite the inhibitory effect of the cRGDPV-peptide
on basal VSMC proliferation, a similar VWF-dependent increase in VSMC proliferation was
observed in all three conditions: 1.5-fold, 1.6-fold and 1.7-fold for control, the cRGDPV-peptide
and antibody LM609, respectively.

We next explored the option whether the observed VWF-dependent effect involves oufs-
mediated signaling. This was tested using a myristoylated RGT-peptide (myr-RGT), which
selectively inhibits Bz outside-in signaling?t. As control, its myristoylated GRT-control peptide
(myr-GRT) was applied?:. Neither peptide had any influence on basal VSMC proliferation, nor
did the myr-GRT-control peptide affect VWF-induced proliferation (Fig. 4E). In contrast, the
myr-RGT-peptide proved an efficient inhibitor of VWF-enhanced VSMC proliferation
(proliferative index 2.1+0.2 without peptide vs 0.9+0.2 with peptide, p<0.0001; Fig. 4E). We
then hypothesized that should the VWF mitogenic effect involves signaling via a.ps, then the
down-regulation of ofz expression would result in an absence of phosphorylation of
downstream kinases. Human VSMCs were therefore treated with a, siRNA and its effect on
Src phosphorylation was evaluated. Whereas VWF induced Src phosphorylation in VSMCs
treated with control siRNA, this was completely abolished in cells treated with a, siRNA
(Supplementary Fig. S7). Thus, VWF induces an a.fs-dependent signaling pathway that
results in phosphorylation of Src-kinase. In contrast, this process proceeds independently of a

direct interaction between VWF and the RGD-responsive site in owfs.

3.7 Identification of a member of the LRP family as crucial determinant for VWF-induced VSMC
proliferation

Since o3 is seemingly not the primary VWF receptor in our experiments, it is conceivable that
a second receptor able to crosstalk with a,fs is implicated. LRP family members are known
co-receptors in different cell types, including VSMCs. Indeed, a cooperation between LRP1
and a,Bs in response to tissue-type plasminogen activator has been reported??. We therefore
tested whether an LRP receptor was involved, and GST-RAP was used as general inhibitor of
the LRP-receptor family. GST-RAP alone had no effect on basal VSMC proliferation (Fig. 5A).
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However, its presence completely abolished VWF-induced cell proliferation (proliferation index
with VWF alone: 2.2+0.2 vs 0.7+0.2 with VWF+GST-RAP, p<0.0001; Fig. 5A). We also
measured proliferation using a combination of both GST-RAP and myr-RGT. Blocking
simultaneously a,83 and LRP had no additional effect and VWF-induced VSMC proliferation
was reduced to basal proliferation (Fig. 5A), suggesting that both receptors operate in concert.
We considered the possibility that the LRP-receptor involved in this VWF-dependent process
would be LRP1, previously recognized as receptor for VWF on macrophages, and also known
to be expressed on VSMCs?3 24, However, for this interaction, VWF requires to adopt an active,
platelet-binding conformation, which can be mimicked by pre-incubating VWF with ristocetin?.
Unexpectedly, pre-treatment of VWF with ristocetin did not further increase the proliferative
index at any of the VWF concentrations tested (Fig. 5B), suggesting that another LRP family
member rather than LRP1 is involved in VWF-dependent VSMC proliferation.

3.8 VWF A2-domain mediates VSMC proliferation

To narrow our search for an LRP family member as potential receptor for VWF on VSMCs, we
decided to investigate the molecular determinants on the VWF subunit, necessary to induce
VSMC proliferation. To do so, we used purified recombinant VWF domains. The VWF mature
subunit with its domain structure is represented on Fig. 5C. Among isolated VWF fragments,
only the VWF-A2 domain promoted VSMC proliferation. No significant difference with full-
length VWF were observed in terms of proliferative index (2.1+0.2 for VWF, 1.7+0.5 for A2-Fc,
p=0.47; Fig. 5D). All other VWF fragments as well as a control Fc-fused unrelated protein
(Siglech-Fc) proved inefficient in promoting cell proliferation. A dimeric D4-CK fragment
containing the VWF RGD-motif (within the C4 domain) also did not show any proliferative
effect, compatible with the finding that the VWF-mediated effect is independent of its RGD-
motif (Fig. 5D). In the wound healing scratch assay, VWF-A2 fragment induced VSMC
migration, similar to full-length VWF (Fig. 5E & Supplementary Fig. S8). Similar to full-length
VWF, A2-Fc induced proliferation was completely abolished in the presence of the LRP-
inhibitor GST-RAP or the presence of myr-RGT (Fig. 5F). In addition, A2-Fc induced similar
signaling as full-length VWF, as illustrated by the phosphorylation of Erk1l/2 (Fig. 5G).
Apparently, the A2-Fc protein mimics full-length VWF not only in inducing VSMC proliferation
and migration, but also in doing so via an LRP-triggered outside-in signaling pathway involving

(Xvﬁg.

3.9 VWF binds to LRP4 on VSMCs to induce cell proliferation
Having identified an LRP receptor as counter-receptor for the VWF A2-domain on VSMCs, we
next attempted to pinpoint which LRP member was involved. First, we measured VWF binding,

in the absence of ristocetin, to different LRP receptors selected on the basis of mRNA
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identification in VSMCs (www.proteinatlas.org). In these conditions, no binding of VWF to
LRP1, LRP5 or LRP8 was detected. However, VWF displayed strong binding to LRP4 in the
absence of ristocetin (Fig. 6A). Furthermore, when testing VWF-Fc fragments, we observed a
specific interaction between VWF-A2 domain and LRP4 (Fig. 6B), thus suggesting that LRP4
could represent a candidate receptor for VWF on VSMCs. Since LRP4 is particularly known
for its expression on neurons and skeletal muscle cells rather than VSMCs, we first verified
LRP4 expression on VSMCs. To this end, immunofluorescence studies were performed and a
strong signal for LRP4 on these cells could be detected (Fig. 6C). Moreover, when cells were
incubated in the presence of VWF, a clear co-staining between VWF and LRP4 was detected
(Fig. 6D), suggesting that VWF is able to interact with LRP4 at the cellular surface. Using
siRNA against LRP4, we next demonstrated the direct involvement of this receptor in VWF-
mediated VSMC proliferation. siRNA directed against LRP4 led to a >90% decrease in mRNA
expression and a 40% decrease in protein expression (Supplementary Fig. S9). In the
proliferation assay, complete inhibition of VWF-induced VSMC proliferation was observed in
the presence of the LRP4 siRNA with no significant effect of the control siRNA (proliferative
index of 1.7£0.1 with control siRNA vs 1.0£0.1 with LRP4 siRNA, p<0.0001; Fig. 6E). Thus,

LRP4 seems to be an essential element in VWF-induced VSMC proliferation.

3.10 LRP4 and a,8; cooperate to mediate VWF-induced VSMC proliferation

Given the observation that LRP4 and a.8s seem to mediate VWF-dependent VSMC
proliferation in a concerted action (Fig. 5A), we explored the option that both receptors would
be in close proximity at the cellular surface. To this end, Duolink®-PLA analysis was
performed, which detects proteins being located within a range of 40 nm. Whereas negative
conditions (single primary with both secondary antibodies) did not reveal any signal, we
observed a positive signal in the test conditions, demonstrating that both receptors were within
40 nm of distance, strongly suggesting the existence of an interaction (Fig. 7A-C). Indeed, the
LRP4/avB3 complex could be precipitated using anti-ay antibodies (Fig. 7D). Interestingly,
while Duolink-PLA analysis suggested reduced interactions between LRP4 and avfs in the
presence of VWF (Supplementary Fig. S10), this was not observed in the
immunoprecipitation experiments (Fig. 7D). We anticipate that reduced complex formation in
the former assay is due to reduced antibody accessibility of the receptors in the presence of
VWE.

We also checked whether siRNA against LRP4 abrogated the a.3s:-dependent activation of Src
phosphorylation by VWF. The LRP4 siRNA completely abolished VWF-induced Src activation
compared with the control siRNA (Fig. 7E-F). Suppression of Akt, ERK1/2 and p-38 MAPK
phosphorylation was also evidenced in the presence of the LRP4 siRNA (Fig. 7E-F).
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Taken together, we have identified VWF as a mitogenic factor that efficiently induces VSMC
proliferation via a previously unrecognized pathway involving the heterologous receptor
complex LRP4/ a,f3, which in turn activates a Src-mediated signaling cascade.
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4. Discussion

Besides its well-known function in primary hemostasis, VWF is increasingly recognized as a
pleiotropic protein involved in processes related to angiogenesis, cancer and inflammation®. In
the vascular wall, observations that VWF location and quantity may vary in vascular diseases
indicate a potential intervention of VWF in tissue remodeling following injury®*L. In particular,
a role for VWF in modulating murine VSMC proliferating properties has been suggested by Qin
et al*2. In this study, we have now characterized this ability of VWF to induce human VSMC
proliferation by identifying the pathways involved. We observed a dose-dependent proliferating
effect of VWF on VSMCs, consistent with the previous findings. In addition to inducing cell
proliferation, VWF also proved able to mediate cell migration in a wound healing scratch assay,
further demonstrating its ability to influence tissue remodeling. VWF-induced proliferation and
migration of VSMCs had no effect on their differentiation, in agreement with the current concept
that dedifferentiation is not a prerequisite for VSMC proliferation?® 28, Finally, involvement of
the ERK1/2-MAPK cascade and Akt signaling pathway completed and supported the picture
of a proliferating status of the VSMCs in presence of VWF.

Having established this proliferating effect of VWF, our next step consisted in identifying the
cellular receptor(s) involved. Based on our knowledge of the receptor repertoire of VSMCs, we
first considered a,f3; integrin as a potential candidate. Indeed this integrin is strongly expressed
by VSMCs?, is a known receptor for VWF?® and is involved in VSMC proliferation and
migration?. Our initial experiments showing co-localization of a,f; and VWF at the surface of
VSMCs supported this hypothesis. Further confirmation of a3 involvement arose from the
complete inhibition of the VWF-proliferative effect upon treatment of the cells with siRNA
against ay. Importantly, on VSMCs the ay subunit is only associated to s and Bs is only
associated to a,?’. Blocking ayBs signaling using the myr-RGT-peptide?! * also completely
annihilated VWF-induced cell proliferation. However, the use of inhibitors of a,8; engagement3!
such as a cyclic RGD peptide or the LM609 antibody did not block VWF-mediated cell
proliferation. Altogether, our results emphasize the critical importance of a,3s-dependent
signaling in mediating VWF-induced cell proliferation, a process that seems to occur
independently of VWF binding to this integrin.

Since members of the LRP family are known to act as co-receptors in a variety of cellular
settings, including VSMCs??, we hypothesized for such a mechanism and indeed, using the
LRP-inhibitor GST-RAP, we exposed the importance of an LRP receptor in VWF-induced
VSMC proliferation. Among LRP family members, VWF is known to bind LRP1 but this binding
involves its A1 domain and requires VWF to be in an active conformation® 3. Our present
observations showing a lack of effect of ristocetin, a VWF activator, added to the identification
of the A2 domain as the necessary VWF determinant, thus pointed to an LRP member other

than LRP1. Our data identified LRP4 as a new receptor for VWF. Indeed, using direct binding
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experiments we showed that LRP4 is the only LRP member potentially present on VSMCs that
is able to bind VWF without ristocetin. In addition, we showed that the only VWF region able
to substitute for full-length VWF in mediating VSMC proliferation and migration, i.e. the A2
domain is also able to bind to LRP4. Using immunofluorescence, we confirmed expression of
LRP4 by VSMCs and showed colocalization between LRP4 and VWF. And finally, direct
evidence of LRP4 involvement came from the use of sSiRNA against LRP4, which completely
blocked VWF-induced proliferation.

Three important and original pieces of information can be highlighted from these experiments.
The first one is the involvement of the VWF-A2 domain. Besides its critical role in harboring
binding and cleavage sites for ADAMTS13, the enzyme responsible for regulating VWF
multimeric size®, the A2 domain has not been reported to play a major role in mediating VWF
interaction with its numerous partners. This is in contrast to its neighboring domains, which
contains binding sites for many VWF ligands such as glycoprotein Ib, heparin, sulfatides,
collagen VI for the A1 domain ** 34 and collagens for the A3 domain®. However very recently,
a study reported an interaction between the VWF A2 domain and extracellular vimentin3®,
suggesting that the importance of this domain has not yet been fully investigated. The second
original finding relates to LRP4. This member of the LRP family has been first identified in 1998
and is unique among other LRP receptors since it is the only type Il transmembrane receptor,
with its N-terminal region located within the cytoplasmic side of the plasma membrane®’. A
complete deficiency of LRP4 is incompatible with life in mice®®. LRP4 has been reported to be
involved in multiple functions: on skeletal muscle cells, LRP4 is crucial for the formation of
neuromuscular junction®* while on non-muscle cells, LRP4 plays a role in presynaptic
differentiation or in bone-mass homeostasis*®®. Although the main functions of the LRP
receptors appear to be related to cargo transport or internalization of macromolecules, LRP4
mostly serves as a signal transducer or modulator. A number of ligands for LRP4 have already
been identified and for each of its functions, an original and complex signaling mechanism has
been described®. Our results appear to be following a similar trend. Indeed, LRP4 appears to
be the receptor for VWF at the cell surface and as such, it could potentially signal directly
through Ca2+/calmodulin-dependent protein kinase Il (CaMKII) to activate ERK1/2, Akt and
p38-MAPK. However, in our conditions, an LRP4-mediated outside-in signaling through o33
is necessary to induce VSMC proliferation, suggesting cooperation between both receptors,
the third important point in our study. Indeed, we were able to show using immunoprecipitation
experiments and the Duolink-PLA that LRP4 and a.,fs are co-localizing at the surface of
VSMCs. Furthermore, the use of SIRNA against one or the other of these receptors completely
abrogates the proliferating effect of VWF, highlighting the physiological relevance of this
cooperation. It is not unusual for LRP receptors to associate with co-receptors depending on

the cellular environment, allowing them to extend their ligand profile, to modulate their cellular
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activities and to enable signal transduction®!. This capacity makes LRP family members very
versatile receptors and multifunctional cell-surface proteins. For example, cooperation
between LRP1 and a.3; has been shown to mediate vasocontraction of VSMCs by tissue-type
plasminogen activator??. Still on VSMCs, LRP1 appears to control PDGF receptor-dependent
signaling pathways, controlling cell proliferation and preventing atherosclerosis?.

Relevant to our findings is of course its physiological context. Our mouse model based on a
full deficiency of VWF displayed a strong reduction in neointima formation in two different
experimental approaches for intimal hyperplasia, consistent with observations using a mouse
with a partial deficiency of VWF!2, In addition, infiltration of VWF in regions enriched in
proliferating VSMCs was detected in wild-type mice. It should be noted that both mouse models
are limited in that they do not distinguish between a direct and indirect role of VWF. VWF may
affect VSMC proliferation indirectly via several mechanisms. For instance, endothelial cells
lack VWF-specific storage organelles (Weibel-Palade bodies) in VWF-/- mice!®, which could
negatively impact the release of necessary growth factors or other proteins essential in the
process to induce VSMC proliferation. However, Weibel-Palade bodies are normally present
in the endothelial cells of the RIIIS/J-mice, which express low levels of VWF!2, It is unlikely
therefore that the lack of neointima formation in the VWF-/- mice is due to the absence of
Weibel-Palade bodies. Alternatively, VWF may be necessary for the recruitment of platelets at
the site of injury, which can release growth factors contributing to cell proliferation. However,
characterization of the model by Roque et al revealed an early-stage (1h) accumulation of
platelets at the site of injury without the need for VWF*?, arguing for a similar platelet
involvement between VWF+/+ and VWF-/- mice. Finally, VWF has recently been reported to
contribute to wound healing, acting as a molecular bus to deliver growth factors to wound
sites®. It is possible that this mechanism contributes to the in vivo VWF-mediated VSMC
proliferation, existing in parallel to the LRP4-a,f3 mechanism that we describe here.

In view of our findings and the potential mechanism by which VWF contributes to VSMC
proliferation, it seems relevant to distinguish between subendothelial VWF and VWF derived
from the circulation. The data observed using human atherosclerotic pathology fit well with the
hypothesis that VWF is present in the wall proportional to the pathology intensity, mainly in
endothelium and intima but also in the core of the lesion. These data suggest that deposition
of VWF originates from endothelial cells surrounding the lesion. However, other areas in the
atherosclerotic lesion, predominantly in the core of the plaque, are prone to hemorrhages and
plasma protein insudation?. It is likely that in these plasma-borne atheroma injuries, plasma-
derived VWF participates in the arterial cellular responses.

In conclusion, we have observed the combined presence of VWF and VSMCs in the neointima
of various pathological arteries, but not healthy vessels. In addition, we found that VWF is an

effective mitogenic agent towards VSMCs, and further analysis revealed a novel, previously
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unrecognized molecular pathway underlying this mitogenic action. VWF can induce VSMC
proliferation, involving cooperation between two receptors, one important for ligand binding
(LRP4) and the second for signal transduction (avB3). Our findings provide new insights into
the mechanisms that drive physiological repair and pathological hyperplasia of the arterial
vessel wall. The identification of VWF and LRP4 may therefore be of potential interest in
prevention and treatment of arterial wall remodeling, and open avenues for novel therapeutical

strategies.
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12. Figure legends

Figure 1. Immunostaining of murine arterial tissue sections after carotid ligation.

A-E. Arterial tissue sections obtained 4 weeks post-injury from VWF+/+ and VWF-/- mice were
stained using HES (A) or Sirius Red (E) or with antibodies against PCNA (B), a-SMA (C) or
VWEF (D). M: media; I: intima. Scale bars, 50 um. F. Intima/media ratio and nuclei count in
injured carotid arteries (n=9 for VWF+/+ and n=8 for VWF-/-). Statistical analysis was

performed using a Mann-Whitney test.

Figure 2: Immunostaining of VWF and a-SMA in different stages of aortic
atherosclerosis in human.

A. Detection of VWF in endothelium of healthy human aorta and in the subendothelial layer
positive for a-SMA staining. B. Fatty streaks showing presence of VWF in the a-SMA-positive
neointima. C. Subendothelium VWF staining in VSMC-rich fibrocellular cap and VWF
accumulation in the acellular lipid core of fibrolipidic plaques. Full morphology of the section
(Nanozoomer) were associated with X4 magnification (red boxes) and X20 magnification
(black boxes). M, media; I, intima. Scale bars = 2 mm (Nanozoomer), 1 mm (X4 magnification)

and 0.2 mm (X20 magnification).

Figure 3: VWF-induced proliferation cultured human VSMCs.

A. Human aortic VSMCs were incubated with VWF or PDGF-BB (0-4 nM) for 24h, and cell
proliferation was evaluated. Presented is the proliferative index relative to proliferation with
medium alone, which is arbitrarily defined as 1.0. Data represent the meantSEM of 3 (for
PDGF) or 4 experiments (for VWF), each performed in triplicate. B. Measure of VWF-induced
VSMC proliferation using 3 different methods: incorporation of BrdU (n=7), cell counting (n=4)
or analysis of cellular DNA (n=3). Data represent mean+SD. C. VSMCs were incubated in the
absence or presence of VWF (1 nM) for 24h (grey bars) or 48h (dotted bars). RNA was isolated
and quantitative PCR was performed for 9 different markers. Relative changes in RNA
expression compared to cells incubated in the absence of VWF are presented. Data are
expressed as meanzSD, n=indicated for each condition. D-G. Phosphorylation of Akt, ERK1/2,
p38-MAPK and Src was assessed after exposing cells to 1 nM VWF for 5 to 60 min. Cell lysates
were prepared and phosphorylation of Akt (Thr®%), ERK1/2 (Thr?%?/Tyr?%), p38-MAPK
(Thri’®/Tyr'8) or Src (Tyr*'8) was determined using colorimetric cell-based elisa kits. Data
represent mean+SD (n=4), and results are expressed as fold increase relative to unstimulated
control. Statistical analysis was performed using one-way Anova with Dunnett’'s multiple

comparison.
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Figure 4: Involvement of a,fs in VWF-mediated VSMC proliferation

A-B: Confocal immunostaining of VWF (red) and a,f3s (panel A; green) or PAR2 (panel B;
green) in VSMCs incubated for 24h at 37°C in the absence or presence of VWF (1 nM). Nuclei
were counterstained using DAPI. Images were acquired using stacks (1 um) in sequential for
the three channels (488, 555 & 633 nm). Bars represent 25 um, objective 40x. The Pearson’s
correlation coefficient was obtained by Image J software using the plugin colocalization finder.
Data are expressed as mean+SD. N=33 cells for av without VWF; n=54 for ay with VWF; n=64
for PAR2 without VWF and n=42 for PAR with VWF. Statistical analysis involved a Mann-
Whitney test. C. Proliferative index of human VSMCs transfected with control siRNA or siRNA
against ay and incubated with 1 nM VWF for 24h. D-E. Proliferative index of human VSMCs
treated with VWF (1 nM) for 24h in the presence the LM609 antibody (10 pug/ml) or after pre-
treatment of the cells with a cyclic RGDPV peptide (1 mM; panel D) or synthetic myristoylated
RGT/GRT peptides (250 uM; panel E). Experiments were reproduced three times in triplicate
(C-E) and statistical analysis was performed using one-way Anova with Tukey’s multiple

comparison.

Figure 5: Identification of the VWF molecular determinant involved in mediating VSMC
proliferation. A. Proliferative index of human VSMCs pretreated with GST-RAP (1 uM) or a
mixture of GST-RAP and synthetic myristoylated RGT/GRT peptides (250 uM) prior addition
of 1 nM VWF for 24h. Data represent mean+SD; n=6 for No VWF, VWF and GST-RAP; n=3
for VWF+GST-RAP, VWF+RGT-myr+GST-RAP and VWF+GRT-myr+GST-RAP (with each
experiment performed in triplicate). B. Proliferative response of human VSMCs following
incubation with VWF or VWF/ristocetin (0-4 nM). Data represent meantSEM of 3 independent
experiments. C. Schematic representation of the domain structure of VWF. D. Proliferative
index of human VSMCs in response to VWF (1 nM), PDGF (0.2 nM) or various VWF-fragments
(2100 ng/ml) (meantSD; n is indicated for each condition). E. A wound healing scratch assay
was performed on human VSMCs in the absence or presence of VWF-A2/Fc (100 ng/ml).
Reappearance of cells in the wounded area was monitored at t=0,16, 24 and 48h and
guantified using ImageJ Software. Data represent mean+SD (n=3). F. Proliferative index of
human VSMCs pretreated with GST-RAP (1 uM) or a mixture of GST-RAP and synthetic
myristoylated RGT/GRT peptides (250 uM) prior addition of 100 ng/ml VWF-A2/Fc for 24h. G.
Phosphorylation of ERK1/2 was assessed after exposing cells to 1 nM VWEF for 5 to 60 min.
Cell lysates were prepared and phosphorylation of ERK1/2 (Thr??/Tyr?%4) was determined
using colorimetric cell-based elisa. Data represent mean+SD (n=4), and results are expressed
as fold increase relative to unstimulated control. Statistical analysis was performed using one-
way Anova with Tukey’s (panels A, D, F) or Dunnett’s (panel G) multiple comparison or using

multiple t-test (panel E).
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Figure 6: Involvement of LRP4 in VWF-mediated VSMC proliferation

A. Immobilized LRP variants (1 pg/ml) were incubated with VWF (0-7.5 pg/ml) in the absence
of VWF activator. Bound-VWF was probed by a peroxidase-coupled polyclonal anti-VWF
antibody. Data represent meantSD (n=3). Closed circles: LRP4; open circles: LRP1; open
squares LRP5; closed squares LRP8. B. Immobilized LRP4 (1 ug/ml) was incubated with
VWF-A2/Fc (closed triangles) or VWF-A3/Fc (open triangles; 0-15 ug/ml). Bound-VWF
fragments were probed using peroxidase-coupled polyclonal anti-Fc antibodies. Data
represent mean+SD (n=3). C. Fluorescent immunostaining of LRP4 on VSCMCs. Nuclei were
counterstained using DAPI. Representative images were acquired using confocal microscopy.
Bars represent 25 pum for objective 40x or 10 um for objective 100x. D. VSMCs incubated in
the presence or absence of VWF were stained using anti-LRP4 (green) and anti-VWF (red)
antibodies. Nuclei were counterstained using DAPI. Shown are representative merged images
acquired using confocal microscopy. Bars represent 25 um. E. Proliferative index of human
VSMCs transfected with control sSiRNA or siRNA against LRP4 and incubated with 1 nM VWF
for 24h. Experiment was reproduced three times in triplicate and statistical analysis was

performed using one-way Anova with Tukey’s multiple comparison.

Figure 7: Association between a,B; and LRP4 on VSMCs and effect on MAPK signhaling
pathways

A-C. Duolink-proximity ligation assay (PLA) analysis of LRP4 and a,8: expression and
colocalization on VSMCs. Panels A-B represents control conditions in the presence of only
one primary antibody (A: anti-av, B: anti-LRP4) and both secondary antibodies with fluorescent
probes. Panel C represents test conditions (both primary and secondary antibodies with
fluorescent probes). Red spots appear only when a,3 and LRP4 are within a distance of <40
nm. Nuclei were counterstained with DAPI. Scale bars: 10um, Objective 63x. D. VSMCs
incubated in the presence or absence of VWF were lysed, and immunoprecipitated using anti
av-antibodies or control antibodies. Western blots of lysates were first stained using anti aw-
antibodies and subsequently with anti-LRP4 antibodies. E-F. Phosphorylation of Akt, ERK1/2,
p38-MAPK and Src was assessed after exposing cells transfected with control or siRNA
against LRP4 to 1 nM VWF for 10 min. Cell lysates were prepared and phosphorylation of Akt
(Thr3%), ERK1/2 (Thr?2/Tyr?%4), p38-MAPK (Thrt’®/Tyr8l) or Src (Tyr*®) was determined by
Western blotting. Immunoreactive bands were visualized by chemiluminescence and
guantified using a luminescent image analyzer system. Data represent mean+SD (n=3) and
results are expressed as fold increase relative to unstimulated control. Statistical analysis was

performed using t-test.
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