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Exposé des travaux de recherche 
 

 

Mes travaux de recherche ont jusqu’ici été focalisés sur l’étude des anomalies du facteur von 

Willebrand (VWF) secondaires aux modifications de flux sanguin induites par le rétrécissement 

aortique (RAo) ou l’assistance circulatoire mécanique à flux continu (ACM-FC).  

 

Ces travaux ont d’abord été menés au sein de l’équipe d’accueil (EA) 2693, dirigée alors par 

le Pr Jude, puis au sein de l’unité INSERM UMR-1011 (directeur Pr Staels) à laquelle l’EA2693 

a été rattachée en 2015 pour constituer l’équipe 2 (ARTEMIS : « heART disease, flow 

disturbances and haemostasis »). L’équipe 2 de l’UMR-1011 codirigée par le Pr Sophie Susen 

(PU-PH Hématologie) et par le Pr Eric Van Belle (PU-PH Cardiologie) et implantée sur le 

campus hospitalo-universitaire de Lille, rassemble des hématologues-biologistes spécialistes 

du facteur tissulaire, du VWF et en biologie cellulaire (monocytes/macrophages, VIC, cellules 

musculaires lisses et adipocytes), des cardiologues spécialistes de l’athérosclérose, du RAo 

et du syndrome métabolique, et des chirurgiens cardiaques spécialistes des valvulopathies. 

L’expertise pluridisciplinaire de l’équipe a permis de développer des projets transversaux 

conjuguant approches cliniques et expérimentales à l’interface de l’hématologie et de la 

cardiologie sur 2 thématiques principales: la valvulopathie aortique et les cardiopathies ou 

dispositifs cardiaques à forces de cisaillement élevées. Mes travaux ont essentiellement porté 

sur cette deuxième thématique qui s’est beaucoup développée depuis le rattachement de 

notre équipe d’accueil à l’UMR-1011. 

 

Le VWF est une glycoprotéine multimérique d’origine endothéliale qui agit comme un 

médiateur de l’adhésion et l’agrégation plaquettaire particulièrement dans des conditions de 

forces de cisaillement élevées. Il existe en effet au niveau de chaque monomère du VWF 

différents domaines fonctionnels permettant l’interaction du VWF avec les glycoprotéines 

plaquettaires membranaires GPIbα et αIIbβ3.  Le VWF est synthétisé puis stocké au niveau 

endothélial dans les corps de Weibel-Palade sous une forme très multimérisée dite de très 

hauts poids moléculaire (VWF-THPM). Lors de la sécrétion endothéliale du VWF dans le 

plasma, ces VWF-THPM sont immédiatement clivés par une protéase plasmatique, 

l’ADAMTS13 (A Disintegrin And Metalloprotease with Thrombospondin domain), en 

multimères de poids moléculaire variable, dont les plus fonctionnels sur le plan hémostatique 

sont les multimères de hauts poids moléculaire (VWF-HPM). Ces VWF-HPM ont comme 

particularité d’avoir une conformation très sensible aux contraintes hydrodynamiques dites 

« forces de cisaillement » résultant des modalités d’écoulement du flux. Ils adoptent 

spontanément en l’absence de forces de cisaillement une conformation globulaire insensible 

à l’action protéolytique de l’ADAMTS13. Cependant, ils peuvent adopter une conformation de 
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type chaîne étendue en présence de forces de cisaillement élevées1 induisant l’exposition au 

niveau du domaine A2 de différents monomères des sites de clivage par l’ADAMTS13 ce qui 

favorise alors leur protéolyse2,3. 

 

Mon travail de master 2 s’était inscrit dans la continuité de travaux de l’EA2693 qui avaient mis 

en évidence que les contraintes hydrodynamiques générées par certaines valvulopathies 

cardiaques pouvaient retentir sur la structure et la fonction du VWF circulant. Deux travaux de 

l’EA2693 avaient ainsi permis de préciser la prévalence, la physiopathologie et l’évolution des 

syndromes de Willebrand acquis associés au RAo sévère ou à la cardiomyopathie 

hypertrophique (CMH) avec bourgeon septal. L’EA2693 avait ainsi décrit la présence quasi-

systématique d’un déficit plasmatique en VWF-HPM chez les patients atteints d’un RAo sévère 

ainsi que des manifestations hémorragiques cutanéomuqueuses chez un quart des patients 

étudiés, soulignant ainsi la pertinence de l’association entre RAo et hémorragies digestives 

établie par un interniste américain en 1958 (syndrome de Heyde). Il existait également chez 

ces patients une corrélation inverse entre le niveau des forces de cisaillement trans-aortiques 

secondaires au RAo et l’intensité du déficit plasmatique en VWF-HPM, suggérant un rôle 

causal de ces anomalies rhéologiques dans la physiopathologie du syndrome de Willebrand 

acquis4. L’EA2693 avait aussi identifié une association similaire entre forces de cisaillement et 

déficit plasmatique en VWF-HPM dans la CMH avec bourgeon septal5. Enfin, l’EA2693 avait 

mis en évidence le caractère réversible des anomalies de multimérisation du VWF après 

correction chirurgicale du RAo, excepté en présence d’un mismatch valve prothétique/anneau 

aortique induisant la persistance de forces de cisaillement trans-aortiques élevées en post-

opératoire4. Ces différentes observations rendaient concevable l’hypothèse d’un rôle causal 

des forces de cisaillement dans l’apparition des anomalies de multimérisation du VWF. 

 

Malgré l’observation d’une normalisation du déficit plasmatique en VWF-HPM dès le 

lendemain de la chirurgie de remplacement valvulaire aortique, l’EA2693 n’avait pas pu 

caractériser précisément in vivo la cinétique de correction du syndrome de Willebrand acquis 

en raison de l’effet confondant de la circulation extracorporelle en chirurgie cardiaque. Mon 

travail de master 2 a permis grâce au développement d’un modèle animal de sténose aortique 

aiguë et réversible de : 1) confirmer expérimentalement le lien de causalité entre l’induction ou 

la réversion de forces de cisaillement intracardiaques élevées et l’apparition ou la correction 

du déficit plasmatique en VWF-HPM; 2) et de caractériser in vivo la cinétique d’apparition et 

de correction de ces anomalies du VWF. Mes travaux de thèse et de post-doctorat se sont 

ensuite poursuivis sur cette thématique de syndrome de Willebrand acquis par anomalies de 

flux intracardiaques dans deux modèles pathologiques : le RAo et l’ACM-FC. 
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En parallèle, j’ai poursuivi mon activité hospitalière au sein du service d’Hémostase clinique 

du CHU de Lille où j’ai pu participer ou conduire des travaux de recherche clinique portant 

essentiellement sur la maladie de Willebrand. Dans le contexte de pandémie COVID-19, j’ai 

pu également participer ou conduire des travaux de recherche clinique ou fondamentale 

soulignant l’importance de l’endothéliopathie et de la dérégulation immunitaire dans la 

physiopathologie des complications macro- et micro-thrombotiques présentes dans les formes 

sévères de COVID-19. 

 

Les principaux résultats de ces travaux sont détaillés ci-dessous et les publications en rapport 

sont présentées en fin de manuscrit.  
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Travaux de thèse d’Université 
 

Syndrome de Willebrand  acquis et cardiopathies à forces de cisaillement élevées 
 

 

Contexte : 

Mon travail de thèse s’est effectué sous la codirection du Pr Susen et du Dr Peter Lenting dans 

le cadre d’une collaboration entre l’EA2693 et l’unité Inserm U770 dirigée par le Dr Cécile 

Denis qui nous a fait bénéficier d’approches complémentaires sur le VWF.  

 

Le premier versant de ce travail de thèse s’est inscrit dans la continuité de mon master 2 qui 

avait confirmé le lien de causalité entre forces de cisaillement intracardiaques et l’apparition 

d’anomalies de multimérisation du VWF dans le RAo et souligné le caractère dynamique des 

cinétiques d’apparition et de correction des anomalies de multimérisation du VWF en parallèle 

des modifications de flux intracardiaques. Nous avons alors souhaité évaluer si ces résultats 

obtenus dans un modèle animal étaient transposable à l’homme dans deux modèles 

pathologiques distincts associés à des modifications aigues des forces de cisaillement 

intracardiaques : i) à l’initiation d’une ACM-FC s’apparentant à un modèle d’induction aigüe de 

forces de cisaillement intracardiaques élevées), ii) et lors du traitement percutané  du RAo par 

la procédure de cardiologie interventionnelle TAVI (Transcatheter Aortic Valve Implantation) 

s’apparentant à un modèle de réversion aigüe de forces de cisaillement intracardiaques 

élevées. Ce travail a fait émerger le concept innovant d’utiliser le VWF comme biomarqueur 

de la qualité de l’implantation valvulaire par TAVI en alternative à l’échographie cardiaque.  

 

Dans l’intervalle, l’avènement de l’assistance mono-ventriculaire gauche à demeure chez les 

patients en insuffisance cardiaque terminale inéligible à la transplantation cardiaque et l’essor 

des indications d’ECMO a mis en lumière de façon aigue la problématique du syndrome de 

Willebrand acquis secondaire à l’ACM-FC. Le second versant de ma thèse a ainsi porté sur la 

caractérisation du mécanisme de dégradation du VWF sous ACM-FC et le développement de 

nouveaux outils diagnostiques et thérapeutiques dans ce cadre. 

 
 

1) le VWF comme biomarqueur d’anomalies de flux intracardiaques dans les 

valvulopathies cardiaques à forces de cisaillement élevées  

 

Le RAo représente la plus fréquente des valvulopathies de l’adulte. Il s’agit d’une maladie le 

plus souvent dégénérative affectant 3 à 5% de la population de plus de 60 ans. Une alternative 

au remplacement valvulaire aortique par sternotomie existe désormais: il s’agit de 

l’implantation d’une bioprothèse par cathétérisme interventionnel (TAVI : Transcatheter Aortic 

Valve Implantation). Développé en 20026, le TAVI s’est progressivement imposée comme le 
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traitement de référence du RAo sévère pour les patients les plus âgés ou avec des 

comorbidités à haut risque opératoire7. Un déficit plasmatique acquis en VWF-HPM est 

associé au RAo et aux ACM-FC. Ces deux conditions ont un commun de générer des forces 

de cisaillement élevées qui favorisent l’élongation et la protéolyse des VWF-HPM lors de leur 

passage au sein de la valve sténosée ou de la pompe d’ACM-FC. Les cinétiques précises 

d’apparition et de réversion de ces anomalies qualitatives du VWF, respectivement lors de 

l’initiation de l’ACM-FC ou de la correction du RAo n’étaient pas décrites. Bien que des 

données expérimentales in vitro suggéraient le caractère extrêmement dynamique de telles 

cinétiques2, cet aspect n’avait pas jusqu’ici fait l’objet d’une étude in vivo.  

 

Nous avons ainsi étudié l’impact sur la multimérisation du VWF de variations aiguës des forces 

de cisaillement intracardiaques dans 3 modèles in vivo : i) un modèle lapin de sténose aiguë 

et réversible de l’aorte ascendante (travail de master 2), ii) à l’initiation d’une assistance mono-

ventriculaire gauche à flux continu de type HeartMate-II® chez des patients en insuffisance 

cardiaque terminale, iii) après correction partielle ou complète d’un RAo sévère chez des 

patients bénéficiant respectivement d’une valvuloplastie aortique (BAV) ou d’un TAVI. L’étude 

de la multimérisation du VWF a reposé sur 2 approches : i) la technique de référence du Centre 

national de Référence Maladie de Willebrand (CRMW) reposant sur une électrophorèse sur 

gel d’agarose, examen le plus sensible pour mettre en évidence des anomalies de 

multimérisation du VWF mais très chronophage et de réalisation complexe; ii) une mesure 

automatisée du temps d’occlusion plaquettaire sur la cartouche épinéphrine/ADP (TO-ADP) 

avec comme hypothèse que ce paramètre biologique, en raison de sa sensibilité à détecter un 

déficit plasmatique en VWF-HPM dans la maladie de Willebrand constitutionnelle8, pouvait 

constituer un reflet indirect de l’évolution cinétique des anomales de multimérisation du VWF 

induite par des variations aiguës d’intensité des forces de cisaillement intracardiaques 

 

Résultats 
 

Dans le modèle lapin dit de « banding aortique » permettant une sténose aiguë et réversible 

de l’aorte ascendante, nous avons observé une perte significative des VWF-HPM dans le 

plasma à cinq et trente minutes après induction de la sténose (Figure 1). Chez des patients 

en insuffisance cardiaque terminale, nous avons observé une cinétique similaire d’apparition 

d’un déficit plasmatique en VWF-HPM dès l’initiation d’une ACM-FC de type HeartMate-II® 

aussi bien in vitro qu’in vivo. Après réversion instantanée de la sténose aortique dans le 

modèle lapin, une correction rapide du déficit plasmatique en VWF-HPM était observée après 

la levée de l’obstacle, partielle dès cinq minutes et complète trente minutes après 

normalisation des forces de cisaillement trans-aortiques (Figure 1). 
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Figure 1 : Modèle animal de sténose aigue et réversible de l’aorte ascendante. A) Cinétique du déficit 
plasmatique en VWF-HPM dans les 30 min suivant l’induction puis la réversion de la sténose 
(quantification densitométrique > 15 mers après électrophorèse sur SDS-agarose), B) profil 
multimérique représentatif. 
 
 

De même chez l’homme, en cas de traitement efficace du RAo par TAVI, nous avons observé 

une normalisation en quelques minutes du déficit plasmatique en VWF-HPM (Figure 2A) alors 

que ce déficit persistait en fin de procédure en cas de correction uniquement partielle de la 

sténose aortique par valvuloplastie au ballon (Figure 2B). Cette normalisation rapide du profil 

multimérique du VWF suggérait que l’arrêt de la protéolyse du VWF ne pouvait être le seul 

mécanisme impliqué. L’augmentation concomitante des taux plasmatique du propeptide du 

VWF a en effet permis d’identifier un mécanisme de relargage endothélial du VWF dans les 

minutes suivant une correction complète du RAo par TAVI.  

 

Figure 2 : Cinétique péri-procédurale de réversion du déficit plasmatique en VWF-HPM (quantification 
densitométrique > 15 mers relative à un pool plasmatique contrôle après électrophorèse sur SDS-
agarose) : A) après correction totale du RAo par TAVI, B) après correction partielle du RAo par 
valvuloplastie cardiaque (BAV). 
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Une fuite para-valvulaire (FPV) peut survenir chez 10 à 20% des patients bénéficiant d’un 

TAVI si l’apposition de la bioprothèse sur l’anneau aortique est incomplète générant une(des) 

zone(s) de fuite(s) résiduelle(s) permettant la régurgitation du sang à forces de cisaillement 

élevées à travers ce/ces orifice(s)9. De façon notable, nous avons observé qu’un déficit 

plasmatique en VWF-HPM persistait en cas de TAVI compliqué d’une FPV. En effet dans la 

cohorte TAVI, seuls les quatre patients dont le déficit plasmatique en VWF-HPM n’était pas 

normalisé en fin de procédure présentaient une FPV significative en échographie cardiaque.  

 

Dans cette étude pilote exploratoire, le TO-ADP avait une cinétique superposable à celle des 

VWF-HPM avec une correction partielle de son allongement dans le groupe « valvuloplastie » 

et complète dans le groupe « TAVI » (Figure 3A) excepté chez les quatre patients présentant 

une FPV en fin de procédure (Figure 3B).  

 
Figure 3 : A) Cinétique péri-procédurale du TO-ADP (en sec) après correction totale (procédure TAVI) 
ou partielle (procédure BAV) du RAo par voie transcathéter B) TO-CADP (en sec) en fin de procédure 
TAVI selon la présence ou non d’une fuite para-valvulaire (AR : aortic regurgitation) par échographie 
trans-oesophagienne. 
 

 
Conclusion et perspectives 
 

Ce travail a permis de confirmer chez l’homme les variations extrêmement dynamiques de 

multimérisation du VWF plasmatique en réponse à des variations aigues d’intensité des forces 

de cisaillement intracardiaques. Il a ainsi fait émerger un nouveau concept selon lequel le VWF 

plasmatique constitue un biomarqueur d’anomalies de flux sanguin dans les cardiopathies à 

forces de cisaillement élevées (Publication : Von Willebrand Factor As A Biological Sensor Of 

Blood Flow To Monitor Percutaneous Aortic Valve Interventions. Circ Res.2015).  
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2) Syndrome de Willebrand acquis sous assistance circulatoire mécanique: 

physiopathologie, nouvelles approches diagnostiques et thérapeutiques. 

 

L’obtention d’une extension d’indication à demeure (« destination therapy ») de l’ACM-FC pour 

les patients insuffisants cardiaques inéligibles à une transplantation cardiaque10 a mis en 

perspective de façon plus aigüe la problématique du syndrome de Willebrand acquis 

secondaire à des forces de cisaillement intracardiaque élevées. L’hypothèse d’un syndrome 

de Willebrand acquis sous ACM-FC s’est rapidement imposée sur la base d’arguments 

cliniques et biologiques. A l’exception des hémorragies du site opératoire survenant dans les 

jours suivant l’implantation chirurgicale de l’ACM-FC, la majorité des saignements concerne 

les muqueuses ORL et gastro-intestinale orientant vers un trouble de l’hémostase primaire. La 

fréquence des complications hémorragiques sous ACM-FC est trop élevée pour être attribuée 

aux seuls traitements anticoagulants ou antiagrégants plaquettaires également administrés 

chez ces patients. La fréquence des hémorragies digestives sous ACM-FC est supérieure à 

celle des hémorragies de toutes causes chez les patients porteurs d’une valve cardiaque 

mécanique et bénéficiant d’un traitement combiné par antiagrégants plaquettaires et anti-

vitamines K. Par ailleurs, un surdosage en anti-vitamines K n’est pas prédictif de la sévérité 

des complications hémorragiques sous ACM-FC11. Ceci suggère l’existence d’un mécanisme 

additionnel et intrinsèque aux ACM-FC dans la genèse de ces complications hémorragiques.  

Il a rapidement été mis en évidence par plusieurs travaux dont un mené en collaboration avec 

l’EA 269312 qu’une dégradation du VWF circulant survenait systématiquement sous ACM-FC 

aussi bien avec les pompes rotatives que centrifuges13 alors que ce phénomène n’était pas 

observé avec la génération antérieure d’ACM à flux pulsatile (ACM-FP). Le(s) mécanisme(s) 

sous-jacents à cette dégradation du VWF sous ACM-FC restait cependant mal caractérisé(s) 

au début de mon travail de thèse même si l’implication d’un excès de protéolyse du VWF par 

l’ADAMTS13 au sein de la pompe d’ACM-FC était suspectée au vu des forces de cisaillement 

élevées générées par ces dispositifs.  

 

1- Physiopathologie de la dégradation du VWF sous ACM-FC 

La prise en charge des saignements sous ACM-FC constitue souvent une impasse 

thérapeutique. Il existe une indication d’anticoagulation sous ACM-FC en prévention primaire 

d’évènements thromboemboliques qui complexifie la prise en charge des complications 

hémorragiques. Il n’existe pas de traitement hémostatique dont l’efficacité et la sécurité soient 

validées par des études cliniques en cas d’hémorragie sous ACM-FC. Le sevrage de l’ACM-

FC permet un traitement étiologique du syndrome de Willebrand acquis mais cette option ne 

concerne en pratique qu’une minorité de patients en raison d’une contre-indication fréquente 

à la transplantation cardiaque dans l’indication « destination therapy ». La compréhension de 

la physiopathologie de la maladie de Willebrand acquise sous ACM-FC est donc essentielle 
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pour développer de nouvelles approches diagnostiques et thérapeutiques permettant 

d’identifier les patients à haut risque hémorragique et mieux les prendre en charge. 

 

Résultats 
 

Dans la première partie de ce travail, nous avons développé un modèle d’ACM-FC in vitro 

(Figure 4) afin de confirmer expérimentalement le rôle causal de l’ADAMTS13 dans la 

dégradation du VWF. Grâce à ce modèle, nous avons pu caractériser le caractère aigu et 

forces de cisaillement dépendant de la dégradation du VWF sous ACM-FC. Nous avons 

également pu confirmer que cette dégradation du VWF était de caractère enzymatique et non 

mécanique comme évoqué par d’autres équipes14 en raison de son inhibition totale en 

présence d’EDTA in vitro. Nous avons pu démontrer secondairement le rôle causal de 

l’ADAMTS13 dans le cadre d’un travail collaboratif avec l’équipe du Pr Vanhoorelbeke à 

Courtrai (Laboratory for Thrombosis Research, Kulak, KU Leuven Camus) avec une inhibition 

totale de la dégradation des VWF-HPM dans notre modèle d’ACM-FC in vitro avec un 

anticorps monoclonal ciblant le domaine métallo-protéase de l’ADAMTS13, au sein duquel se 

trouve le site catalytique de cette enzyme.  

 

Figure 4 : Modèle d’ACM-FC basé sur l’emploi d’une pompe d’assistance mono-ventriculaire 
(HeartMate-II) 
 
 

2- Quelle(s) approche(s) moléculaire(s) pour inhiber la dégradation du VWF sous ACM-FC ? 

Les bases moléculaires de la protéolyse du VWF par l’ADAMTS13 sont bien établies. 

L’ADAMTS13 a pour substrat unique le VWF, qu’elle protéolyse au niveau d’une liaison 

peptidique unique localisée dans le domaine A2 entre les résidus Tyrosine 1605 et Méthionine 

1606. Cette protéolyse nécessite une interaction préalable entre le VWF et l’ADAMTS13, 

impliquant côté VWF des exo-sites localisés au niveau des domaines A2 et D4 15,16. Le 
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développement de molécules ciblant un des exo-sites impliqués dans la liaison VWF-

ADAMTS13 semble une approche pertinente car cette interaction est nécessaire pour 

permettre la protéolyse du VWF. De plus, cette approche est théoriquement compatible avec 

le maintien d’une protéolyse résiduelle du VWF minimisant ainsi le risque de purpura 

thrombotique thrombocytopénique (PTT) pharmaco-induit contrairement à une approche 

reposant sur une inhibition directe du site catalytique de l’ADAMTS13. 

 

Nous avons testé deux classes de molécules dans cette optique : i) une librairie d’anticorps 

monoclonaux murins anti-VWF ou anti-ADAMTS13 issus de lignées d’hybridomes, ii) des 

fragments recombinants de VWF ou d’ADAMTS13 produits par transfection stables de cellules 

eucaryotes BHK. Nous avons d’abord sélectionnés comme molécules d’intérêt celles inhibant 

partiellement in vitro la liaison d’une ADAMTS13 recombinante humaine à du VWF purifié 

d’origine plasmatique. Cette approche a identifié deux molécules candidates, le fragment 

recombinant VWF A2-Fc et l’anticorps monoclonal murin 508 (LTX-508),  dont nous avons 

ensuite évalué la capacité à inhiber la protéolyse du VWF par l’ADAMTS13 en conditions de 

flux. En conditions de flux, seul l’anticorps LTX-508 s’est révéler inhiber la protéolyse du VWF 

par l’ADAMTS13. Nous avons ensuite caractérisé le mode d’action et le potentiel 

thérapeutique de cet anticorps monoclonal. L’étude de la liaison du LTX-508 à différents 

fragments de VWF d’origine recombinante ou obtenus par digestion enzymatique a permis de 

localiser son épitope dans la partie distale du domaine D4 du VWF. Grâce à un panel de 

peptides synthétiques biotinylés de séquences chevauchantes, nous avons ensuite réduit 

l’épitope du LTX-508 à une courte séquence polypeptidique de 12 acides aminés au sein du 

domaine D4, semblant jouer un rôle critique dans la liaison du VWF natif, sous sa conformation 

globulaire, à la partie distale de l’ADAMTS13. Nous avons ensuite établi que l’anticorps LTX-

508 présentait une affinité moyenne et interagissait de façon dose-dépendante avec le VWF 

immobilisé. Via un test d’inhibition en microplaque de la liaison VWF-ADAMTS13, nous avons 

estimé que la concentration inhibitrice 50 (IC50) du LTX-508 était de 0.9 µg.mL-1, soit une 

concentration compatible avec une utilisation in vivo. 

 

Nous avons utilisé un modèle in vitro en sang total pour évaluer l’efficacité du LTX-508  à 

prévenir la dégradation du VWF en présence de forces de cisaillement élevées induites par 

une ACM-FC. Dans ce modèle, l’anticorps LTX-508 inhibe de façon dose-dépendante la 

dégradation des VWF-HPM induite par une ACM-FC de type HeartMate-II®. De façon notable, 

il persiste une protéolyse résiduelle du VWF en présence de fortes concentrations de LTX-508 

comparé à l’inhibition complète observée avec l’EDTA (Figure 5). 
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Figure 5 : Cinétique de dégradation du VWF dans le modèle d’ACM-FC HeartMate-II in vitro : A) profil 
multimérique représentatif illustrant l’inhibition partielle de la dégradation du VWF par l’anticorps anti-
VWF D4 (LTX-508) en présences de forces de cisaillement élevées (vitesse = 9000 rpm), B) Caractère 
dose-dépendant et saturable de l’inhibition de la dégradation du VWF par l’anticorps anti-VWF D4 (LTX-
508) comparé à l’inhibition totale en présence d’EDTA (10mM) 
 
 

Conclusions 
 

Ce travail a permis de valider le concept selon lequel une prévention pharmacologique de la 

dégradation du VWF sous ACM-FC est possible via un anticorps monoclonal dirigé contre le 

domaine D4 du VWF, inhibant l’interaction VWF-ADAMTS13. Cette approche présente comme 

avantage de préserver un niveau résiduel de protéolyse plasmatique du VWF minimisant ainsi 

le risque de PTT pharmaco-induit. Ce travail a fait l’objet d’une publication (Antibody-based 

prevention of von Willebrand factor degradation mediated by circulatory assist devices. 

Thromb Haemost. 2014) et d’un brevet (Inserm transfert BIO13050).   

 
 

3- Nouvelles approches diagnostiques  

Seules les techniques électrophorétiques ont une sensibilité satisfaisante pour le diagnostic 

des syndromes de Willebrand acquis d’origine cardio-vasculaire. Elles permettent en effet de 

mettre en évidence : 1) de façon semi-quantitative l’excès de protéolyse du VWF par 

l’ADAMTS13 caractéristique de ces situations par l’analyse des bandes satellites jouxtant les 

dimères et tétramères de VWF17; 2) et le déficit plasmatique en VWF-HPM résultant de leur 

protéolyse par l’ADAMTS13. Cependant, ces techniques électrophorétiques ne sont pas 

adaptées à un contexte d’urgence diagnostique ou thérapeutique car elles sont chronophages 

et requièrent une expertise technique importante ce qui limite leur disponibilité à de rares 

laboratoires. L’objectif de ce travail était de développer une méthode analytique ELISA 

permettant de quantifier sur plasma pauvre en plaquettes la protéolyse du VWF par 

l’ADAMTS13 de façon plus simple et rapide que la technique électrophorétique de référence.  
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Pour cela, nous avons développé un test ELISA « maison » reposant sur l’utilisation: 1) à 

l’étape de capture d’un anticorps monoclonal murin anti-VWF/domaine A2 clivé (mAb27642, 

R&D Systems / Biotechne) reconnaissant un épitope de 10 acides aminés (D1596-Y1605) 

adjacent au site de protéolyse dans le  domaine A2 uniquement accessible après clivage par 

l’ADAMTS1318; 2) d’un anticorps polyclonal de lapin anti-VWF humain conjugué à la 

peroxydase; 3) d’un standard maison de fragments de protéolyse du VWF obtenu après co-

incubation pendant 16 heures d’un concentré de VWF plasmatique d’origine humaine avec de 

l’ADAMTS13. Nous avions établi qu’au terme de cette durée d’incubation l’intensité du déficit 

en VWF-HPM induit in vitro était similaire à celui observé chez les patients atteints d’un RAo 

sévère.  

Les performances diagnostiques de cet ELISA pilote ont été évaluées dans 4 modèles : i) un 

modèle d’ACM-FC in vitro de type HeartMate-II® décrit auparavant, ii) une cohorte de patients 

avec une maladie de Willebrand (MW) constitutionnelle (n=89) ayant fait l’objet d’une 

caractérisation phénotypique et génotypique exhaustive par le CRMW, iii) une cohorte de 

patients insuffisants cardiaques avec initiation d’un ACM-FC HeartMate-II® (n=9), iv) une 

cohorte de patients RAo traités par TAVI (n=11).  

 

Résultats 
 

Dans le modèle d’ACM-FC in vitro, nous avons observé une association significative entre 

l’intensité de la protéolyse du VWF plasmatique mesurée par ELISA et la vitesse d’assistance. 

La protéolyse des VWF-HPM mesurée par cet ELISA en présence de forces de cisaillement 

élevées était totalement inhibée en présence d’EDTA et partiellement inhibée en présence de 

l’anticorps LTX-508 dirigé contre le domaine D4 du VWF. Dans une cohorte de MW 

constitutionnelle, la protéolyse du VWF était comme attendu significativement plus élevée 

chez les patients atteints d’une MW de type 2A(IIA) ou 2B comparé à des sujets sains 

contrôles. Dans une cohorte de MW acquise, la protéolyse du VWF était significativement 

augmentée 3 heures après initiation d’une ACM-FC et l’excès de protéolyse du VWF présent 

chez les patients atteints d’un RAo sévère était corrigé après correction de la valvulopathie 

par TAVI. 

 

Conclusion et perspectives 
 

Le développement et la validation de ce test ELISA permettant une quantification de l’excès 

de protéolyse du VWF survenant dans certaines formes constitutionnelles de MW ou en 

présences de forces de cisaillement intracardiaques élevées induites par un RAo ou une ACM-

FC, a fait l’objet d’une publication (Publication A novel ELISA-based diagnosis of acquired 

VWD with increased VWF proteolysis. Thromb Haemost. 2016).  
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Suite à l’identification du concept assimilant le VWF à un biomarqueur d’anomalies de flux 

intracardiaques et aux résultats obtenus avec ce test pilote, notre équipe a souhaité aller plus 

loin dans le développement d’un test de quantification de la protéolyse du VWF plasmatique, 

reposant sur le même principe mais employant un anticorps de capture différent de façon à 

pouvoir être breveté en vue d’une utilisation non seulement dans la MW constitutionnelle mais 

également pour un monitorage biologique de la qualité de l’implantation valvulaire par la 

procédure de cardiologie interventionnelle TAVI. 

 

Valorisation 
 

Cette thèse a été valorisée par trois publications dans des revues internationales à comité de 

lecture et un dépôt de brevet. 

 

Manuscrits: 
 
1. Von Willebrand Factor As A Biological Sensor Of Blood Flow To Monitor Percutaneous Aortic Valve 

Interventions. Van Belle E*, Rauch A*, Vincentelli A, Jeanpierre E, Legendre P, Juthier F, Hurt C, 
Banfi C, Rousse N, Godier A, Caron C, Elkalioubie A, Corseaux D, Dupont A, Zawadzki C, Delhaye 
C, Mouquet F, Schurtz G, Deplanque D, Chinetti G, Staels B, Goudemand J, Jude B, Lenting PJ, 
Susen S. Circ Res.2015; 116(7):1193-201 (IF: 11,551). *coauteurs 

 
2. Antibody-based prevention of von Willebrand factor degradation mediated by circulatory assist 

devices. Rauch A, Legendre P, Christophe OD, Goudemand J, van Belle E, Vincentelli A, Denis 
CV, Susen S, Lenting PJ. Thromb Haemost. 2014; 112(5):1014-23. (IF: 4,984) 

 
3. A novel ELISA-based diagnosis of acquired VWD with increased VWF proteolysis. Rauch A, Caron 

C, Vincent F, Jeanpierre E, Ternisien C, Boisseau P, Zawadzki C, Fressinaud E, Borel-Derlon A, 
Hermoire S, Paris C, Lavenu-Bombled C, Veyradier A, Ung A, Vincentelli A, van Belle E, Lenting 
PJ, Goudemand J, Susen S.. Thromb Haemost. 2016; 115(5):950-9. (IF : 5,627) 

 

Brevet: 
 
1. Antibodies for the prevention and treatment of bleeding episodes associated with acquired Von 

Willebrand Syndrome. Lenting PJ, Denis C, Susen, S, Rauch A, Van Belle E, Vincentelli A. (Inserm 
Transfert BIO13050 – LENTING /AS) 
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Travaux post doctoraux 
 
 

Une grande partie de mes travaux post doctoraux se sont inscrits dans la continuité de ma 

thèse d’université qui avait démontré : i) la pertinence du concept assimilant le VWF à un 

biomarqueur d’anomalies de flux sanguin intracardiaque, ii) l’intérêt d’un anticorps monoclonal 

dirigé contre le domaine D4 du VWF pour prévenir la dégradation enzymatique du VWF sous 

ACM-FC. Suite à ces travaux et aux résultats de l’étude WITAWI (présentés ci-dessous), 

l’équipe 2 de l’UMR 1011 a obtenu un financement de Recherche Hospitalo-Universitaire en 

santé pour le projet WillAssistHeart (ANR-17-RHUS-0011). Ce projet coordonné par le Pr 

Susen a deux objectifs principaux : 1) développer un test “point of care” de quantification de la 

protéolyse du VWF à partir d’un anticorps anti-VWF A2 clivé développé spécifiquement à cet 

effet afin d’identifier en salle de cathétérisme les patients chez qui la procédure TAVI est 

compliquée d’une FPV et de contrôler l’efficacité ou non des mesures correctrices de la FPV 

par le cardiologue interventionnel; 2) identifier les patients sous d’ACM-FC à haut risque de 

saignements et développer pour ces patients de nouvelles approches thérapeutiques. Dans le 

contexte pandémique, notre équipe a également été très impliquée dans des travaux de 

recherche clinique et fondamentale soulignant l’importance des phénomènes 

d’endothéliopathie et d’immuno-thrombose dans la physiopathologie des formes sévères de 

COVID-19. 

 

1. Le VWF comme biomarqueur d’anomalies de flux : du concept à son 

application en cardiologie interventionnelle 

 

1.1. Le VWF comme biomarqueur péri-procédural du TAVI 

La présence d’une fuite para valvulaire (FPV) post-TAVI a une mauvaise incidence 

pronostique. Elle reste actuellement une complication relativement fréquente (10-20%) malgré 

la mesure préimplantatoire par scanner aortique des dimensions de l’anneau aortique et les 

améliorations technologiques pour faciliter l’implantation prothétique9. Un contrôle de 

l’étanchéité de la valve par échographie trans-oesophagienne (ETO) demeure donc 

nécessaire pendant le TAVI ce qui impose le recours à une anesthésie générale. Cependant, 

l’ETO réalisée en salle de cathétérisme ne permet pas toujours une évaluation fiable de la 

FPV soulignant l’intérêt de disposer d’une méthode alternative qui permettrait d’envisager un 

TAVI mini-invasif sous anesthésie locale.   

 

Un travail préliminaire de notre équipe avait identifié le caractère potentiellement discriminant 

d’une évaluation directe (par électrophorèse) ou indirecte (par la mesure du TO-ADP) de la 

multimérisation du VWF plasmatique pour évaluer la qualité de l’implantation valvulaire 
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pendant la procédure TAVI (Publication : Von Willebrand Factor As A Biological Sensor Of 

Blood Flow To Monitor Percutaneous Aortic Valve Interventions. Circ Res.2015). Cette 

observation a conduit à la mise en place de la cohorte prospective WITAVI (NCT02628509) 

qui avait pour objectif de confirmer l’utilité du VWF et du TO-ADP pour le diagnostic des FPV 

compliquant le traitement du RAo par TAVI.  

 

Résultats 
 

L’étude WITAWI a inclus une première cohorte mono-centrique de 183 patients (cohorte 

primaire, CHU de Lille) bénéficiant d’un TAVI et d’une ETO pour le diagnostic de FPV 

significative définies par un grade ≥ modéré. Les patients chez qui le TAVI se compliquait 

d’une FPV persistante avaient un déficit en VWF-HPM non corrigé par la procédure TAVI. 

Chez les patients sans FPV ou pour lesquels la FPV était corrigée par une post-dilatation de 

la valve implantée, les VWF-HPM recouvraient leur niveau normal en fin de procédure TAVI 

(Figure 6). De façon notable, la cinétique du TO-ADP était superposable à celle des VWF-

HPM selon la présence ou non d’une FPV et sa correction ou non par la post-dilatation de la 

valve. 

 

Figure 6 : Cinétique péri-procédurale de réversion du déficit plasmatique en VWF-HPM (quantification 
densitométrique > 15 mers relative à un pool plasmatique contrôle après électrophorèse sur SDS-
agarose) lors du traitement du RAo par voie transcathéter (TAVI) en cas de succès immédiat de 
l’implantation valvulaire (absence de FPV, n=137), de la présence d’une FPV corrigée secondairement 
par une dilatation transcathéter de la valve (n=20), de la persistance d’une FPV en fin de procédure. 
 
 

Une analyse par courbe ROC a identifié qu’un ratio seuil de VWF-HPM à 0,8 permettait de 

différencier les patients avec ou sans FPV en ETO avec une sensibilité, une spécificité et une 

valeur prédictive négative de respectivement 92%, 94%, et 98%. Concernant le TO-ADP, 
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l’analyse par courbe ROC a identifié une valeur seuil optimale de 180 sec pour le diagnostic 

de FPV avec une sensibilité, une spécificité et une valeur prédictive négative de 

respectivement de 92%, 92% et 98%. Cette association entre un ratio VWF-HPM < 0.8 ou un  

TO-ADP>180 sec et la présence d’une FPV en fin de procédure restait significative après 

ajustement sur l’âge, le sexe, la prise ou non de clopidogrel et la présence ou non d’une 

insuffisance mitrale. 

 

Une deuxième cohorte multicentrique (CHU Toulouse et CHU Strasbourg) utilisée comme 

cohorte de validation a permis de confirmer une valeur seuil optimale de TO-ADP à 180 sec 

pour le diagnostic de FPV. De plus la mesure post-procédurale d’un TO-ADP>180 sec avait 

également une forte valeur pronostique, supérieure à la présence ou non d’une FPV en ETO, 

avec un risque de mortalité augmenté d’un facteur 3,5.  

 

Conclusions et perspectives 
 

L’étude WITAWI a démontré l’apport diagnostique et pronostique de l’analyse péri-procédurale 

de la multimérisation du VWF pour le diagnostic des FPV post-TAVI soit directement par 

électrophorèse, soit indirectement par un test sanguin de diagnostic rapide sensible aux 

anomalies de multimérisation du VWF. Les cardiologues de notre unité évaluent si ce concept 

est également transposable à la prise en charge de l’insuffisance mitrale par réparation mitrale 

percutanée (procédure MitraClip). Au-delà de son intérêt comme marqueur péri-procédural  de 

la qualité de l’implantation valvulaire dans le TAVI, l’analyse directe (par électrophorèse) ou 

indirecte (par le TO-ADP) de la multimérisation du VWF pourrait avoir également un intérêt 

pour dépister une dégénérescence de la bio-prothèse aortique. Le suivi au long cours des 

patients inclus dans la cohorte WITAVI permettra de préciser ce point. 

 

1.2. Vers un TAVI mini-invasif grâce à un monitoring point of care du VWF  

L’examen de référence pour l’analyse de la multimérisation du VWF repose sur une technique 

électrophorétique chronophage incompatible avec un monitoring péri-procédural du VWF dans 

le TAVI. Le TO-ADP est un paramètre biologique très sensible à la présence d’anomalies 

constitutionnelles ou acquises de multimérisation du VWF, et qui présente comme avantages 

d’être reproductible et rapidement réalisable, ce qui permet d’envisager son utilisation en salle 

de cathétérisme cardiaque comme test de biologie délocalisée pour évaluer la qualité de 

l’implantation prothétique dans la procédure TAVI. Un essai national multicentrique (étude 

WITAVI-Real, NCT03728049) est en cours afin d’évaluer en vie réelle l’impact du suivi du VWF 

par la mesure du TO-ADP dans la procédure TAVI. Cet essai coordonné par le Dr Vincent 

(cardiologue) a obtenu une subvention du PHRC-N 2017. En parallèle, l’un des objectifs du 

RHU WillAssistHeart est de développer un test point of care en vue d’une mesure péri-

procédurale de la protéolyse du VWF pendant la procédure TAVI sans être tributaire du 
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laboratoire d’hématologie. Afin d’être brevetable, ce test sera basé sur l’emploi d’un autre 

anticorps anti VWF-A2 clivé que l’anticorps commercial (mAb27642) utilisé lors de mon travail 

de thèse pour la mise au point d’un test pilote de quantification de la protéolyse du VWF par 

méthode ELISA. Nous avons en effet pu démontrer que l’anticorps mAb27642 ne se lie qu’aux 

formes les moins multimérisées de VWF clivé (dimères, tétramères). Ce résultat indique que 

la quantification de la protéolyse du VWF peut encore être optimisée en utilisant un autre 

anticorps reconnaissant spécifiquement le VWF clivé indépendamment de sa longueur 

multimérique. Le développement et la validation d’un nouveau test de quantification de la 

protéolyse du VWF en vue d’une application dans le TAVI fait l’objet d’une collaboration avec 

l’UMR-1176 (ex U770) et l’entreprise Stago dans le cadre du RHU WillAssistHeart. Après 

criblage d’une librairie synthétique de nanobodies humanisés anti-VWF, l’UMR-1176 a 

identifié 2 nanobodies candidats : l’un spécifique du VWF clivé, l’autre du VWF non clivé. Les 

performances de ces nanobodies anti-VWF sont actuellement évaluées par notre équipe sur 

une plasmathèque de MW constitutionnelle ou acquise afin d’identifier le meilleur candidat 

pour la mise au point par la société Stago d’un test ELISA pilote puis d’un dispositif point of 

care de mesure de la protéolyse du VWF. L’objectif final sera d’évaluer dans un essai clinique 

l’intérêt de ce dispositif point of care dans le TAVI pour détecter en  temps réel une FPV et 

évaluer l’efficacité de sa correction.  
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2. Hémostase et assistances circulatoires mécaniques : nouvelles approches 

diagnostiques et thérapeutiques  

Le deuxième axe de travail de mon post doctorat a porté sur les ACM- avec comme objectifs : 

i) d’améliorer l’identification des patients à haut risque de saignement, ii) d’identifier de 

nouvelles approches thérapeutiques, pharmacologiques ou non, permettant de limiter l’impact 

de ces dispositifs sur l’hémostase. 

 

1.1. Identification des patients à haut risque de saignement sous ECMO 

Il existe un faisceau d’arguments suggérant qu’un déficit plasmatique congénital ou acquis en 

VWF-HPM induit une dérégulation de l’angiogénèse traduisant par la formation 

d’angiodysplasies digestives ou nasales (« first hit ») pouvant être responsables d’hémorragies 

à répétition19. La problématique des hémorragies digestives et nasales est plus aiguë sous 

ACM-FC que dans les formes concernées de MW constitutionnelle car une anticoagulation est 

requise pour la prévention d’évènements thrombo-emboliques sous ACM-FC (« second-hit ») 

alors que la prescription d’anti-thrombotiques est classiquement contre-indiquée dans la MW. 

Cette association entre angiodysplasies et déficit plasmatique en VWF-HPM pourrait résulter 

soit d’un rôle anti-angiogénique des VWF-HPM, soit d’un rôle pro-angiogénique du VWF clivé.  

L’étude WITECMO-H (NCT03070912) dont je suis l’investigateur principal a ainsi pour objectif 

d’évaluer si la quantification de la protéolyse du VWF et/ou la mesure de la densité capillaire 

par vidéo-microscopie sublinguale à 48 heures de l’implantation d’une ECMO améliorent la 

valeur prédictive d’un score hémorragique spécifiquement développé et validé dans cette 

indication. La quantification de la protéolyse du VWF sera effectuée avec la version ELISA du 

test développé en partenariat avec l’U1176 et l’entreprise Stago reposant sur l’utilisation d’un 

anticorps reconnaissant spécifiquement les multimères de VWF sous une forme clivée et 

indépendamment de leur taille. La mesure de densité capillaire par vidéo-microscopie 

sublinguale a été choisie pour évaluer la présence ou non d’anomalies de la microcirculation 

car il s’agit d’un examen non-invasif facilement réalisable sous ECMO contrairement à une 

naso-fibroscopie ou une endoscopie digestive.  

 

1.2. Prévention du syndrome de Willebrand acquis sous ACM-FC 

 

1.2.1. Approches pharmacologiques 

 
Approche substitutive par concentrés de VWF  

Une première approche pharmacologique dite substitutive consiste à administrer par voie 

intraveineuse un concentré de VWF soit en curatif en cas de saignement, soit en prophylaxie 

primaire. Cette administration exogène de VWF-HPM est susceptible d’améliorer l’hémostase 

non seulement en restaurant une adhésion et une agrégation plaquettaire normale mais 
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également par une action anti-angiogénique. Elle est parfois proposée hors AMM en vie réelle 

lors de saignements incontrôlés notamment sous ECMO. Cette approche substitutive n’est 

cependant pas dénuée de risque thrombotique au vu des comorbidités cardio-vasculaires des 

patients sous ACM-FC et du risque thrombotique en lien avec une administration trop intensive 

de concentrés de VWF susceptible d’entraîner une augmentation très importante du taux de 

facteur VIII. Aussi, seule l’utilisation d’un concentré de VWF pauvre en facteur VIII (Wilfactin®) 

a été retenue par notre équipe dans le cadre de l’essai national multicentrique randomisé en 

ouvert PHAM (NCT02488525, subvention du PHRC-N, investigateur principal : Pr Susen) qui 

avait pour objectif d’évaluer l’efficacité et la sécurité de cet approche pour les patients 

bénéficiant d’une assistance mono-ventriculaire gauche à flux continu (HeartMate-II® ou 

HeartWare®) dans les trois mois suivants l’implantation de l’ACM-FC où l’incidence des 

complications hémorragiques est la plus élevée. Bien que cet essai ai dû être interrompu 

prématurément en raison d’un défaut d’inclusions, nous disposons de données 

pharmacocinétiques indiquant que cette approche substitutive ne permet pas de restaurer de 

façon complète et prolongée le déficit plasmatique en VWF-HPM sous ACM-FC. Une fois 

l’analyse des données cliniques complétée, ce travail sera soumis pour publication. 

 
Inhibition de la protéolyse du VWF par un anticorps monoclonal humanisé 

Protéolyse du VWF sous ACM-FC : un mécanisme 2A- ou 2B-like ?  

L’intensité des forces de cisaillement produites par le flux sanguin régule non seulement la 

protéolyse du VWF par l’ADAMTS13 mais également la liaison du VWF à la glycoprotéine Ibα 

(GPIbα) plaquettaire. L’élongation du VWF par les forces de cisaillement favorise l’exposition 

du domaine A1, où se trouve le site de liaison à la GPIbα plaquettaire3. Le VWF lié aux 

plaquettes est plus susceptible au clivage par l’ADAMTS13 ce qui explique l’excès de 

protéolyse du VWF également présent dans la MW congénitale de type 2B. Par analogie à la 

MW congénitale de type 2B où une mutation gain de fonction augmente l’affinité du domaine 

A1 du VWF pour la GPIbα, certains auteurs ont émis l’hypothèse que l’ACM-FC pourrait 

également induire un gain d’interaction du VWF pour la GPIbα plaquettaire.  

 

Le rapport initial d’expertise du projet RHU Will-Assist Heart avait ainsi logiquement souligné 

l’importance d’évaluer si la dégradation du VWF sous ACM-FC était secondaire soit à un gain 

d’interaction VWF-GPIbα mimant une MW de type 2B, soit à un excès de protéolyse du VWF 

non lié aux plaquettes mimant une MW de type 2A. Cette question est centrale car elle 

conditionne : i) le choix de l’approche candidate pour développer une molécule inhibant la 

protéolyse du VWF sous ACM-FC; ii) le choix du VWF clivé comme outil biologique 

d’évaluation de la qualité de l’implantation valvulaire lors du traitement du RAo par TAVI. Nous 

avons adapté notre modèle initial d’ACM-FC in vitro afin de  développer un nouveau circuit 
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basé sur l’utilisation d’une pompe d’ECMO afin d’étudier la dynamique d’interaction entre VWF 

et plaquettes en conditions de flux. 

 

Résultats 

Dans ce nouveau modèle, nous avons confirmé une inhibition quasi-totale de la protéolyse du 

VWF en présence de l’anticorps LTX-508 alors que cette inhibition n’est que partielle avec un 

anticorps anti-VWF A1 inhibant l’interaction VWF-GPIbα plaquettaire. Lors de la perfusion de 

plasma pauvre en plaquettes dans le modèle d’ECMO, la cinétique de dégradation du VWF 

est identique à celle observée avec la perfusion de plasma ayant un contenu normal en 

plaquettes et demeure quasi-totalement inhibée en présence du LTX-508. Nous avons 

également observé la présence d’un shedding des récepteurs d’enveloppe plaquettaire GPIbα 

et GPVI dépendant de l’intensité des forces de cisaillement appliquées dans ce modèle 

d’ECMO in vitro. L’inhibition de l’interaction VWF-GPIbα par un anticorps anti-VWF A1 ne 

modifie pas la cinétique du shedding de GPIbα. La cinétique de shedding de GPIbα n’est pas 

modifiée en présence dans le circuit d’une concentration élevée de concentré de VWF 

recombinant, similaire à celle observée chez les patients sous ECMO, bien que ce type de 

concentré contienne des VWF-THPM avec un nombre plus élevé de sites d’interaction pour 

les plaquettes. Nous avons également observé avec un nanobody de l’U1176 reconnaissant 

spécifiquement le domaine A1 du VWF dans sa conformation active de haute affinité pour le 

récepteur GPIbα, qu’il n’y avait pas de modification de l’affinité du VWF pour les plaquettes en 

présence de forces de cisaillement élevées dans une condition où la protéolyse des VWF-

HPM par l’ADAMTS13 est totalement inhibée par une concentration élevée d’EDTA.  

 

Conclusion  

Ces résultats encore non publiés démontrent que la dégradation du VWF sous ACM-FC est 

indépendante de l’interaction VWF-GPIbα confirmant ainsi l’intérêt d’une inhibition sélective 

de la protéolyse du VWF par l’ADAMTS13 plutôt qu’une approche basé sur l’inhibition de 

l’interaction VWF-GPIbα plaquettaire. Il existe actuellement au moins 2 projets concurrents de 

développement d’un anticorps monoclonal humanisé inhibant la protéolyse du VWF par 

l’ADAMTS13 sous ACM-FC : i) celui du Laboratory for Thrombosis Research (Kulak, KU 

Leuven, Courtrai, Belgique) reposant sur un anticorps anti-ADAMTS13 dirigé contre le 

domaine métallo-protéase contenant le site catalytique de l’enzyme ; ii) celui de notre équipe 

reposant sur un anticorps anti-VWF dirigé contre le domaine D4 du VWF contenant un exo-

site critique pour la liaison de la portion C-terminale de l’ADAMTS13 au VWF. Notre approche 

présente comme avantage de préserver un niveau résiduel de protéolyse du VWF par 

l’ADAMTS13, minimisant ainsi le risque de  PTT pharmaco-induit. 
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Humanisation de l’anticorps monoclonal murin anti-VWF D4 (LTX-508) 

Ce travail correspond au Work package 2 du RHU WillAssistHeart qui a pour objectif de 

développer à partir de l’anticorps murin LTX-508 un anticorps thérapeutique monoclonal 

humanisé en vue d’une indication dans la prévention des complications hémorragiques sous 

ECMO. Ce travail fait l’objet d’une nouvelle collaboration avec l’U1176. Après séquençage de 

l’anticorps parental à partir de la lignée d’hybridome, l’U1176 a utilisé une approche 

d’humanisation in silico pour obtenir des variants humanisés recombinants du LTX-508. Après 

sélection des variants conservant une liaison au VWF similaire à l’anticorps parental de 

référence, l’U1176 a évalué la capacité de ces variants à inhiber la protéolyse du VWF par 

l’ADAMTS13 dans un modèle de vortex in vitro. Cette évaluation préliminaire a permis 

d’identifier trois variants candidats qui sont actuellement produits en plus grande quantité afin 

d’être ensuite évalué dans notre modèle d’ACM-FC in vitro. Si ces tests sont concluants, les 

leads pourront être sélectionnés pour i) une étape d’ingénierie du fragment Fc de façon à 

générer un anticorps d’isotype IgG1 ou IgG4, ii) évaluation de leurs propriétés 

pharmacocinétiques dans un modèle de souris humanisée pour le récepteur FcRn. L’anticorps 

candidat final sera ensuite évalué dans deux modèles animaux: i) un modèle murin de maladie 

de Willebrand de type 2A en cours de développement par l’U1176 (souris avec une expression 

hétérozygote de VWF/p.R1597W à l’origine d’une susceptibilité accrue du VWF plasmatique 

à la protéolyse par l’ADAMTS13 et humanisée pour la portion extracellulaire du récepteur 

plaquettaire GpIbα) ; ii) un modèle porcin d’ACM-FC développé par notre équipe.  

 

1.2.2. Approche non pharmacologique : préservation de la pulsatilité artérielle 

 

Les ACM-FC induisent des forces de cisaillement supra-physiologiques induisant un déficit 

acquis en VWF-HPM résultant d’un excès de protéolyse par l’ADAMTS13 mais également une 

diminution de la pulsatilité artérielle. Sous ACM-FC, le degré de diminution de la pulsatilité 

artérielle est variable en fonction de la persistance ou non d’une pulsatilité cardiaque native et 

une faible pulsatilité résiduelle est un facteur de risque de saignement20. Lors du traitement du 

RAo par voie transcathéter,  nous avions observé deux profils différents d’évolution des taux 

plasmatique du propeptide du VWF (VWFpp) : i) soit une élévation aiguë concomitante à la 

normalisation du profil multimérique du VWF en cas de traitement efficace du RAo par TAVI, 

ii)  soit un taux stable de VWFpp en cas de traitement partiel du RAo par valvuloplastie associé 

à la persistance d’un déficit plasmatique en VWF-HPM.  Le VWFpp étant contenu dans les 

corps de Weibel-Palade intra-endothéliaux, cette observation suggérait que le TAVI induisait 

un relargage endothélial aigu de VWF contrairement à la valvuloplastie. Bien que le 

mécanisme sous-jacent à ce relargage endothélial de VWF n’ait pas été formellement 

caractérisé, nous avions émis l’hypothèse d’un rôle causal de la pulsatilité artérielle sur des 
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arguments indirects : i) le RAo est associé à une diminution de la pulsatilité artérielle et sa 

correction à une normalisation de celle-ci; ii) l’endothélium vasculaire a la propriété de réagir 

in vitro à des stimuli physiques (forces de cisaillement engendrées par un flux laminaire ou « 

stretch aiguë hypertensif ») via un relargage endothélial de VWF à partir des corps de Weibel-

Palade21,22. Nous avons donc développé un modèle animal afin d’évaluer si le niveau de 

pulsatilité résiduelle sous ACM-FC pouvait atténuer les anomalies de multimérisation de VWF 

par l’intermédiaire d’une stimulation du relargage endothélial du VWF dans un environnement 

à forces de cisaillement élevées. L’élaboration de ce modèle animal a fait l’objet du travail de 

Master 2 de Flavien Vincent. Afin d’isoler le rôle de la pulsatilité artérielle, nous avons 

développé un modèle animal porcin d’ACM-FC à forces de cisaillement élevées permettant de 

moduler le niveau de pulsatilité artérielle résiduelle en fonction du positionnement 

transcathéter de la pompe dans le ventricule gauche (perte de la pulsatilité cardiaque 

secondaire à une éjection ventriculaire continue indépendamment du cycle diastole/systole) 

ou dans l’aorte ascendante (modèle à pulsatilité cardiaque conservée). 

 

Résultats 
 

Nous avons tout d’abord caractérisé in vitro l’effet intrinsèque des 2 pompes d’ACM-FC 

destinées à être utilisées dans le modèle animal sur la dégradation du VWF en l’absence 

d’endothélium. Dans un premier modèle animal d’ACM-FC à forces de cisaillement élevées 

sur cœur sain, nous avons évalué la cinétique d’apparition des anomalies de multimérisation 

du VWF dans trois conditions de pulsatilité artérielle résiduelle (basse, intermédiaire ou 

normale) en fonction du positionnement de chaque pompe dans le ventricule gauche ou dans 

l’aorte. Que ce soit par électrophorèse ou analyse de la liaison du VWF au collagène, une 

perte significative des VWF-HPM a été observée dans les trois conditions étudiées. 

Cependant, la cinétique de perte des VWF-HPM était plus prononcée en l’absence de 

pulsatilité qu’n présence d’une pulsatilité de niveau intermédiaire ou normale. Afin de 

s’affranchir d’une variabilité inter-animale, nous avons développé un second modèle animal 

d’ACM à forces de cisaillement élevées sur cœur sain avec une pulsatilité variable en cross-

over. Dans ce nouveau modèle, nous avons confirmé que la préservation d’une pulsatilité 

artérielle résiduelle était associée à une réduction des anomalies de multimérisation du VWF 

sous ACM-FC à forces de cisaillement constantes. Nous avons également mis en évidence 

une augmentation aiguë des taux de  VWF, facteur VIII et d’angiopoiétine-2 après exposition 

de l’endothélium à une pulsatilité élevée. Ces trois protéines étant stockées dans les corps de 

Weibel-Palade endothéliaux, cette observation suggère qu’un relargage endothélial de VWF 

intervient rapidement en réponse à la normalisation de la pulsatilité dans un environnement 

de forces de cisaillement élevées. Pour illustrer ce concept, nous avons également décrit le 

cas d’un patient ayant bénéficié d’une séquence inédite d’ACM (ACM-FC et ACM-FP) 
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caractérisée par des niveaux variables de pulsatilité artérielle. Chez ce patient, nous avons 

observé une rapide dégradation des VWF-HPM sous ACM-FC puis une normalisation rapide 

des anomalies de multimérisation du VWF après implantation d’une ACM-FP. 

 
Conclusion et perspectives 
 

En conclusion, cette étude ouvre une piste non pharmacologique pour la prévention des 

saignements sous ACM-FC reposant sur la préservation d’une pulsatilité artérielle élevée pour 

réduire les anomalies de multimérisation du VWF dans le compartiment plasmatique (Figure 

7). 

 

 

Figure 7 : modulation du déficit plasmatique en VWF-HPM en fonction du niveau résiduel de pulsatilité 
artérielle dans un environnement à forces de cisaillement élevées sous ACM-FC. En présence d’une 
faible pulsatilité sous ACM-FC, l’excès de protéolyse du VWF par l’ADAMTS13 induit une élimination 
rapide des VWF-HPM du plasma. En présence d’une pulsatilité résiduelle élevée sous ACM-FC, la 
stimulation de la libération endothéliale de VWF compense au moins partiellement le déficit en VWF-
HPM résultant de l’excès de protéolyse par l’ADAMTS13 
 
 

Deux limitations empêchent à ce stade de transposer ces résultats aux patients sous ACM-

FC : i) alors que ces résultats ont été obtenus dans un modèle animal à endothélium sain, on 

ne peut exclure que la dysfonction endothéliale associée à l’insuffisance cardiaque sévère des 

patients bénéficiant d’une ACM-FC limite le relargage ou la production endothéliale de VWF 

et donc le bénéfice supposé d’une plus grande pulsatilité résiduelle ; ii) il reste nécessaire de 

confirmer si ce phénomène observé sur quelques heures se maintient sur une plus grande 

échelle de temps avant de considérer une application potentielle en clinique.   
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Ce travail a une nouvelle fois souligné l’intérêt du VWF comme marqueur rhéologique afin 

d’optimiser l’ingénierie de nouveaux prototypes d’assistances circulatoires. Nous avons ainsi 

participé à l’évaluation préclinique in vitro et in vivo du cœur artificiel pulsatile CARMAT 

montrant que la structure et l’activité du VWF sont préservées avec ce dispositif. En 2018, 

notre équipe a également obtenu en association avec le partenaire industriel CORWAVE un 

financement PSPC (« programme de soutien aux pôles de compétitivité») de BpiFrance pour 

le projet CALYPSO dont l’objectif est de développer un dispositif d’assistance circulatoire 

pulsatile disposant d’une meilleure hémocompatibilité pour les patients en insuffisance 

cardiaque terminale inéligibles à la greffe. Le projet PSPC Calypso inclut également un travail  

de recherche fondamentale qui a pour objectif principal d’évaluer l’impact des conditions de 

flux sur la synthèse et la sécrétion de VWF par l’endothélium vasculaire dans le cadre d’une 

collaboration scientifique avec le laboratoire d’Hydrodynamique de l’Ecole polytechnique dirigé 

par le Pr Barakat. Ce projet a également pour objectif secondaire d’identifier de nouveaux 

marqueurs endothéliaux et voies de signalisation sensibles aux conditions de flux via une 

approche transcriptomique. Nous utiliserons un modèle d’artère humaine perfusée23 

permettant d’évaluer l’impact endothélial de différentes conditions de flux selon le niveau de 

forces de cisaillement et de pulsatilité. 
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1. Acquired von Willebrand Syndrome in Patients With Ventricular Assist Device. Rauch A, Susen S, 
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Rousse N, Schurtz G, Delhaye C, Paris C, Jeanpierre E, Dupont A, Corseaux D, Rosa M, Sottejeau 
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3. Rôle du cross-talk hémostase-inflammation dans la COVID-19 

 

La pandémie COVID-19 a joué un rôle structurant dans notre équipe puisqu’elle nous a 

permis d’initier une série de travaux associant approches cliniques et fondamentales sur une 

thématique Hémostase et inflammation.  

 

Dans la majorité des cas, la COVID-19 est une infection bénigne limitée aux voies aériennes 

supérieures. Toutefois, 15 à 20 % des patients infectés développent une pneumopathie qui 

peut évoluer vers un syndrome de détresse respiratoire aigu (SDRA), parfois associé à une 

défaillance multi-viscérale. Le récepteur de l'enzyme de conversion de l'angiotensine 2 (ACE2) 

constitue la porte d’entrée du SARS-CoV-2 pour infecter ses cellules cibles. Ce récepteur est 

très fortement exprimé non seulement par les cellules épithéliales pulmonaires mais 

également par les cellules endothéliales vasculaires suggérant un possible tropisme 

endothélial du SARS-CoV-2. Plusieurs équipes dont la nôtre ont rapidement fait état d’une 

incidence anormalement élevée d’événements thrombotiques veineux ou artériels chez les 

patients hospitalisés pour une forme sévère de COVID-19. Dans la cohorte lilloise, l’incidence 

des thromboses pulmonaires dans les formes réanimatoires de COVID-19 était de l’ordre de 

20 à 30% chez les patients de la première vague épidémique versus 7.5% chez les patients 

avec un SDRA d’origine grippale et 6% chez les patients avec un SDRA toute cause confondue 

(Susen S et al, Circulation 2020, étude détaillée dans la section « recherche clinique »). Des 

études anatomo-pathologiques ont ensuite soulignées que ce risque thrombotique concernait 

également la microcirculation avec une fréquence plus élevée de micro-thrombi dans les 

capillaires alvéolaires pulmonaires de patients décédés du COVID-19 que chez ceux décédés 

d’une pneumopathie grippale H1N1. Ces autopsies ont également mis en évidence que les 

formes sévères de COVID-19 s’accompagnaient de lésions endothéliales diffuses au niveau 

pulmonaire mais également dans d’autres organes24,25. Ces données préliminaires 

suggéraient un excès d’activation de la coagulation en lien avec l’intensité de la réponse 

inflammatoire réactionnelle à la COVID-19 et la présence de lésions endothéliales.  

 

3.1. Cytotoxicité endothéliale induite par le plasma dans les formes sévères de 

COVID-19 

 

En l’absence de preuve d’un effet cytopathogène du SARS-CoV-2 sur les cellules 

endothéliales, nous avons émis l’hypothèse que l’intensité du processus thrombo-

inflammatoire réactionnel à la COVID-19 pouvait jouer un rôle critique dans l’induction de 

lésions endothéliales au niveau du lit vasculaire pulmonaire. A partir d’un modèle de culture 

de cellules endothéliales pulmonaires humaines (HPMVEC), nous avons évalué si le plasma 

de patients COVID-19 prélevés à différents stades de la maladie pouvait induire l’apparition 
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de lésions endothéliales in vitro. La cytotoxicité des plasmas COVID-19 vis-à-vis des cellules 

HPMVEC a été évaluée par la mesure de l’activité mitochondriale résiduelle (WST-1 test) 

après une heure de co-incubation. Nous avons observé une perte significative de la viabilité 

cellulaire des HPMVEC au contact de plasmas de patients hospitalisés pour COVID-19 

comparé aux résultats obtenus avec des plasmas de sujets sains. Au sein du groupe COVID-

19, la cytotoxicité endothéliale était plus élevée avec les plasmas de patients atteints d’une 

forme réanimatoire de COVID-19 comparé à ceux atteints d’une forme non-réanimatoire. Nous 

avons également observé une réduction du niveau de cytotoxicité endothéliale chez les 

patients convalescents d’une forme réanimatoire de COVID-19 comparé au niveau de 

cytotoxicité observé à l’admission. Nous avons également observé une association entre la 

sévérité de la cytotoxicité endothéliale induite par le plasma in vitro et les taux plasmatiques 

de marqueurs de lésions d’organe, de marqueurs de lésion endothéliale ou de marqueurs 

reflétant l’intensité de la réponse immune réactionnelle in vivo. Nous avons alors émis 

l’hypothèse que le cross-talk endothéliopathie-dérégulation immunitaire présente dans les 

formes sévères de COVID-19 pouvait non seulement contribuer aux évènements macro-

thrombotiques veineux ou artériels mais également à l’apparition d’une micro-angiopathie 

aggravant la défaillance respiratoire et susceptible de contribuer à d’autres défaillances 

d’organes. 

 

3.2. Etude du cross-talk endothéliopathie- dérégulation immunitaire dans les formes 

sévères de COVID-19  

 

Ceci a conduit à une deuxième étude ayant pour objectif d’évaluer dans une cohorte de 

patients admis en réanimation pour une forme sévère de COVID-19 le rôle du cross-talk entre 

endothéliopathie et dérégulation immunitaire dans la progression de la défaillance respiratoire 

et la survenue d’autres défaillances d’organes. Pour cela, nous avons dosé à l’admission en 

réanimation les taux plasmatiques de marqueurs: i) de lésion endothéliale (VWF, TFPI, PAI-

1, syndécan-1, thrombomoduline soluble) ii) de l’intensité de la réponse inflammatoire 

réactionnelle (cytokines, fractions activées du complément, nucléosomes solubles). Nous 

avons observé que le degré d’endothéliopathie à l’admission était significativement associé à 

l’intensité de la dérégulation immunitaire présente à l’admission et à la survenue d’une 

dysfonction hépatique et d’une défaillance multi-viscérale en cours d’hospitalisation. Bien qu’ils 

ne permettent pas d’établir de lien de causalité, ces résultats renforçent l’hypothèse d’un cross-

talk entre dérégulation immunitaire et endothéliopathie dans la physiopathologie des 

défaillances d’organes dans les formes sévères de COVID-19.  

 

L’originalité de cette étude provenait également de l’inclusion de patients ayant requis une 

assistance respiratoire par ECMO veino-veineuse. Nous avons pu analyser chez 8 patients 
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explantés vivants la composition des caillots recueillis prospectivement au niveau de la tête 

de pompe, de l’oxygénateur ou des tubulures d’ECMO. Nous avons limité cette analyse 

histologique aux patients avec une durée limitée de support par ECMO afin de minimiser l’effet 

confondant de complications non-spécifiques de la réanimation. Cette analyse histologique a 

mis en évidence une quantité plus importante d’histones citrullinés, un marqueur spécifique 

de NETs (neutrophil extracellular traps) dans les caillots provenant de patients COVID-19 

comparés à ceux prélevés chez des patients ECMO contrôles. Ce résultat suggère 

l’implication de la NETose dans l’hypercoagulabilité caractéristique des formes sévères de 

COVID-19. 

 

Conclusion et perspectives 

Les formes sévères de COVID-19, contrairement à d’autres infections respiratoires virales 

apparentées, s’accompagnent de lésions endothéliales diffuses en lien avec l’intensité du 

processus inflammatoire réactionnel. Ce cross-talk contribue à l’état d’hypercoagulabilité 

macro- et micro-vasculaire caractéristique de cette infection. Bien que les mécanismes 

impliqués dans la cytotoxicité endothéliale induite par le plasma restent à identifier, ces 

résultats suggèrent l’intérêt de traitements ciblant la composante thromboinflammatoire chez 

les patients à risque de développer une forme sévère de COVID-19.  
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1. Vascular Endothelial Damage in the Pathogenesis of Organ Injury in Severe COVID-19. Dupont A*, 
Rauch A*, Staessens S, Moussa M, Rosa M, Corseaux D, Jeanpierre E, Goutay J, Caplan M, Varlet 
P, Lefevre G, Lassalle F, Bauters A, Faure K, Lambert M, Duhamel A, Labreuche J, Garrigue D, De 
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Recherche clinique 
 
 

1. Thématique Maladies hémorragiques constitutionnelles (filière MHEMO) 

La prise en charge des patients atteints de maladie de Willebrand (MW) ou d’hémophilie 

s’effectue en France dans les Centres de Ressources et de Compétences constitutifs de la 

Filière de Santé Maladies Hémorragiques constitutionnelles (MHEMO). Au sein de la filière 

MHEMO, le service d’hémostase clinique du CHU de Lille est labellisé Centre de Ressources 

et de Compétences pour l’hémophilie et Centre national de Référence pour la Maladie de 

Willebrand (CRMW). En parallèle de mon activité de recherche au sein de l’U1011, j’ai donc 

participé au sein de la filière MHEMO en tant qu’investigateur à des essais clinique à promotion 

industrielle ainsi qu’à des projets académiques portés par le CRMW concernant des patients 

atteints d’hémophilie ou de MW. Seuls deux projets académiques en lien avec le CRMW sont 

détaillés dans ce manuscrit : il s’agit de l’étude PHAM mentionnée plus haut et d’une étude 

détaillée ci-dessous qui visait à préciser l’apport de la vidéocapsule endoscopique dans le 

bilan étiologique d’une hémorragie digestive dans un contexte de MW. 

 

Certaines formes de MW sont caractérisées par une incidence élevée d’hémorragies 

digestives sur angiodyplasies. Il s’agit principalement de la MW de type 3 (dans lesquelles le 

déficit en VWF concerne à la fois le compartiment endothélial, plasmatique et plaquettaire) et 

des formes constitutionnelles ou acquises de MW associées à un déficit plasmatique en VWF-

HPM. L’identification des angiodysplasies digestives est souvent difficile par endoscopie 

conventionnelle car ces lésions sont volontiers multiples et localisées au niveau de l’intestin 

grêle. La vidéocapsule endoscopique constitue ainsi l’examen endoscopique de référence 

pour le diagnostic d’angiodysplasies digestives. Ceci a motivé la réalisation d’une étude afin 

d’évaluer dans la MW constitutionnelle l’intérêt diagnostique et pronostique de la vidéocapsule 

endoscopique en complément de l'endoscopie conventionnelle lors de l’exploration d’une 

hémorragie digestive. 

 

Résultat 

Cette étude multicentrique rétrospective impliquant 18 centres de la filière MHEMO a inclus 

un total de 50 patients avec présenté au moins un épisode d’hémorragie digestive sur la 

période 2015-2018. Elle confirme que les angiodysplasies digestives constituent la cause 

principale d’hémorragies digestives dans la MW. La localisation de la source des saignements 

gastro-intestinaux était significativement améliorée lors de l'exploration par endoscopie 

utilisant la vidéocapsule, et ce même chez les patients sans antécédent d'angiodysplasie. Les 

patients atteints d'angiodysplasie présentaient plus de récidives hémorragiques gastro-

intestinales. Une survie sans récidive plus faible était observée chez les patients atteints 
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d'angiodysplasie, et en particulier lorsque les lésions étaient localisées à l'intestin grêle, et ce, 

même après l’électrocoagulation endoscopique au plasma argon.  

 

Conclusion 

La vidéocapsule endoscopique doit être utilisée plus systématiquement chez les patients 

atteints de MW avec des saignements gastro-intestinaux inexpliqués ou récurrents à la 

recherche d'une angiodysplasie à haut risque de rechute et/ou éligible à une 

électrocoagulation endoscopique. Ces données observationnelles renforcent l’hypothèse 

d’une dérégulation de l’angiogénèse dans la MW, plus particulièrement dans les types de MW 

associés à un déficit endothélial et/ou plasmatique en VWF-HPM (type 2A, 2B et 3). 
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2. Thématique COVID-19 

Le laboratoire d’hémostase du CHU de Lille s’est fortement impliqué dans des travaux de 

recherche clinique portant sur cette thématique en collaboration avec les services d’urgence 

et d’anesthésie-réanimation. Les premières études chinoises rapportaient un risque de décès 

en réanimation plus élevé chez les patients présentant une élévation des D-dimères à 

l’admission ou des signes d’orage cytokinique traduisant une réponse immunitaire excessive 

suggérant l’existence d’une coagulopathie spécifique à la COVID-19. Nous avons ensuite été 

alertés par nos collègues urgentistes et réanimateurs confrontés à des cas d’embolies 

pulmonaires chez des patients atteints d’une forme sévère de COVID-19. Notre équipe a alors 

émis l’hypothèse d’une incidence augmentée de thromboses pulmonaires, y compris in situ, 

dans les formes hyper-inflammatoires de COVID-19. 

 

Résultats 

J’ai participé à l’étude pilote conduit par les Pr Susen et Poissy qui a confirmé une incidence 

significativement plus élevée d’embolie pulmonaire diagnostiquée par angioscanner 

thoracique chez les patients COVID-19 atteints de SDRA comparé à une cohorte historique 

de patients hospitalisés en réanimation en 2019 soit pour un SDRA de toute cause soit pour 

un SDRA d’origine grippale. Nous avions également évalué à titre exploratoire dans cette 

première étude si les taux de VWF mesurés à l’admission était associé au risque de 

développer une embolie pulmonaire en cours d’hospitalisation. L’endothélium pulmonaire 

étant la principale source de VWF circulant et l’hypoxie étant un facteur établi de sur-activation 

de la transcription du VWF par les cellules endothéliales26, nous avions émis hypothèse d’une 

libération très importante de VWF à partir des corps de Weibel-Palade endothéliaux dans les 

formes sévères de COVID-19. Nous avons en effet confirmé dans cette cohorte que les taux 

de VWF, FVIII et D-dimères à l’admission étaient significativement associés à la survenue 

d’une embolie pulmonaire dans les formes réanimatoires de COVID-19. Au vu des données 

de la littérature supportant un rôle du VWF dans la physiopathologie de la maladie thrombo-

embolique veineuse27,28, nous avons alors initié une deuxième étude qui avait pour objectif 

d’évaluer si les marqueurs standards de la coagulation (dont le VWF) mesurés à l’admission 

chez des patients hospitalisés pour COVID-19 étaient prédictifs d’une aggravation respiratoire 

ou d’un évènement thromboembolique indépendamment de la présence de facteurs de risque 

de développer une forme sévère de COVID-19 (âge, sexe ou présence d’un syndrome 

métabolique). Cette étude portant sur un total de 303 patients couvrant tout le spectre de 

gravité de l’infection a mis en évidence : i) que le taux de VWF plasmatique mesuré à 

l’admission était associé au degré d’’oxygéno-réquerance; ii) qu’un ratio FVIII/VWF:Ag bas à 

l’admission était significativement associé à la survenue d’une aggravation respiratoire dans 
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les 30 jours suivant l’hospitalisation indépendamment de l’âge, du sexe ou de la présence d’un 

syndrome métabolique.  

 

Conclusion 

Ces travaux de recherche clinique ont confirmé l’importance du cross-talk hémostase-

inflammation dans la survenue de complications macro-thrombotiques dans les formes 

sévères de COVID-19. Ils nous ont également incités à développer les approches plus 

fondamentales détaillées plus haut afin d’évaluer si ce cross-talk hémostase-inflammation 

pouvait être impliqué dans la physiopathologie de la défaillance respiratoire et d’autres 

défaillances d’organe via la survenue de thromboses micro-vasculaires. 
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Activités d’encadrement 
 

Mes activités d’encadrement au sein de l’équipe 2 de l’UMR1011, codirigée par les Pr Susen 

et Van Belle, se sont inscrites dans le cadre des projets déjà détaillés précédemment. Depuis 

ma soutenance de Thèse d’université en 2014, j’ai ainsi encadré quatre étudiants en Master 2 

et un étudiant en Thèse d’université. 

 

Projets et étudiants encadrés 

 

Master 2 : 
 
Flavien Vincent (Interne Cardiologie) 2014-2015 
Encadrement 50%, codirection avec le Pr Van Belle  
Financement : Année recherche   
Master 2 BCPP, Option Vaisseaux Hémostase, Université Paris Diderot 
Rôle de la pulsatilité artérielle dans la régulation du VWF dans un modèle 
animal d'assistance mono-ventriculaire continue 

 

  
Wanlin Han (Université de Shangaï) 2015-2016 
Encadrement 50%, codirection avec le Pr Susen  
EDBSL, Université Lille  
Hémocompatibilité in-vitro du prototype d’assistance circulatoire mécanique 
pulsatile CorWave® 

 

  
Valentin Loobuyck (Interne Chirurgie Cardiaque) 2016-2017 
Encadrement 50%, codirection avec le Pr Vincentelli  
EDBSL, Université Lille  
Evaluation des variations de multimérisation du VWF dans un modèle ovin 
d’assistance circulatoire mécanique à pulsatilité variable 
 

 

Maximilien Desvages (Interne Biologie médicale) 2017-2018 
Encadrement 50%, codirection avec le Pr Susen  
Master 2 BiVATH, Option Vaisseaux Hémostase, Université Paris Diderot  
Impact des assistances circulatoires mécaniques à flux continu sur l’axe 
facteur Willebrand – Glycoprotéine Ib plaquettaire 

 

 

Thèse d’université : 

Flavien Vincent (CCA Cardiologie) 2015-2018 
Encadrement 50%, codirection avec le Pr Van Belle  
EDBSL, Université Lille. 
 

 

Facteur Willebrand et modifications hémodynamiques associées à l’utilisation 
de dispositifs cardiovasculaires : mécanisme et applications cliniques 
 
Soutenue le 11/12/2018 
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Perspectives de recherche 
 

Objectifs principaux 

Mes perspectives de recherche actuelles au sein de l’U1011 restent centrées sur la thématique 

Hémostase et anomalies de flux au sein d’un groupe conduit par le Pr Sophie Susen et 

comprenant en plus des étudiants en M2 et en thèse, Mickaël Rosa (MCU), Delphine Corseaux 

(MCU), Annabelle Dupont (PU-PH). S’agissant d’une thématique large, mes projets 

continueront de cibler plus particulièrement le retentissement de l’assistance circulatoire 

mécanique sur le VWF, les plaquettes et la dérégulation de l’angiogénèse. Dans la lancée des 

travaux effectués sur la thématique Hémostase et inflammation pendant la pandémie COVID-

19, je souhaite également développer une nouvelle approche centrée sur l’analyse du cross-

talk hémostase-inflammation pour évaluer l’hémocompatibilité des dispositifs d’assistance et 

l’impact des traitements anticoagulants prescrits dans cette indication (Axe 1).  

 

Je continuerai également à m’impliquer dans les travaux de recherche académique et 

fondamentale portant sur la maladie de Willebrand portés par le CRMW notamment sur la 

thématique angiodysplasies digestives. L’objectif sera d’avancer dans la compréhension des 

mécanismes impliqués dans la dérégulation de l’angiogénèse afin d’identifier de nouvelles 

approches diagnostiques et thérapeutiques en collaboration avec Cécile Denis, Peter Lenting 

et Caterina Casari, membres de l’U1176, avec qui nous collaborons déjà dans le cadre du 

projet RHU WillAssistHeart et avec qui nous partageons un intérêt commun pour cette 

thématique (Axe 2).  

 

Je souhaite également développer mes activités de recherche sur la thématique hémophilie 

en cohérence avec mon activité clinique et l’importance de la file active de patients hémophiles 

du site lillois au sein de la filière MHEMO. Le contexte est favorable car le traitement de 

l’hémophile connaît un changement complet de paradigme avec l’introduction de nombreuses 

approches thérapeutiques dont la thérapie génique. Ces travaux auront pour objectif de 

préciser l’index thérapeutique des nouvelles thérapies anti-hémophiliques qui sera très 

certainement évolutif en fonction de l’âge et des comorbidités des patients via des travaux 

transversaux mêlant approches épidémiologiques et fondamentales au sein de l’U1011 (Axe 

3). 

 

Ma mobilité s’effectuera dans le service d’Epidémiologie clinique du Pr Frits Rosendaal dont 

l’expertise dans l’exploitation de grandes bases de données appliquées aux maladies 

hémorragiques constitutionnelles et à la maladie thromboembolique veineuse est reconnue 

internationalement. Ce choix de mobilité vise à acquérir le complément de formation et établir 



41 

 

les collaborations indispensables au positionnement de notre équipe sur des travaux 

d’envergure dans le domaine de l’épidémiologie des pathologies hémorragiques 

constitutionnelles ou acquises. La connexion à venir des bases France Coag et CRMW, 

attachées respectivement au Centre de Référence pour l’Hémophilie et au Centre de 

Référence pour la Maladie de Willebrand, sera en effet favorable à des projets d’études 

épidémiologiques d’ampleur sur ces thématiques. 

 
 

Projet de mobilité 

La MW est une maladie rare caractérisée par une grande hétérogénéité génotypique et 

phénotypique. Ceci rend les études épidémiologiques difficiles et confère de l’imprécision aux 

résultats obtenus quand ceux-ci n’intègrent pas la connaissance du type précis de MW. Or, si 

les conséquences de la maladie sur le risque de saignements itératifs spontanés ou lors de 

procédures invasives sont en général décrites dans la littérature, il existe très peu de données 

robustes intégrant les conséquences du type de MW sur les grands cadres pathologiques liés 

au vieillissement comme les pathologies néoplasiques ou cardiovasculaires. On ne dispose 

ainsi pas de données permettant d’évaluer l’impact du type de MW ou de la sévérité du déficit 

en VWF sur le risque d’évènements cardiovasculaires ischémiques et la mortalité associée. 

Ceci rend complexe la prescription d’anti-thrombotiques dans la MW alors même que celle-ci 

bénéficie d’un haut niveau de recommandation dans la population générale. L’objectif principal 

de l'étude WILL-FREE sera de comparer l’incidence d’hospitalisations de causes cardio-

vasculaires majeures selon la présence ou non d’une MW. Le rapport bénéfice-risque de la 

prescription d’anti-thrombotiques sera également évalué en fonction du type et de la sévérité 

de la MW. Cette étude portera sur plus de 4000 patients inclus dans la cohorte du CRMW pour 

qui nous disposons d’une caractérisation complète, phénotypique et moléculaire, de leur MW. 

L’analyse croisée de la base du CRMW et des données du parcours de soins (CépiDC, PMSI, 

SNIIRAM) collectées par le Health Data Hub permettra d’obtenir des informations uniques et 

pertinentes afin de mieux évaluer la prise en charge et le parcours de soin des patients atteints 

de MW. 

 
 

Axe 1 : Thématique Hémostase et Inflammation (U1011) 

En parallèle des travaux centrés sur le VWF dans le cadre du RHU WillAssistHeart, notre 

équipe a élargie l’étude de l’impact des anomalies de flux générées par les valvulopathies 

cardiaques ou les dispositifs d’ACM-FC sur d’autres acteurs de l’hémostase dont les éléments 

figurés du sang (plaquettes, monocytes) et l’endothélium vasculaire. La pandémie COVID-19 

également a joué un rôle structurant puisqu’elle a conduit à initier dans notre équipe une série 

de travaux sur une thématique Hémostase et inflammation. Je souhaite continuer à développer 
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cette thématique hors COVID au sein de l’U1011 avec des travaux centrés sur l’assistance 

circulatoire mécanique.  

 

Rôle des forces de cisaillement dans la clairance plaquettaire sous ECMO  

Lors de mon post-doctorat, nous nous sommes intéressés à l’impact des anomalies de flux 

sanguin sur l’interaction VWF-GPIbα plaquettaire. Le premier volet de ce projet avait confirmé 

que la dégradation du VWF sous ACM-FC était indépendante de l’interaction VWF-GPIbα. Sur 

le versant plaquettaire, nos récents travaux confirment également in vitro et in vivo la présence 

d’un shedding du récepteur GPIbα plaquettaire dont l’importance dépend de l’intensité des 

forces de cisaillement. Il a été récemment mis en évidence que les plaquettes après shedding 

de leur récepteur GPIbα sont éliminés plus rapidement de la circulation sanguine29. A l’aide  

d’un modèle de souris NOD-SCID, nous confirmons que les plaquettes humaines exposées à 

des forces de cisaillement élevées dans un modèle miniaturisé d’ECMO de façon à induire le 

shedding de GPIbα puis transfusées à des souris immunodéprimés sont éliminés plus 

rapidement de la circulation sanguine que des plaquettes contrôles. Ces résultats feront l’objet 

d’une publication dans une revue à comité de lecture très prochainement. 

 
Etude du cross-talk hémostase-inflammation sous ECMO via l’histologie du caillot 

Nous avons décrit dans une série de patients COVID-19 avec un SDRA ayant requis une 

ECMO veino-veineuse une proportion plus importante leucocytes et de neutrophils 

extracellular traps au sein des thrombi d’ECMO comparés à des patients non-COVID-19 

(Publication Vascular Endothelial Damage in the Pathogenesis of Organ Injury in Severe 

COVID-19. Arterioscler Thromb Vasc Biol. 2021). Ce résultat préliminaire suggère que 

l’analyse histologique de ces thrombi reflète l’importance du processus d’immunothrombose 

résultant du cross-talk entre hémostase et inflammation sous ECMO. Les résultats du travail 

de thèse de Senna Staessens montrent également que la composition des thrombi recueillis 

à l’explantation d’une ECMO varie selon l’oxygénateur utilisé au sein du dispositif d’ECMO 

utilisé (concept d’hémocompatibilité). Notre hypothèse est que la composition histologique des 

thrombi pourrait également varier selon l’intensité de la réponse inflammatoire sous ECMO ou 

la nature du traitement anticoagulant administré. Dans le cadre de l’étude multicentrique 

WITECMO-H effectuée en collaboration avec le service de Chirurgie thoracique et cardiaque 

de l’Hôpital Marie Lannelongue, nous allons donc constituer une large banque de thrombi 

collectés prospectivement au niveau des tubulures, tête de pompe ou de membrane de 

l’oxygénateur au retrait d’ECMO. Nous avions également mis en évidence une proportion 

importante à la fois de VWF, de leucocytes et de NETs au sein des thrombi d’ECMO de 

patients COVID-19. Une étude récemment publiée indique également que le VWF pourrait 

jouer un rôle critique dans le recrutement de leucocytes activés et de NETs au sein du 
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thrombus30. A titre exploratoire, nous souhaitons donc également évaluer l’impact de la 

multimérisation du VWF sur le recrutement des leucocytes activés et des NETs au sein du 

thrombus par microscopie confocale dans un modèle murin de thrombose mésentérique. Cette 

question est potentiellement d’importance dans différents modèles pathologiques humains 

comme l’ACM-FC et le PTT.  

 
Impact hépatique et incidence pronostique de l’interaction NAFLD/ COVID-19  

L’étude COVER a pour objectif d’évaluer l’impact de l’interaction entre stéatose hépatique non 

alcoolique (NAFLD) et COVID-19.  Nous avons récemment décrit l’existence d’une dysfonction 

hépatique chez une proportion importante de patients hospitalisés pour une forme 

réanimatoire de COVID-19 qui était significativement associée à l’intensité de la réponse 

immunitaire au SARS-CoV2 (Publication Vascular Endothelial Damage in the Pathogenesis of 

Organ Injury in Severe COVID-19. Arterioscler Thromb Vasc Biol. 2021). L’obésité est à la fois 

un facteur de risque majeur de développer une forme sévère de COVID-19 et une NAFLD. 

Dans la NAFLD, la modification des populations immunitaires, en particulier des lymphocytes 

T, est associée à une progression de la NALFD aussi bien dans des modèles précliniques que 

chez les patients. Notre hypothèse est que l’interaction entre NAFLD et COVID-19 pourrait 

potentialiser l’effet délétère de l’activation immunitaire sur l'endothélium vasculaire hépatique 

et/ou les cellules hépatiques et ainsi aggraver l’évolution de la COVID-19. L’étude COVER qui 

porte sur une large cohorte de patients admis aux urgences du CHU de Lille pour COVID-19 

couvrant tout le spectre de gravité de l’infection (patients ambulatoires, hospitalisés ou 

réanimatoires) aura pour objectifs d’évaluer : 1) si une NAFLD préexistante a une incidence 

sur le pronostic de la COVID-19, 2) d’analyser le degré de dysfonction hépatique à l’admission 

et son profil évolutif selon la présence ou non d’une NAFLD chez les patients COVID-19, 3) 

d’analyser dans un modèle de culture cellulaire la cytotoxicité induite par le plasma de patients 

COVID-19 selon la présence de marqueurs de dysfonctionnement hépatique et leur profil 

évolutif chez ces patients. Ce travail fera l’objet d’une collaboration avec l’équipe 3 de l’U1011 

spécialisée dans l'immunoinflammation des récepteurs nucléaires et l'immunométabolisme. 

 
 

Axe-2 : Thématique VWF-angiogénèse-angiodysplasies digestives 

 
Rôle du pool plasmatique de VWF-HPM dans l’angiogénèse 

Bien que l’on dispose de données cliniques et fondamentales en faveur d’un rôle du VWF dans 

l’angiogénèse, les mécanismes sous-jacents à la dérégulation de ce processus dans la MW 

restent indéterminés. Faute de modèle animal disponible, il n’était pas possible jusqu’ici 

d’étudier le rôle des VWF-HPM présents dans le compartiment plasmatique et/ou de leurs 

fragments de protéolyse dans ce processus. Alors que l’on dispose aujourd’hui dans le 
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traitement de la MW de plusieurs concentrés de VWF dont l’un se différencie par un contenu 

plus important en VWF-HPM, il est important de déterminer si le maintien d’un pool 

plasmatique de VWF-HPM joue un rôle important dans l’angiogénèse physiologique et par 

quel(s) mécanisme(s). Le modèle murin humanisé de maladie de Willebrand de type 2A 

développé par le Dr Casari (U1176) et le développement d’un anticorps humanisé dérivé du 

LTX-508 dans le cadre du RHU WillAssistHeart ouvrent comme perspective de pouvoir 

préciser le rôle des VWF-HPM dans l’angiogénèse via plusieurs approches complémentaires 

(culture de progéniteurs endothéliaux, analyse de la densité capillaire, modèle de cicatrisation 

de plaie cutanée).  

 
Etude des anomalies de la micro-vascularisation dans la MW constitutionnelle et acquise 

VIDEOBLEED est une étude mono-centrique qui a pour objectif principal d’évaluer si la densité 

capillaire mesurée par vidéo-microscopie est variable en fonction du type et de la sévérité de 

la MW. L’hypothèse sous-jacente à cette étude est qu’il pourrait exister des anomalies de la 

microcirculation secondaire à une dérégulation de l’angiogénèse dans certaines formes de 

MW notamment celles associées à un déficit endothélial et/ou plasmatique en VWF-HPM. A 

titre exploratoire, nous évaluerons également si la densité capillaire mesurée par vidéo-

microscopie est prédictive de la sévérité du phénotype hémorragique notamment au niveau 

des muqueuses ORL et digestives. L’analyse de la densité capillaire sublinguale sera 

effectuée par vidéo-microscopie en consultation. Les autorisations réglementaires (CPP, 

CNIL) à la constitution de cette cohorte ont été obtenues. L’étude VIDEOBLEED apportera 

ainsi des informations complémentaires à celle de l’étude WITECMO-H qui comporte 

également une analyse par vidéo-microscopie de la densité capillaire afin d’évaluer si ce 

paramètre améliore la prédiction du risque hémorragique chez les patients présentant un 

déficit acquis en VWF-HPM sous ECMO.  

 
 

Axe-3 : Thématique Hémophilie et innovations thérapeutiques 

Définir les modalités de suivi des nouvelles thérapies anti-hémophiliques améliorant 

l’hémostase selon des mécanismes parfois non physiologiques et de prise en charge des 

facteurs de risque et pathologies cardio-vasculaires va devenir un axe de recherche important 

dans l’hémophilie dans un contexte de vieillissement de cette population. L’étude EMICARE a 

ainsi pour objectif d’évaluer l’intérêt du suivi des taux plasmatiques d’emicizumab par 

chromatographie liquide couplée à la spectrométrie de masse en tandem (UPLC-MS/MS) dans 

la prédiction du risque hémorragique chez ces patients. Les autorisations réglementaires 

(CPP, CNIL) à la constitution de cette cohorte ont été obtenues. En complément de cette étude 

de recherche clinique, deux autres projets conjuguant approches cliniques et fondamentales, 

porterons également sur cette thématique. 
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Etude de la prévalence et du retentissement des microhémorragies cérébrales dans l’hémophilie 

En imagerie par résonance magnétique (IRM), les microhémorragies cérébrales (MHC) 

apparaissent comme des petites lésions arrondies et en hyposignal correspondant à des 

dépôts d’hémosidérine. La prévalence des MHC dans la population générale est d’environ 

15%. Elles sont plus fréquemment observées chez les patients hypertendus et leur présence 

est associée à une augmentation du risque d’hémorragie intracrânienne ou de déclin cognitif.  

Ce projet aura pour objectifs principaux d’évaluer: 1)  la prévalence des MHC par IRM 7 Tesla 

chez les adultes atteints d’hémophilie sévère en comparaison à des sujets contrôles appariés 

sur l’âge et la présence ou non d’une hypertension artérielle; 2) le retentissement de ces MHC 

sur : i) le risque d’hémorragie intracrânienne non traumatique à l’aide d’un modèle murin de 

MHC induite par injection stéréotaxique de microbilles selon la présence (souris FVIII-KO,  

INSERM U1176, Dr Denis) ou non (souris WT) d’une hémophilie sévère ; ii) sur le plan cognitif 

via un suivi prospectif des données de santé recueillies par le Health Data Hub pour ces 

patients.  

 
Impact de l’emicizumab sur l’arthropathie hémophilique via la modulation de polarisation des 

monocytes/macrophages 

L’emicizumab est un anticorps monoclonal humanisé FVIII-mimétique qui a obtenu une 

extension d’AMM en 2020 dans le traitement des hémophiles A sévères sans inhibiteur. Nous 

disposons de données préliminaires montrant que l’emicizumab comme d’autres anticorps 

thérapeutiques de même isotype (IgG4) peut se lier via son domaine Fc au récepteur FcRI 

exprimé à la surface des monocytes/macrophages. Cette interaction est susceptible d’activer 

des voies de signalisation modifiant la polarisation des monocytes/macrophages vers un 

phénotype pro- (M1) ou anti-inflammatoire (M2). Les objectifs de ce projet sont d’évaluer 

l’impact de l’emicizumab sur la polarisation des monocytes/macrophages et ses 

conséquences sur l’inflammation articulaire. L’étude de l’impact de l’emicizumab sur la 

polarisation des monocytes/macrophages reposera : i) in vitro sur l’analyse du transcriptome 

de monocytes/macrophages en culture exposés à des doses croissantes d’emicizumab et des 

cytokines sécrétées dans le surnageant de culture; ii) in vivo sur la comparaison de 

l’immunophénotypage des monocytes circulants chez des hémophiles A sévères traités ou 

non par emicizumab.  
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ORIGINAL RESEARCH

Vascular Endothelial Damage in the Pathogenesis 
of Organ Injury in Severe COVID-19
Annabelle Dupont,* Antoine Rauch ,* Senna Staessens , Mouhamed Moussa, Mickael Rosa, Delphine Corseaux,  
Emmanuelle Jeanpierre, Julien Goutay, Morgan Caplan , Pauline Varlet, Guillaume Lefevre, Fanny Lassalle ,  
Anne Bauters, Karine Faure, Marc Lambert, Alain Duhamel, Julien Labreuche , Delphine Garrigue, Simon F. De Meyer,  
Bart Staels , Flavien Vincent , Natacha Rousse, Eric Kipnis , Peter Lenting, Julien Poissy , Sophie Susen ;  
the Lille Covid Research Network (LICORNE)

OBJECTIVE: Whether endotheliopathy only mirrors coronavirus disease 2019 (COVID-19) severity or plays an intrinsic role in 
microvascular thrombosis and organ failure remains unanswered. We assessed whether markers of endothelial damage and 
immune dysregulation were associated with organ failure, thrombus formation, and death.

APPROACH AND RESULTS: Markers of endothelial damage (VWF:Ag [von Willebrand factor antigen], PAI-1 [plasminogen activator 
inhibitor-1], syndecan-1, TFPI [tissue factor pathway inhibitor], and soluble thrombomodulin), complement activation (C5a 
and C5b-9), cytokines (IL [interleukin]-6, TNF [tumor necrosis factor]-α, and IL-2R), and neutrophil extracellular traps (cell-
free DNA, nucleosomes, and myeloperoxidase-DNA) were measured at intensive care unit admission in 82 patients with 
COVID-19. We also analyzed the histological composition of thrombi collected in critically ill living patients successfully 
weaned from extracorporeal membrane oxygenation. Beside respiratory failure, VWF:Ag, PAI-1, TFPI, and syndecan-1 were 
independently associated with liver injury and multiorgan failure development, underlining the direct role of endotheliopathy in 
organ failure. Nucleosomes were also associated with liver injury, multiorgan failure, and death which occurred in 38%, 60%, 
and 27% of patients, respectively. Moreover, dysregulated immune response including cytokines, complement, and neutrophil 
extracellular traps was associated with markers of endothelial damage, respiratory failure, and liver injury. COVID-19 thrombi 
retrieved from extracorporeal membrane oxygenation circuitry contained accumulation of neutrophils, VWF, and significantly 
higher amount of neutrophil extracellular traps when compared with non-COVID-19 thrombi.

CONCLUSIONS: We provide new associative data supporting that endotheliopathy and dysregulated immune responses are 
involved in respiratory and liver failure through microvascular damage in patients with severe COVID-19.

Key Words: coronavirus ◼ cytokines ◼ death ◼ endothelium ◼ thrombosis

Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) that causes coronavirus disease 
2019 (COVID-19), preferentially infects respira-

tory epithelial cells, but can also result in extrapulmonary 
manifestations, such as myocardial, hepatocellular, or 
acute kidney injury.1,2 COVID-19 is also associated with 
a prothrombotic phenotype, elevated laboratory markers 
of coagulopathy, and an increased risk of thrombosis first 

identified through manifestations of large vessels throm-
bosis.3–8 There is also growing evidence suggesting that 
microvascular thrombosis is likely a major pathophysi-
ologic event in COVID-19.9,10

The ACE2 (angiotensin-converting enzyme 2) recep-
tor, essential for SARS-CoV-2 uptake by host cells, 
is highly expressed on endothelial cells. Postmortem 
lung histological analyses have reported the presence 
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of vascular inflammation and severe endothelial injury 
as a direct consequence of SARS-CoV-2 intracellular 
infection.11,12 Although direct viral tissue damage is a 
plausible mechanism of endothelial injury, a dysregu-
lated immune response could also be involved.2 Using 
cultured human pulmonary microvascular endothelial 
cells, we demonstrated that plasma collected from 
critically ill patients with COVID-19 triggers endothe-
lial damage in vitro.13 Interestingly, this plasma-induced 
endothelial cytotoxicity was associated in patients with 
a more pronounced hypoxemia and higher circulat-
ing levels of biomarkers of endothelial damage and a 
dysregulated immune response. This in vitro response 
could be a marker of in vivo microvascular damage. 
Once injured, endothelial cells can activate coagulation 
leading to widespread microvascular thrombi and pro-
mote multiorgan failure.

To date, reports assessing the presence of endothelial 
damage and microvascular thrombosis in patients with 
COVID-19 focused on respiratory failure or death as 
main outcomes.14–18

To address the question whether endothelial dam-
age and microvascular thrombosis could occur in other 
organs, we assessed whether the degree of endotheli-
opathy at intensive care unit (ICU) admission is an early 
indicator of organ failure (hepatic, renal, hemodynamic, 
or multiorgan failure) in addition to respiratory failure by 
investigating a large panel of endothelial damage mark-
ers (VWF [von Willebrand factor], PAI-1 [plasminogen 
activator inhibitor-1], TFPI [tissue factor pathway inhibi-
tor], and sThrombomodulin [soluble thrombomodulin]) 
and endothelial glycocalyx disruption (syndecan-1). As a 
dysregulated immune response in COVID-19 has also 

been proposed to mediate organ dysfunction through 
several pathways inducing endothelial damage and 
microvascular thrombosis, we evaluated if endotheliopa-
thy and organ failure are associated with a dysregulated 
immune response.19,20 Finally, we investigated the com-
position of thrombi collected in living critically ill patients 
with COVID-19.

MATERIALS AND METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Patients
Consecutive patients admitted for COVID-19 were recruited 
from the ICU of Lille University Hospital between March 21 and 
April 16, 2020. Inclusion criteria were individuals aged 18 years 
or older with a positive SARS-CoV-2 real-time polymerase 
chain reaction. Patients received enoxaparin or unfractionated 
heparin according to their renal status and the need for inva-
sive procedures. In overweight and obese patients, the dos-
ing regimen was adapted according to the European Society 
of Cardiology proposals.21 From April 6th onwards, patients 
received thromboprophylaxis according to the GFHT/GIHP 
proposals.22 This study was approved by the French institutional 
authority for personal data protection (Commission Nationale 
de l’Informatique et des Libertés, registration number DEC20-
086), and ethics committee (ID-CRB-2020-A00763-36), and 
informed consent was obtained from all participants. The proto-
col was registered as a clinical trial (URL: https://www.clinical-
trials.gov; Unique identifier: NCT04327180).

Nonstandard Abbreviations and Acronyms

ACE2 angiotensin-converting enzyme 2
ARDS acute respiratory distress syndrome
BMI body mass index
COVID-19 coronavirus disease 2019
CRP C-reactive protein
ICU intensive care unit
NET neutrophil extracellular trap
PAD4 peptidyl arginine deiminase type 4
PAI-1 plasminogen activator inhibitor-1
SARS-CoV-2  severe acute respiratory syndrome 

coronavirus 2
SOFA sequential organ failure assessment
TFPI tissue factor pathway inhibitor
TNF tumor necrosis factor
VV-ECMO  veno-venous extracorporeal mem-

brane oxygenation
VWF:Ag von Willebrand factor antigen

Highlights

• In patients with severe COVID-19 (coronavirus dis-
ease 2019), the degree of endotheliopathy at inten-
sive care unit admission is associated with different 
organ dysfunctions even after adjustment for other 
risk factors, age, sex, and body mass index further 
underlining the direct involvement of endotheliopa-
thy in organ failure.

• There is a relationship between endothelial damage 
and the extent of immune inflammatory responses 
in patients with severe COVID-19 highlighting that 
inflammatory-driven processes are likely primary 
drivers of endothelial damage leading to microvas-
cular thrombosis and organ failure in COVID-19.

• Histopathologic comparison of COVID-19 thrombi 
collected from extracorporeal membrane oxygen-
ation with non-COVID-19 specimens shows a spe-
cific involvement of neutrophil extracellular traps in 
COVID-19 thrombogenesis.

• VWF released from damaged endothelial cells inter-
acts with neutrophil extracellular traps released 
from neutrophils and could play a major role as 
a scaffold for thrombus formation in COVID-19 
pathophysiology.
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Outcomes
The outcomes were the occurrence of any organ injury, respira-
tory failure, and development of renal, hemodynamic, liver injury, 
or multiorgan injury within 14 days of ICU admission or all-cause 
28-day mortality. Secondary respiratory failure was defined by 
the need for mechanical ventilation. Kidney, liver, and shock 
components of the sequential organ failure assessment (SOFA) 
score were used to assess the presence of renal, liver, or hemo-
dynamic injuries. Renal failure was defined as presence or any 
aggravation of renal SOFA and Kidney Disease: Improving Global 
Outcomes score from ICU admission; liver injury as presence or 
any aggravation of hepatic SOFA score from ICU admission or 
alanine aminotransferase or aspartate transaminase values more 
than thrice the upper limit of normal; hemodynamic dysfunction 
as a need for epinephrine or norepinephrine support at a dose 
>0.1 µg/kg per minute. SOFA scores were evaluated at ICU 
admission and on ICU days 4, 7, and 14. If the patient was dis-
charged from ICU before day 14, the last SOFA score recorded 
during ICU stay was used. Multiorgan injury was defined by the 
presence of more than one dysfunction.

Follow-up period was limited to 14 days to minimize the 
contribution of long-term ICU complications unspecific to 
COVID-19 as confounding event in outcome assessment.

Laboratory Testing
Blood was collected at ICU admission for each patient on 0.109 
mol/L trisodium citrate tube (BD Vacutainer, BD Diagnostics, 
Sparks, MD). All analyses were performed on platelet-poor 
plasma obtained after a double centrifugation at 2500g for 15 
minutes at room temperature.

ELISA assays were performed to measure sThrombomodulin, 
syndecan-1, and nucleosomes using Human Thrombomodulin/
BDCA-3 Quantikine ELISA kit (R&D Systems, Minneapolis, 
MN), Human sCD138 ELISA kit (Diaclone, Besançon, 
France), and Cell Death Detection ELISAPLUS kit (Roche 
Diagnostics, Bâle, Suisse), respectively. TFPI was measured 
with Asserachrom total TFPI (Diagnostica Stago, Asnières sur 
Seine, France) and PAI-1 with Asserachrom PAI-1 (Diagnostica 
Stago). C5a and C5b-9 were measured using standard ELISA 
kits (Quidel, San Diego, CA). Prothrombin time and fibrinogen 
were measured on an STA R Max analyzer (Diagnostica Stago) 
using STA Neoplastin (Diagnostica Stago) and LiquidFib 
(Diagnostica Stago). D-dimers levels were measured in µg/
mL fibrinogen equivalent units using an immunoturbidimetric 
latex-particle assay (Liatest DDI-Plus, Diagnostica Stago) on 
the STA R Max analyzer (Diagnostica Stago). VWF:Ag was 
measured using an immunoturbidimetric assay (LIAPHEN 
VWF:Ag, HYPHEN BioMed, Andresy, France), both on a CS 
2400 analyzer (Sysmex, Kobe, Japan). ADAMTS13 activity was 
measured with the Technozym ADAMTS13 activity ELISA kit 
(Technoclone, Vienna, Austria).

Cell-free DNA was measured by spectrofluorimetry at 
520 nm after excitation at 480 nm with Quant-iT PicoGreen 
dsDNA assay (Thermo Fischer Scientific, Waltham, MA) on a 
SAFAS spectrophotometer (Monaco, France). For MPO-DNA 
complexes quantification, we used the Cell Death Detection 
Elisa kit (Roche, Basel, Switzerland). All samples were ana-
lyzed in duplicate.

IL (Interleukin)-6, TNF (tumor necrosis factor)-α, and solu-
ble IL-2R (IL-2 receptor) concentrations were assessed using 

the Ella Automated Immunoassay System (ProteinSimple, San 
Jose, CA).

Other laboratory blood dosages including a complete blood 
count, CRP (C-reactive protein), liver transaminases, bilirubin, 
and creatinine by standard methods as part of patient’s care in 
the Biology and Pathology Center of Lille University Hospital.

Thrombi Analysis
Histological analysis was performed on thrombi collected 
immediately after veno-venous extracorporeal membrane oxy-
genation (VV-ECMO) removal from 8 patients with COVID-19 
and 3 patients without COVID-19 with successful weaning of 
ECMO. Thrombi were washed in saline, incubated in 4% para-
formaldehyde for 24 hours at room temperature, and analyzed 
as previously described.23,24

Statistical Analysis
Quantitative variables were expressed as means (±SD) or 
medians (interquartile range) and categorical variables as fre-
quencies (percentage). We assessed the association of the 
endothelial markers and nucleosomes with the occurrence of 
organ injury (censored at 14 days) and death during ICU stay 
using Student test and ANCOVA for adjusted analysis on age, 
sex, and body mass index (BMI). A log transformation of original 
markers data was performed if required. For each outcome, P 
values were adjusted for multiple comparisons using the false 
discovery rate procedure. We computed the adjusted effect 
sizes of the 6 markers using the Cohen d formula for ANCOVA 
with the 95% CI. For other analyses, Spearman rank coefficient 
correlation was used to test the association between quantita-
tive variables, and Mann-Whitney U test or Kruskal-Wallis test 
(followed by Dunn pairwise post hoc comparisons) for compari-
son of quantitative variables according to subgroups. Statistical 
analyses were performed using the SAS software package ver-
sion 9.4 (SAS Institute, Cary, NC).

RESULTS
Patients Characteristics
A total of 82 patients with COVID-19 were admitted 
in ICU (Table 1). At admission, median Pao2/FiO2 was 
146 mm Hg, and median SOFA score was 5.9 (2–9). 
All patients had increased oxygen requirements with 
48 patients (59%) requiring mechanical ventilation, 
19 (23%) high-flow oxygen therapy, and 15 (18%) 
low-flow oxygen therapy. Respiratory failure requir-
ing mechanical ventilation was observed in 12 more 
patients in the 14 days after ICU admission. Eleven 
patients (13%) presented with hemodynamic failure 
while hepatic or renal dysfunction unrelated to preexist-
ing liver or renal disease were observed in 15 (18%) 
and 34 (41%) patients, respectively. Worsening of the 
hemodynamic, hepatic, or renal status was observed in 
12 (15%), 16 (20%), and 6 (7%) patients, respectively. 
Hepatic dysfunction and hemodynamic failure occurred 
at a significantly later stage than renal or respiratory 
failure (P<0.001). Ten patients required a VV-ECMO 
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Table 1. Baseline Patients’ Characteristics According to Occurrence of Organ Injury or Death in ICU

 All (n=82)

No organ  
failure* 
(n=11)

Respira-
tory failure 
(n=60)

Renal injury 
(n=40)

Liver injury 
(n=31)

Hemody-
namic failure 
(n=23)

Multiorgan 
injury (n=49)

Death 
(n=22)

Demographics

 Age, y 60 (14) 59 (10) 59 (15) 61 (14) 56 (14) 64 (15) 60 (15) 68 (15)

 Sex (male) 64 (78) 7 (70) 48 (80) 31 (77) 25 (80) 20 (87) 40 (81) 18 (82)

 Body mass index, kg/m2 31.2 (7) 31.4 (7) 32.2 (7) 32 (8) 31.4 (7) 30.8 (6) 31.8 (7) 31.1 (7)

Comorbidities

 Diabetes 22 (27) 4 (40) 15 (25) 12 (30) 5 (15) 4 (17) 11 (22) 8 (36)

 Hypertension 44 (54) 70 (70) 30 (50) 20 (50) 16 (48) 12 (52) 26 (53) 16 (73)

 Chronic pulmonary disease 21 (26) 1 (10) 15 (25) 14 (35) 8 (26) 5 (22) 16 (32) 7 (32)

 Chronic heart failure 6 (8) 2 (20) 5 (8) 5 (12) 1 (3) 3 (13) 5 (10) 1 (4)

 Coronary/peripheral arterial 
disease

8 (10) 0 6 (10) 6 (15) 3 (9) 3 (13) 6 (12) 4 (18)

 Stroke 4 (5) 1 (10) 1 (2) 2 (5) 0 0 1 (2) 1 (4)

 Chronic liver disease 2 (2) 0 0 2 (5) 0 1 (4) 0 0

 Chronic kidney disease 7 (8) 1 (10) 3 (5) 5 (12) 3 (9) 2 (8) 4 (8) 1 (4)

 Time to illness onset, d 10.4 (5.5) 10.3 (4) 11.3 (5.5) 10 (6.3) 11 (4.6) 10.7 (5.5) 11.1 (5.8) 10.6 (6.3)

Organ dysfunctions

 Total SOFA score† 5.9 (4) 1.9 (1.3) 7 (4) 7 (4.4) 7.4 (4) 7.3 (4.6) 7.1 (4.2) 7 (4.1)

 Pao2/FiO2 ratio, mm Hg 146 (88) 161 (76) 126 (68) 152 (103) 118 (71) 131 (74) 124 (67) 120 (74)

 Need for invasive ventilation† 48 (59) 0 48 (80) 20 (50) 11 (35) 10 (43) 32 (65) 14 (63)

 Renal SOFA score† 0 [0–1] 1 [0–2] 0 [0–1] 0 [0–1] 0 [0–1] 0 [0–2] 0 [0–1] 0 [0–2]

 KDGO score† 1 [0–2] 0 [0–0.25] 1 [0–3] 2 [0–3] 1 [0–2] 1.5 [0–3] 1 [0–3] 1 [0–2.5]

 Hepatic SOFA score† 0 [0–0] 0 [0–0] 0 [0–0] 0 [0–0] 0 [0–1] 0 [0–0] 0 [0–0] 0 [0–0]

 Hepatic SOFA score ≥1† 10 (12) 1 (10) 8 (13) 5 (12) 8 (26) 4 (17) 7 (14) 2 (9)

 ALT or AST > thrice ULN† 8 (10) 0 8 (13) 4 (10) 7 (22) 4 (17) 8 (16) 3 (14)

 Hepatic SOFA score ≥1 or 
ALT/AST > thrice ULN†

14 (17) 0 12 (20) 7 (17) 15 (48) 6 (26) 11 (22) 4 (18)

 Need for epinephrine or nor-
epinephrine support at a dose 
> 0.1 µg/kg per minute†

11 (48) 0 10 (16) 6 (15) 5 (16) 11 (48) 11 (48) 5 (23)

 Median time to organ dysfunc-
tion or death, d

  0 (0–4) 0 (0–7) 4 (0–14) 4 (0–14) 0 (0–7) 6 (1–38)

Laboratory markers

 CRP, mg/L 169 (124) 87 (55) 201 (128) 190 (121) 199 (113) 219 (153) 208 (128) 183 (112)

 PT ratio 1.28 (0.6) 1.28 (0.44) 1.22 (0.2) 1.38 (0.8) 1.20 (0.15) 1.43 (1.08) 1.33 (0.77) 1.53 (1.12)

 D-dimer, µg/mL 2.4 [1.1–4.7] 1 [0.8–6.1] 3 [1.6–4.7] 2.7 [1.3–4.6] 3 [1.4–5.7] 3.3 [2.1–6.6] 2.9 [1.5–4.6] 3.1 [1.8–4.7]

 Platelets, G/L 271 (114) 261 (82) 287 (122) 258 (108) 289 (132) 276 (121) 278 (126) 276 (133)

 Neutrophils, G/L 9 (5.3) 5.8 (2.4) 10.2 (5.5) 11.7 (6.3) 11.2 (6.2) 10.6 (4.9) 11.1 (5.7) 10.2 (4.5)

 ALT, IU/L 54 (41) 40 (10) 58 (45) 47 (33) 77 (52) 57 (44) 59 (47) 52 (39)

 AST, IU/L 73 (58) 39 (13) 81 (64) 74 (53) 107 (68) 89 (73) 89 (69) 87 (74)

 Bilirubin, mg/L 6.8 (4.3) 6 (2.9) 6.9 (4.5) 6.7 (4.2) 9.2 (5.5) 8.2 (5.8) 7.2 (4.8) 7.1 (5.1)

 Creatinine, mg/dL 90 [70–140] 130 [90–230] 90 [70–130] 90 [70–140] 90 [70–120] 90 [80–190] 90 [70–120] 95 [77–200]

Values are number (%) otherwise stated: mean (SD) or median [interquartile range]. Secondary respiratory failure was defined by the need for mechanical ventilation. 
Kidney, liver, and shock components of the SOFA score were used to assess the presence of renal, liver, or hemodynamic dysfunctions. Renal failure was defined as 
presence or any aggravation of renal SOFA and/or KDIGO score from ICU admission. Liver injury was defined as presence or any aggravation of hepatic SOFA score 
from ICU admission or ALT or AST values more than thrice the upper limit of normal in accordance with the modified version of the US National Cancer Institute’s (NCI’s) 
Common Terminology Criteria for Adverse Events (CTCAE) (2017). Hemodynamic dysfunction was defined as a need for epinephrine or norepinephrine support at a dose 
> 0.1 µg/kg/min. SOFA scores were evaluated for all ICU patients at ICU admission and on ICU days 4, 7, and 14. If the patient was discharged from ICU before day 
14, the last SOFA score recorded during ICU stay was used. Multiorgan dysfunction was defined by the presence of more than one dysfunction. ALT indicates alanine 
transaminase; AST, aspartate transaminase; CRP, C-reactive protein; FiO2, fraction of inspired oxygen; ICU, intensive care unit; KDIGO, kidney disease: improving global 
outcomes; Pao2, arterial oxygen partial pressure; PT, prothrombin time; and SOFA, sequential organ failure assessment.

*Indication for ICU admission (n=1 unless otherwise stated): pneumonia (n=9): 8 of the 9 patients required high-flow oxygen therapy during ICU stay but none 
required mechanical ventilation, myocardial infarction, and ischemic stroke.

†Baseline values.
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support after ICU admission (Table I in the Data Sup-
plement for description). Eleven patients were receiv-
ing heparin (unfractionated heparin, n=8; low molecular 
weight heparin, n=3).

Endotheliopathy and Dysregulated Immune 
Response Are Associated With Altered Baseline 
Markers of Respiratory and Liver Function
Baseline levels of VWF:Ag (P<0.0001), syndecan-1 
(P<0.0001), TFPI (P=0.03), and PAI-1 (P=0.03) were 
significantly higher in patients requiring high-flow oxy-
gen therapy or mechanical ventilation at admission than 
in patients with lower oxygen requirements (Figure I in 
the Data Supplement).

Bilirubin, aspartate transaminase, and alanine amino-
transferase correlated with most of the endothelial dam-
age biomarkers (VWF:Ag, syndecan-1, TFPI, and PAI-1; 
Table 2). We also observed a correlation between either 
Pao2/FiO2 ratio, alanine aminotransferase, or bilirubin 
and markers of complement activation (C5a) and neutro-
phil extracellular trap (NET)osis. Bilirubin was also cor-
related with IL-6. Aspartate transaminase was correlated 
with C5a, cytokines, and markers of NETosis (cell-free 
DNA and nucleosomes). Among cytokines, NETs and 
complement activation markers, nucleosomes were the 
immune parameter which was the most consistently and 
significantly associated with impaired liver and respira-
tory functions. No correlation was observed between 
endothelial markers, cytokines, complement, or NETosis 
markers with creatinine levels.

Furthermore, a severe imbalance between VWF and 
ADAMTS13 concentrations (ADAMTS13/VWF:Ag ratio 
=0.17 [0.12-0.26]) was present at admission suggesting 
an impairment in hemostasis promoting microvascular 
thrombosis.

Overall, when assessing the pattern of organ injury 
at ICU admission, the association between immune 

response and biomarkers of organ dysfunction was 
mostly apparent for the lungs and the liver.

Occurrence of Respiratory Failure, Liver Injury, 
Multiorgan Injury, and Death Are Associated 
With Endotheliopathy and Nucleosomes Levels
As shown in Figure 1 and Table II in the Data Supple-
ment, 2 endothelial damage markers (syndecan-1 and 
PAI-1) were significantly associated with respiratory 
failure at admission or occurring during follow-up. After 
adjustment for age, sex, and BMI, these associations 
remained significant with the strongest effect size for 
syndecan-1. Overall, this association of endothelial dam-
age at admission with the occurrence of respiratory fail-
ure independently of age, sex, and BMI suggests its direct 
involvement in COVID-19 pneumonia pathogenesis.

We further assessed whether the degree of endothe-
lial damage was also associated with the occurrence of 
specific organ dysfunctions. Occurrence of liver injury 
was strongly associated with baseline levels of VWF:Ag, 
syndecan-1, TFPI, PAI-1, and nucleosomes. After adjust-
ment for age, sex, and BMI, these associations remained 
significant with the highest effect sizes for TFPI, syn-
decan-1, and nucleosomes.

As thrombomodulin levels are dependent on renal 
function in patients without endothelial damage,25 we 
evaluated the association of renal failure and sThrombo-
modulin/creatinine ratio. Only high TFPI and sThrombo-
modulin/creatinine ratio baseline levels were significantly 
associated with the occurrence of renal failure. This 
association remained significant after adjustment. No 
association was observed between the other endothe-
lial damage markers at admission and the occurrence of 
hemodynamic failure.

Syndecan-1, TFPI, and nucleosomes levels at ICU 
admission were significantly associated with the occur-
rence of multiorgan injury. After adjustment for age, 

Table 2. Correlations Between Baseline Values of All Biomarkers and Respiratory and Liver Function Criteria

  VWF:Ag
Syn-
decan-1 TFPI PAI-1 sTM C5a C5b-9 TNF-α IL-6 IL-2R

Neutro-
phils

Cell-
free 
DNA

MPO-
DNA

Nucleo-
somes

Pao2/
FiO2

R* −0.28† −0.43† −0.33† −0.13 −0.10 −0.25† −0.032 0.006 −0.14 −0.14 −0.36† −0.20 0.039 −0.31†

P value 0.01† <0.0001† 0.005† 0.26 0.38 0.02† 0.77 0.96 0.21 0.21 0.004† 0.08 0.73 0.008†

ALT R* 0.35† 0.34† 0.28† 0.09 0.046 0.19† 0.25† −0.02 −0.009 0.03 0.26† 0.17 0.088 0.25†

P value 0.001† 0.002† 0.02† 0.4 0.69 0.09† 0.02† 0.83 0.93 0.76 0.04† 0.15 0.44 0.03†

AST R* 0.41† 0.38† 0.37† 0.35† 0.28† 0.24† 0.04 0.31† 0.21† 0.31† 0.27† 0.38† −0.014 0.27†

P value 0.0001† 0.0004† 0.001† 0.001† 0.014† 0.03† 0.7 0.005† 0.05† 0.004† 0.03† 0.001† 0.9 0.02†

Bilirubin R* 0.24† 0.24† 0.27† 0.26† 0.09 0.37† 0.40† 0.12 0.30† 0.14 0.32† 0.44† 0.31† 0.32†

P value 0.03† 0.03† 0.02† 0.017† 0.44 0.001† 0.0002† 0.26 0.006† 0.21 0.009† 0.0001† 0.006† 0.005†

ALT indicates alanine aminotransferase; AST, aspartate aminotransferase; FiO2, fractional inspired oxygen; IL, interleukin; PAI-1, plasminogen activator inhibi-
tor-1; Pao2, arterial oxygen partial pressure; sTM, soluble thrombomodulin; TFPI, tissue factor pathway inhibitor; TNF, tumor necrosis factor; and VWF:Ag, von 
Willebrand factor antigen.

*Squared Spearman rank coefficient correlation.
†
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sex, and BMI, these associations remained significant 
for all parameters (Table II in the Data Supplement for 
unadjusted and age, sex, and BMI adjusted relations). 
It was also noticed that VWF:Ag, syndecan-1, TFPI, 
and PAI-1 were increased according to the number 
of organ-injuries (Figure II in the Data Supplement). 
PAI-1 and nucleosomes levels at ICU admission were 
significantly associated with all-cause-of-death, and 
this association remained significant for nucleosomes 
after adjustment.

Interestingly, the 10 patients who required a VV-
ECMO support for acute respiratory distress syndrome 
(ARDS) presented at ICU admission higher levels of 
endothelial damage markers (VWF, syndecan-1, and 

TFPI) and of IL-6 and a tendency for higher nucleosome 
levels (P=0.09; Figure 2).

Overall, we demonstrated a strong association 
between endothelial damage markers and nucleosomes, 
a marker of NETs, at ICU admission and the occurrence 
of liver injury and multiorgan failure in critically ill patients 
with COVID-19.

Endotheliopathy Is Associated With a 
Dysregulated Immune Response
We further investigated whether cytokine levels, comple-
ment activation, and NETosis were associated with the 
intensity of endotheliopathy (Figure 3). The relation 

Figure 1. Association of biomarkers related to endothelial damage and nucleosomes measured at admission in intensive care 
unit (ICU) with occurrence of organ failures within 14 d of ICU admission or all-cause 28-d mortality.
Forest plots of adjusted effect sizes; (A): respiratory failure; (B): liver injury; (C): renal failure; (D): hemodynamic failure; (E): multiorgan failure; 
and (F): death. Associations were tested using ANCOVA after log transformation of original data. *Effect size (Cohen d for ANCOVA) adjusted 
on prespecified covariates (age, sex, and body mass index [BMI]). ^ False discovery rate adjusted P value; correction for multiple comparisons 
was performed using the Benjamini-Hochberg procedure. ES indicates effect size; PAI-1, plasminogen activator inhibitor-1; s, soluble; TFPI, 
tissue factor pathway inhibitor; and VWF:Ag, von Willebrand factor antigen.
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between baseline values of endotheliopathy biomarkers 
and dysregulated immune response is presented in Table 
III in the Data Supplement. All cytokines correlated with 
VWF:Ag levels. IL-2R and TNF-α also correlated with 
syndecan-1, PAI-1, and sThrombomodulin/creatinine 
levels. All NETs markers correlated with VWF:Ag while 
cell-free DNA and nucleosomes both correlated with 
syndecan-1 and TFPI levels. Cell-free DNA was also cor-
related with PAI-1 levels. When assessing complement 
activation, only VWF:Ag correlated with C5b-9 levels. We 
also observed a correlation between most of the immune 
markers and D-dimer levels (IL-2R: r=0.29, P=0.008; 
IL-6: r=0.26, P=0.02; cell-free DNA: r=0.27, P=0.02; 
nucleosomes: r=0.25, P=0.03; and C5b-9: r=0.35, 
P=0.001), a coagulopathy marker consistently associ-
ated with worse outcomes across COVID-19 studies.

Overall, a dysregulated immune response, including 
NETosis, was associated with endothelial damage mark-
ers highlighting an interaction between inflammatory-
driven processes and endothelial damage leading to 
organ failure in critically ill patients with COVID-19.

Immune Response and Endotheliopathy 
Promote Immunothrombosis
In inflammatory disorders, microvascular thrombosis 
as a consequence of endothelial damage is involved in 
organ failure. We aimed to investigate the main drivers 
of thrombogenicity in COVID-19 through the combined 
analysis of circulating blood biomarkers reflecting endo-
thelial damage and by investigating the composition of in 
vivo generated thrombi collected in alive patients.

We investigated whether the composition of thrombi 
collected in critically ill living patients with COVID-19 

reflected the involvement of both circulating markers 
of endothelial damage, measured by VWF staining and 
immune dysregulation, measured by neutrophils and 
NETs staining.

We performed a histological analysis of thrombi col-
lected from VV-ECMO tubings from 8 patients with 
COVID-19 and 3 patients without COVID-19 presenting 
with ARDS (for main characteristics of patients included 
in this histological analysis, see Table I in the Data Sup-
plement). As expected, Martius Scarlet Blue and hema-
toxylin and eosin stainings revealed a strong presence 
of fibrin and VWF. No prominent differences in red blood 
cells, fibrin, platelet, or VWF content between COVID-
19 and the control thrombi were observed (Figure 4). 
In contrast, a striking accumulation of nucleated cellu-
lar infiltration was found in thrombi from patients with 
COVID-19 compared with control. Neutrophil elastase 
staining revealed that leukocyte infiltrates in COVID-19 
thrombi consisted predominantly of neutrophils, with few 
macrophages detected. Quantitative analysis revealed a 
significant higher area of citrullinated histones H3 stain-
ing in thrombi from patients with COVID-19 compared 
with patients without COVID-19.

In plasma, neutrophil count correlated with mark-
ers of NETosis (cell-free DNA: r=0.51, P<0.0001 and 
nucleosomes: r=0.45, P=0.0005), endothelial damage 
(VWF: r=0.46, P=0.0001; TFPI: r=0.55, P<0.0001; 
syndecan-1: r=0.43, P=0.0003; and PAI-1: r=0.26, 
P=0.04), and cytokine (IL-2R: r=0.29, P=0.02). 
Patients with COVID-19 displayed higher levels of CRP 
and fibrinogen than the 3 patients without COVID-19 
(295 versus 50 mg/L, P=0.01; 8.62 versus 6.1 g/L, 
P=0.05, respectively). Compared with control thrombi, 
COVID-19 thrombi contained significant amounts of 

Figure 2. Comparison of main plasma levels of parameters related to endothelial dysfunction and dysregulated immune 
response at intensive care unit (ICU) admission according to veno-venous extracorporeal membrane oxygenation (VV-ECMO) 
requirement.
Data points indicate individual measurements whereas horizontal bars show mean (SD). AU indicates arbitrary units; ICU, intensive care unit; 
TFPI, tissue factor pathway inhibitor; and VWF:Ag, von Willebrand factor antigen. *P<0.05, ***P<0.001 (Mann-Whitney U test).
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intracellular and extracellular citrullinated histones H3, 
suggestive of NETosis.

Overall, we provide evidence for immunothrombosis 
through endothelial damage and dysregulated immune 
responses, in particular NETs formation, in the pathogen-
esis of severe COVID-19. VWF released from damaged 
endothelial cells interacts with NETs released from neu-
trophils to provide a scaffold for platelet adhesion and 
thrombus formation.26

DISCUSSION
Using endotheliopathy circulating biomarkers, we dem-
onstrate that endothelial damage is associated with respi-
ratory failure, liver injury, multiorgan failure, and death in 
COVID-19. These complications occurred in 73%, 38%, 
60%, and 27% of patients included in the study, respec-
tively, in accordance with previous studies in ICU patients 
with COVID-19.2,27 We also observed a relationship 

between endothelial damage and the extent of immune 
inflammatory responses highlighting that inflammatory-
driven processes are likely primary drivers of endothelial 
damage leading to microvascular thrombosis and organ 
failure in COVID-19. These findings are consistent with 
our previous finding on the direct in vitro acute cytotoxic 
effect on vascular endothelial cells of plasma collected 
from critically ill COVID-19.13 Finally, we provide evi-
dence for a major role of neutrophils, NETosis, and VWF 
as a scaffold for thrombus formation and new associative 
data to support the concept that endothelial damage and 
dysregulated immune responses are involved in throm-
bus formation and organ failure.

The pathophysiology of multiorgan dysfunction in 
patients with COVID-19 is still poorly understood. 
Patients with COVID-19 seem to have a specific respira-
tory failure pattern characterized by an initial good com-
pliance despite severe hypoxemia.27 This discrepancy 
could be linked to ventilation-perfusion mismatch and 

Figure 3.  Association of von Willebrand factor antigen (VWF:Ag), syndecan-1, TFPI (tissue factor pathway inhibitor), and 
PAI-1 (plasminogen activator inhibitor-1) levels with plasmatic levels of cytokines, neutrophil extracellular trap (NET)osis, and 
complement markers.
Correlations were evaluated with Spearman rank-correlation statistical tool. AU indicates arbitrary units; C5b-9, complement membrane attack 
complex; IL-2R, soluble interleukin-2 receptor; TFPI, tissue factor pathway inhibitor; and TNF-α, tumor necrosis factor α.
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the loss of hypoxic pulmonary vasoconstriction because 
of endothelial damage with subsequent activation of 
coagulation and widespread microvascular thrombi for-
mation in the lungs and other organs. In the lung, the 
progressive injury increases vascular permeability then 
causes the alveolar changes, ground-glass appearance 
in the parenchymal lung injury, and clearly ARDS.28,29 
Supporting this concept, we observed that endothelial 

damage markers are significantly associated with the 
development of respiratory failure in ICU upon admis-
sion to ICU.30 Endothelial glycocalyx damage was evi-
denced by increased plasma levels of syndecan-1 and 
TFPI. As TFPI is mainly associated with endothelial cells 
through binding to heparan sulfate proteoglycans, a main 
component of the glycocalyx at the surface of endothe-
lial cells, this result further strengthens the hypothesis 

Figure 4. Histological analysis of clots retrieved from extracorporeal membrane oxygenation (ECMO) circuits after veno-venous 
ECMO removal in recovered patients.
Representative ECMO thrombi from 8 living patients with coronavirus disease 2019 (COVID-19) of ECMO support and from 3 patients 
without COVID-19 with acute respiratory distress syndrome. Consecutive thrombus sections were stained with hematoxylin and eosin (H&E) 
to have a general overview, Martius Scarlet Blue (MSB) to identify fibrin (red) and RBCs (yellow) and immunohistochemical agents (purple) for 
platelets, VWF (von Willebrand factor), macrophages, neutrophil elastase (NE), and citrullinated histones H3 (H3Cit). Nuclei are indicated in 
light green in the immunohistochemical stainings. A–C, H&E, MSB, and the nuclear counterstain on immunostainings reveal a massive amount 
of cellular infiltration in COVID-19 thrombi compared with (D) control. A–C, No substantial differences in fibrin, platelet, and VWF content 
is observed compared with (D) control. A–C, NE staining indicates that the large proportion of leukocytes in patients with COVID-19 are 
neutrophils whereas only a few macrophages (arrows) are found. A–C, COVID-19 thrombi contain both intracellular (arrows) and extracellular 
H3Cit (arrowheads), suggestive of neutrophil extracellular trap (NET)osis. Scale bar=100 µm for H&E, MSB, platelet, and VWF staining. 
Scale bar=50 µm for macrophages, NE, and H3Cit staining. E, Quantitative analysis of NE and H3Cit staining area in ECMO thrombi from 8 
COVID-19 and 3 controls patients. *P<0.05 (Mann-Whitney U test).
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that glycocalyx disruption is a key-feature of critically 
ill patients with COVID-19.31 Endothelial damage was 
also evidenced by unusually high VWF concentrations 
indicative of an acute release of endothelial Weibel-Pal-
ade bodies content in patients with COVID-19, as previ-
ously reported for angiopoietin also stored in the same 
organelles.14 However, it should be mentioned that the 
presence of endothelial injury is not specific of COVID-
19 since the prognostic value of endothelial biomarker 
levels was already reported in patients with septic shock 
or acute lung injury.32 Prior reports have also extensively 
linked aberrant NETs formation to pulmonary diseases, 
particularly ARDS. Neutrophils from patients with pneu-
monia-associated ARDS appear primed to form NETs, 
and both the extent of priming and the level of NETs in 
blood correlate with disease severity and mortality.33,34 It 
is, therefore, likely that NETs, as a source of extracellular 
histones, contribute to ARDS and sepsis.35,36

There are increasing reports addressing the patho-
physiology of ARDS related to COVID-19 using sea-
sonal influenza patients as controls. To date, most of the 
data were derived from autopsy studies performing com-
parisons with historical controls such as patients who 
died from seasonal influenza. Ackermann et al12 showed 
distinctive vascular features between patients who 
died from COVID-19 and influenza with lung autopsy 
of COVID-19 specimens showing more severe endo-
thelial injury with disrupted endothelial cell membranes 
and alveolar-capillary microthrombi. Likewise, Nicolai 
et al37,38 reported a significantly higher percentage of 
vessels with features of immunothrombosis in the lung 
vasculature in patients with COVID-19 than in patients 
without COVID pneumonia ones. While being pivotal in 
the understanding of the pathophysiology of respiratory 
failure in COVID-19, the major limitation of such stud-
ies is inherent to their postmortem nature with potential 
confoundings related to long-term ICU complications 
unspecific to COVID-19. Our study was designed to 
overcome such limitation using a dual approach includ-
ing the dosing of an extensive set of biomarkers related 
to endothelial damage and NETosis at ICU admission 
and a thrombus analysis performed on thrombi retrieved 
from alive patients with COVID-19 at ECMO weaning. 
Our study gives further evidence supporting a critical role 
for endotheliopathy and immunothrombosis in COVID-
19 ARDS pathophysiology since we observed that these 
biomarkers upon admission were significantly associated 
with the development not only of respiratory failure but 
also hepatic and multiorgan failure in ICU.

Beyond respiratory failure, kidney, and liver injuries 
were frequently observed in our COVID-19 cohort as 
previously reported.18,39–41 The direct relation between 
biomarkers of endothelial damage, NETosis with differ-
ent organ dysfunctions has not been established so far 
during COVID-19 apart from autopsy findings.11,12 It is 
noteworthy to report that the extent of endotheliopathy 

and microvascular damage at ICU admission in patients 
with COVID-19 is associated not only with respiratory 
failure but also with the occurrence of multiorgan failure. 
Indeed, high baseline levels of most endothelial biomark-
ers were associated with the development of liver injury 
while this association was not found for hemodynamic 
failure and only observed with TFPI levels for renal fail-
ure suggesting that different mechanisms are contribut-
ing to liver and renal injuries in patients with COVID-19. 
Moreover, liver injury occurred at a later stage than renal 
dysfunction. Thrombomodulin is increased in patients 
with renal dysfunction, a situation frequently encoun-
tered in critically ill patients with COVID-19.25,41 As such, 
we only found a week association between the sThrom-
bomodulin over creatinine ratio and the development 
of renal injury. A renal tropism of SARS-CoV-2 with a 
direct cytopathic effect on podocytes and renal tubu-
lar epithelial cells could explain our results,42 although 
ultrastructure evidence of direct viral replication in the 
kidney is lacking.

Liver injury occurs in 14% to 53% of patients with 
COVID-19 according to the definition criteria used 
across studies and patient’s illness severity.43,44 Raised 
transaminase levels are also frequently reported despite 
the fact that ACE2 is poorly expressed on hepatocytes 
and that SARS-CoV-2 RNAs were not detected in hepa-
tocytes from patients with COVID-19.45,46 In contrast, 
given that ACE2 is highly expressed in the endothelial 
layer of small hepatic blood vessels, hepatic dysfunction 
could be related to endotheliopathy rather than to a cyto-
pathic viral effect. The significant association between 
the degree of endotheliopathy and the development of 
liver injury is in line with this hypothesis. Liver injury at 
admission was most frequently observed in patients with 
elevated cytokines, complement activation, and NETosis 
suggesting that inflammatory-driven processes could 
promote hepatocyte or liver sinusoidal cell damage in 
patients with COVID-19. Patients with COVID-19 with 
nonalcoholic steatohepatitis have a higher likelihood 
of developing a severe illness, irrespective of obesity.47 
Interestingly, altered hepatic immune function has been 
also recently reported to mediate the progression of 
fatty liver to nonalcoholic steatohepatitis through pro-
nounced changes in blood immune cell populations.48 
Whether nonalcoholic steatohepatitis presence exacer-
bates the SARS-CoV-2-induced inflammatory process 
thereby contributing mechanistically to severe COVID-
19 deserves further research.

We also clearly demonstrated that thrombi are infil-
trated with neutrophils and contain markers suggestive 
of NETs, confirming the role of neutrophils and NETs 
in the immunothrombotic complications that character-
ize COVID-19 pathology.37,38,49,50 We also provide new 
evidence for a major role of VWF, a binding partner of 
NETs, as a scaffold for thrombus formation in critically ill 
patients with COVID-19.51
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Albeit being observational, our results strengthen the 
concept that mechanical vessel obstruction by aggre-
gated NETs is a major pathogenic determinant of severe 
COVID-19 leading to vascular damage, thrombosis, 
and organ dysfunction. In vitro, it has been shown that 
sera from patients with COVID-19 trigger NETs release 
from control neutrophils.52 There is also some evidence 
that SARS-CoV-2 infection promotes an immunologic 
response unseen with seasonal influenza. This differ-
ence is well illustrated in our ECMO cohort with patients 
with COVID-19 displaying significantly higher levels of 
CRP and fibrinogen than the 3 patients without COVID 
ARDS. This is in line with the recently published case 
series also reporting a significantly higher content of 
NETs in the coronary thrombi of COVID-19 patients 
with ST-segment–elevation myocardial infarction com-
pared with historical non-COVID-19 ST-segment–ele-
vation myocardial infarction.53 Whether this increased 
NETosis is due to complement activation or to specific 
interactions between monocytes and neutrophils or to 
other mechanisms is currently under investigation. Our 
results clearly suggest a specific role of neutrophils and 
NETs in the thrombotic process of circulating blood. A 
marked imbalance between VWF and ADAMTS13 was 
present at admission indicative of a reduced capacity of 
ADAMTS13 to process ultralarge VWF multimers, a find-
ing associated with microvascular thrombosis and organ 
failure in sepsis.54 Given that the prothrombotic role of 
VWF fibers included in NETs is dependent on their mul-
timeric size, potent inhibitors of ADAMTS13 activity such 
as thrombospondin-1 and α-defensins released locally 
by activated platelets and neutrophils, respectively, could 
potentiate thrombus growth by VWF fibers.55–57

Targeting dysregulated immune responses, including 
neutrophils and NETosis or endotheliopathy, might be a 
valuable and feasible therapeutic approach to prevent 
thrombosis and improve clinical outcomes of COVID-
19. Drugs that target NETs include molecules that block 
neutrophils function such as glucocorticoids that prevent 
NETosis such as neutrophil elastase and PAD4 (peptidyl 
arginine deiminase type 4) inhibitors and that disman-
tle NETs with DNAses I.58,59 Improving NETs clearance 
through exogenous DNase treatment with recombinant 
human DNase I is currently under investigation for safety 
and efficacy in nine clinical trials in COVID-19. Targeting 
the VWF-ADAMTS13 axis is also an attractive hypoth-
esis. N-acetylcysteine that dissolves ultralarge VWF mul-
timers under different conditions in both animal models 
and humans is also currently under investigation.60

The main strengths of our study are (1) our outcomes 
were not restricted to respiratory failure or death and 
other organ dysfunctions were investigated and (2) we 
assessed the occurrence of organ injury in the first 14 
days only after ICU admission and the composition of 
extrapulmonary thrombi collected at the acute phase of 
the disease. Thus, our results are less likely to be affected 

by confounding related to long-term complications 
unspecific to COVID-19, (3) we combined a large panel 
of markers and adjusted our results to the main COVID-
19 comorbidities to disentangle the role of SARS-CoV-2 
on top of comorbidities. Assessing whether the biomark-
ers associated with multiorgan dysfunction in our study 
are specific to SARS-CoV-2 or could be translated to 
other viruses such as SARS, MERS, or influenza is a 
major limitation.

In conclusion, our results suggest that organ injury 
due to endothelial and microvascular damage is associ-
ated to immunopathology and may occur in parallel to 
SARS-CoV-2 intracellular infection.
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Abstract
Background: Despite a high prevalence of angiodysplasia, no specific guidelines are 
available for the modalities of endoscopic exploration of gastrointestinal (GI) bleeding 
in von Willebrand disease (VWD). Whether VWD patients could benefit from video 
capsule endoscopy (VCE) looking for angiodysplasia eligible to endoscopic treatment 
or at high risk of bleeding is unknown.
Objectives: To assess the diagnostic efficacy for angiodysplasia and the prognostic 
value of VCE on top of conventional endoscopy in VWD patients with GI bleeding.
Patients/Methods: A survey was sent to the 30 centers of the French-network on 
inherited bleeding disorders to identify VWD patients referred for endoscopic explo-
ration of GI bleeding from January 2015 to December 2017. Data obtained included 
patient characteristics, VWD phenotype/genotype, GI bleeding pattern, results of 
endoscopic investigations, and medical management applied including endoscopic 
therapy. We assessed by Kaplan-Meier analysis the recurrence-free survival after the 
first GI bleeding event according to endoscopic categorization and, in patients with 
angiodysplasia, to the presence of small-bowel localizations on VCE exploration.
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1  | INTRODUC TION

Gastrointestinal (GI) bleeding is the most frequent cause of hospitali-
zation in von Willebrand disease (VWD).1,2 VWD patients often pre-
sent with recurrent overt or occult GI bleeding from an unidentified 
source on conventional endoscopy.3 This clinical picture is assumed 
to be related to an increased incidence of GI angiodysplasia in VWD.4 
The mechanism could involve a dysregulated angiogenesis related to 
the lack of von Willebrand factor (VWF) high molecular weight mul-
timers5-7 because GI bleeding from angiodysplasia is more frequent 
in VWD types 2A, 2B, and 38,9 and in acquired von Willebrand syn-
drome.10,11 The management of angiodysplasia has been revolutionized 
with the advent of video capsule endoscopy (VCE), which is now the 
gold standard investigation to detect small-bowel angiodysplasia when 
no GI bleeding source is identified after conventional endoscopy and to 
screen for lesions eligible to argon plasma coagulation (APC), the most 
effective endoscopic therapy.12,13 Despite a high prevalence of angiod-
ysplasia in VWD, no specific guidelines are available for the modalities 
of GI tract exploration in patients with GI bleeding. Current endoscopic 
exploration in these patients relies on a nonstandardized strategy and 
its efficiency to predict outcome remains poorly reported.

2  | AIMS

To investigate in current practice the diagnostic efficacy for angiod-
ysplasia detection and the prognostic value of implementing VCE on 
top of conventional endoscopy in VWD patients with GI bleeding.

3  | METHODS

A survey was sent to the 30 centers involved in the French network 
on inherited bleeding disorders (MHEMO) to identify VWD patients 
referred for endoscopic exploration of at least one GI bleed from 

January 2015 to December 2017 and describe the practices. The 
follow-up period was limited to 3 years because of rapid changes in 
devices allowing endoscopic treatment.14 Only VWD patients fulfill-
ing the inclusion criteria of the French reference center for VWD15 
were included. VWD diagnosis was confirmed centrally in all patients 
including genotyping. GI bleeding episode was defined as any overt 
or occult GI bleeding (unexplained iron deficiency anemia causing a 
drop of hemoglobin level by > 2 g/dL from baseline). We analyzed pa-
tient characteristics, VWD type/subtype, GI bleeding pattern, nature 
(gastroscopy, colonoscopy, or VCE), and results of the endoscopic 
exploration and management that was applied: endoscopic therapy 
by APC, on-demand/prophylactic VWF replacement therapy, use 
of antiangiogenic drugs. If angiodysplasia without another bleeding 
source was identified, GI bleeding was categorized as “angiodyspla-
sia.” GI bleeding was categorized as “no angiodysplasia” if another 
lesion was identified and as “obscure GI bleeding” if no bleeding 
source was identified. Patients with angiodysplasia were catego-
rized as “new additional angiodysplasia” or “de novo angiodysplasia” 
whether there was preexisting angiodysplasia at start of follow-up. 
Recurrence was defined as evidence of overt or occult GI bleeding 
(drop of hemoglobin level by > 2 g/dL from baseline). The study was 
approved by the institutional data protection authority of all partici-
pating centers (CNIL registration number DEC19-252).

Continuous variables were expressed as mean (± standard error 
of the mean or standard deviation) or median (with interquartile 
range) and categorical data as n (%). Univariate analysis involved 
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Results: GI bleeding source localization was significantly improved when including 
VCE exploration (P < .01), even in patients without history of angiodysplasia (P < .05). 
Patients with angiodysplasia had more GI bleeding recurrences (P < .01). A lower 
recurrence-free survival was observed in patients with angiodysplasia (log-rank test, 
P = .02), and especially when lesions were located in the small bowel (log-rank test, 
P < .01), even after endoscopic treatment with argon plasma coagulation (log-rank 
test, P < .01).
Conclusion: VCE should be more systematically used in VWD patients with unex-
plained or recurrent GI bleeding looking for angiodysplasia eligible to endoscopic 
treatment or at high risk of relapse.

K E Y W O R D S

angiodysplasia, argon plasma coagulation, gastrointestinal bleeding, video capsule endoscopy, 
von Willebrand disease

Essentials

• VCE improves the diagnostic yield for angiodysplasia in 
VWD.

• Patients with obscure or recurrent GI-bleeding should 
benefit from VCE.
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Mann-Whitney test for continuous variables and chi-squared or 
Fisher tests for binary variables. We assessed by Kaplan-Meier 
analysis the recurrence-free survival after the first GI bleeding 
event according to endoscopic categorization and in patients with 
angiodysplasia the rate of GI bleeding recurrence according to the 
presence of small-bowel localizations on VCE xploration. Statistical 
analysis was performed with SPSS® software. Differences with P 
values < .05 were considered significant.

4  | RESULTS AND DISCUSSION

Seventy-,seven percent of the MHEMO centers answered the sur-
vey allowing further analysis of each case. All centers had access to 
the full set of endoscopic exploration including VCE. Patient char-
acteristics and results are summarized in Table 1. A total of 127 GI 
bleeding episodes were reported in 50 patients (mean = 0.84 GI 
bleeding episode per patient-year). At inclusion, 20% had preexist-
ing angiodysplasia, 16% were receiving VWF prophylaxis (with GI 
bleeding as primary indication in half of them), 8% were treated 
with antiangiogenic drugs (octreotide, n = 2; atorvastatin, n = 2), 
and 8% with antithrombotic drugs.

During follow-up, angiodysplasia were identified endoscopically 
in 46% of patients confirming angiodysplasia as the leading cause of 
GI bleeding in VWD.2 Patients with angiodysplasia were older than 
patients with obscure GI bleeding (P = .002) and their most frequent 
presentation was melena. A total of five children, VWD type 2A 
(n = 2) or type 3 (n = 3), were explored for GI bleeding. The bleeding 
source was not identified in three children, whereas a diagnosis of 
gastric angiodysplasia and anal fissure was established in the others. 
GI bleeding and angiodysplasia were more frequently observed in 
VWD patients with type 2A, 2B, or 3 compared with patients without 
high molecular weight multimers defect (respectively, n = 40/815 vs 
n = 10/1082, P < .0001; and n = 17/815 vs 6/108, P = .005).

GI bleeding management in VWD patients with angiodysplasia 
is challenging because of the severity and the recurrence of bleed-
ing episodes.16,17 Off-label use of antiangiogenic drugs is sometimes 
considered in patients with refractory GI bleeding.18,19 In our cohort, 
73% of patients with angiodysplasia or obscure GI bleeding were 
treated prophylactically with either VWF-containing concentrates 
(n = 15), antiangiogenic drugs (octreotide, n = 4; atorvastatin, n = 3), 
or both (VWF prophylaxis and octreotide, n = 3) during follow-up. 
VWF prophylaxis was more frequently introduced or intensified for 
GI bleeding in patients with angiodysplasia or obscure GI bleeding 
compared with patients with no angiodysplasia (43%, 72%, and 6%; 
P = .01 and P < .001, respectively).

The sequential endoscopic investigations during follow-up are 
summarized in Figure 1. All patients were explored at least once with 
conventional endoscopy. Overall, angiodysplasia were identified in 26% 
of patients after conventional endoscopy: new additional angiodyspla-
sia was identified in 50% of patients with preexisting angiodysplasia 
and de novo angiodysplasia in 20% of patients without preexisting 
angiodysplasia, a proportion in line with a recent study also reporting 

the frequency of angiodysplasia on conventional endoscopy.2 Besides 
angiodysplasia, other lesions were identified in 32% of patients after 
conventional endoscopy (Table 1). In the remaining 42% of patients, 
the bleeding source was not identified after conventional endoscopy. 
This high proportion of VWD patients still having a negative explo-
ration after conventional endoscopy highlights the need for a more 
systematic and multimodal approach to identify angiodysplasia.12,13 
Among these 21 patients without bleeding source identification after 
conventional endoscopy, 15 underwent at least one VCE exploration 
and angiodysplasia were identified in 10/15 (66%) of them. In patients 
with angiodysplasia lesions already identified after conventional en-
doscopy, synchronous small-bowel lesions were identified in 3/8 (38%) 
of patients who underwent at least one VCE exploration. No differ-
ence in VCE referral was observed whether patients had preexisting 
bleeding angiodysplasia or not (6/10 and 19/40 patients, respectively, 
P = .48). A trend for more GI bleeding events was observed in patients 
referred for VCE compared with patients without VCE referral (3 ± 2.1, 
n = 25 vs 2 ± 1.5, n = 11; P = .11).

No adverse events associated with VCE exploration were re-
ported. Although all the patients eligible to VCE exploration were not 
investigated, de novo angiodysplasia was identified in 40% of patients 
without preexisting angiodysplasia and new additional angiodysplasia 
in 70% of patients with preexisting angiodysplasia when combining 
VCE to conventional endoscopy (Table 1). Overall, the endoscopic 
localization of the bleeding source was significantly improved when 
using VCE exploration (P < .01). This result remained significant 
even after excluding the 10 patients with preexisting angiodysplasia 
(P < .05). In our cohort, VCE allowed to further identify angiodysplasia 
in two-thirds of patients with negative conventional endoscopy. Of 
the 11 patients with obscure GI bleeding at the end of the follow-up 
who should have been further explored, six were not investigated 
despite VCE availability. This suggests a need for dedicated guide-
lines for endoscopic exploration in VWD patients with GI bleeding 
strengthening the role for VCE on top of conventional endoscopy.

No death related to GI bleeding occurred during follow-up. A high 
rate of recurrence was observed (median per patient = 1 [0-2]; range: 
0-7). At least one recurrence was observed in 58% of patients and 32% 
of them had at least two recurrences. The frequency of recurrences 
was higher in patients with angiodysplasia compared with patients 
with another bleeding lesion (log rank test, P = .02; Figure 2A).

At least one complete revision of the GI tract, including VCE ex-
ploration, was performed in 18 patients with angiodysplasia during 
their follow-up. More GI bleeding recurrences were observed in pa-
tients with small-bowel angiodysplasia on VCE than in patients with 
without such localization (median = 2.5 [2-4.5], n = 12 vs 0 [0-1], 
n = 6; P < .01), whereas there was no significant difference in age and 
duration of follow-up between both groups. Accordingly, a lower sur-
vival rate before first GI bleeding recurrence was observed in patients 
with small-bowel angiodysplasia (log-rank test, P < .01), with most of 
them having their first recurrence within 12 months (Figure 2B).

Eighteen patients with angiodysplasia (78%) were treated at least 
once with APC for a total of 22 procedures. GI bleeding relapsed in 
55% of these patients and following 50% of procedures. VCE status 
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TA B L E  1   Clinical characteristics according to endoscopic categorization

Variables All (n = 50)
Angiodysplasia 
(n = 23)

No Angiodysplasia 
(n = 16)

Obscure GI 
Bleeding (n = 11) P value

Age (median) [IQR] 61 [40-68] 65 [49-70] 47 [38-69] 46 [13-62] 0.06a , 0.002b 

Male/female 26/24 13/10 8/8 5/6 nsa,b 

VWD, n (relative %h )

Type 11 1 (0.2%) 1 (0.2%) 0 0 -

Type 22

2A 13 (3.5%) 9 (2.4%) 2 2

2B 16 (4.2%) 5 (1.3%) 7 4

2M 8 (1.8%) 4 (0.9%) 3 1

2N 1 (0.7%) 1 (0.7%) 0 0

Type 33 11 (16%) 3 (4.5%) 4 4

VWF:Ag IU/dL (median, IQR) 25 [10-40] 29 [15-50] 22 [3-35] 16 [0-40] nsa,b 

VWF:RCo IU/dL (median, IQR) 10 [5-16] 8 [5-14] 12 [1-20] 10 [0-20] nsa,b 

FVIII:C IU/dL (median, IQR) 32 [20-49] 33 [24-58] 34 [13-50] 31 [2-53] nsa,b 

Use of antithrombotic drugs, n 4 3f  1g  0 nsa,b 

GI bleeding

GI bleeding events, n (median, 
IQR) per patient

2 [1-3] 3 [1-4] 1 [1-2] 2 [1-2] 0.01a , 0.04b 

Patients with ≥ 1 GI bleeding 
recurrence, n (%)

29 (58%) 17 (74%)j  5 (31%) 7 (63%) <0.001a , 0.04b 

Endoscopic procedures

Gastroscopy, n (median, IQR) 
per patient

1 [1-2] 2 [1-3] 0.5 [0-1] 1 [1-2] <0.001a , nsb 

Coloscopy, n (median, IQR) 
per patient

1 [1-2] 1 [1-2] 1 [0.25-1] 1 [1-2] nsa,b 

Completion of VCE during 
follow-up, n (%)

25 (50%) 18 (78%) 2 (12.5%) 5 (45%)

Lesions identified after conventional endoscopy

Angiodysplasia 13/50

New additional lesionsc  5/10 - - - -

De novo angiodysplasiad  8/40

Other lesionse  16/50

No diagnosis 21/50

Lesions identified in patients negative after conventional endoscopy

Angiodysplasia 10/15

New additional lesionsc  - 2/3 - - -

De novo angiodysplasiad  8/12

Medical management

VWF prophylaxis

At baseline, n (%) 8 (16%) 4 (17%) 1 (6%) 3 (27%)

Introduction or 
intensification during 
follow-up, n (%)

19 (38%) 10 (43%) 1 (6%) 8 (72%)

Antiangiogenic drugs

At baseline, n (%) 4 (8%) 3 (13%) 0 1

(Continues)
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was available for 13 patients treated with APC (through conventional 
endoscopy [n = 11] or double-balloon enteroscopy [n = 2]). The median 
time to rebleeding after APC of gastric, duodenal, or colonic angiodys-
plasia was 6.5 months in patients having a concomitant small-bowel 
lesion ineligible to APC (n = 7), whereas only one of the six patients with-
out such localization relapsed after 21 months (log-rank test, P < .01). 
Three patients with angiodysplasia relapsed while on antithrombotics 
suggesting that recurrence may also be medication related.

In our cohort, there was a large heterogeneity in the duration and 
intensity of the VWF prophylaxis regimen. However, an increased 
use of VWF prophylaxis and/or antiangiogenic drugs was observed 
during follow-up in patients with small-bowel angiodysplasia com-
pared with other angiodysplasia patients without such localization 
(10/12, 83% and 2/6, 33%, respectively; P = .03). Antiangiogenic 
treatment was initiated in six patients, with five of them having 
small-bowel angiodysplasia ineligible to APC. These data suggest 
that the presence of small-bowel lesions inaccessible to endoscopic 
treatment is associated with a worse outcome4,20 and should be in-
cluded in the decision to introduce or intensify VWF prophylaxis or 
to use antiangiogenics. Identifying a lesion on endoscopy does not 
prove this lesion is the cause of GI bleeding unless active or signs 
of recent bleeding are also identified. The detection of nonbleeding 

angiodysplasia is likely to be higher when repeating endoscopic in-
vestigations including VCE. In non-VWD patients, the prevalence of 
incidental colonic angiodysplasia is rare, and these lesions are char-
acterized by a benign course with almost no recurrence at 3 years.21 
By contrast, in our cohort, patients with angiodysplasia had more GI 
bleeding recurrence and an increased need for VWF replacement 
therapy or antiangiogenic drugs. Moreover, the endoscopic treat-
ment of lesions accessible to APC was efficient in one-half of the 
patients to prevent further GI bleeding. These data provide indirect 
evidence of the clinical relevance of these lesions in VWD patients.

Altogether our results provide evidence that using VCE on top of 
conventional endoscopy in VWD patients with GI bleeding improves 
the diagnostic yield for angiodysplasia and outcome prediction. Our 
results support a more intensive exploration of the GI tract in VWD 
patients with unexplained or recurrent GI bleeding with a systematic 
use of VCE allowing to identify new lesions eligible for local endo-
scopic treatment or helping to adapt medical treatment.

Because relapse may not only indicate failure of endoscopic 
treatment but also the presence of untreated lesions, such endo-
scopic strategy aiming to optimize the identification and treatment 
of angiodysplasia could limit the GI bleeding recurrences and im-
prove outcomes in VWD patients.

Variables All (n = 50)
Angiodysplasia 
(n = 23)

No Angiodysplasia 
(n = 16)

Obscure GI 
Bleeding (n = 11) P value

At the end of follow-up, 
n (%)

9 (18%) 8 (34%)i  0 1

Argon plasma coagulation, 
n (%)

- 18 (78%) - -

ns, nonsignificant.
VWD genotyping (n = 1 unless otherwise stated):
Type 11: p.Arg1205Leu.
Type 22: 2A: p.Tyr1146Cys, p.Glu1554_Gln1556del (n = 2), p.Leu1580Pro, p.Leu1582Pro, p.Arg1583Trp/p.Tyr1584Cys, p.Arg1597Trp (n = 3), 
p.Thr1608Pro, p.Val1665_Cys1669del, delExon17-19; 2B: p.Met1304dup (n = 4), p.Arg1306Gln, p.Arg1306Trp, p.Arg1308Pro (n = 2), p.Arg1308Cys, 
p.Val1316Met, p.Arg1341Gln (n = 5), p.Ile1380Lys; Type 2M: p.Arg1315Cys (n = 3), p.Arg1374Cys, p.Ser1378Phe, p.Tyr1735Asn, p.Leu1383Pro; Type 
2N: p.Arg854Gln
Type 33: p.Arg273Trp/p.Gln1311*, p.Pro812Argfs*31homozygous, p.Arg34*/p.Arg960*, c.55 + 1G>T/p.Pro812Argfs*31, p.Pro1266Gln/p.Val1279Ile, 
p.Gln1311*/c.8254-10T > C, p.Gln1311* homozygous, delExon1-52 homozygous, p.Cys1130* homozygous, p.Glu2742*/c.8190_8253 + 1dup64, 
p.Arg447Trp/p.Cys2248Tyr/p.Leu2786Pro.
aP value for “no angiodysplasia” vs “angiodysplasia.” 
bP value for “obscure GI bleeding” vs “angiodysplasia.” 
cPatients diagnosed with angiodysplasia with preexisting angiodysplasia at start of follow-up. 
dPatients diagnosed with angiodysplasia without preexisting angiodysplasia at start of follow-up. 
eOther lesions (n = 1 unless otherwise stated): peptic ulcer (n = 5), hemorrhoidal bleeding (n = 5), colorectal adenoma (n = 3), colorectal 
adenocarcinoma, diverticular bleeding, anal fissure. 
fAspirin for coronaropathy in a 67-y-old male with VWD type 2A diagnosed with small-bowel angiodysplasia: no aspirin withdrawal, 3 relapses; 
Dual aspirin + clopidogrel therapy in a 68-y-old female with VWD type 2M diagnosed with small-bowel angiodysplasia: 1 relapse after clopidogrel 
withdrawal; apixaban uptake for atrial flutter in a 80-y-old female with VWD 2N diagnosed with small-bowel angiodysplasia: after 2 recurrences 
under apixaban, a radiofrequency catheter ablation was performed to remove apixaban. No further relapse occurred after apixaban withdrawal. 
gFluindione uptake for atrial fibrillation in an 80-y-old male with VWD type 2M diagnosed with gastric ulcer and diverticular polyposis: no fluindione 
withdrawal, 4 relapses. 
hRelative percentage of VWD patients with GI bleeding or angiodysplasia relative to the total number of VWD patients followed in the centers who 
completed the survey. 
iOne patient stopped atorvastatin uptake before the end of follow-up owing to a lack of efficacy and the presence of muscular side effects. 
j11/17 patients without preexisting angiodysplasia and 6/7 patients with preexisting angiodysplasia experienced repeated bleeding. 

TA B L E  1  (Continues)
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Two large academic centers (representing 21% of the cohort) 
accounted for 12 of the 25 patients referred for VCE. It could be 
related to an increased awareness of angiodysplasia burden in VWD 

leading to a closer collaboration between hematologists and gastro-
enterologists in largest centers. This intercenter heterogeneity re-
flects real-life data and underlines the need for specific guidelines 

F I G U R E  1  Diagnosis yield of video capsule on top of conventional endoscopy in VWD patients with GI bleeding. A, Flow diagram of sequential 
endoscopic explorations detailing for both patients with and without preexisting angiodysplasia at the start of follow-up the proportion of patients 
who completed VCE and the results of endoscopic exploration (angiodysplasia, other bleeding lesion, or obscure GI bleeding). B, Diagnostic 
yield of CE + VCE endoscopic strategy compared with CE alone for angiodysplasia: in all VWD patients (n = 50, chi-squared test, **P < .01) and 
in VWD patients without preexisting angiodysplasia at start of follow-up (n = 40, chi-squared test, *P < .05). CE, conventional endoscopy; GI, 
gastrointestinal; OGIB, obscure GI bleeding; VCE, video capsule endoscopy [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E  2   Risk stratification of GI bleeding recurrence in VWD patients with GI bleeding. A, Comparison of the recurrence-free 
survival after the first GI bleeding event according to final endoscopic categorization as “angiodysplasia,” “obscure GI bleeding,” or “no 
angiodysplasia.” The recurrence rate was significantly higher in patients with angiodysplasia compared with patients with another bleeding 
lesion (P = .02, log-rank test). B, Comparison of the recurrence-free survival after the first GI bleeding event in patients with (n = 12: VWD 
type 1 [n = 1], 2A [n = 5], 2B [n = 3], 2M [n = 1], 2N [n = 1], and 3 [n = 1]) or without small-bowel angiodysplasia (n = 6: VWD type 2A [n = 2], 
2B [n = 1], and 2M [n = 3]) on VCE.† The recurrence rate was significantly higher in the presence of small-bowel angiodysplasia (P = .005, log 
rank test). †Analysis restricted to the 18 angiodysplasia patients who underwent at least one complete revision of their gastrointestinal tract 
(including VCE exploration) during their follow-up. Of the 13 patients with a positive VCE, 12 had a small-bowel localization, and one patient 
a gastric lesion [Colour figure can be viewed at wileyonlinelibrary.com]
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dedicated to the modalities of endoscopic exploration in VWD pa-
tients with GI bleeding.

5  | CONCLUSION
VWD patients with GI bleeding could benefit from a better stand-
ardized management with a more systematic use of VCE looking for 
angiodysplasia eligible to endoscopic treatment or at high risk of re-
lapse. VCE could be useful to improve the diagnostic yield of angiod-
ysplasia and to tailor the intensity and duration of VWF prophylaxis 
and the schedule of the endoscopic follow-up considering also VWD 
severity. Whether such a management taking into account the multi-
focal localization of GI angiodysplasia could translate into improved 
outcomes in VWD deserves further studies. A multidisciplinary ap-
proach including close collaboration between hematologists and 
gastroenterologists and access to full set of endoscopic procedures 
should be the standard of care in VWD patients with GI bleeding.
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Lung histological analyses revealed the presence of vascular inflammation and 
severe endothelial injury as a direct consequence of intracellular severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and ensuing host 

inflammatory response in coronavirus disease 2019 (COVID-19).1 Endothelial cells 
promote coagulation following injury, leading to widespread formation of micro-
thrombi, provoking microcirculatory failure or large-vessel thrombosis.2 Growing evi-
dence suggests that microvascular thrombosis is a major pathophysiological event in 
COVID-19 pathogenesis. Damaged endothelial cells could be closely implicated in 
the prothrombotic state commonly reported in severe patients in the intensive care 
unit (ICU). How SARS-CoV-2 exerts its cytopathic effects is still a matter of debate, 
and ultrastructural evidence of direct viral replication in endothelial cells remains to 
be demonstrated. Although direct viral tissue damage is a plausible mechanism of 
injury,3 endothelial damage and thromboinflammation associated with dysregulated 
immune responses, inducing microvascular thrombosis, represent an attractive alter-
native hypothesis.2 Using cultured human pulmonary microvascular endothelial cells 
(HPMVEC), we assessed whether plasma collected from patients with COVID-19 at 
different disease stages could trigger endothelial damage in vitro. The cytotoxicity 
of plasma samples on HPMVEC was evaluated by assessing mitochondrial activity 
(WST-1 test) 1 hour after incubation of cells with plasma as previously described.4 
We further investigated the association of plasma-induced cytotoxicity with levels of 
circulating biomarkers related to organ dysfunction (Pao2 [partial pressure of oxygen 
in arterial blood]/Fio2 [fraction of inspired oxygen], widely used as an indicator of oxy-
genation requirements, lactate dehydrogenase, creatinine, and aspartate transami-
nase), endothelial damage (von Willebrand factor antigen; ADAMTS13; plasminogen 
activator inhibitor-1; syndecan-1), tissue injury (cell-free DNA, a damage-associated 
molecular patterns marker), and levels of circulating cytokines related to the activa-
tion of innate (interleukin [IL]–6 and tumor necrosis factor–α) and adaptative immune 
cell responses (soluble IL-2 receptor). Inclusion criteria were individuals aged 18 years 
or older with a positive SARS-CoV-2 real-time reverse-transcriptase polymerase chain 
reaction on nasal or tracheal samples admitted to the Lille University Hospital. Patients 
on treatment with direct oral anticoagulant or vitamin K antagonists were switched 
to therapeutic heparin therapy on admission. Patients not in the ICU received once 
daily thromboprophylaxis with enoxaparin according to their body weight. Patients in 
the ICU received enoxaparin or unfractionated heparin according to their renal status, 
their body weight, and the need for invasive procedures. This study was approved 
by the French institutional authority for personal data protection (Commission Natio-
nale de l’Informatique et des Libertés No. DEC20-086) and the ethics committee (IRB 
2020-A00763-36), and informed consent was obtained from all participants.

HPMVEC viability was assessed after coincubation with plasma sampled on ad-
mission from 28 consecutive patients (non-ICU, n=16; ICU, n=12) hospitalized for 
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COVID-19 at the Lille University Hospital between March 
30, 2020, and April 8, 2020, in convalescent patients 
with COVID-19 (n=6 from the 12 patients in the ICU) 
sampled after ICU discharge (mean±SD, 21±7 days) and 
in control healthy donors (n=8). Compared with healthy 
donor plasma, plasma from patients with COVID-19 sig-
nificantly decreased HPMVEC viability, with plasma from 

patients in the ICU inducing the greatest cytotoxicity (Fig-
ure [A]). It is interesting that HPMVEC viability was par-
tially restored to control when plasma from convalescent 
patients after ICU discharge was tested and compared 
with plasma of the same patients at the time of ICU ad-
mission. Moreover, markers of organ dysfunction were 
correlated with plasma-induced cytotoxicity (Figure [B]). 

Figure. Endothelial cell cytotoxicity induced by plasma sampled from critically ill and convalescent patients with coronavirus disease 2019 (COVID-19).
The cytotoxicity of platelet-poor plasma samples (obtained after a double centrifugation of citrate tubes at 2500 g for 15 minutes at room temperature) from patients 
with COVID-19 and controls on HPMVEC was evaluated with a colorimetric assay using 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1.3-benzene disulfonate 
(WST-1), which in viable cells is cleaved by mitochondrial dehydrogenases. After incubation, the cells were washed with phosphate buffered saline and incubated with 
WST-1 (Roche, Basel, Switzerland) at a dilution of 1:10 (10 µL) for 2 h at 37°C. Absorbance was measured using a multiwell plate reader (Synergy HTX multi-mode plate 
reader, BioTek Instruments, Highland Park, VT) at 450 nm with a reference wavelength of 620 nm. As a positive control for endothelial cell injury, Shigatoxin 145 (Sigma-
Aldrich, Saint Quentin Fallavier, France) was spiked in plasma from healthy adults (10 µg/mL final concentration) and incubated at 37°C for 15 minutes,before addition to 
HPMVECs. Experiments were performed in triplicate for each patient sample. A, HPMVEC viability after exposure to plasma sampled in healthy subjects (n=8), in non-ICU 
(n=16), and in ICU (n=12) on admission and in 6 convalescent patients with COVID-19 sampled after ICU discharge (mean±SD, 21±7 days). Data points represent individu-
al sample measurements, whereas horizontal bars show the mean (±SD). Comparisons between groups were done using the Mann-Whitney U test, except for comparison 
between ICU and convalescent patients, where we used Wilcoxon signed-rank test on matched pairs (n=6). Correlations between HPMVEC viability and (B) markers of 
organ dysfunction: the Pao2/FiO2 ratio, widely used as an indicator of oxygenation requirements, LDH, creatinine and AST; (C) parameters related to endothelial dysfunction 
and tissue injury: VWF:Ag, ADAMTS13, ADAMTS13:VWF ratio, PAI-1, syndecan-1, and cell-free DNA; and (D) plasma cytokine concentrations: IL-2R, IL-6. and TNF-α. 
Correlations were evaluated with the Spearman rank-correlation statistical test. No adjustment for multiple comparisons was done, and the result should be interpreted 
as hypothesis-generating. AST indicates aspartate transaminase; HPMVEC, human pulmonary microvascular endothelial cells; ICU, intensive care unit; IL, interleukin; IL-2R, 
soluble IL-2 receptor; LDH, lactate dehydrogenase; PAI-1, plasminogen activator inhibitor-1; TNF–α, tumor necrosis factor–α; and VWF:Ag, von Willebrand factor antigen.

D
ow

nloaded from
 http://ahajournals.org by on February 24, 2021



Rauch et al Plasma Cytotoxicity and Endothelium in COVID-19

Circulation. 2020;142:1881–1884. DOI: 10.1161/CIRCULATIONAHA.120.050907 November 10, 2020 1883

CORRESPONDENCE

HPMVEC viability also correlated with most plasma mark-
ers related to endothelial damage or tissue injury (Figure 
[C]). Soluble IL-2 receptor and tumor necrosis factor–α 
levels negatively correlated with HPMVEC viability (Figure 
[D]). Overall, the degree of vascular endothelial cell injury 
induced by plasma sampled from patients with COVID-19 
correlated to both clinical illness severity at admission and 
the levels of biomarkers related to endothelial injury, tis-
sue injury, and proinflammatory cytokines.

Our data shed new light on the pathophysiology of 
COVID-19 by demonstrating the direct and rapid cyto-
toxic effect of plasma collected from critically ill patients 
on vascular endothelial cells. This rapid effect (1 hour af-
ter plasma exposure) excludes a direct cytopathic effect of 
SARS-CoV-2 infection, as the progression of viral infection 
and visible cytopathogenic effects are in general only ap-
parent 12 to 24 hours after infection.5 A higher cytotoxic 
effect of plasma on endothelial cells was associated with 
a more pronounced hypoxemia and organ dysfunction as 
reflected by the correlation with Pao2/FiO2, lactate dehy-
drogenase, creatinine, and aspartate transaminase. This 
cytotoxic effect also correlated with circulating markers of 
endothelial damage, indicating that this in vitro functional 
assay reflects microvascular endothelial damage in vivo. 
Different pathways could be involved in endothelial cell in-
jury during the course of COVID-19, ie, complement acti-
vation, cellular hypoxia, platelets, and direct cytotoxicity of 
cytokines such as IL-6, IL-1β, and tumor necrosis factor–α. 
We observed a relationship between this cytotoxic effect 
and the level of proinflammatory cytokines, suggesting 
that cytotoxicity could be related to overproduction of 
proinflammatory cytokines. However, this article does not 
provide the supportive evidence of convalescent plasma 
for treating severe patients with COVID-19.

In conclusion, we provide for the first time the results 
of a functional assay demonstrating a direct effect of 
dysregulation of immune response on endothelial dam-
age in COVID-19. Endotheliopathy is an essential part 
of the pathological response on severe COVID-19, lead-
ing to respiratory failure, multiorgan dysfunction, and 
thrombosis. Endothelial and microvascular damage are 
associated with immunopathology and may occur in 
parallel with intracellular SARS-CoV-2 infection.
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Abstract
Background: Hypercoagulability seems to contribute to SARS-CoV-2 pneumonia 
pathogenesis. However, age and metabolic syndrome are potential confounders 
when assessing the value of coagulation biomarkers’ prediction of COVID-19 out-
comes. We assessed whether coagulation biomarkers, including factor VIII (FVIII) and 
von Willebrand factor (VWF) levels, measured at time of admission, were predictive 
of COVID-19 adverse outcomes irrespective of age and major comorbidities associ-
ated with metabolic syndrome.
Methods: Blood was sampled at admission in 243 adult COVID-19 patients for analy-
sis of coagulation biomarkers including FVIII and VWF on platelet-poor plasma. The 
association between baseline C-reactive protein (CRP), activated partial thrombo-
plastin time ratio, prothrombin time ratio, D-dimers, fibrinogen, FVIII, VWF antigen 
(VWF:Ag), and FVIII/VWF:Ag ratio levels and adverse outcomes (increased oxygen 
requirements, thrombosis, and death at day 30) was assessed by regression analysis 
after adjustment on age, sex, body mass index (BMI), diabetes, and hypertension.
Results: In univariable regression analysis increased CRP (subdistribution hazard ratio 
[SHR], 1.68; 95% confidence interval [CI], 1.26-2.23), increased fibrinogen (SHR, 1.32; 
95% CI, 1.04-1.68), and decreased FVIII/VWF:Ag ratio (SHR, 0.70; 95% CI, 0.52-0.96) 
levels at admission were significantly associated with the risk of increased oxygen 
requirement during follow-up. Leucocytes (SHR, 1.36; 95% CI, 1.04-1.76), platelets 
(SHR,1.71; 95% CI, 1.11-2.62), D-dimers (SHR, 2.48; 95% CI, 1.66-3.78), and FVIII 
(SHR, 1.78; 95% CI, 1.17-2.68) were associated with early onset of thrombosis after 
admission. After adjustment for age, sex, BMI, hypertension, and diabetes, these as-
sociations were not modified.
Conclusion: Coagulation biomarkers are early and independent predictors of in-
creased oxygen requirement in COVID-19 patients.
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1  | INTRODUC TION

Coronavirus disease 2019 (COVID-19) is frequently associated 
with laboratory markers of hypercoagulability.1 These coagula-
tion changes, mainly characterized by increased D-dimers and 
fibrinogen levels, are generally observed in critically ill patients, 
especially those with hypoxemia reflecting inflammation.2 This 
increase in D-dimers at admission, without signs of disseminated 
intravascular coagulation, has been reported to be associated with 
the risk of death.3,4

Evidence for an increased risk of thrombosis in COVID-19 has 
been first identified through clinical manifestations of large vessel 
thrombosis. Venous thromboembolic events (VTE) and pulmonary 
embolism (PE) are reported in 20% to 30% of intensive care unit 
(ICU) patients5-8 and other thrombotic complications, such as arte-
rial thrombosis or thrombosis of central lines and in extracorporeal 
circuits, have also been described.6 All post mortem analyses have 
confirmed the high frequency of pulmonary vascular thrombosis in 
ventilated and non-ventilated patients receiving thromboprophy-
laxis or not.9,10 Post mortem histological data also show local direct 
vascular injury characterized by severe endothelial injury with intra-
cellular SARS-CoV-2, widespread vascular thrombosis with microan-
giopathy and occlusion of alveolar capillaries, and angiogenesis.11,12 
Altogether, these findings suggest that COVID-19-induced hyperco-
agulability and inflammation result in both microangiopathy involved 
in multiple organ failure and macroangiopathy involved in large ves-
sel thrombosis.13

An increased risk for more severe forms of COVID-19 with ICU 
admission and death is associated with age, sex, body weight, hy-
pertension, and diabetes.14-16 All these factors increase the risk 
for thrombotic disease in part through the generation of hyper-
coagulation. Von Willebrand factor (VWF) and factor VIII (FVIII) 
are also elevated in patients with COVID-19.6,7,17,18 FVIII and VWF 
are associated with inflammation and thrombotic risk but are also 
related to endothelial damage. Lung endothelium is a dominant 
source of circulating VWF, the levels of which might be differ-
entially altered compared to FVIII, which is mainly synthetized in 
the liver.19 Investigations as to whether VWF and FVIII levels are 
related to outcome in COVID-19 disease have not been reported 
yet. Whether the laboratory markers of hypercoagulability, includ-
ing FVIII and VWF, and the risk of thrombosis in COVID-19 are 
mainly explained by comorbidities or whether they independently 

reflect SARS-CoV-2–induced vascular damage has not yet been 
elucidated.

The objective of the study was to assess whether hypercoagula-
bility markers in COVID-19 patients, including FVIII and VWF levels, 
measured at admission to the emergency department were predic-
tive of increased oxygen requirement and to evaluate the influence 
of major comorbidities, including age, sex, body weight, diabetes, 
and hypertension, on this relation. We also aimed to evaluate if these 
hypercoagulability markers were predictive of thrombotic events.

2  | PATIENTS AND METHODS

2.1 | Patients

Consecutive adult patients admitted for COVID-19 infection 
were recruited from the emergency department (ED) of the Lille 
University Hospital between 20 March and 17 April 2020. Inclusion 
criteria were: individuals aged 18 years or older with either a positive 
COVID-19 nasal or tracheal real-time reverse transcriptase polymer-
ase chain reaction (RT-PCR) or with radiological signs of interstitial 
pneumonia on chest x-rays or computed tomography (CT) scan and 
a high probability score according to the score for COVID-19 of Liao 
et al.20 Following admission, all hospitalized patients received throm-
boprophylaxis as standard of care unless contra-indicated. Patients 
admitted while treated with direct oral anticoagulant (DOAC) or vita-
min K antagonists (VKA) were switched to curative heparin therapy. 
Ward patients received thromboprophylaxis with enoxaparin 4000 
or 6000 IU once daily according to their body weight. ICU patients 
received enoxaparin or unfractionated heparin according to their 
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Essentials

• Von Willebrand factor (VWF) levels are associated with 
severity and oxygen need in COVID-19 at admission.

• Low factor VIII (FVIII)/VWF ratio at admission is predic-
tive of increased oxygen requirements.

• Coagulation biomarkers predict outcome independently 
of major comorbidities in COVID-19.

• FVIII is predictive of early thrombotic events irrespec-
tive of body mass index in COVID-19.
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renal status and the need for invasive procedures. In overweight and 
obese patients, the dosing regimen was adapted according to the 
European Society of Cardiology proposals.21 From 1 April onward, 
patients received thromboprophylaxis according to the GFHT/GIHP 
(French study group on thrombosis and haemostasis/French work-
ing group on perioperative haemostasis) proposals.22 Limitation, 
withholding, or withdrawal of life-sustaining treatment in the ICU 
was based on French guidelines in compliance with French law.23 
Deaths in this context were recorded to analyze the real contribu-
tion to death of SARS-CoV-2 infection.

2.2 | Data collection

Epidemiological data, demographic information, past medical history 
and treatments, clinical data, and outcomes were prospectively col-
lected from the hospital electronic medical records from emergency 
department admission to hospital discharge. Comorbidities including 
hypertension and diabetes were defined according to the presence 
of an antihypertensive or antidiabetic drug at baseline or according 
to the medical records. Body mass index (BMI) was measured upon 
admission. The clinical status of patients who were directly dis-
charged home from the emergency department was assessed at day 
30 by phone interview. The study was approved by the Institutional 
Review Board (N°CPP 20-LILL-02, NCT04341792) in strict compli-
ance with the French reference methodology MR-004 and informed 
consent was obtained from all participants.

2.3 | Laboratory testing

For each subject, a 3 mL blood sample was collected at admis-
sion on a 0.109 mol/L trisodium citrate tube (BD Vacutainer®, BD 
Diagnostics). All hemostasis tests were performed on platelet poor 
plasma obtained after double centrifugation of citrate tubes at 
2000 g for 15 minutes at room temperature. Assays included pro-
thrombin time (PT), activated partial thromboplastin time (aPTT), 
fibrinogen, D-dimer, FVIII, and VWF antigen (VWF:Ag) levels. The 
PT, aPTT, and fibrinogen assays were measured on a STA R Max® 
analyzer (Diagnostica Stago SAS) using STA Neoplastin R®, Triniclot® 
aPTT HS, T Coag®, and STA Liquid Fib® (Diagnostica Stago SAS). 
D-dimer levels were measured in µg/mL fibrinogen equivalent units 
(FEU) using an immunoturbidimetric latex-particle assay Liatest DDI-
Plus® on the STA R Max analyser (Diagnostica Stago SAS). The read-
ing area is equal to the measuring area and range from 0.27 µg/mL 
(FEU) to 20 µg/mL (FEU). FVIII activity was measured by a one-stage 
clotting aPTT-based assay using Triniclot® aPTT HS, T Coag®, and 
factor VIII-deficient plasma, on a Sysmex CS 2400 analyzer (Siemens 
Healthineers AG). VWF:Ag was measured using an immunoturbidi-
metric assay, LIAPHEN vWF:Ag (HYPHEN BioMed). Other lab tests 
including a complete blood count, C-reactive protein (CRP), high 
sensitivity cardiac troponin, lactate dehydrogenase (LDH) levels, and 
ABO blood group were prospectively assessed by standard methods 

as part of patients’ care in the Biology and Pathology Center (CHU 
Lille).

2.4 | Study outcomes

The primary outcome of the study was the increase in oxygen re-
quirement defined as a need for re-admission after discharge for a 
limitation of activities and/or a change in oxygen requirements (no 
oxygen, supplemental oxygen, non-invasive ventilation or high-flow 
oxygen, invasive mechanical ventilation, or extracorporeal mem-
brane oxygenation) and/or death related to acute respiratory dis-
tress syndrome without limitation, withholding, or withdrawal of 
life-sustaining treatment at day 30. This composite criterion includes 
any worsening of the respiratory status in patients and comprises 
different severity of illness without focusing on the most critically ill 
patients. The secondary outcomes were occurrence of any throm-
boembolic event (symptomatic PE, deep vein thrombosis [DVT], 
catheter-related thrombosis, myocardial infarction [MI], or stroke) at 
day 30 and all-cause mortality at day 30. The association between 
outcomes and the baseline values of leucocytes, lymphocytes, 
monocytes, platelets, CRP, aPTT ratio, PT ratio, D-dimers, fibrino-
gen, FVIII, VWF:Ag, and FVIII/VWF:Ag ratio were evaluated.

2.5 | Statistical analysis

Quantitative variables were expressed as means (standard deviation) 
in the case of normal distribution or medians (interquartile range 
[IQR]) otherwise. Normality of distributions was assessed using 
histograms and the Shapiro-Wilk test. Categorical variables were 
expressed as numbers (percentage). Cumulative incidence of res-
piratory worsening and thrombotic events within 30 days of admis-
sion were estimated using the Kalbfleisch and Prentice method24 (by 
taking into account death related to limitation, withholding, or with-
drawal of life-sustaining treatment as competing event for respira-
tory worsening, and any death as competing event for thrombotic 
events). Cumulative incidence of all-cause mortality was estimated 
using Kaplan-Meier method.

Main biological markers (PaO2/FiO2 ratio, CRP, fibrinogen, 
D-dimers, FVIII, VWF:Ag, FVIII/VWF:Ag) were compared accord-
ing to admission type and oxygen requirements at admission by 
using one-way analysis of variance (or Kruskall Wallis test according 
to normality of distribution); in case of significant difference, post 
hoc pairwise comparisons were done using linear contrast (or using 
Dunn's test).

We assessed the association of biological markers measured 
at admission to the ED with the occurrence of increase in oxygen 
requirements, thrombotic events, and all-cause mortality within 
30 days of admission using univariable and multivariable regres-
sion models. For biological markers with a skewed distribution, the 
log-transformed values were used in regression models. For respi-
ratory worsening and thrombotic events, we used Fine and Gray 
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models before and after pre-specified adjustment for age, sex, 
BMI, diabetes, and hypertension by treating death (related to lim-
itation, withholding, or withdrawal of life-sustaining treatment for 
increased oxygen requirement and all-cause death for thrombotic 
events) as a competing event. For all-cause mortality, we used 
Cox's proportional hazard models before and after adjustment for 
age, sex, BMI, diabetes and hypertension. We assessed the pro-
portional hazard (PH) assumptions by examining the Schoenfeld 
residuals; in cases of PH departure, the association was modeled 
using time-dependent coefficients. We assessed the log-linearity 
assumptions by using restricted cubic spline functions;25 in cases 
of departure, the association was modeled using the quartiles of 
biomarker distributions. Strength of the associations were eval-
uated by deriving from regression models, the subhazard ratios 
(Fine and Gray models) or hazard ratios (Cox model) per one 
standard deviation increase in biological data as effect sizes (for 
blood group, effect sizes were calculated for O versus other blood 
groups).

Multivariate regression analyses were performed after handling 
missing data on biological markers and covariates using multiple 
imputation procedure. Imputation procedure was performed using 
regression-switching approach26(chained equations with m = 10 
obtained) under the missing at random assumption using all base-
line characteristics (see Table 1), with a predictive mean matching 
method for quantitative variables and logistic regression model 
(binary, ordinal, or multinomial) for categorical variables. Estimates 
obtained in the different imputed data sets were combined using 
Rubin's rules.27

Finally, the association of occurrence of thrombosis events with 
oxygen requirements and all-cause mortality was investigated using 
Cox's proportional hazard regression models by treating the occur-
rence of thrombosis events as a time-dependent covariate; hazard 
ratio associated with the time period with thrombosis events was 
derived as effect size.

Statistical testing was performed at the two-tailed α level of 
0.05. No correction for multiple testing was done regarding the 
exploratory nature of the present study and results should be in-
terpreted with caution and as hypothesis generating. Data were an-
alyzed using the SAS software package, release 9.4 (SAS Institute).

3  | RESULTS

3.1 | Clinical and biological characteristics on 
emergency department admission

Of the 303 patients with high probability or confirmed COVID-19 
admitted to the ED at our hospital from 20 March to 17 April 2020, 
243 patients (155 men and 88 women) were included in the study 
with a median age of 63.9 years. Patients transferred to our hospi-
tal from another hospital were not included in the study (Figure S1 
in supporting information). The proportion of patients with hyper-
tension, diabetes, and overweight-to-obese (BMI > 25) was 48.6%, 

23.0%, and 76.2% respectively. Other underlying comorbidities are 
detailed in Table 1. Thirty-two patients were receiving antithrom-
botic treatment at baseline (DOAC, n = 19; VKA, n = 8; enoxaparin, 
n = 5).

Upon arrival in the ED, 30.9% of patients were directly admitted 
to the ICU and 65% were first admitted to the ED. Twenty-three 
(9.4%) patients were directly discharged home from the ED after 
medical assessment for standardized ambulatory clinical follow-up. 
All other patients were hospitalized in the medical ward dedicated 
to COVID-19.

Median time from illness onset to admission was 8 (IQR, 5-11) 
days. At admission, 169 (69.5%) patients required oxygen support 
and all had radiological signs of interstitial pneumonia on chest X-rays 
or CT scan. Baseline median respiratory rate and PaO2/FiO2 were 24 
(IQR, 20-28) per min and 357 (IQR, 252-448) mm Hg, respectively. In 
accordance with local guidelines to prevent overwhelming the virol-
ogy lab, RT-PCR testing was limited to COVID-19 patients requiring 
hospitalization. RT-PCR was positive for COVID-19 in 220 (90.5%) 
patients at baseline.

The values of the main biological markers at baseline are pre-
sented in Table 1. The PaO2/FiO2 ratio was significantly different 
according to the admission type with the lowest values for patients 
directly admitted to the ICU (outpatients, ward, and ICU, respec-
tively 505 [461-523], 381 [324-458], 197 [130-302], P < .001). 
Also depending on admission type (outpatient, ward, or ICU), CRP, 
D-dimers, fibrinogen, and VWF levels were highest for patients di-
rectly admitted to the ICU (Figure 1). As RT-PCR testing was in most 
cases limited to COVID-19 patients requiring hospitalization, respi-
ratory illness at admission was less severe in the RT-PCR negative 
patient group despite the presence of radiological signs of pneu-
monia. Among the 23 patients without RT-PCR testing, only 2 were 
admitted to the medical ward dedicated to COVID-19 whereas the 
21 others were outpatients. As shown in Figure 1A, outpatients had 
a higher PaO2/FiO2 and a lower respiratory rate (20.6 ± 5 versus 
24.4 ± 6, P = .003) upon admission in ED and none of them needed 
oxygen supply during follow-up.

As shown in Figure 2, CRP, fibrinogen, D-dimers, and VWF:Ag 
levels were increased depending on oxygen requirements at admis-
sion, with the lowest levels for patients with no oxygen and the high-
est for patients requiring high-flow oxygen or invasive ventilation. 
FVIII levels were not affected by oxygen requirements.

3.2 | Increase in oxygen 
requirement and biomarkers

At the time of analysis (20 May 2020), all patients either died (n = 32) 
or reached the 30-day follow-up after admission. Respiratory wors-
ening was observed in 71 patients (30-day incidence, 29.2%; 95% 
CI, 23.6%-35.0%) during follow-up: 2 patients were re-admitted 
for dyspnea, 59 required an escalation in oxygen supply (low flow 
oxygen, n = 13; non-invasive ventilation or high flow oxygen de-
vices, n = 9; invasive mechanical ventilation, n = 37) and 10 died 
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from acute respiratory distress syndrome (ARDS) without context of 
limitation, withholding, or withdrawal of life-sustaining treatment. In 
patients presenting an increase in oxygen requirement there was a 
significant decrease of PaO2/FiO2 ratio the day of increase in oxy-
gen requirement compared to baseline values (172 [122-233] versus 
313 [185-396], P < .01; Figure S2 in supporting information) Most of 
the increased oxygen requirement events (87.3%, n = 62) occurred 
in the first 10 days following admission (Figure S3A in supporting 
information). Among the 71 patients with aggravation according to 
the increase of oxygen requirements, we observed no significant 
difference in the timing of aggravation according to the severity of 
oxygen requirements (3 [1-4] days for escalation of non-invasive ox-
ygen supply versus 3 [1-5] days for the need of invasive ventilation); 
however, death from ARDS occurred at a significantly later stage (12 
[5-19] days, P = .001).

In univariable Fine and Gray regression analysis considering the 
16 deaths in the context of limitation of life-sustaining treatment as 
competing events, increased CRP (subdistribution hazard ratio [SHR], 
1.68; 95% confidence interval [CI], 1.26-2.23), increased fibrinogen 
(SHR, 1.32; 95% CI, 1.04-1.68), and decreased FVIII/VWF:Ag ratio 
(SHR, 0.70; 95% CI, 0.52-0.96) levels at admission were significantly 
associated with the risk of respiratory degradation during follow-up 
(Table 2). After adjustment for age, sex, BMI, hypertension, and dia-
betes, these associations were not modified (Table 2). In multivariate 
analysis, the association between decreased lymphocytes and risk of 
increased oxygen requirement reached the significance level, with 
an adjusted SHR of 0.71 (95% CI, 0.50-0.99). In conclusion, CRP, fi-
brinogen, the FVIII/VWF ratio, and reduced lymphocyte count were 

TA B L E  1   Patient clinical and biological characteristics at 
admission to the emergency department in the overall study 
population

Characteristics N Values

Age, years (mean ± SD) 243 63.9 ± 16.2

Male sex 243 155 (63.8)

Body mass index, kg/m2 
(mean ± SD)

200 28.0 ± 6.1

Chronic medical illness

Diabetes 243 56 (23.0)

Hypertension 243 118 (48.6)

Chronic pulmonary disease 243 38 (15.6)

Cardiopathy 243 36 (14.8)

Myocardial infarction 243 22 (9.1)

Stroke 243 22 (9.1)

Hepatopathy 243 5 (2.1)

Chronic renal failure 243 17 (7.0)

Active cancer 243 23 (9.5)

Immunocompromised 242 11 (4.5)

Number of medical illness 243

None 79 (32.5)

One 65 (26.8)

More than one medical illness 99 (40.7)

Illness characteristics 243

Time from illness onset to 
admission, days

8 (5-11)

Admission type 243

Emergency department 158 (65.0)

Ward 10 (4.1)

ICU 75 (30.9)

Severity of respiratory illness at admission

Respiratory rate/min (mean SD) 236 24.0 ± 5.9

PaO2/FiO2 ratio (mmHg) 236 357 (252-448)

Oxygen requirement at admission

No oxygen 243 74 (30.5)

Supplemental oxygen 102 (42)

Non-invasive ventilation or 
high flow oxygenation

20 (8.2)

Invasive mechanical 
ventilation

47 (19.3)

Biological data

ABO blood group 192

A 192 85 (44.3)

AB 11 (5.7)

B 19 (9.9)

O 77 (40.1)

Leucocytes/mm3(mean ± SD) 229 181

Neutrophils/mm3 7674 ± 3749 5000 (3700-7000)

(Continues)

Characteristics N Values

Lymphocytes/mm3 
(mean ± SD)

182 1060 ± 611

Monocytes/mm3 182 400 (300-700)

Platelets, G/L (mean ± SD) 238 228 ± 113

Creatinine, mg/L 227 8 (7-11)

Lactate dehydrogenase, IU/L 199 377 (286-479)

Troponin, ng/L 204 15.0 (7.5-25.5)

CRP, mg/L 227 69 (31-126)

aPTTr 211 1.13 (1.03-1.23)

PTr 211 1.10 (1.04-1.16)

D-dimers, µg/mL 227 1.00 (0.70-1.80)

Fibrinogen, g/L (mean ± SD) 227 6.1 ± 1.6

FVIII, IU/dL (mean ± SD) 210 241 ± 96

VWF:Ag, IU/dL (mean ± SD) 212 361 ± 128

FVIII/VWF:Ag ratio 
(mean ± SD)

210 0.72 ± 0.27

Note: Values are number (%) or median (interquartile range) unless 
otherwise as indicated.
Abbreviations: aPTTr, activated partial thromboplastin time ratio; FVIII, 
factor VIII; ICU, intensive care unit; PTr, prothrombin time ratio; SD, 
standard deviation; VWF, von Willebrand factor.

TA B L E  1   (Continued)
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all independently associated with the increased need for oxygen 
support.

3.3 | Thrombotic events and biomarkers

The cumulative incidence of 30-day any thrombotic event was 
12.8% (95% CI, 8.9%-17.3%); there were 22 patients presenting PE 
(1 troncular, 3 lobar, 12 segmental, and 6 subsegmental), 4 DVT, 
1 MI, 2 ischemic stroke, and 2 catheter-related thrombosis of the 
jugular vein. The 31 thrombotic events occurred with a median 
time from hospital admission to thrombotic events of 8 (IQR, 1-11) 
days (Figure S3B). As shown in Table 3, the proportional subhaz-
ard assumptions for several biomarkers were not satisfied with 
a positive association with occurrence of thrombotic event dur-
ing the first 5 days for leucocytes (SHR, 1.36; 95% CI, 1.04-1.76), 
platelets (SHR, 1.71; 95% CI, 1.11-2.62), D-dimers (SHR, 2.48; 95% 
CI, 1.66-3.78), FVIII (SHR, 1.78; 95% CI, 1.17-2.68). Intriguingly a 
negative association with occurrence of thrombotic event after 
5 days was observed for FVIII (SHR, 0.46; 95% CI 0.26-0.82) and 
VIII/VWF:Ag ratio (SHR, 0.47; 95% CI, 0.25-0.87). However, pa-
tients presenting a thrombotic event after 5 days had lower FVIII 

levels at baseline compared to patients presenting a thrombotic 
event before day 5 or no thrombotic event (190 ± 45, 314 ± 143, 
and 232 ± 82, respectively; P < .01). After 4 days, FVIII increased 
in patients presenting a thrombotic event after 5 days and re-
mained stable in patients presenting early thrombosis and the dif-
ference between both groups was no longer significant (Figure S4 
in supporting information). Time interval between symptom onset 
and thrombosis was longer in the group with early thrombotic 
event after admission when compared to late thrombotic event 
after admission, although not significant (11 [8-12] days versus 9.5 
[7-11]).

Thromboembolic complications were significantly associated 
with a higher risk of increase in oxygen requirements (% per pa-
tients-days exposed versus non-exposed to thrombosis events: 1.9% 
versus 0.4%), with a hazard ratio (HR) 2.66 (95% CI, 1.26-5.60). Most 
events occurred in ICU.

We also observed a positive association between thromboem-
bolic events during the entire follow-up period (without deviation 
to proportional subhazard assumptions) for neutrophils (SHR, 1.40; 
95% CI, 1.06-1.84), and lactate dehydrogenase (LDH; SHR 1.79; 
95% CI, 1.36-2.36). After adjustment for pre-specified confounders, 
these associations were not modified (Table 3).

F I G U R E  1   Baseline values of main biomarkers according to admission type. Scatter plots of (A) PaO2/FiO2 ratio, (B) C-reactive protein, 
(C) fibrinogen, (D) D-dimers, (E) factor VIII (FVIII), (F) von Willebrand factor antigen (VWF:Ag), and (G) FVIII/VWF:Ag ratio. Bars indicate 
median and interquartile range or means ± standard deviation as appropriate. ICU = intensive care unit. *P < .05.
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3.4 | All-cause mortality and biomarkers

The 30-day mortality was 13.2% (95% CI, 9.2%-17.8%; Figure S3C) 
with half of patients in a context of limitation, withholding, or 
withdrawal of life-sustaining treatment, mainly limitation of in-
vasive mechanical ventilation in case of worsening respiratory 
status. Thromboembolic complications were not significantly as-
sociated with all-cause mortality (% per patients-days exposed 
versus non-exposed to thrombosis events: 0.8% versus 0.4%) 
with an HR of 2.07 (95% CI, 0.79-5.43). However, the numbers 
of both thrombotic events and deaths were too low to achieve 
a significant difference. The results are presented in Table S4 in 
supporting information.

4  | DISCUSSION

In this study, we provide evidence that coagulation biomarkers, 
including FVIII and VWF, at admission to the ED are associated 
with the severity of COVID-19 and predict a higher risk of in-
crease in oxygen requirements irrespective of age, sex, BMI, 
diabetes, and hypertension. Our results support the hypothesis 
that SARS-CoV-2–associated thromboinflammatory hyperco-
agulability could directly contribute to the underlying pulmonary 
pathogenesis.

The objective of this study was to assess whether COVID-19 hy-
percoagulability and especially markers associated with inflamma-
tion and endothelial damage such as FVIII and VWF were associated 

F I G U R E  2   Baseline values of main biomarkers according to oxygen requirements at admission to the emergency department. Scatter 
plots of (A) C-reactive protein, (B) fibrinogen, (C) D-dimers, (D) factor VIII (FVIII), (E) von Willebrand factor antigen (VWF:Ag) and (F) FVIII/
VWF:Ag ratio. Bars indicate median and interquartile range or means ± standard deviation as appropriate. *P < .05
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with disease severity. To better understand this role of coagulation 
in SARS-CoV-2 pneumonia pathogenesis we aimed to adjust the 
predictive value of coagulation biomarkers to confounding factors 
such as major comorbidities. Moreover, we aimed to evaluate the 

severity according to oxygen requirements rather than only ad-
mission to ICU or death given that these outcomes associated with 
COVID-19 are heavily influenced by the presence of other underly-
ing comorbidities.

TA B L E  2   Associations of biological data with 30-day increase of oxygenation requirements

Biological data

30-day aggravation Unadjusted Adjusteda 

No (n = 172) Yes (=71) SHR (95% CI) P SHR (95% CI) P

O blood group, n (%) 56 (42.1) 21 (35.6) 0.78 (0.46-1.32)b  .35 0.80 (0.46-1.39)b  .44

Leucocytes/mm3 7676 ± 3796 7667 ± 3663 .31f  .26f 

0-5 daysd  1.12 (0.89-1.40) .16 1.13 (0.89-1.43) .32

6-30 daysd  0.65 (0.31-1.33) .24 0.66 (0.32-1.34) .24

Neutrophils/mm3 4700 (3600-6500) 5350 (4400-7500) 1.29 (0.96-1.74)c  .090 1.19 (0.88-1.61)c  .24

Lymphocytes/mm3 1109 ± 646 927 ± 485 0.74 (0.54-1.01) .061 0.71 (0.50-0.99) .041

Monocytes/mm3 500 (300-700) 400 (300-700) 0.97 (0.75-1.25)c  .81 0.91 (0.72-1.16)c  .44

Platelets, G/L 236 ± 120 214 ± 98 .073f  .28f 

0-5 daysd  0.94 (0.73-1.21) .62 0.95 (0.72-1.24) .69

6-30 daysd  0.66 (0.45-0.94) .023 0.66 (0.43-1.01) .057

Creatinine, mg/L 8 (7-11) 10 (7-12) 1.20 (0.95-1.51)c  .12 1.10 (0.83-1.47)c  .48

Lactate dehydrogenase, 
IU/L

359 (280-476) 426 (312-508) 1.22 (0.96-1.54)c  .090 1.11 (0.87-1.43)c  .38

Troponine  ng/L 14 (7-26) 16 (9-24) .25f  .50f 

<8 41 (28.1) 10 (17.2) 1.00 (ref.) - 1.00 (ref.) -

8-14 33 (22.6) 17 (29.3) 1.90 (0.88-4.04) .098 1.16 (0.61-2.18) .65

15-25 34 (23.3) 18 (31.0) 1.99 (0.93-4.23) .075 1.19 (0.60-2.31) .62

>25 38 (26.0) 13 (22.5) 1.36 (0.61-3.04) .46 0.71 (0.33-1.53) .38

C-reactive protein, 
mg/L

60 (25-111) 101 (56-143) 1.68 (1.26-2.23)c  <.001 1.66 (1.25-2.19)c  <.001

aPTT 1.13 (1.00-1.26) 1.13 (1.06-1.23) 1.02 (0.85-1.23)c  .82 1.02 (0.84-1.24)c  .85

PTr 1.09 (1.04-1.16) 1.10 (1.05-1.18) 1.15 (0.98-1.35)c  .081 1.10 (0.89-1.38)c  .34

D-dimers, µg/mL 1.00 (0.70-1.80) 1.00 (0.80-1.90) 1.04 (0.77-1.40)c  .80 1.01 (0.74-1.38)c  .95

Fibrinogen, g/L 5.9 ± 1.7 6.4 ± 1.5 1.32 (1.04-1.68) .021 1.34 (1.04-1.74) .022

Factor VIII, IU/dL 244 ± 104 233 ± 79 0.93 (0.73-1.17) .51 0.89 (0.71-1.13) .34

VWF:Age , IU/dL 351 ± 141 381 ± 98 .30f  .39f 

<270 44 (28.6) 9 (15.5) 1.00 (ref.) - 1.00 (ref.) -

270-354 35 (22.7) 17 (29.3) 2.09 (0.94-4.60) .068 1.71 (0.77-3.78) .18

355-430 38 (24.7) 16 (27.6) 1.86 (0.83-4.14) .13 1.86 (0.87-3.93) .11

>430 37 (24.0) 16 (27.6) 1.94 (0.86-4.35) .11 1.80 (0.82-3.97) .14

FVIII/VWF:Ag ratio 0.74 ± 0.27 0.64 ± 0.24 0.70 (0.52-0.96) .025 0.71 (0.51-0.98) .036

Note: Values are median (interquartile range) or means ± standard deviation. SubHazard ratios (SHRs) were calculated using Fine and Gray models 
taking into account the mortality in the context of withholding or withdrawal of life-sustaining treatment (n = 16) as competing events and were 
expressed per one standard deviation unless otherwise as indicated.
Abbreviations: aPTTr, activated partial thromboplastin time ratio; CI, confidence interval; CRP, C-reactive protein; FVIII, factor VIII activity; PTr, 
prothrombin time ratio; SD, standard deviation; SHR, subhazard ratio; VWF: Ag, von Willebrand factor antigen.
aAdjusted for age, sex, body mass index, hypertension, and diabetes calculated after handling missing values (in biological and confounding factors) 
by multiple imputation. 
bSHR calculated for O versus others blood groups. 
cSHR calculated per one standard deviation in log-transformed values. 
dModeled with time-dependent coefficients to accommodate deviation in proportional subhazard assumption. 
eModeled as categorical variables based on quartiles to accommodate deviation in log linear relationship. 
fP-value for overall effect calculated using a likelihood ratio test. 
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In our cohort, biomarkers that have already been associ-
ated with a poor outcome such as lymphopenia, elevated CRP, 
and fibrinogen were predictive of respiratory worsening.28-30 
Reflecting the inclusion of all consecutive primary admissions 
irrespective of the initial severity, the initial admitting respira-
tory rate and PaO2/FiO2 were, although not completely normal, 

within a reasonable spectrum. However, we identified a grad-
ual increase in VWF levels according to oxygen requirements 
at admission with only 10 patients presenting with normal 
VWF levels, all of them discharged from the ED with outpa-
tient follow-up. Unusually high circulating VWF levels have 
been reported in patients with severe COVID-19 infection.6,17 

TA B L E  3   Associations of biological data with 30-day thrombotic events

Biological data

30-day thrombotic events Unadjusted Adjusteda 

No (n = 212) Yes (=31) SHR (95% CI) P SHR (95% CI) P

O blood group, n (%) 67 (41.6) 10 (32.3) 0.69 (0.32-1.45)b  .32 0.76 (0.35-1.61)b  .47

Leucocytes/mm3 7542 ± 3784 8512 ± 3461 .070e  .14e 

0-5 daysd  1.36 (1.04-1.76) .022 1.50 (1.11-2.03) .008

6-30 daysd  1.02 (0.72-1.45) .89 1.11 (0.74-1.65) .60

Neutrophils/mm3 4900 (3600-6500) 6550 (5200-8200) 1.40 (1.06-1.84)c  .018 1.42 (1.03-1.95)c  .031

Lymphocytes/mm3 1070 ± 633 974 ± 368 0.85 (0.60-1.20) .36 0.92 (0.60-1.40) .69

Monocytes/mm3 400 (300-700) 400 (200-800) .086e  .35e 

0-5 daysd  1.47 (0.79-2.73)c  .22 1.28 (0.53-3.07)c  .57

6-30 daysd  0.72 (0.51-1.02)c  .064 0.75 (0.50-1.11)c  .15

Platelets, G/L 226 ± 112 246 ± 120 .020e  .053e 

0-5 daysd  1.71 (1.11-2.62) .014 1.71 (1.10-2.66) .016

6-30 daysd  0.78 (0.52-1.18) .23 0.78 (0.51-1.18) .24

Creatinine, mg/L 8.5 (7-11.5) 8.0 (6-11) 0.84 (0.58-1.21)c  .35 0.92 (0.62-1.34)c  .64

Lactate 
dehydrogenase, 
IU/L

360 (280-456) 495 (383-599) 1.79 (1.36-2.36)c  <.001 1.87 (1.36-2.58)c  <.001

Troponin, ng/L 15.0 (7.5-26.0) 11.5 (7.5-23.0) 1.08 (0.69-1.70)c  .73 1.35 (0.84-2.15)c  .21

C-reactive protein, 
mg/L

69 (31-123) 79 (28-157) 1.08 (0.71-1.62)c  .73 1.20 (0.77-1.86)c  .40

aPTTr 1.10 (1.03-1.23) 1.17 (1.03-1.26) 1.25 (0.89-1.73)c  .19 1.10 (0.71-1.72)c  .66

PTr 1.09 (1.04-1.15) 1.15 (1.08-1.20) 1.13 (0.94-1.35)c  .17 1.10 (0.83-1.46)c  .51

D-dimers, µg/mL 1.00 (0.70-1.60) 1.60 (1.10-4.20) <.001e  <.001e 

0-5 daysd  2.48 (1.66-3.70)c  <.001 2.90 (1.86-4.50)c  <.001

6-30 daysd  1.01 (0.31-3.30)c  .99 1.21 (0.33-4.40)c  .77

Fibrinogen, g/L 6.1 ± 1.6 5.9 ± 1.8 0.90 (0.60-1.32) .31 0.96 (0.65-1.41) .84

Factor VIII, IU/dL 239 ± 91 251 ± 123 <.001e  .007e 

0-5 dd  1.78 (1.17-2.68) .006 1.72 (1.15-2.55) .007

6-30 daysd  0.46 (0.26-0.82) .008 0.50 (0.27-0.91) .022

VWF:Ag, IU/dL 358 ± 131 381 ± 107 1.18 (0.90-1.55) .22 1.23 (0.92-1.63) .16

FVIII/VWF:Ag ratio 0.72 ± 0.27 0.67 ± 0.29 .035e  .063e 

0-5 daysd  1.23 (0.69-2.16) .48 1.09 (0.61-1.92) .77

6-30 daysd  0.47 (0.25-0.87) .015 0.47 (0.26-0.85) .012

Note: Values are median (interquartile range) or means ± standard deviation. Subhazard ratios (SHRs) were calculated using Fine and Gray models 
taking into account the mortality (n = 27) as competing events and were expressed per one standard deviation unless otherwise as indicated.
Abbreviations: aPTTr, activated partial thromboplastin time ratio; CI, confidence interval; CRP, C-reactive protein; FVIII, factor VIII activity; PTr, 
prothrombin time ratio; SD, standard deviation; SHR, subhazard ratio; VWF:Ag, von Willebrand factor antigen.
aAdjusted for age, sex, body mass index, hypertension, and diabetes calculated after handling missing values (in biological and confounding factors) 
by multiple imputation. 
bSHR calculated for O versus others blood groups. 
cSHR calculated per one standard deviation in log-transformed values. 
dModeled with time-dependent coefficients to accommodate deviation in proportional subhazard assumption. 
eP-value for overall effect calculated using a likelihood ratio test. 
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The vascular endothelium is emerging as a key target-organ of 
SARS-Cov-2. SARS-Cov-2 infects target cells in the lung, heart, 
intestine, and kidney using the angiotensin converting enzyme 2 
(ACE2) receptor, which is also widely expressed on endothelial 
cells. Recent autopsy findings suggest that SARS-Cov-2 infection 
induces widespread endothelial dysfunction and inflammation 
that could shift the endothelial balance toward a procoagulant 
state.11VWF endothelial expression is characterized by a vascu-
lar-bed heterogeneity31,32 with lung endothelial cells being the 
first source of circulating VWF.22 VWF expression and release 
from endothelial cell Weibel-Palade bodies is also stimulated by 
hypoxia.33,34 Hypoxia-induced VWF upregulation is associated 
with the presence of thrombi in heart and lung vascular beds and 
promotes recruitment of leukocytes.35

In our cohort including COVID-19 patients with varying degrees 
of illness, a decrease in FVIII/VWF ratio values on admission was 
associated with a higher risk of worsening respiratory status, as ev-
idenced by an increase in oxygen requirements. This suggests that 
both inflammation and a SARS-CoV-2–induced endotheliopathy 
could contribute to lung damage pathogenesis. The different levels 
of FVIII and VWF as evaluated by their ratio could reflect a major 
synthesis and release of VWF in the lung due to inflammation, hy-
poxia, and direct SARS-CoV-2 destruction of endothelial cells, while 
the levels of FVIII are less increased because the liver is only ex-
posed to pro-inflammatory cytokines.

Age, male sex, increased BMI, and metabolic syndrome are sig-
nificantly associated with an increased risk of severe forms and 
death from COVID-19 infection.36 Importantly, the prediction of 
an increase in oxygen requirement remained significant after ad-
justing for these metabolic comorbidities, confirming the direct 
involvement of procoagulant changes in COVID-19 pneumonia 
pathogenesis.

Thrombosis was associated with biomarkers reflecting inflamma-
tion including increased leucocyte, neutrophil, and platelet counts. 
We also observed an association with higher LDH, D-dimers, and 
FVIII levels. In a recent meta-analysis, an association between ele-
vated LDH levels measured at earliest time point in hospitalization 
and worse outcomes was reported in patients with COVID-1937 
as observed in patients with Middle East respiratory syndrome 
(MERS).38 Several mechanisms may account for LDH increase in 
COVID-19 including thrombotic microangiopathy, upregulation of 
the glycolytic pathway in a context of severe hypoxia, and direct cell 
damage because this intracellular enzyme is found in pneumocytes, 
the main target cell of SARS-CoV-2.

D-dimers at admission or increasing D-dimers over time have 
been associated with an increased risk of respiratory degradation, 
thrombosis, and death from COVID-19 infection.2,14,39 Reports to 
date have not accounted for age or other major comorbidities that 
contribute to D-dimer elevation as potential confounders in risk 
prediction. Of note, in our cohort the predictive value of D-dimers 
on the occurrence of thrombosis remained significant after adjust-
ment on major metabolic comorbidities associated with COVID-19 
and also risk factors for thrombosis such as BMI and age. Similarly, 

high FVIII levels at admission were also associated with an in-
creased risk of early-onset thrombosis (eg, in the 5 days following 
admission) independently of major comorbidities. Among coagula-
tion factors, high levels of FVIII and VWF were the strongest iden-
tified risk factors and recently a causal role of these two proteins 
in thrombotic events has been suggested.40,41 As we observed a 
secondary increase of FVIII in patients with late-onset thrombosis 
we suspect that this factor can only predict events in a short time 
frame, and so should be closely and frequently monitored. VWF 
levels upon admission were not predictive of thrombotic events 
during follow-up. This could suggest that the important increase in 
VWF observed in almost all patients related to endothelial injury 
in the lung, as reflected by the relation with the oxygen require-
ments at admission, is not a marker of patients at higher risk for 
thrombosis.

Altogether, these biological features make the link between 
SARS-CoV2 infection and the severity of hypoxemia. Indeed activa-
tion of coagulation cascade leading to widespread thrombosis in the 
lung and endothelial damages are thought to be involved in the dis-
ruption of pulmonary vasoregulation especially the vasoconstriction 
secondary to alveolar hypoxia.42

The main strengths of our study are: (a) our study was pro-
spective with a systematic follow-up in all patients at day 30; 
(b) in order to prevent referral bias, this study was performed in 
COVID-19 patients with radiological signs of pneumonia but with 
varying severity of illness; (c) adjustment for established risk fac-
tors for disease progression and death and accounting for limita-
tion of life-sustaining treatment as competing events for adverse 
outcomes are two other major strengths of the present study; (d) 
potential limitation, withholding, or withdrawal of life-sustaining 
treatment in frail elderly patients is a potential confounder that 
should be taken into account as a competing event when assess-
ing the association between biomarkers and the risk of adverse 
outcomes in COVID-19 patients.43 In our study we considered 
death with limitation, withholding, or withdrawal of life-sustaining 
treatment as a competing event for the evaluation of respiratory 
worsening meaning that death with respiratory failure was not 
considered as worsening when occurring in the context of limited, 
withheld, or withdrawn life-sustaining treatment. However, this 
study has three main limitations. First, this was a single-center 
study, second the thrombotic complications were not diagnosed 
through systematic screening with doppler ultrasound or CT pul-
monary angiogram. The prevalence of VTE and PE was therefore 
probably underestimated because the access doppler ultrasound 
and CT pulmonary angiogram was limited in COVID-19 patients 
hospitalized in ICU for practical reasons. Furthermore, as seasonal 
influenza outbreak was over in Europe at the start of the COVID-
19 pandemic, we could not include patients with interstitial pneu-
monia related to viruses other than SARS-Cov2 as controls. It 
remains to be assessed whether the biomarkers associated with 
worse outcomes in our study are specific to COVID-19 pneumonia 
or could be translated to pneumonia related to other viruses such 
as SARS, MERS, or influenza.
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5  | CONCLUSION

We provide evidence that levels of coagulation biomarkers in-
cluding FVIII and VWF at time of admission to the ED are associ-
ated with the severity of COVID-19 and predict risk of increased 
oxygen requirements irrespective of age, sex, BMI, diabetes, and 
hypertension.
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ABSTRACT

BACKGROUND The main risk factor for bleeding in patients with continuous-flow mechanical circulatory support

(CF-MCS) is the acquired von Willebrand factor (VWF) defect related to the high shear-stress forces developed by these

devices. Although a higher bleeding rate has been reported in CF-MCS recipients who had reduced pulsatility, the relation

between pulsatility and the VWF defect has never been studied.

OBJECTIVES The purpose of this study was to investigate the relation between pulsatility and VWF under CF-MCS.

METHODS We assessed the effect of 2 CF-MCS on VWF multimer degradation in a mock circulatory loop (model 1).

Using these devices, we investigated in a dose-effect model (model 2) 3 levels of pulsatility in 3 groups of swine. In a

cross-over model (model 3), we studied the effects of sequential changes of pulsatility on VWF. We reported the

evolution of VWF multimerization in a patient undergoing serial CF-MCS and/or pulsatile-MCS.

RESULTS We demonstrated the proteolytic degradation of VWF multimers by high shear CF-MCS in a circulatory loop

without pulsatility. We observed both in swine models and in a patient that the magnitude of the VWF degradation is

modulated by the pulsatility level in the high shear-stress level condition, and that the restoration of pulsatility is a

trigger for the endothelial release of VWF.

CONCLUSIONS Wedemonstrated that the VWFdefect reflects the balance between degradation induced by the shear stress

and the endothelial release of newVWFtriggeredby thepulsatility. Thismodulationof VWF levels could explain the relationship

between pulsatility and bleeding observed in CF-MCS recipients. Preservation of pulsatility may be a new target to improve

clinical outcomes of patients. (J Am Coll Cardiol 2018;71:2106–18) © 2018 by the American College of Cardiology Foundation.
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C ontinuous flow (CF) mechanical circulatory
support (MCS) devices have been developed
to treat end-stage heart failure in patients

waiting for heart transplant or as a destination ther-
apy. Bleeding is currently the most frequent adverse
event observed in patients with CF-MCS and represent
a major source of morbidity. Gastrointestinal bleeding
occurs in #50% of patients and impact their manage-
ment, quality of life, and ultimately survival (1–3).

The acquired von Willebrand factor (VWF)–defect
related to the high shear-stress forces developed by
these devices has been shown to be 1 of the main risk
factors of bleeding (4–6). VWF is a multimeric glyco-
protein synthesized and released by the endothelial
cells involved in hemostasis and angiogenesis. The
supra-physiological shear stress induced by CF-MCS
promotes the proteolytic degradation of the high mo-
lecular weight (HMW) multimers of VWF into smaller
protein complexes with less hemostatic potential (7).

CF-MCS also decreases arterial pulsatility to a
various extent depending on the balance between the
residual native left ventricle (LV) contractility and the
flow rate of the device. Several studies have reported
a higher bleeding rate in CF-MCS–supported patients
who had reduced pulsatility (8–10). However, the
direct relationship between pulsatility and multi-
meric profile of VWF has never been studied. This
question is of major clinical importance to under-
stand whether preservation of pulsatility under
CF-MCS could reduce the incidence of bleeding and
affect patient management (11,12).

We hypothesized that the defect of VWF observed
under MCS could be modulated by the endothelial
response to the level of pulsatility. One in vitro
endothelial-free mock circulatory loop model and
2 experimental swine models with CF-MCS were used
to investigate the relationship between pulsatility
and VWF multimerization. We further investigated
the evolution of VWF parameters in a patient with

cardiogenic shock requiring MCS
with successively 3 serial pulsatile and CF
devices.

METHODS

STUDY DESIGN. To assess the effect of
changes of pulsatility as a modulator of VWF
defect under CF-MCS, we developed 3
experimental models and we investigated a
patient undergoing sequential changes of
pulsatility. The results obtained in this pa-
tient are part of the “first clinical use of a
bioprosthetic total artificial heart” CARMAT
study (Figure 1, Online Table 1).

For the experimental part, we used 2
percutaneous micro-axial catheter-mounted
high shear rotary pumps adapted from
Impella-CP (MCS-A) and Impella-5.0 (MCS-B)
and using a dedicated cannula adapted to
pig anatomy constraints (Abiomed Europe-
GmbH, Aachen, Germany). The 2 pumps
were designed to induce very similar shear
with a tip velocity of 9.5 and 10.0 m $ s�1 for
MCS-A and -B, respectively. During all of the experi-
ments, the pumps were used at a constant and
maximal speed with a maximum flow of 3.2 l/min
(MCS-A) and 4.5 l/min (MCS-B).

For the in vitro model, we used an endothelial-free
mock circulatory loop (without pulsatility) to inves-
tigate the intrinsic capacity of these 2 high-shear
CF-MCS to induce a loss of HMW multimers after
proteolytic degradation of VWF (Figure 1A). For the
in vivo experimental part, we developed 2 swine
models with normal heart function to study the
relationship between pulsatility and the intensity of
VWF defect (Figures 1B and 1C).

We further investigated the evolution of multi-
meric profile in a patient with cardiogenic shock
requiring MCS with successively 3 serial pulsatile
and CF devices: 1) CF-MCS with venoarterial
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extracorporeal membrane oxygenation (ECMO); 2)
pulsatile-flow (PF) MCS with experimental CARMAT
total artificial heart; and 3) the association of both
(CF-MCS þ PF-MCS) (Figure 1D).

The assessment of arterial pulsatility in vivo was
based on the invasive measurement of pulse pressure
(PP) defined by the difference between systolic and
diastolic arterial pressure.

IN VITRO STUDY: VWF DEGRADATION INDUCED BY

HIGH-SHEAR CF-MCS IN AN ENDOTHELIAL-FREE MOCK

CIRCULATORY LOOP WITHOUT PULSATILITY. The
endothelium-independent effects of these 2 CF-MCS
on VWF degradation were assessed in vitro in a

mock circulatory loop perfused with human whole
blood (12). This loop allowed for the investigation of
the direct effect of the device on VWF without the
potential release of new VWF from the endothelial
cells (Figure 1A, Online Appendix). Each experiment
lasted 30 min for both pumps (MCS-A and -B) and for
a total of 4 runs for each. Four more runs were per-
formed in the presence of an unspecific inhibitor of
VWF proteolysis (ethylene diamine tetra acetic acid
[EDTA] at 10 mmol/l).

DOSE-EFFECT OF PULSATILITY ON VWF PARAMETERS

IN A SWINE MODEL. A swine model was designed to
investigate VWF parameters in 3 distinct groups of

FIGURE 1 Study Design

In vitro (Model 1): VWF degradation induced by high shear continuous-flow mechanical
circulatory support in an endothelial-free mock circulatory loop without pulsatility

A

MCS-A
(n = 4 runs)

MCS-B
(n = 4 runs)

Dose-effect of pulsatility on VWF parameters in a swine model (Model 2)B

Intermediate pulsatility groupLow pulsatility group Normal pulsatility group

MCS-A
in Left Ventricle (n = 6)

MCS-B
in Left Ventricle (n = 6)

MCS-A
in Aorta (n = 6)

D Sequential changes of pulsatility and shear in a patient with cardiogenic shock

CF-MCS PF-MCS CF-MCS + PF-MCS

Low

Normal

High

Low

High

Low

Day 0 Day 5 Day 12 Day 23

Shear

Pulsatility

C Sequential changes of pulsatility on VWF parameters in a swine cross-over model (Model 3, n = 6)

MCS-B in LV-1 MCS-B in Ao MCS-B in LV-2Stop MCS
Native Heart only

Low

Normal

Low

Normal

High

Low

High

Low

0 min 30 min 90 min 120 min 180 min 210 min

Shear

Pulsatility

High

Normal

Stop MCS
Native Heart only

(A) An endothelial-free mock circulatory loop (without pulsatility) was used to investigate VWF degradation in a mock circulatory loop;

(B) swine model to study dose effect of pulsatility on VWF degradation; (C) swine cross-over model; and (D) patient with cardiogenic shock

requiring mechanical circulatory support with 3 successive phases. Ao ¼ aorta; CF ¼ continuous flow; LV ¼ left ventricular; MCS ¼ mechanical

circulatory support; PF ¼ pulsatile flow; VWF ¼ von Willebrand factor.
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animals (18 animals, 6 in each condition) defined by
3 degrees of pulsatility depending on the combination
of themaximum flow of the device and its localization:
1) low pulsatility group: implantation of the MCS-B
inside the LV to achieve a strong decrease of PP (i.e.,
PP <10 mm Hg); 2) intermediate pulsatility group: im-
plantation of theMCS-A inside the LV to achieve amild
decrease of PP (i.e., PP between 10 and 25 mmHg); and
3) normal pulsatility group: implantation of the MCS-B
inside the aorta to preserve the PP generated by the
heart (i.e., PP >25 mm Hg) (Figure 1B).

In all animals, irrespective of the group, the pump
was inserted via an introducer in the aorta after lap-
arotomy (Online Appendix).

CONSEQUENCES OF SEQUENTIAL CHANGES OF

PULSATILITY ON VWF PARAMETERS IN A SWINE

CROSS-OVER MODEL. We investigated the time
course of changes of VWF parameters in a swine
cross-over model (6 animals) allowing acute varia-
tions of pulsatility under high-shear conditions in the
same animal (Figure 1C).

For this dynamic model in 5 phases, we implanted
the MCS-B as described previously successively in-
side of the LV and inside of the aorta to achieve the
largest variations of PP:

� Phase 1: The MCS was first implanted and initiated
inside of the LV for 30 min (LV-1; low pulsatility
and high shear).

� Phase 2: The MCS was stopped and retrieved inside
the aorta for 60 min (native heart only-1; normal
pulsatility and low shear).

� Phase 3: The MCS operated for 30 min inside the
aorta (aorta; normal pulsatility and high shear).

� Phase 4: The MCS was stopped again and remained
inside the aorta for 60 min (native heart only-2;
normal pulsatility and low shear).

� Phase 5: The MCS was reinserted inside the LV for
the remaining 30 min of the experiment (LV-2; low
pulsatility and high shear).

The MCS was operating at the same maximal
rotational speed during the LV and the aorta phases
to maintain a constant shear-stress level.

SEQUENTIAL CHANGES OF PULSATILITY AND SHEAR IN A

PATIENT WITH CARDIOGENIC SHOCK REQUIRING MCS. A
58-year-old man with dilated cardiomyopathy was
admitted to the cardiac intensive care unit for a severe
biventricular dysfunction refractory to vasopressive
and inotropic drugs (INTERMACS class I) and under-
went successively 3 phases of MCS with different he-
modynamic and shear patterns (Figure 1D):

1. First, a peripheral CF-MCS with venoarterial ECMO
was rapidly implanted as a bridge to decision

therapy (phase 1: low pulsatility and high shear;
CF-MCS). The patient was considered neither as a
suitable candidate for heart transplantation nor for
usual long-term ventricular assist device implan-
tation, but fulfilled the criteria to be included in a
clinical trial investigating PF-MCS with CARMAT
total artificial heart (13).

2. Thus, after informed consent, the patient was
implanted with the PF-MCS (phase 2: low shear and
normal pulsatility; PF-MCS).

3. Seven days after implantation, because of hemo-
dynamic and respiratory failure, a CF-MCS with
venoarterial ECMO was added to provide both
oxygenation and hemodynamic support (phase 3:
high shear and low pulsatility; CF-MCS þ PF-MCS)
(14).

BLOOD SAMPLING AND VWF ANALYSES. Blood
sampling was performed before and after initiation
(at 5, 15, and 30 min) of MCS to assess the time
course of the VWF collagen-binding activity over
VWF antigen ratio (VWF:CB/VWF:Ag ratio), HMW
multimers, and VWF:Ag (7). The same time course
was used for blood sampling in the 3 models. This
time course was derived from our observation of
the kinetics of VWF degradation/restoration in
humans (4).

In the patient, blood samples were collected for
VWF analysis during each phase of support. The
biological exploration of VWF was performed on
platelet-poor plasma. Platelet-poor plasma was
frozen at �80�C until analysis.

VWF AND OTHER BIOLOGICAL PARAMETER ANALYSES

IN SWINE BLOOD SAMPLES. VWF antigen levels were
evaluated by immunoturbidimetry (VWF:Ag,
Siemens, Marburg, Germany). VWF activity was
assessed by an enzyme-linked immunosorbent assay
(ELISA) collagen-binding assay (VWF:CB) (Horm,
Nycomed, Oslo, Norway). VWF multimeric analysis
was adapted for the swine model (Online Appendix)
and as previously described (7). Factor VIII
(FVIIIc) activity was measured by a 1-stage assay,
on a Sysmex CA1500 analyzer with the use of
commercial reagents (Triniclot aPTT and FVIII
deficient, Siemens). A disintegrin and metal-
loprotease with thrombospondin type I repeats-13
(ADAMTS13) activity was measured using a chro-
mogenic assay, Technozym ADAMTS13 activity
ELISA (Technoclone, Vienna, Austria). Angiopoietin-2
(Ang-2) levels were measured by ELISA (R&D
Systems, Minneapolis, Minnesota). Plasma lactate
dehydrogenase (LDH) was measured with a fluori-
metric assay (Roche Diagnostics, Mannheim,
Germany).
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VWF ANALYSIS IN HUMAN BLOOD SAMPLES. VWF:Ag
and VWF:CB levels were measured as described in the
previous text. The multimeric structure of plasma
VWF was quantified after electrophoresis as previ-
ously described (7). The von Willebrand factor pro-
peptide (VWFpp) (VWF & Propeptide Assay, Immucor
GTI Diagnostics, Waukesha, Wisconsin) was
measured by ELISA.

STATISTICAL ANALYSIS. Time points were
compared with a Wilcoxon signed-rank test for paired
or Mann-Whitney U test for unpaired groups. Corre-
lation was performed with Spearman rank correlation
coefficient. Multiple time comparisons were per-
formed using repeated measures of 1-way analysis of
variance (ANOVA). To compare the dynamic of HMW
multimers between the groups, we have fitted a
repeated measures 2-way ANOVA model with time
and groups as factors. The interaction term between
the 2 factors is tested to assess the difference between
the dynamics of the groups. Statistical analysis was
performed using SPSS (IBM, Armonk, New York) and
the R software with the nlme package (R Foundation
for Statistical Computing, Vienna, Austria). Results
are expressed as median (interquartile range [IQR]).
All p values <0.05 were considered statistically
significant.

RESULTS

IN VITRO STUDY: VWF DEGRADATION INDUCED BY

HIGH-SHEAR CF-MCS IN AN ENDOTHELIAL-FREE

MOCK CIRCULATORY WITHOUT PULSATILITY

(MODEL 1). A rapid time-dependent loss of HMW

multimers (>60% after 5 min and >90% after 30 min)
was observed in both MCS-A and -B experiments
(Figure 2A). The loss of HMW multimers coincided
with a loss of collagen-binding activity (Figure 2B).
Loss of HMW multimers and collagen-binding activity
followed a similar time course in MCS-A and -B
(p ¼ 0.578 and p ¼ 0.771 for HMW multimers and
VWF:CB/VWF:Ag, respectively). This time-dependent
degradation of VWF was inhibited when spiking
EDTA before initiating the experiments with both
devices (Online Figure 1).

DOSE-EFFECT OF PULSATILITY ON VWF PARAMETERS

IN A SWINE MODEL (MODEL 2). The aim of this exper-
iment was first to analyze the effect of MCS-A and -B
on PP in 3 animal groups: 1 group with expected low
pulsatility, 1 group with expected intermediate pul-
satility, and 1 group in which placement of MCS-B was
supposed to maintain normal pulsatility (Figure 3A,
Online Figure 2). The baseline PP was 32 mm Hg (IQR:
26.9 to 37.6 mm Hg). In the low-pulsatility group, the
implantation of the MCS-B inside the LV induced a
drop of the PP (PP ¼ 4 mm Hg [IQR: 2 to 6 mm Hg]; p <

0.01 vs. baseline). In the intermediate-pulsatility
group, the implantation of the MCS-A inside the LV
induced a mild decrease in PP (PP ¼ 20 mm Hg [IQR:
19 to 22 mm Hg]; p < 0.01 vs. low and p<0.05 vs.
normal-pulsatility group). The placement of the
MCS-B inside the aorta preserved a normal PP
(PP ¼ 26 mm Hg [IQR: 24 to 33 mm Hg]). This suggests
that placement of the MCS influences changes in
pulsatility upon changes in PP.

We next analyzed how MCS affected VWF param-
eters in each group (Figures 3B and 3C). A significant

FIGURE 2 VWF Degradation Induced by High Shear MCS-A and -B in a Mock Circulatory Loop Without Pulsatility
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A time-dependent decrease of high molecular weight (HMW) multimers (A) and the von Willebrand factor collagen-binding activity (VWF:CB) to von

Willebrand factor antigen (VWF:Ag) ratio (B) was seen with mechanical circulatory support (MCS)-A and -B, without significant difference between the 2

devices (repeated measures 2-way analysis of variance, interaction term with time and groups as factors).
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FIGURE 3 Dose Effect of Pulsatility on VWF Parameters
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(A) Changes of pulse pressure (PP) within the 3 groups of pulsatility: baseline (PP¼ 32 mm Hg [interquartile range (IQR): 26.9 to 37.6 mm Hg];
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intermediate-pulsatility group). (B) A significant loss of HMW multimers was observed in the 3 conditions when compared with baseline

(analysis of variance [ANOVA] p < 0.01). A significant effect of pulsatility on the dynamic of HMW-multimer loss was observed (p< 0.0001;

2-way ANOVA). ***p < 0.001; ****p< 0.0001. §At 30 min, HMWmultimers were significantly lower under low pulsatility (0.30 [IQR: 0.24 to

0.39]) compared with intermediate (0.46 [IQR: 0.45 to 0.54]; p < 0.05) and normal pulsatility (0.72 [IQR: 0.75 to 0.93]; p < 0.01). This

difference was also significant between intermediate and normal pulsatility (p < 0.01). (C) A significant decrease of VWF:CB/VWF:Ag was

observed in the 3 conditions of pulsatility when compared with baseline (ANOVA p < 0.01). Abbreviations as in Figure 2.

J A C C V O L . 7 1 , N O . 1 9 , 2 0 1 8 Vincent et al.
M A Y 1 5 , 2 0 1 8 : 2 1 0 6 – 1 8 Pulsatility as a Modulator of Circulating VWF

2111



loss of HMW multimers was observed in each of the 3
conditions of pulsatility when compared with base-
line values (ANOVA p < 0.01). However, the dynamics
of HMW multimer loss was significantly dependent
on the pulsatility regimen (low, intermediate,
and normal; p < 0.0001; for the interaction term in
the 2-way ANOVA with group and time as factors). As
a result, at the end of the experiment, the HMW-
multimer ratio was significantly lower in the low-
pulsatility group (0.30 [IQR: 0.24 to 0.39]) compared
with both the intermediate- (0.46 [IQR: 0.45 to 0.54];
p < 0.05) and normal-pulsatility groups (0.72 [IQR:
0.75 to 0.93]; p < 0.01). This difference was also sig-
nificant between the intermediate- and normal-
pulsatility groups (p < 0.01). Mirroring HMW-
multimer ratio results, the same trend was observed
with the VWF:CB/VWF:Ag ratio (Figure 3C). When
combining all data points, a strong correlation was
observed between arterial pulsatility and HMW-
multimer ratio (r ¼ 0.73; p < 0.01). Of note, no sig-
nificant increase in LDH was observed during the time
of the experiment (30 min), with no difference
between the 2 devices (MCS-A or -B) in any of the
locations (LV or aorta) (Online Figure 3).

CONSEQUENCES OF SEQUENTIAL CHANGES OF

PULSATILITY ON VWF PARAMETERS IN A SWINE

CROSS-OVER MODEL (MODEL 3). The aim of this
experiment was to analyze the effect of MCS-B on
changes in PP by placing it at various positions (LV or
aorta) over time while using different speeds of
rotation (Figure 4A). The baseline PP was 39 mm Hg
[IQR: 32 to 46 mm Hg]. After initiating MCS-B support
in the LV (phase 1), a drop in PP was observed
(PP ¼ 5.8 mm Hg [IQR: 2.9 to 10.8 mm Hg]; p < 0.01).
PP returned to normal (PP ¼ 28.5 mm Hg [IQR: 26 to
33 mm Hg]) when MCS-B was replaced to the aorta in
the absence of rotation speed (phase 2). After
restarting rotation speed in the aorta (phase 3, in
which normal functioning of the LV ensures normal
pulsatility), PP levels remained close to baseline
values (PP ¼ 30.6 mm Hg [IQR: 25.5 to 35.5 mm Hg];
p ¼ 0.92 vs. baseline). Again, no changes in PP
occurred when terminating rotation speed with the
MCS-B being placed in the aorta (phase 4;
PP ¼ 35 mm Hg [IQR: 28 to 46 mm Hg]). Finally,
reinstallation of MCS-B into the LV with full rotation
speed (phase 5) once more resulted in a significant
drop in PP (PP ¼ 5 mm Hg [IQR: 2.7 to 7.7 mm Hg]; p <

0.01). Thus, this series of experiments demonstrates
that in this model, PP can be significantly and easily
manipulated by relocating the same device (MCS-B)
from one position to another (LV vs. aorta and vice
versa).

CHANGES IN VWF PARAMETERS. Changes in VWF
parameters are shown in Figures 4B to 4D and Online
Figures 4 and 5.

The first low-pulsatility phase (phase 1: MCS in LV-1)
was associated with a rapid and significant loss of
HMW multimers (0.74 [IQR: 0.58 to 0.88], 0.51 [IQR:
0.38 to 0.60], and 0.39 [IQR: 0.22 to 0.48] at 5, 15, and
30 min, respectively vs. 0.90 [IQR: 0.84 to 1.10] at
baseline; ANOVA p < 0.0001). After stopping the
pump for 60 min (phase 2: native heart only-1) and
restoring a low shear and a normal pulsatility, a
complete recovery of HMW-multimer ratio (at 1.0
[IQR: 0.89 to 1.26]) was obtained. During the normal
PP phase (phase 3: MCS in aorta), a decrease of HMW-
multimer ratio was also observed (0.87 [IQR: 0.69 to
1.04], 0.76 [IQR: 0.73 to 0.88], and 0.74 [IQR: 0.62
to 0.82] at 5, 15, and 30 min, respectively; ANOVA
p < 0.0001). However, this effect was less pronounced
when compared to the first low-pulsatility phase
(HMW-multimer ratio ¼ 0.74 [IQR: 0.62 to 0.82] at
120 min vs. 0.39 [IQR: 0.22 to 0.48] at 30 min; p < 0.05
for phases 3 and 1, respectively).

After stopping the pump for 60 min (phase 4: sec-
ond phase of native heart only-2), a complete recov-
ery of VWF was again observed (HMW-multimer ratio
at 1.0 [IQR: 0.87 to 1.05]). In the second low-
pulsatility phase (phase 5: MCS in LV-2), a rapid loss
of HMW multimers similar to the first low-pulsatility
phase was observed.

To elucidate whether the recovery of VWF multi-
mers could originate from endothelial VWF release in
response to pulsatility, the evolution of VWF:Ag
levels was analyzed.

A raise of VWF:Ag was only observed after a
sudden increase in PP (between phases 1 and 2) with
an increase of 29% of the VWF:Ag level (p ¼ 0.03). The
increase in VWF:Ag in the phase 1 to 2 transition was
accompanied by a concomitant increase in FVIIIc
(p ¼ 0.03) and Ang-2 levels (p ¼ 0.03), suggesting
the release of these 3 proteins from endothelial
Weibel-Palade bodies (WPBs). No changes in levels
of the VWF-cleaving protease ADAMTS13 were
detected.

SEQUENTIAL CHANGES OF PULSATILITY AND

SHEAR IN A PATIENT WITH CARDIOGENIC SHOCK

REQUIRING MCS. Changes in PP dur ing the
d i f ferent phases . Figure 5A shows the changes in
PP during the different phases. The PP during the first
phase of CF-MCS was very low (<10 mm Hg). In the
second phase, after PF-MCS implantation occurred, a
high increase of PP (51 mm Hg [IQR: 42.5 to 54
mm Hg]). Then, during the last phase of dual support
(CF-MCS þ PF-MCS), we observed a significant drop of
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FIGURE 4 VWF Parameters in a Swine Cross-Over Model Associated With Sequential Changes of Pulsatility
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(A) Baseline PP ¼ 39 mm Hg (IQR: 32 to 46 mm Hg). Decrease during low-pulsatility phases (1 and 5): 5.8 mm Hg (IQR: 2.9 to 10.8 mm Hg; p < 0.01) and 5 mm Hg (IQR:

2.7 to 7.7 mm Hg; p < 0.01). PP in the normal range in native heart phases (2 and 4): 28.5 mm Hg (IQR: 26 to 33 mm Hg); 35 mm Hg (IQR: 28 to 46 mm Hg). There was

no significant decrease in phase 3 (30.6 mm Hg [IQR: 25.5 to 35.5 mm Hg]; p ¼ 0.92). §PP was reduced in the LV phases compared with the aortic phase (p < 0.01). (B)

Phase 1: rapid loss of HMWmultimers (0.74 [IQR: 0.58 to 0.88 mm Hg], 0.51 [IQR: 0.38 to 0.60 mm Hg], and 0.39 [IQR: 0.22 to 0.48 mm Hg] at 5, 15, and 30 min vs.

0.90 [IQR: 0.84 to 1.10 mm Hg] at baseline; ANOVA p < 0.0001). Recovery of HMW multimers in phases 2 and 4 at 1.0 (IQR: 0.89 to 1.26) and 1.0 (IQR: 0.87 to

1.05). Phase 3: decrease of HMWmultimers: 0.87 (IQR: 0.69 to 1.04), 0.76 (IQR: 0.73 to 0.88), and 0.74 (IQR: 0.62 to 0.82) at 5, 15, and 30 min; ANOVA p ¼ 0.0001.

†Lower decrease of HMW multimers within normal pulsatility (phase 3) than within low pulsatility (phase 1): HMW multimers ¼ 0.74 (IQR: 0.62 to 0.82) at 120 min

versus 0.39 (IQR: 0.22 to 0.48) at 30 min. **p < 0.01; ****p < 0.0001. (C) VWF multimeric profile. (D) Increase in VWF:Ag (þ29%; p ¼ 0.03) after PP increase

between phases 1 (30 min) and 2 (at 120 min), ‡p < 0.05. Abbreviations as in Figures 1 to 3.
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FIGURE 5 Sequential Changes of Pulsatility and Shear in a Patient Requiring MCS
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(A) Phase 1: low PP <10 mm Hg. Phase 2: high levels of PP (51 mm Hg [IQR: 42.5 to 54 mm Hg]). Phase 3: †drop of PP (25 mm Hg [IQR: 20 to

30 mm Hg] vs. 51 mm Hg [IQR: 42.5 to 54 mm Hg], p<0.01). (B) Phase 1: decrease of HMWmultimers (ratio ¼ 0.3). Phase 2: normalization of

HMW multimers (ratio ¼ 0.87 [IQR: 0.78 to 0.98]. Phase-3: drop of HMW multimers (ratio ¼ 0.10 [IQR: 0.07 to 0.10]. (C) VWF multimeric

profile. (D) Phase 2: increase of VWF:Ag from 295 IU/dl (day 2) to 581 IU/dl (day 11). Phase 3: drop of VWF:Ag to 326 IU/dl (day 13), then a

milder rise of VWF:Ag after 11 days of dual support. Abbreviations as in Figures 1 to 3.
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PP (25 mm Hg [IQR: 20 to 30 mm Hg] vs. 51 mm Hg
[IQR: 42.5 to 54 mm Hg], p<0.01).
Changes in VWF parameters . Figures 5B to 5D and
Online Figure 6 show the changes in VWF parameters.
Under CF-MCS (high shear and low pulsatility), a
marked decrease of both VWF:Act/VWF:Ag and
HMW-multimer ratio (0.6 and 0.3, respectively) were
observed. Three hours after implantation, the PF-MCS
support provided a rapid restoration of functional
VWF with a complete normalization of both VWF:Act/
VWF:Ag and HMW multimers (Online Figure 3) and a
parallel increase in VWFpp/VWF:Ag ratio from 1.0 to
2.2. During the 7 days of PF-MCS (low shear and
normal pulsatility), VWF:Act/VWF:Ag and HMW
multimers remained into the normal range (VWF:Act/
VWF:Ag ratio ¼ 1.11 [IQR: 1.04 to 1.22], HMW-multi-
mers ratio ¼ 0.87 [IQR: 0.78 to 0.98]). The hemody-
namic and respiratory failure during PF-MCS required
the addition of CF-MCS to PF-MCS (phase 3: high shear
and low pulsatility). Upon initiation of PF-MCS, we
noted a recurrence of a functional VWF defect that
remained stable over time (VWF:Act/VWF:Ag ratio ¼
0.51 [IQR: 0.47 to 0.55], HMW-multimers ratio ¼ 0.10
[IQR: 0.07 to 0.10]). Under single PF-MCS support, a
continuous increase inVWF:Agoccurred from295 IU/dl
just after implantation to 581 IU/dl after completing
7 days of PF-MCS. After implantation of additional CF-
to PF-MCS, VWF:Ag dropped to 369 IU/dl within the
first day of dual support. Then, a progressive and
milder rise of VWF:Ag was observed from 326 IU/dl in
the second day to 491 IU/dl after completing 11 days of
dual support. A progressive rise of VWFpp was noted
under PF-MCS from 385 to 660 IU/dl between day 6
and day 12. After the addition of CF-MCS to PF-MCS, a
progressive decrease of VWFpp occurred, from
660 IU/dl at day 13 to 363 IU/dl at day 23.

DISCUSSION

In the present study, we investigated for the first time
the potential relationship between arterial pulsatility
under CF-MCS and VWF physiology. Using a specif-
ically developed sequential swine model, we
demonstrated that the degree of pulsatility is a key
modulator of circulating VWF in CF-MCS. These re-
sults were further confirmed in the clinical scenario of
a patient with cardiogenic shock supported sequen-
tially with pulsatile and CF devices.

LOSS OF HMW MULTIMERS WITH CF-MCS IN THE

ABSENCE OF VASCULAR BED. The VWF degradation
signature of 2 MCS devices generating distinct blood
flow levels was assessed in vitro in a mock circulatory
loop. This loop allowed for the assessment of the ef-
fect of the device geometry and shear characteristics

on VWF degradation in the absence of endothelium
response. VWF degradation was prevented by EDTA
validating the enzymatic nature of degradation under
this type of support. As expected and previously re-
ported by our group (4), both devices were generating
very similar high shear and were associated with a
very fast and equivalent loss of HMW multimers. We
took advantage of these similar characteristics to
design the swine series of experiments.

PULSATILITY MODULATES THE HMW MULTIMERS LOSS

UNDER STEADY-STATE OR DURING SEQUENTIAL

CHANGES IN FLOW REGIMEN: RESULTS FROM A

CROSS-OVER SWINE MODEL OF CF-MCS. We first
investigated the effect of 3 “steady-state” pulsatility
conditions, all obtained at similar high shear, on VWF
multimerization. Three distinct levels of pulsatility—
low, intermediate, or normal—could be obtained by
the implantation of 1 of the 2 devices, MCS-A or -B, in
either the LV or the aorta of our swine model. These 3
conditions were achieved with the same high level of
shear as demonstrated by the results of the in vitro
experiments and by the measurements of LDH in vivo
disclosing a similar increase of LDH in the 3 condi-
tions. Loss of HMW multimers was faster and more
pronounced in animals supported in conditions of
low pulsatility compared with animals supported
with intermediate or normal pulsatility. This series of
experiments demonstrated that the level of arterial
pulsatility is a strong modulator of VWF degradation.

We next investigated whether sequential and dy-
namic changes of pulsatility could modulate VWF
multimerization over time. This was done by
designing a swine cross-over model using 1 given MCS
at 2 different locations, LV or aorta, in the same ani-
mal in a sequential fashion. As in the previous set of
experiments, the HMW-multimer defect was more
pronounced in conditions of low pulsatility than in
conditions of preserved pulsatility. This cross-over
model confirms the occurrence of dynamic varia-
tions of the VWF multimeric profile in response to
acute changes in pulsatility levels. It further demon-
strates that changes in pulsatility regimen can be
pivotal to modulate VWF multimerization in high
shear conditions.
ENDOTHELIUM AS A SENSOR OF PULSATILE FLOW. Our
findings suggest that the link between the acute
change of pulsatility and the restoration of the HMW
multimer profile originates from an acute release of
VWF, stored in the WPBs of the endothelial cells of
the vascular wall. The acute release of VWF was
demonstrated by the significant increase in VWF:Ag
observed in the swine cross-over model as soon as the
vascular endothelium is exposed to a high pulsatility-
flow regime.
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Because WPBs store other bioactive compounds,
such as FVIIIc and Ang-2, the concomitant increase of
VWF:Ag, FVIIIc, and Ang-2 upon high-pulsatility
conditions is highly suggestive of an acute release of
new VWF multimers from WPBs (Central Illustration).

These results were further confirmed in a patient.
After the implantation of PF-MCS, a rise in VWFpp
and in VWF:Ag was observed, suggesting a release
from WPBs. The addition of CF-MCS and the subse-
quent nonpulsatile flow pattern was associated with a
decrease in VWF:Ag and the reappearance of the VWF
defect.

Numerous physiological functions of endothelial
cells are directly affected by physical changes in
blood flow. In vitro, an increase in the arterial luminal
pressure induces an acute release of VWF from
endothelial WPBs (15). Exposition of endothelial cells
to laminar flow of varying shear-stress magnitude has
been shown to modulate the VWF release (16).

In vivo, CF-MCS and aortic stenosis are 2 clinical
conditions associated with a VWF HMW-multimer
defect and a reduced PP. We recently reported a
nearly immediate recovery of the HMW-multimer
defect upon the acute reversion of aortic stenosis
(associated with recovery of normal PP) in a rabbit
model and in patients undergoing transcatheter or
surgical aortic valve implantation (7,17,18). As in the
present situation, the early correction of VWF defect
after transcatheter aortic valve implantation was
associated with a simultaneous increase in VWFpp,
demonstrating the release of new HMW multimers
from the endothelial cells (7).

CLINICAL RELEVANCE OF VASCULAR BED

RESPONSE TO RESTORATION OF PULSATILITY TO

PREVENT THE VWF DEFECT UNDER CF-MCS. Our
findings suggest that the VWF defect associated with
CF-MCS devices could be dependent not only on the

CENTRAL ILLUSTRATION Pulsatility as a Modulator of Circulating von Willebrand Factor

Vincent, F. et al. J Am Coll Cardiol. 2018;71(19):2106–18.

In case of low pulsatility (left) the high shear conditions induce a proteolytic cleavage of von Willebrand factor (VWF) and a loss of high molecular weight (HMW)

multimers, which is not compensated by the release of new VWF. In the case of normal pulsatility (right), the change in pulse pressure induces a release of new VWF

from Weibel Palade bodies (WPBs), which preserves HMW multimers. ADAMTS13 ¼ A disintegrin and metalloprotease with thrombospondin type I repeats-13.
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pump geometry itself (shear stress) but also on the
nature of the flow (pulsatile or not) delivered by the
combination of the pump and the LV.

In patients with CF devices, the pulsatility is
related both to the residual LV function and the flow
capacity of the pump (11,19). Under long-term sup-
port, the magnitude of the protective effect of pul-
satility on VWF defect could therefore depend on
the LV residual function. The importance of the
level of pulsatility under CF pumps was first estab-
lished by Wever-Pinzon et al. (8) who reported less
bleeding events in HeartMate-II (Thoratec, Pleas-
anton, California) recipients with a high pulsatility
index than in patients with a low pulsatility index.
However, no VWF analysis was performed in this
study.

In linewith thesefindings, it has been described that
a CF-MCS with intrinsic pulsatility features seems to
prevent VWF deficiency (20) and improve hemo-
compatibility, without evidence establishing a link
with the differentflowpattern or to the different shear-
stress condition of this centrifugal flow pump (9,12).

TOWARD A BETTER PREVENTION OF ACQUIRED

VWF DEFECT UNDER CF-MCS. According to our
findings, a promising approach to reduce the in-
tensity of HMW-multimer defect under CF-MCS could
be to restore a high degree of residual pulsatility.
Thus, flow-modulation algorithms allowing an in-
crease of pulsatility are currently under evaluation to
be implemented in CF devices (21,22). Overall, the
next generation of devices will need an optimal bal-
ance between low-shear and high-pulsatility proper-
ties to reduce the VWF defect and avoid bleeding
complications.

STUDY LIMITATIONS. Although most of our findings
were obtained in a swine model of short-term MCS
with normal cardiovascular function, the observation
made in a patient with cardiogenic shock over the
course of several days suggests a strong clinical
relevance of our results. This observation further
demonstrates the potential of PF-MCS to preserve
VWF from excessive degradation (23).

Further research is needed, however, to extend the
benefit of pulsatility to long-term MCS. In addition,
whether our data could translate to next generation
of CF-MCS with speed modulation algorithms
providing pulsatile flow variations is unknown.

CONCLUSIONS

The present study demonstrated that the VWF defect
under CF-MCS reflects the balance between

degradation induced by high shear stress and the
endothelial release triggered by the pulsatile flow.

The role of pulsatility in the direct modulation of
VWF defect could explain the relationship between
low residual arterial pulsatility and high bleeding
rate in patients receiving MCS with CF devices (8).
These data support the concept of developing new
MCS devices with pulsatility properties to reduce
the bleeding burden and improve the safety of
patients.
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PERSPECTIVES

COMPETENCY IN PATIENT CARE AND PROCEDURAL

SKILLS: Bleeding is the most frequent adverse event during CF-

MCS. The acquired VWF defect observed during support with

these devices has been attributed mainly to high shear forces,

but low arterial pulsatility also contributes to the risk of

bleeding.

TRANSLATIONAL OUTLOOK: Further research is needed to

determine whether restoration of pulsatile arterial flow could

mitigate the acquired VWF defect, reduce bleeding, and improve

clinical outcomes for patients requiring MCS.

J A C C V O L . 7 1 , N O . 1 9 , 2 0 1 8 Vincent et al.
M A Y 1 5 , 2 0 1 8 : 2 1 0 6 – 1 8 Pulsatility as a Modulator of Circulating VWF

2117

mailto:ericvanbelle@aol.com
mailto:sophiesusen@aol.com


RE F E RENCE S

1. Katz JN, Adamson RM, John R, et al. Safety of
reduced anti-thrombotic strategies in HeartMate II
patients: a one-year analysis of the US-TRACE
Study. J Heart Lung Transplant 2015;34:1542–8.

2. Crow S, John R, Boyle A, et al.
Gastrointestinal bleeding rates in recipients of
nonpulsatile and pulsatile left ventricular assist
devices. J Thorac Cardiovasc Surg 2009;137:
208–15.

3. Starling RC, Naka Y, Boyle AJ, et al. Results of
the Post-U.S. Food and Drug Administration–
approval study with a continuous flow left ven-
tricular assist device as a bridge to heart trans-
plantation. J Am Coll Cardiol 2011;57:1890–8.

4. Susen S, Rauch A, Van Belle E, Vincentelli A,
Lenting PJ. Circulatory support devices: funda-
mental aspects and clinical management of
bleeding and thrombosis. J Thromb Haemost
2015;13:1757–67.

5. Meyer AL, Malehsa D, Budde U, Bara C,
Haverich A, Strueber M. Acquired von Willebrand
Syndrome in patients with a centrifugal or axial
continuous flow left ventricular assist device. J Am
Coll Cardiol HF 2014;2:141–5.

6. Uriel N, Pak S-W, Jorde UP, et al. Acquired von
Willebrand Syndrome after continuous-flow me-
chanical device support contributes to a high
prevalence of bleeding during long-term support
and at the time of transplantation. J Am Coll
Cardiol 2010;56:1207–13.

7. Van Belle E, Rauch A, Vincentelli A, et al. Von
Willebrand factor as a biological sensor of blood
flow to monitor percutaneous aortic valve in-
terventions. Circ Res 2015;116:1193–201.

8. Wever-Pinzon O, Selzman CH, Drakos SG, et al.
Pulsatility and the risk of nonsurgical bleeding in
patients supported with the continuous-flow left
ventricular assist device HeartMate II. Circ Heart
Fail 2013;6:517–26.

9. Muthiah K, Connor D, Ly K, et al. Longitudinal
changes in hemostatic parameters and reduced
pulsatility contribute to non-surgical bleeding in
patients with centrifugal continuous-flow left
ventricular assist devices. J Heart Lung Transplant
2016;35:743–51.

10. Jabbar HR, Abbas A, Ahmed M, et al. The inci-
dence, predictors and outcomes of gastrointestinal
bleeding in patients with left ventricular assist de-
vice (LVAD). Dig Dis Sci 2015;60:3697–706.

11. Patel SR, Jorde UP. Creating adequate pulsa-
tility with a continuous flow left ventricular assist
device: just do it! CurrOpinCardiol 2016;31:329–36.

12. Uriel N, Colombo PC, Cleveland JC, et al.
Hemocompatibility-related outcomes in the MO-
MENTUM 3 trial at 6 months. Circulation 2017;135:
2003–12.

13. CarpentierA, LatrémouilleC, CholleyB, et al. First
clinical use of a bioprosthetic total artificial heart:
report of two cases. Lancet 2015;386:1556–63.

14. Banfi C, Pozzi M, Siegenthaler N, et al. Veno-
venous extracorporeal membrane oxygenation:
cannulation techniques. J Thorac Dis 2016;8:
3762–73.

15. Xiong Y, Hu Z, Han X, et al. Hypertensive
stretch regulates endothelial exocytosis of
Weibel-Palade bodies through VEGF receptor 2
signaling pathways. Cell Res 2013;23:820–34.

16. Galbusera M, Zoja C, Donadelli R, et al. Fluid
shear stress modulates Von Willebrand factor
release from human vascular endothelium. Blood
1997;90:1558–64.

17. Vincentelli A, Susen S, Le Tourneau T, et al.
Acquired von Willebrand syndrome in aortic ste-
nosis. N Engl J Med 2003;349:343–9.

18. Van Belle E, Rauch A, Vincent F, et al. Von
Willebrand factor multimers during transcatheter

aortic-valve replacement. N Engl J Med 2016;375:
335–44.

19. Soucy KG, Koenig SC, Giridharan GA,
Sobieski MA, Slaughter MS. Defining pulsatility
during continuous-flow ventricular assist device
support. J Heart Lung Transplant 2013;32:581–7.

20. Netuka I, Kvasni�cka T, Kvasni�cka J, et al.
Evaluation of von Willebrand factor with a fully
magnetically levitated centrifugal continuous-
flow left ventricular assist device in advanced
heart failure. J Heart Lung Transplant 2016;35:
860–7.

21. Soucy KG, Giridharan GA, Choi Y, et al. Rotary
pump speed modulation for generating pulsatile
flow and phasic left ventricular volume unload-
ing in a bovine model of chronic ischemic heart
failure. J Heart Lung Transplant 2015;34:122–31.

22. Mehra MR, Naka Y, Uriel N, et al. A fully
magnetically levitated circulatory pump for
advanced heart failure. N Engl J Med 2017;376:
440–50.

23. Smadja DM, Susen S, Rauch A, et al. Carmat
bioprosthetic total artificial heart is associated
with an early hemostatic recovery and no acquired
von Willebrand syndrome in calves. J Cardiothorac
Vasc Anesth 2017;31:1595–602.

KEY WORDS arterial pulsatility, bleeding,
blood flow, extracorporeal membrane
oxygenation, mechanical circulatory support,
von Willebrand factor

APPENDIX For an expanded Methods section
as well as supplemental figures and a table,
please see the online version of this paper.
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BACKGROUND
Postprocedural aortic regurgitation occurs in 10 to 20% of patients undergoing 
transcatheter aortic-valve replacement (TAVR) for aortic stenosis. We hypothesized 
that assessment of defects in high-molecular-weight (HMW) multimers of von 
Willebrand factor or point-of-care assessment of hemostasis could be used to 
monitor aortic regurgitation during TAVR.

METHODS
We enrolled 183 patients undergoing TAVR. Patients with aortic regurgitation after 
the initial implantation, as identified by means of transesophageal echocardiog-
raphy, underwent additional balloon dilation to correct aortic regurgitation. HMW 
multimers and the closure time with adenosine diphosphate (CT-ADP), a point-of-
care measure of hemostasis, were assessed at baseline and 5 minutes after each 
step of the procedure. Mortality was evaluated at 1 year. A second cohort (201 
patients) was studied to validate the use of CT-ADP in order to identify patients 
with aortic regurgitation.

RESULTS
After the initial implantation, HMW multimers normalized in patients without 
aortic regurgitation (137 patients). Among the 46 patients with aortic regurgita-
tion, normalization occurred in 20 patients in whom additional balloon dilation 
was successful but did not occur in the 26 patients with persistent aortic regurgi-
tation. A similar sequence of changes was observed with CT-ADP. A CT-ADP value 
of more than 180 seconds had sensitivity, specificity, and negative predictive value 
of 92.3%, 92.4%, and 98.6%, respectively, for aortic regurgitation, with similar 
results in the validation cohort. Multivariable analyses showed that the values for 
HMW multimers and CT-ADP at the end of TAVR were each associated with mor-
tality at 1 year.

CONCLUSIONS
The presence of HMW-multimer defects and a high value for a point-of-care he-
mostatic test, the CT-ADP, were each predictive of the presence of aortic regurgita-
tion after TAVR and were associated with higher mortality 1 year after the proce-
dure. (Funded by Lille 2 University and others; ClinicalTrials.gov number, 
NCT02628509.)
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Postprocedural aortic regurgita-
tion, usually due to paravalvular leak, occurs 
in 10 to 20% of patients with aortic stenosis 

who undergo transcatheter aortic-valve replace-
ment (TAVR).1-3 Patients with aortic regurgitation 
that is more than mild after TAVR have poorer 
outcomes than those without aortic regurgitation, 
including increased rates of rehospitalization, 
death from cardiac causes, and death from any 
cause at 1 year.4 Ideally, aortic regurgitation after 
TAVR should be detected at the time of the pro-
cedure, because correction maneuvers can be un-
dertaken immediately. However, despite the com-
bined use of angiography, echocardiography, and 
hemodynamic evaluation, it is very difficult to 
identify and grade aortic regurgitation accurately 
before the patient leaves the catheterization labo-
ratory. There is therefore an unmet clinical need 
for a quick and reliable screening method.

Previous studies have shown that a loss of 
high-molecular-weight (HMW) multimers of von 
Willebrand factor, hereafter referred to as HMW-
multimer defects, is observed in patients with 
clinically significant aortic stenosis5 or valvular 
regurgitation6 and is corrected after surgical valve 
replacement5 (see animation, available with the 
full text of this article at NEJM.org). We recently 
reported that HMW-multimer defects resolve with-
in minutes during TAVR but not after balloon 
valvuloplasty procedures.7

The Platelet Function Analyzer 100 (PFA-100, 
Siemens Healthcare Diagnostics) is a testing de-
vice for the evaluation of hemostasis. The device 
aspirates blood from a sample into a test car-
tridge containing a membrane coated with col-
lagen and adenosine diphosphate (ADP). Platelet 
aggregation occludes an aperture in the mem-
brane; the time necessary for aperture occlusion 
is termed the closure time with ADP (CT-ADP). 
The CT-ADP, as assessed with the use of the 
PFA-100, is highly sensitive to HMW-multimer 
defects5,7-10 and can be used in point-of-care test-
ing. We evaluated point-of-care CT-ADP to iden-
tify aortic regurgitation occurring after TAVR.

Me thods

Study Design, Oversight, and Support

The study was designed by the first and last au-
thors, with approval from the ethics committee at 
each participating institution. It was supported 
by Lille 2 University and Lille University Hospi-

tal. No external funding was obtained to support 
the study. All devices and consumable items for 
this research were purchased at full market price. 
All authors attest to the completeness and accu-
racy of the data and the analyses. All patients in 
the primary and validation cohorts provided writ-
ten informed consent before enrollment.

Primary Study Cohort

The primary cohort consisted of patients at Lille 
University Hospital with aortic stenosis who 
were undergoing implantation of the SAPIEN XT 
valve (Edwards Lifesciences) through femoral ar-
terial access. Participation included clinical data 
collection, serial blood sampling during the pro-
cedure, and follow-up. Transthoracic echocar-
diography (TTE) and multidetector-row computed 
tomography (CT)11,12 were performed in all pa-
tients before the procedure (see the Methods sec-
tion in the Supplementary Appendix, available at 
NEJM.org).

TAVR Procedure

Technical aspects of transfemoral TAVR with the 
SAPIEN XT valve have been reported previously.1,2 
To facilitate transesophageal echocardiography 
(TEE) monitoring, procedures were conducted 
while the patients were under general anesthe-
sia. TEE was used to assess valve function at base-
line and to quantify the severity of paravalvular 
aortic regurgitation approximately 5 minutes af-
ter implantation was completed (time T1) (Fig. 1). 
Paravalvular aortic regurgitation that was more 
than mild was defined as a circumferential extent 
of regurgitation that was greater than 10%.13 If 
paravalvular aortic regurgitation was detected 
after valve implantation, additional dilation was 
performed to attempt to eliminate or reduce the 
regurgitant leak or a second valve was implanted. 
TEE was repeated after additional dilation or 
implantation of a second valve (time T2) if a 
corrective procedure was performed, or approxi-
mately 15 minutes after valve implantation if no 
corrective procedure was performed. TEE was 
repeated again at the end of the entire procedure 
(time T3).

All patients received aspirin before the proce-
dure, with ongoing aspirin therapy after the pro-
cedure. Clopidogrel was not administered unless 
the patient was already receiving long-term clopi-
dogrel treatment. No clopidogrel loading was per-
formed.

An animation 
showing VWF  

synthesis is  
available at 

NEJM.org

The New England Journal of Medicine 
Downloaded from nejm.org at UNIVERSITE DE LILLE 2 DROIT on February 24, 2021. For personal use only. No other uses without permission. 

 Copyright © 2016 Massachusetts Medical Society. All rights reserved. 



n engl j med 375;4 nejm.org July 28, 2016 337

Von Willebr and Factor Multimers during TAVR

HMW-Multimer and CT-ADP Analysis

Blood was obtained through contralateral femo-
ral arterial access for use in three different quan-
titative measures of von Willebrand factor func-
tion at four time points (see the Methods section 
in the Supplementary Appendix). These quanti-
tative measures included the HMW-multimer 
ratio (a measure of the amount of the largest 
multimers in the sample as compared with the 
amount in normal pooled human plasma) and 
the ratio of von Willebrand factor collagen-
binding activity (a measure of the binding of von 

Willebrand factor to collagen, which is a func-
tion of the quantity of HMW multimers) to von 
Willebrand factor antigen (a measure of the quan-
tity of von Willebrand factor, regardless of the size 
of the multimers). In addition, the CT-ADP assay 
was performed with the use of the PFA-100. 
Samples were collected before valve implanta-
tion (baseline) and at times T1, T2, and T3 
(Fig. 1). Samples obtained at times T1 and T2 
were collected after TEE confirmation that no 
central aortic regurgitation was induced by the 
delivery wire.

Figure 1. Procedural Management for the Primary Cohort.

Valve implantation in the aortic annulus was achieved for all 183 patients in the primary cohort who underwent 
transcatheter aortic-valve replacement (TAVR). After implantation, the initial transesophageal echocardiogram 
(TEE) showed paravalvular aortic regurgitation (AR) that was more than mild in 46 patients and no paravalvular 
aortic regurgitation that was more than mild in 137 patients. In the 46 patients with aortic regurgitation, additional 
dilation was performed with the same balloon that was used initially (with an additional 3 ml added) or a larger bal-
loon, and in 2 of the patients, a second device was implanted to correct the regurgitation. Correction of the aortic 
regurgitation was achieved in 20 of the 46 patients. At the end of the procedure, 26 patients (14.2%) had persistent 
aortic regurgitation, and 157 patients (85.8%) had no aortic regurgitation on final TEE (137 patients with no regur-
gitation on the initial TEE and 20 patients with corrected regurgitation on the final TEE). Blood samples were ob-
tained before the delivery sheath was inserted (baseline), 5 minutes after implantation of the bioprosthetic valve 
(T1), 15 minutes after implantation of the bioprosthetic valve for patients without aortic regurgitation after the pri-
mary procedure and 5 minutes after additional dilation for patients with aortic regurgitation (T2), and at the end of 
the procedure, 5 minutes after removal of the delivery sheath (T3).

Initial TEE

183 Patients underwent TAVR

46 Had more-than-mild paravalvular
aortic regurgitation

137 Did not have more-than-mild para-
valvular aortic regurgitation (no-AR group)

46 Underwent dilation with the same 
balloon or a larger one

2 Underwent implantation of a second
device 

157 (85.8%) Had no aortic regurgitation
 on final TEE (corrected-AR and no-AR

groups) 

26 (14.2%) Had persistent aortic
regurgitation (persistent-AR group)

End of procedure

TEE
20 No longer had

aortic regurgitation
(corrected-AR group)

T1 Blood Sample

T2 Blood Sample 

T3 Blood Sample

Baseline Blood Sample
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Clinical Follow-up

Clinical follow-up data, including stroke during 
the first 30 days after TAVR and vital status at 
1 year, were obtained for all patients. Events were 
assessed according to the Valve Academic Research 
Consortium 2 (VARC-2) classification.13 The pri-
mary outcome was overall mortality at 1 year.

Validation Cohort

A second patient cohort was studied to validate 
the threshold value on the CT-ADP test for iden-
tifying patients with aortic regurgitation at the 
end of TAVR. Patients in the validation cohort un-
derwent transfemoral valve implantation at Lille 
University Hospital, Strasbourg University Hos-
pital, or Toulouse University Hospital. Procedural 
management and blood testing are described in 
detail in the Methods section in the Supplemen-
tary Appendix.

Statistical Analysis

In the primary cohort and the validation cohort, 
three subgroups of patients were identified on 
the basis of the TEE findings (Fig. 1). These sub-
groups consisted of patients who did not have 
aortic regurgitation that was more than mild after 
valve implantation (the no-regurgitation group), 
patients who had more than mild aortic regurgi-
tation after valve implantation but no aortic re-
gurgitation after additional dilation or a second 
valve implantation (the corrected-regurgitation 
group), and patients who had more than mild 
aortic regurgitation that persisted after additional 
dilation or a second implantation (the persistent-
regurgitation group). Analysis of variance for re-
peated measures was used to compare the chang-
es in the HMW-multimer ratio and in the CT-ADP 
among these three groups. Multivariable linear 
regression was used to study the relationship 
between the HMW-multimer ratio or the CT-ADP 
at final evaluation and the presence of aortic re-
gurgitation on TEE, adjusted for age, sex, trans-
aortic gradient, clopidogrel treatment (yes or no), 
and mitral regurgitation at baseline (yes or no).

We used receiver-operating-characteristic (ROC) 
curves to determine whether the HMW-multimer 
ratio and the CT-ADP could be used to identify 
patients with aortic regurgitation on TEE. The area 
under the ROC curve (AUC) was calculated, and 
the threshold that was optimal (in terms of sen-
sitivity and specificity) in the primary study co-

hort was determined on the basis of the Youden 
Index that maximizes the sum of sensitivity and 
specificity. External validation of CT-ADP for the 
detection of aortic regurgitation was performed 
in the validation cohort.

We used Kaplan–Meier analysis to estimate 
the risk of death at 1 year according to the pres-
ence or absence of aortic regurgitation on TEE, 
the optimal threshold of the HMW-multimer ratio, 
and the optimal threshold of CT-ADP. Cox propor-
tional-hazards models were used to calculate 
hazard ratios for death. Statistical analyses were 
performed with SAS software, version 9.1 (SAS 
Institute). A P value of less than 0.05 (two-sided) 
was considered to indicate statistical significance. 
Further details of the statistical analyses are pro-
vided in the Methods section in the Supplemen-
tary Appendix.

R esult s

TAVR in the Primary Study Cohort

A total of 183 patients undergoing TAVR were 
enrolled in the primary study cohort between 
August 2012 and April 2014. Baseline character-
istics of the patients are presented in Table 1. 
After implantation, TEE revealed the presence of 
paravalvular aortic regurgitation that was more 
than mild in 46 patients at time T1 (Fig. 1). Cor-
rection of the aortic regurgitation by additional 
dilation or a second implantation was achieved 
in 20 of the 46 patients, leaving 26 patients 
(14.2%) with aortic regurgitation at the end of 
the procedure.

Association of HMW-Multimer Ratio and 
CT-ADP with Aortic Regurgitation

Among the 137 patients in the no-regurgitation 
group, the HMW-multimer ratio increased from 
a mean (±SD) value of 0.62±0.19 at baseline to 
0.91±0.21 at T1 and 1.09±0.21 at T2 (a 76% rela-
tive increase from baseline to T2) (Fig. 2A). In 
the corrected-regurgitation group (20 patients), 
the HMW-multimer ratio did not change mark-
edly from baseline (0.61±0.19) to T1 (0.67±0.11) 
but increased after the corrective procedure to 
1.07±0.09 at T2 (a 60% relative increase from T1). 
In the persistent-regurgitation group (26 patients), 
the HMW-multimer ratio remained relatively low 
throughout the procedure (0.58±0.17 at baseline 
and 0.74±0.20 at T2, a 28% relative increase 
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Characteristic
Primary Cohort 

(N = 183)
Validation Cohort 

(N = 201)

Age — yr 81.7±7.0 83.0±7.0

Male sex — no. (%) 87 (47.5) 100 (49.7)

Logistic EuroSCORE — %† 21.7±13.8 23.3±15.6

NYHA functional class — no. (%)‡

II 62 (34.2) 63 (31.3)

III 92 (50.8) 121 (60.2)

IV 27 (14.9) 17 (8.5)

Body-mass index§ 27.6±5.8 27.2±6.1

Clopidogrel use — no. (%) 40 (21.9) 47 (23.4)

Computed tomographic preprocedural measurements

Aortic annulus diameter — mm 24.4±2.9 24.5±2.5

Aortic annulus area — mm2 467±110 474±95

TTE preprocedural measurements

Aortic annulus diameter — mm 22.7±1.9 22.8±2.5

LVEF — % 54.5±11.5 52.0±13.3

Aortic-valve area — cm2 0.68±0.19 0.71±0.19

Maximum aortic-valve velocity — m/sec 4.18±0.64 4.20±0.70

Mean aortic-valve gradient — mm Hg 45.3±15.5 45.5±15.3

Aortic insufficiency grade ≥2 — no. (%)¶ 22 (12.0) 24 (11.9)

Mitral regurgitation grade ≥2 — no. (%)¶ 37 (20.2) 35 (17.4)

Pulmonary hypertension — no. (%) 50 (27.3) 59 (29.3)

Procedural device — no. (%)

SAPIEN XT 183 (100.0) 97 (48.2)

CoreValve — 55 (27.4)

SAPIEN 3 — 49 (24.4)

VWF and hemostasis assays

VWF HMW-multimer ratio‖ 0.61±0.19 NA

Ratio of VWF CB activity to VWF antigen 0.80±0.19 NA

CT-ADP 239±61 228±69

*  Plus–minus values are means ±SD. Percentages may not total 100 because of rounding. CB denotes collagen binding, 
CT-ADP closure time with adenosine diphosphate, HMW high molecular weight, LVEF left ventricular ejection fraction, 
NA not available, TTE transthoracic echocardiography, and VWF von Willebrand factor.

†  The logistic EuroSCORE (European System for Cardiac Operative Risk Evaluation), calculated by means of a logistic-re-
gression equation, ranges from 0 to 100%, with higher scores indicating greater surgical risk and a score of more than 
20% indicating high surgical risk.

‡  New York Heart Association (NYHA) functional classes range from I to IV, with higher classes indicating worse condi-
tion. Data were missing for two patients in the primary cohort.

§  The body-mass index (BMI) is the weight in kilograms divided by the square of the height in meters.
¶  Aortic insufficiency and mitral regurgitation were assessed with the use of a color-flow Doppler signal, according to 

guidelines from the European Association of Echocardiography.
‖  The ratio is a measure of the amount of the largest multimers in the sample as compared with the amount in normal 

pooled human plasma.

Table 1. Baseline Characteristics of the Patients in the Primary and Validation Cohorts.*
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from baseline). The results observed at T3 were 
similar to those at T2. The sequence of mean 
values for the HMW-multimer ratio from base-
line through T3 differed significantly among the 
three groups (P<0.001).

The changes in the CT-ADP were similar to 
those seen in the HMW-multimer ratio. In the 
no-regurgitation group, the CT-ADP decreased 
from 235±62 seconds at baseline to 174±62 sec-
onds at T1 and 129±54 seconds at T2 (a 45% 
relative decrease from baseline) (Fig. 2B). In the 
corrected-regurgitation group, the CT-ADP did 
not change markedly from baseline (250±53 sec-
onds) to T1 (223±49 seconds) but decreased after 
the corrective procedure to 124±59 seconds at T2 
(a 44% relative decrease from T1). In the persis-
tent-regurgitation group, the CT-ADP remained 
high throughout the procedure (253±59 seconds 

at baseline and 231±55 seconds at T2, an 8% rela-
tive decrease from baseline). The results observed 
at T3 were similar to those at T2. The sequence of 
mean values for the CT-ADP from baseline through 
T3 differed significantly among the three groups 
(P<0.001).

The sequence of changes in the mean values 
for the HMW-multimer ratio and the CT-ADP from 
baseline to times T1, T2, and T3 were similar for 
patients who were taking clopidogrel and those 
who were not, and for patients who had mitral 
regurgitation at baseline and those who did not 
(see the Results section in the Supplementary 
Appendix). In patients with mitral regurgitation 
at baseline, the HMW-multimer ratio was lower 
and the CT-ADP was higher than in those with-
out mitral regurgitation. In a multivariable anal-
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Figure 2. Sequence of Changes in the von Willebrand 
Factor High-Molecular-Weight (HMW)–Multimer Ratio 
and Closure Time with Adenosine Diphosphate  
(CT-ADP) in the Primary Cohort, According to Status 
with Respect to Aortic Regurgitation.

Panel A shows the sequence of changes in the HMW-
multimer ratio (a measure of the amount of the larg-
est multimers in the sample as compared with the 
amount in normal pooled human plasma), which dif-
fered significantly among the three groups (P<0.001 
for time–group interaction). At baseline, there was no 
significant difference in the HMW-multimer ratio 
among the three groups (P = 0.54). After 5 minutes, 
the mean HMW-multimer ratio was higher in the no-
regurgitation group than in the other two groups 
(P<0.001 for both comparisons). At time T2, the mean 
HMW-multimer ratio was similar in the no-regurgita-
tion group and the corrected-regurgitation group 
(P = 0.59), and these values were both higher than that 
in the persistent-regurgitation group (P<0.001 for both 
comparisons). The results observed at time T3 were 
similar to those observed at time T2. Panel B shows 
the sequence of changes in CT-ADP, which differed 
significantly among the three groups (P<0.001 for 
time–group interaction). At baseline, there were no 
significant between-group differences (P = 0.29). After 
5 minutes, the mean CT-ADP in the no-regurgitation 
group was lower than that in the corrected-regurgita-
tion group (P = 0.004) and the persistent-regurgitation 
group (P<0.001). At time T2, the mean CT-ADP was 
similar in the no-regurgitation and corrected-regurgi-
tation groups (P = 0.63), and these values were lower 
than that in the persistent-regurgitation group 
(P<0.001 for both comparisons). Note that the x axis 
is not a true time scale and the arrow markers for clin-
ical procedures are not meant to indicate the exact 
timing of the events. These differences between the 
persistent-regurgitation group and the two other 
groups were greater at time T3. I bars indicate ±1 SD.
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ysis that included status with respect to aortic 
regurgitation at the final evaluation, age, sex, 
transaortic gradient, and status with respect to 
clopidogrel use and mitral regurgitation at base-
line, the HMW-multimer ratio at T3 and the 
CT-ADP at T3 were significantly associated only 
with the presence or absence of aortic regurgita-
tion at the final evaluation and of mitral regur-
gitation at baseline (see the Results section in 
the Supplementary Appendix).

Predictive Value of HMW-Multimer Ratio  
and CT-ADP in the Primary Cohort

ROC analysis of the HMW-multimer ratio at T3 
to discriminate between patients with and those 
without aortic regurgitation on TEE showed an 
AUC of 0.94 (95% confidence interval [CI], 0.89 
to 0.99) (Fig. 3A). The optimal threshold value 
for the HMW-multimer ratio was 0.8, which had 
a sensitivity, specificity, and negative predictive 
value of 92.3%, 94.9%, and 98.7%, respectively. 
When the 37 patients with mitral regurgitation 
were excluded, the sensitivity decreased to 90.5%, 
the specificity increased to 97.6%, and the nega-
tive predictive value was 98.4%.

ROC analysis of the CT-ADP at T3 to dis-
criminate between patients with and those with-
out aortic regurgitation on TEE showed an AUC 
of 0.93 (95% CI, 0.87 to 0.98) (Fig. 3B). The op-
timal threshold of 180 seconds had a sensitivity, 
specificity, and negative predictive value of 92.3%, 
92.4%, and 98.6%, respectively. When the 37 pa-
tients with mitral regurgitation were excluded, 
the sensitivity decreased to 90.5%, the specific-
ity increased to 96.0%, and the negative predic-
tive value was 98.4%.

Predictive Value of CT-ADP in the Validation 
Cohort

A total of 201 patients undergoing TAVR were 
enrolled in the validation cohort. Baseline char-
acteristics are presented in Table 1. After TAVR, 
aortic regurgitation was observed on TEE in 14.9% 
of the patients (30 of 201). The CT-ADP at the end 
of the procedure was significantly higher in pa-
tients with aortic regurgitation than in those 
without regurgitation (244±64 seconds vs. 118±53 
seconds, P<0.001).

ROC analysis of the CT-ADP to discriminate 
between patients with and those without aortic 
regurgitation on TEE at the end of the procedure 
showed an AUC of 0.92 (95% CI, 0.86 to 0.97) 

(Fig. 3B). With the use of a threshold of 180 sec-
onds, established as optimal in the primary study 
cohort, the sensitivity, specificity, and negative 

Figure 3. Receiver-Operating-Characteristic (ROC) Curves for the Diagnosis 
of Aortic Regurgitation.

ROC curves are shown for the HMW-multimer ratio in the primary cohort 
(Panel A) and CT-ADP in the primary and validation cohorts (Panel B). In 
the primary cohort, the area under the ROC curve (AUC) for the use of the 
HMW-multimer ratio to discriminate between patients with or those with-
out regurgitation was 0.94 (95% confidence interval [CI], 0.89 to 0.99). The 
optimal cutoff point was 0.8, which had a sensitivity of 92.3% for identify-
ing regurgitation (24 of 26 patients), a specificity of 94.9% (149 of 157), 
and a negative predictive value of 98.7% (149 of 151). In the primary co-
hort, the AUC for the use of CT-ADP to discriminate between patients with 
and those without regurgitation was 0.93 (95% CI, 0.87 to 0.98). The opti-
mal cutoff point was 180 seconds, which had a sensitivity of 92.3% for 
identifying regurgitation (24 of 26 patients), a specificity of 92.4% (145 of 
157), and a negative predictive value of 98.6% (145 of 147). In the valida-
tion cohort, the AUC for the use of the CT-ADP to discriminate between 
patients with and those without regurgitation was 0.92 (95% CI, 0.86 to 
0.97). With the use of a threshold of 180 seconds, established as optimal in 
the primary cohort, the sensitivity, specificity, and negative predictive value 
were 83.3% (25 of 30 patients), 92.4% (158 of 171), and 96.9% (158 of 163), 
respectively.
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predictive value were 83.3%, 92.4%, and 96.9%, 
respectively.

Stroke and Death in the Primary Cohort

During the 30 days after the TAVR procedure,  
6 of the 183 patients in the primary cohort 
(3.2%) had a clinical stroke: 2 of the 46 patients 
(4.3%) who underwent additional dilation and 4 of 
the 137 patients (2.9%) who did not (P = 0.63).

During 1 year of follow-up, 33 patients (18.0%) 
died. Among the 26 patients with aortic regurgi-
tation on TEE at T3, the rate of death at 1 year 
was more than twice the rate among those with-
out regurgitation at T3 (34.6% vs. 15.3%, P = 0.02 
by the log-rank test) (Fig. 4A). In a multivariable 
model that included the logistic EuroSCORE (Eu-
ropean System for Cardiac Operative Risk Evalua-
tion) and status with respect to mitral regurgita-
tion at baseline (model 1), only aortic regurgitation 
at the end of the procedure and mitral regurgita-
tion at baseline were associated with an increased 
risk of death (see the Results section in the Sup-
plementary Appendix).

Among the 32 patients with a final HMW-
multimer ratio of less than 0.8, the rate of death 
was three times as high as the rate among the 
151 patients with an HMW-multimer ratio of 0.8 
or higher (40.6% vs. 13.2%, P<0.001 by the log-
rank test) (Fig. 4B). Model 2 involved the addi-
tion of the HMW-multimer ratio to model 1, 
significantly improving model fit (P = 0.01) (see 
the Results section in the Supplementary Appen-
dix). In model 2, an HMW-multimer ratio of less 
than 0.8 at T3 was associated with increased 
mortality, whereas aortic regurgitation at T3 and 
mitral regurgitation at baseline were not.

Among the 36 patients with a final CT-ADP 
of more than 180 seconds, the rate of death was 
increased by a factor of 3.5, as compared with 
the rate among the 147 patients with a CT-ADP 
of 180 seconds or less (41.7% vs. 12.2%, P<0.001 
by the log-rank test) (Fig. 4C). Model 3 involved 
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Figure 4. Time-to-Event Curves for Overall Survival at 
1 Year in the Primary Cohort, According to Aortic Re-
gurgitation Status, HMW-Multimer Ratio, and CT-ADP.

Panel A shows that mortality at 1 year was increased 
by a factor of more than 2 among the 26 patients with 
persistent regurgitation on TEE at the end of the pro-
cedure, as compared with the 157 patients without re-
gurgitation (34.6% vs. 15.3%, P = 0.02 by the log-rank 
test). Panel B shows that among the 32 patients with 
an HMW-multimer ratio of less than 0.8 at time T3, 
mortality at 1 year was increased by a factor of more 
than 3, as compared with patients who had an HMW-
multimer ratio of 0.8 or higher (40.6% vs. 13.2%, 
P<0.001 by the log-rank test). Panel C shows that 
among the 36 patients with a CT-ADP that was longer 
than 180 seconds, mortality at 1 year was increased by 
a factor of 3.5, as compared with patients who had a 
CT-ADP of 180 seconds or less (41.7% vs. 12.2%, 
P<0.001 by the log-rank test).
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the addition of CT-ADP to model 1, significantly 
improving model fit (see the Results section in 
the Supplementary Appendix) (P<0.001). In mod-
el 3, a CT-ADP of more than 180 seconds at T3 
was associated with increased mortality, where-
as aortic regurgitation at T3 and mitral regurgi-
tation at baseline were not.

Discussion

In the present study, we found that a point-of-
care hemostatic test, the CT-ADP, was predictive 
of the presence or absence of paravalvular aortic 
regurgitation after TAVR. The CT-ADP test is 
highly sensitive to defects in von Willebrand fac-
tor HMW multimers. Such defects occur in patients 
with paravalvular aortic regurgitation, because tur-
bulent blood flow through the paravalvular leak 
alters the conformation of the HMW multimer, 
unfolding the molecule and exposing it to proteo-
lytic cleavage (see animation).7,14 The loss of HMW 
multimers reduces the hemostatic competence 
of von Willebrand factor and causes a prolonga-
tion of the CT-ADP.

Two recent studies involving a total of six pa-
tients with aortic regurgitation who underwent 
TAVR suggested a relationship between postpro-
cedural aortic regurgitation and HMW-multimer 
defects.7,15 The present report, based on the find-
ings in two independent cohorts, with a total of 
76 cases of aortic regurgitation detected on TEE, 
confirms this relationship. Furthermore, the pres-
ent study shows the dynamic relationship between 
correction of aortic regurgitation and recovery of 
HMW multimers. When aortic regurgitation oc-
curred after TAVR, the preexisting HMW-multi-
mer defect (due to the presence of aortic steno-
sis) did not resolve; when aortic regurgitation 
was corrected by additional dilation, normaliza-
tion of HMW multimers occurred within min-
utes and within the time frame of the procedure.

A further finding of our study is that a rapid 
correction in CT-ADP, reflecting the recovery of 
HMW multimers, occurs during the TAVR pro-
cedure in patients without clinically significant 
aortic regurgitation, whereas in patients with 
persistent aortic regurgitation, this correction is 
not observed. A value for CT-ADP of more than 
180 seconds discriminated between patients with 
aortic regurgitation and those without regurgi-
tation, with negative predictive values of 98.6% 

in the primary (derivation) cohort and 96.9% in 
the validation cohort. These findings suggest that 
measurement of CT-ADP, which can be performed 
as a point-of-care test, could be used for moni-
toring during TAVR procedures to identify a sub-
group of patients for whom TEE or other imaging 
methods may be appropriate.

Finally, the present study confirms the find-
ing that among patients undergoing TAVR, mor-
tality at 1 year is twice as high among those with 
more-than-mild aortic regurgitation as among 
those without regurgitation.2,3 Both the final 
CT-ADP and the final HMW-multimer ratio are 
better predictors of 1-year mortality than TEE. 
This suggests that flow-related biologic markers 
provide an integrated assessment of valve func-
tion that is distinct from, and perhaps more accu-
rate than, the assessment obtained with imaging.

Several limitations of our study should be 
considered. First, the primary cohort was from a 
single center, and the results may therefore have 
been influenced by clinical practice at this insti-
tution. It would be desirable to evaluate larger 
samples of patients from multiple institutions in 
order to determine whether our findings are 
broadly generalizable. Second, the study was not 
designed to evaluate the potential effect of clopi-
dogrel therapy on the testing strategy, although 
no such effect was detected. Finally, other drugs 
or medical conditions that influence hemostasis 
could also alter the ability of the CT-ADP test to 
detect post-TAVR aortic regurgitation.

In conclusion, the present study showed that 
a point-of-care hemostatic test, the CT-ADP, was 
predictive of the presence or absence of paraval-
vular aortic regurgitation after TAVR. The test was 
also predictive of the rate of death 1 year after the 
procedure.
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A novel ELISA-based diagnosis of acquired von Willebrand disease with 
increased VWF proteolysis
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Summary
Von Willebrand disease-type 2A (VWD-2A) and acquired von Wille-
brand syndrome (AVWS) due to aortic stenosis (AS) or left ventricular 
assist device (LVAD) are associated with an increased proteolysis of 
von Willebrand factor (VWF). Analysis of VWF multimeric profile is the 
most sensitive way to assess such increased VWF-proteolysis. How-
ever, several technical aspects hamper a large diffusion among routine 
diagnosis laboratories. This makes early diagnosis and early appropri-
ate care of increased proteolysis challenging. In this context of unmet 
medical need, we developed a new ELISA aiming a quick, easy and re-
liable assessment of VWF-proteolysis. This ELISA was assessed suc-
cessively in a LVAD-model, healthy subjects (n=39), acquired TTP-pa-
tients (n=4), VWD-patients (including VWD-2A(IIA), n=22; VWD-2B, 
n=26; VWD-2A(IIE), n=21; and VWD-1C, n=8) and in AVWS-patients 
(AS, n=9; LVAD, n=9; and MGUS, n=8). A standard of VWF-proteolysis 
was specifically developed. Extent of VWF-proteolysis was expressed 
as relative percentage and as VWF proteolysis/VWF:Ag ratio. A speed-

dependent increase in VWF-proteolysis was assessed in the LVAD 
model whereas no proteolysis was observed in TTP-patients. In VWD-
patients, VWF-proteolysis was significantly increased in VWD-2A(IIA) 
and VWD-2B and significantly decreased in VWD-2A(IIE) versus con-
trols (p< 0.0001). In AVWS-patients, VWF-proteolysis was significantly 
increased in AS- and LVAD-patients compared to controls (p< 0.0001) 
and not detectable in MGUS-patients. A significant increase in VWF-
proteolysis was detected as soon as three hours after LVAD implan-
tation (p< 0.01). In conclusion, we describe a new ELISA allowing a 
rapid and accurate diagnosis of VWF-proteolysis validated in three dif-
ferent clinical situations. This assay represents a helpful alternative to 
electrophoresis-based assay in the diagnosis and management of 
AVWS with increased VWF-proteolysis.
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Introduction

von Willebrand factor (VWF) proteolysis by ADAMTS13 (A Dis-
integrin And Metalloprotease with ThromboSpondin domains-13) 
is a physiological process that regulates the size of circulating 
multimers in plasma. Shear stress provokes an unfolding of the 
globular VWF conformation and once unfolded, VWF becomes 
sensitive to proteolysis by the VWF-cleaving protease 
ADAMTS13. Mutations within VWF A2 domain or exposure of 
native VWF to pathological high shear stress can enhance this 
physiological proteolysis. Excess of VWF proteolysis is the central 
mechanism of the loss of high-molecular-weight multimers 
(HMW-multimers) observed in most cases of von Willebrand dis-
ease type 2A (VWD-2A) and in acquired von Willebrand syn-
drome (AVWS) associated with aortic stenosis (AS) or left ven-
tricular assist device (LVAD) therapy (1–4).

In patients with AS or LVAD therapy, AVWS is frequently (but 
inconstantly) observed and is considered to be one of the main 
risk-factor of bleeding occurring in these high-risk populations (5, 
6). Accumulated evidence demonstrates that early identification of 
AVWS, in particular in patients with LVAD, is of major clinical 
importance as it can modify the medical management and im-
prove the clinical outcome of these patients (7).

An early positive diagnosis of increased proteolysis still remains 
challenging most of the time, since current electrophoresis-based 
and immuno-precipitation assays are time-consuming and very 
difficult to implement in “routine” due to the fact that they need to 
be performed in small batches by dedicated technicians specifi-
cally trained to these techniques. This sometimes makes VWD-
typing and AVWS positive diagnosis cumbersome processes, and 
the use of these diagnostic methods is of little help when a rapid 
clinical decision is needed.
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In this context, there is therefore an emerging need for an easy, 
rapid, quantitative and reproducible diagnostic tool to determine 
the extent of VWF proteolysis. Our purpose was 1) to develop an 
enzyme-linked immunosorbent assay (ELISA)-based diagnosis of 
increased VWF-proteolysis; 2) to validate its ability to identify and 
discriminate different forms of constitutive VWD and AVWS ac-
cording to their mechanisms and to their quantified impact on 
VWF proteolysis.

Material and methods
Patients and controls

All patients provided informed written consent according to the 
Declaration of Helsinki. Healthy subjects from the laboratory staff 
(▶ Table 1, n=39) were sampled as controls. Patients with acquired 
Thrombotic Thrombocytopenic Purpura (TTP) (n=4) were se-
lected from the French reference centre of TTP.

Patients with VWD were selected from the French cohort 
multicentric database of VWD according to their mutations and 
the mechanism of the reduction in HMW-multimers (8). The 
study was approved by the North of France ethical committee. The 
database and biobank (plasma and DNA) of the French VWD co-
hort (Centre de Référence Maladie de Willebrand, CRMW) were 
declared to the French data protection authority. Mutations char-
acterised by an increase (2A (IIA) group 2 mutations, n=22; and 
2B patients, n=26), or no increase (2A (IIE), n=21) in VWF-pro-
teolysism (1) were included in the study (▶ Table 2). For a sub-
analysis, VWD2B-patients were classified according to the multi-
meric pattern as previously described (A=partial loss of HMW 
multimers; B=complete loss of HMW multimers; C= loss also of 
intermediate multimers) (9). VWD2B patients with a normal 
multimeric pattern (Malmö or New York) were excluded from the 
study. We also included patients with VWD-Vicenza (n=8) as a 
reference of increased clearance of VWF.

After approval from the North of France ethical committee, pa-
tients with AVWS associated with high shear-induced VWF pro-
teolysis (severe AS, n=9; and after implantation of LVAD-, n=9) or 
due to increased VWF clearance associated with monoclonal 
gammapathy of uncertain significance (MGUS-IgG, n=8) were in-
cluded in the study (▶ Table 3). In the seven AS-patients who 
underwent a Transcatheter Aortic Valve Implantation (TAVI), 

samples were also collected after procedure. Samples were col-
lected from patients with LVAD before and 3 hours (h) after initi-
ation of HeartMate-II®-LVAD support at 9000 rpm. For all the pa-
tients and healthy controls included, the phenotypic data are sum-
marised in ▶ Tables 1-3. Patients with TTP were selected on the 
basis of an undetectable ADAMTS13 activity (< 5 %) associated 
with the presence of ultralarge (UL) VWF multimers in plasma.

LVAD-perfusion model

In a previously described LVAD-model, we induced an excess of 
VWF proteolysis in whole blood obtained from healthy subjects, 
which reproduces the biological phenotype of AVWS (4, 10). This 
model is associated with a time-related loss of HMW-multimers, 
except in the presence of EDTA, a non specific inhibitor of 
ADAMTS13, and in the presence of an anti-VWF antibody 
(mAb508) reducing ADAMTS13 proteolysis (10).

In this model we evaluated the effect of the pump speed (3000, 
6000 and 9000 rpm) and the inhibition of VWF proteolysis under 
high shear conditions (9000 rpm) in the presence of EDTA; (10 
mM final concentration) or mAb508; (50 µg/ml final concen-
tration) (10). Blood was sampled at baseline and 180 minutes 
(min) after onset of perfusion. Platelet-rich plasma (PRP) was ob-
tained from baseline samples by centrifugation of citrated whole 
blood at 100 g for 15 min at 20 °C and then incubated in Triton-
PBS (phosphate-buffered saline) buffer to obtain platelet lysates. 
Poor-platelet plasma (PPP) was obtained from either unprocessed 
or processed-whole blood by further centrifugation at 2000 g for 
15 min. Platelet lysates and PPP samples were analysed for VWF 
multimeric analysis as previously described (3) and for VWF-pro-
teolysis by ELISA. HMW-multimers was measured and quantified 
as previously described (4).

Laboratory assessment of VWF

All samples were collected on citrate 0.109M BD Vacutainer® 5ml 
tubes. VWF antigen levels were measured by immunoturbidi-
metry (VWF: Ag, Siemens®). VWF activity was evaluated by a 
gain-of-function mutant GPIb binding assay (VWF: GPIbM, In-
novance® VWF Ac; Siemens Healthcare Diagnostics, Marburg, 
Germany) or an ELISA collagen-binding assay (VWF: CB) with 
the use of equine type I/III collagen (Horm; Nycomed, Oslo, 

Table 1: Phenotypic data of healthy controls (median ± SD and range).

Controls

O group

Non-O group

All

Number of 
 controls

19

20

39

VWF-proteolysis 
(%)

4.5 ± 1.4 (2.9–9.1)

5.6 ± 1.6 (3–9.2)

5.2 ± 1.6 (2.9–9.2)

VWF-proteolysis 
/ VWF:Ag 
ratio

0.07 ± 0.02 
(0.03–0.10)

0.06 ± 0.02 
(0.03–0.09)

0.06 ± 0.02 
(0.03–0.10)

VWF:Ag 
(IU dl-1)

63 ± 21.7 
(41–120)

108 ± 21.8 
(76–150)

93 ± 27.7 
(41–150)

VWF:GPIbM 
(IU dl-1)

66 ± 26.5 
(37–127)

95 ± 28.4 
(50–151)

75 ± 29.7 
(37–151)

VWF: GPIbM / 
VWF:Ag 
ratio

0.96 ± 0.16 
(0.66–1.18)

0.91 ± 0.14 
(0.64–1.04)

0.92 ± 0.15 
(0.64–1.18)

VWFpp / 
VWF:Ag 
ratio

1.32 ± 0.26 
(1–1.85)

1.15 ± 0.28 
(0.85–1.83)

1.24 ± 0.28 
(0.85–1.85)
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 Norway) (11). The proportion of VWF in its GPIb-α–binding con-
formation (‘active VWF’) was assessed on VWD-2B samples with 
a nanobody-based ELISA as previously described (12). VWF pro-
peptide (VWFpp) was assessed with a commercially available kit 
(VWF & Propeptide Assay, Lifecodes®). VWF multimeric analysis 
was performed as previously described (3). Loss of HMW-
multimers was measured and calculated as previously described 

(10). ADAMTS13 activity was performed using fluorescence res-
onance energy transfer (FRETS) (13).

Determination of VWF proteolysis by ELISA

A 96-well microplate (Immulon® 4HBX) was coated with a mono-
clonal antibody (mAb27642, R&D Systems, Minneapolis, MN, 

Table 3: Phenotypic data of AVWS-patients* (median ± SD and range).

Aortic stenosis

LVAD

MGUS-IgG

*All patients with loss of HMW-multimers.

Number of 
patients

9

9

8

VWF- proteolysis 
(%)

16 ± 19 (8–64)

99 ± 33 (15–179)

< 2 %

VWF- proteolysis 
ratio

0.11 ± 0.05 (0.04–0.22)

0.31 ± 0.10 (0.10–0.75)

nc

VWF:Ag 
(IU dl-1)

167 ± 132 
(67–449)

275 ± 106 
(126–384)

12 ± 7 (4–25)

VWF:CB 
(IU dl-1)

97 ± 109 
(60–381)

200 ± 113 
(109–456)

10 ± 5 (4–16)

VWF:CB / 
VWF:Ag 
ratio

0.66 ± 0.13 
(0.58–0.97)

0.70 ± 0.24 
(0.55–1.19)

Nc

VWFpp / 
VWF:Ag 
ratio

1.2 ± 0.2 
(0.8–1.5)

2.5 ± 0.6 
(1.7–3.5)

11.7 ± 9.2 
(7.5–33)

Type

2A (IIA)

2B

2A(IIE)

1C

Classification of 2B patients according to the multimeric pattern as previously described (9); *A=partial loss of HMW multimers; **B=complete loss of HMW multimers; 
***C= loss also of intermediate multimers – nc: not calculable – na: not available.

Mutation

p.Ala1500Glu

p.Arg1597Trp

p.Gly1609Arg

p.Ile1628Thr

p.Glu1638Lys

All

p.Arg1306Gln*

p.Arg1308Cys***

p.Val1316Met***

p.Pro1337Leu*

p.Arg1341Gln**

p.Ala1461Val*

All

p.Cys1130Phe

p. Cys1130Trp

p.Cys1130Tyr

p.Tyr1146Cys

p.Cys1173Phe

p.Cys1196Arg

All

p.Arg1205Leu

p.Arg1205His

Number of 
families

1

3

2

2

1

9

1

1

2

1

5

1

11

2

2

1

4

1

1

11

1

2

Number of 
patients

1

11

6

2

2

22

2

4

2

1

15

2

26

3

2

3

5

2

6

21

2

6

VWF-proteolysis 
(%)

20

32 ± 23 (15–86)

35 ± 13 (32–68)

48.5 (45–52)

46.6

33 ± 18 (15–86)

12.5 (11–14)

19 (19–25.7)

24.4 (23.7–25.1)

14

13 ± 5 (7.4–22)

9

14.1 ± 6 (7.4–25.7)

< 2 %

< 2 %

< 2 %

< 2 %

< 2 %

< 2 %

< 2 %

< 2 %

< 2 %

VWF-proteolysis / VWF:Ag 
ratio

0.72

0.84 ± 0.24 (0.30–1.13)

0.71 ± 0.13 (0.63–1)

1.12 (1.11–1.14)

0.78 (0.75–0.81)

0.77 ± 0.21 (0.30–1.14)

0.42 (0.3–0.44)

0.62 (0.47–0.88)

0.61 (0.46–0.76)

0.25

0.34 ± 0.13 (0.09–0.56)

0.14 (0.11–0.16)

0.36 ± 0.19 (0.09–0.88)

nc

nc

nc

nc

nc

nc

nc

nc

nc

VWF:Ag 
(IU dl-1)

28

40 ± 21 (24–89)

53 ± 7 (46–68)

43 (41–45)

62

45 ± 16 (24–89)

36 (24–48)

34 (29–49)

43 (31–55)

56

47 ± 18 (27–89)

68.5 (52–85)

50 ± 22 (24–89)

20 (16–42)

26 (15–37)

12 (11–17)

17 (10–28)

26.5 (21–32)

23.5 ± 8 (16–38)

21 ± 9 (10–42)

10.5 (7–14)

12 ± 2 (9–15)

VWF:GPIbM 
(IU dl-1)

10

11 ± 4 (7–20)

14 ± 3 (11–18)

6.5 (3–10)

10

11 ± 4 (3–20)

26 (21–31)

8.5 (5–11)

29 (10–48)

27

27 ± 12 (10–45)

56 (29–83)

28 ± 23 (5–83)

14 (8–22)

10

10

11 (10–28)

19.5 (12–27)

20 ± 7 (10–28)

17 ± 7 (8–28)

6 (5–7)

10 ± 2 (5–13)

VWF:GPIbM / VWF:Ag 
ratio

0.36

0.30 ± 0.07 (0.22–0.45)

0.26 ± 0.05 (0.20–0.33)

0.16 (0.07–0.24)

0.16

0.29 ± 0.08 (0.07–0.45)

0.76 (0.65–0.88)

0.21 (0.16–0.30)

0.59 (0.32–0.87)

0.48

0.51 ± 0.23 (0.27–0.81)

0.77 (0.56–0.97)

0.53 ± 0.26 (0.16–0.97)

0.52 (0.28–0.87)

0.76 (0.46–1.06)

0.83 (0.59–0.91)

0.85 (0.61–1)

0.70 (0.57–0.83)

0.77 ± 0.10 (0.63–0.90)

0.72 ± 0.20 (0.28–1.06)

0.5 (0.3–0.7)

0.75 ± 0.26 (0.56–1.30)

VWF:CB 
(IU dl-1)

2

5 ± 4 (3–16)

2 ± 3 (2–8)

1

2 (1–3)

3 ± 3 (1–16)

8.5 (2–15)

3.2 (2.5–4)

11 (2–20)

18

12 ± 8 (4–33)

21 (6–36)

10.5 ± 9 (2–36)

8.5 (6–20)

13 (5–21)

5 (4–6)

8 (4–15)

12 (11–13)

13.5 ± 7 (7–26)

12 ± 6 (4–26)

na

na

VWF:CB 

0.07

0.11 ± 0.06 (0.01–0.24)

0.04 ± 0.05 (0.03–0.16)

0.02

0.05 (0.02–0.08)

0.09 ± 0.06 (0.01–0.24)

0.19 (0.08–0.31)

0.11 (0.07–0.12)

0.21 (0.06–0.36)

0.32

0.31 ± 0.11 (0.13–0.47)

0.27 (0.12–0.42)

0.22 ± 0.12 (0.06–0.47)

0.42 (0.37–0.48)

0.45 (0.33–0.57)

0.36 (0.35–0.42)

0.47 (0.4–0.62)

0.46 (0.40–0.52)

0.57 ± 0.10 (0.44–0.58)

0.43 ± 0.10 (0.19–0.68)

na

na

 VWFpp/VWF:Ag 
ratio

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

10.8 (7.7–14)

14.8 ± 7 (12.3–32)
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Table 2: Phenotypic and genotypic data of 
VWD-patients (median ± SD and range).

Type

2A (IIA)

2B

2A(IIE)

1C

Classification of 2B patients according to the multimeric pattern as previously described (9); *A=partial loss of HMW multimers; **B=complete loss of HMW multimers; 
***C= loss also of intermediate multimers – nc: not calculable – na: not available.

Mutation

p.Ala1500Glu

p.Arg1597Trp

p.Gly1609Arg

p.Ile1628Thr

p.Glu1638Lys

All

p.Arg1306Gln*

p.Arg1308Cys***

p.Val1316Met***

p.Pro1337Leu*

p.Arg1341Gln**

p.Ala1461Val*

All

p.Cys1130Phe

p. Cys1130Trp

p.Cys1130Tyr

p.Tyr1146Cys

p.Cys1173Phe

p.Cys1196Arg

All

p.Arg1205Leu

p.Arg1205His

Number of 
families

1

3

2

2

1

9

1

1

2

1

5

1

11

2

2

1

4

1

1

11

1

2

Number of 
patients

1

11

6

2

2

22

2

4

2

1

15

2

26

3

2

3

5

2

6

21

2

6

VWF-proteolysis 
(%)

20

32 ± 23 (15–86)

35 ± 13 (32–68)

48.5 (45–52)

46.6

33 ± 18 (15–86)

12.5 (11–14)

19 (19–25.7)

24.4 (23.7–25.1)

14

13 ± 5 (7.4–22)

9

14.1 ± 6 (7.4–25.7)

< 2 %

< 2 %

< 2 %

< 2 %

< 2 %

< 2 %

< 2 %

< 2 %

< 2 %

VWF-proteolysis / VWF:Ag 
ratio

0.72

0.84 ± 0.24 (0.30–1.13)

0.71 ± 0.13 (0.63–1)

1.12 (1.11–1.14)

0.78 (0.75–0.81)

0.77 ± 0.21 (0.30–1.14)

0.42 (0.3–0.44)

0.62 (0.47–0.88)

0.61 (0.46–0.76)

0.25

0.34 ± 0.13 (0.09–0.56)

0.14 (0.11–0.16)

0.36 ± 0.19 (0.09–0.88)

nc

nc

nc

nc

nc

nc

nc

nc

nc

VWF:Ag 
(IU dl-1)

28

40 ± 21 (24–89)

53 ± 7 (46–68)

43 (41–45)

62

45 ± 16 (24–89)

36 (24–48)

34 (29–49)

43 (31–55)

56

47 ± 18 (27–89)

68.5 (52–85)

50 ± 22 (24–89)

20 (16–42)

26 (15–37)

12 (11–17)

17 (10–28)

26.5 (21–32)

23.5 ± 8 (16–38)

21 ± 9 (10–42)

10.5 (7–14)

12 ± 2 (9–15)

VWF:GPIbM 
(IU dl-1)

10

11 ± 4 (7–20)

14 ± 3 (11–18)

6.5 (3–10)

10

11 ± 4 (3–20)

26 (21–31)

8.5 (5–11)

29 (10–48)

27

27 ± 12 (10–45)

56 (29–83)

28 ± 23 (5–83)

14 (8–22)

10

10

11 (10–28)

19.5 (12–27)

20 ± 7 (10–28)

17 ± 7 (8–28)

6 (5–7)

10 ± 2 (5–13)

VWF:GPIbM / VWF:Ag 
ratio

0.36

0.30 ± 0.07 (0.22–0.45)

0.26 ± 0.05 (0.20–0.33)

0.16 (0.07–0.24)

0.16

0.29 ± 0.08 (0.07–0.45)

0.76 (0.65–0.88)

0.21 (0.16–0.30)

0.59 (0.32–0.87)

0.48

0.51 ± 0.23 (0.27–0.81)

0.77 (0.56–0.97)

0.53 ± 0.26 (0.16–0.97)

0.52 (0.28–0.87)

0.76 (0.46–1.06)

0.83 (0.59–0.91)

0.85 (0.61–1)

0.70 (0.57–0.83)

0.77 ± 0.10 (0.63–0.90)

0.72 ± 0.20 (0.28–1.06)

0.5 (0.3–0.7)

0.75 ± 0.26 (0.56–1.30)

VWF:CB 
(IU dl-1)

2

5 ± 4 (3–16)

2 ± 3 (2–8)

1

2 (1–3)

3 ± 3 (1–16)

8.5 (2–15)

3.2 (2.5–4)

11 (2–20)

18

12 ± 8 (4–33)

21 (6–36)

10.5 ± 9 (2–36)

8.5 (6–20)

13 (5–21)

5 (4–6)

8 (4–15)

12 (11–13)

13.5 ± 7 (7–26)

12 ± 6 (4–26)

na

na

VWF:CB 

0.07

0.11 ± 0.06 (0.01–0.24)

0.04 ± 0.05 (0.03–0.16)

0.02

0.05 (0.02–0.08)

0.09 ± 0.06 (0.01–0.24)

0.19 (0.08–0.31)

0.11 (0.07–0.12)

0.21 (0.06–0.36)

0.32

0.31 ± 0.11 (0.13–0.47)

0.27 (0.12–0.42)

0.22 ± 0.12 (0.06–0.47)

0.42 (0.37–0.48)

0.45 (0.33–0.57)

0.36 (0.35–0.42)

0.47 (0.4–0.62)

0.46 (0.40–0.52)

0.57 ± 0.10 (0.44–0.58)

0.43 ± 0.10 (0.19–0.68)

na

na

 VWFpp/VWF:Ag 
ratio

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

na

10.8 (7.7–14)

14.8 ± 7 (12.3–32)

USA) targeting an epitope on VWF adjacent to the cleavage site 
Y1605-M1606 within VWF A2 domain. Such epitope was previously 
reported to be cryptic on native VWF and unmasked after 
ADAMTS13-mediated cleavage. Furthermore, the affinity of the 
antibody directed against cleaved VWF was reported to be similar 
for monomeric and dimeric VWF fragments (14). To determine 
sample activity, optical density at 450 nm (OD450nm) was recorded. 
The calibration curve was performed using serial dilution of par-
tially proteolysed VWF obtained after ADAMTS13-cleavage of 
purified plasma-derived VWF (pdVWF) concentrate (Wilfactin®, 
LFB Les Ulis France) under denaturing conditions. A semi-quanti-
tative analysis of VWF degradation was performed as control on 
this standard (see Suppl. Material, available online at www.throm
bosis-online.com). Three different standard preparations were 
tested (see Suppl. Material, available online at www.thrombosis-on
line.com). OD450nm obtained in samples from patients and controls 
were plotted against the calibration curve. VWF proteolysis rate 
was thus expressed as a relative percentage with the 100 % of pro-
teolysis arbitrary set for the OD450nm value obtained at standard di-
lution 1/8. Inner assays performances were evaluated as described 
in additional data.

Statistical analysis

Data are expressed as mean ± SD. Statistical analysis was perform-
ed with SPSS software. When appropriates, time points were com-
pared with a Wilcoxon rank test for paired or Mann Whitney for 
unpaired groups. P-values < 0.05 were considered statistically sig-
nificant.

Results
Assay performance

The partial proteolysis of VWF in the standard used as a calibrator 
was confirmed by: 1) a loss of HMW-multimers in SDS-agarose 
electrophoresis 2) a decrease of 225 kDa bands (uncleaved VWF) 
and an increase in 140 kDa and 176 kDa bands (cleaved-VWF) by 
immunoprecipitation /western blotting (Suppl Figure 1, available 
online at www.thrombosis-online.com). Three independent stan-
dard preparations were tested with reproducible results (Suppl. 
Figure 2, available online at www.thrombosis-online.com).

D
ow

nl
oa

de
d 

by
: I

N
S

E
R

M
. C

op
yr

ig
ht

ed
 m

at
er

ia
l.



Thrombosis and Haemostasis 115.5/2016 © Schattauer 2016

954 Rauch et al. ELISA-based diagnosis of increased VWF proteolysis

VWF-proteolysis in controls

At baseline, as expected, a low grade of VWF-proteolysis was ob-
served in PPP-samples (plasma-VWF), whereas no proteolysis was 
detected in platelet lysates obtained from baseline PRP-samples 
(platelet-VWF) (▶ Figure 1). A significant relationship between 
VWF: Ag levels and VWF-proteolysis (%) was observed (r=0.45; 
p< 0.001; ▶ Figure 2 A). Accordingly, the VWF-proteolysis (%) was 
lower in group-O patients when compared to non-O patients 
(▶ Table 1, ▶ Figure 2 B) and this difference was not longer ob-
served when results were expressed as a ratio between VWF-pro-
teolysis (%) and VWF: Ag (VWF-proteolysis/VWF: Ag ratio; 
▶ Table 1, ▶ Figure 2 C).

Under shear conditions, we observed a speed-related increase 
in VWF-proteolysis (%) (3000 rpm: 8.6 ± 2.1 < 6000 rpm: 22.5 ± 
7.3 < 9000 rpm: 41.6 ± 2.1) in PPP control samples obtained from 
processed whole blood of three healthy donors. This increase in 
VWF proteolysis rate was related to the intensity of HMW-
multimers defect (3000 < 6000 < 9000 rpm, data not shown) ob-
served on plasma samples obtained from blood used in the Heart-
Mate-II® perfusion experiments. This increased proteolysis under 
high shear conditions (9000 rpm) was blunted by both EDTA and 
mAb508 (▶ Figure 1). No VWF-proteolysis was detected in the 
four acquired TTP-patients with severe ADAMTS13 deficiency 
(ADAMTS13 activity below 5 % for all patients) (▶ Figure 1).

Discrimination of the different types of VWD 
 according to the VWF-proteolysis status

A significant relation between VWF-proteolysis (%) or VWF-pro-
teolysis/VWF: Ag ratio and the mechanism of the disease was ob-
served in selected patients with type 2 VWD. An increase in VWF-
proteolysis (%) was observed in VWD-2A(IIA) and VWD-2B 
when compared to control or to VWD-2A(IIE) patients (▶ Table 
2, ▶ Figure 3 A). The extent of VWF-proteolysis was significantly 
higher in these 2A(IIA) patients when compared to VWD-2B pa-
tients (p< 0.0001). In VWD-2B, the extent of VWF-proteolysis in-
creased with the intensity of HMW-multimers loss (A<B<C) 
(▶ Figure 3 C) regardless of the VWF activation state (data not 
shown). VWF-proteolysis was below the LQL of the assay in 
VWD-2A(IIE) patients. A similar discrimination between VWD-
patients was obtained with VWF-proteolysis/VWF: Ag ratio 
(▶ Figure 3 B, D).

Diagnosis of the mechanism in AVWS

In high shear-associated cardiovascular disorders, the extent of 
VWF-proteolysis (%) was significantly increased when compared 
to controls (p< 0.0001; ▶ Table 3, ▶ Figure 4 A). This increase was 
even more pronounced for LVAD-patients when compared to AS 
patients (p< 0.01; ▶ Table 3, ▶ Figure 4 A). Again, this difference 
remained when the data were expressed as VWF-proteolysis/
VWF: Ag ratio (▶ Table 3, ▶ Figure 4 B). In patients with consti-
tutional or acquired increased clearance of VWF, VWD-Vicenza 
(VWFpp/VWF: Ag = 15.7 ± 7.2) and MGUS (VWFpp/VWF: 

The lower detection limit (LDL) of the assay was calculated 
using the equation LDL = mean+3SD of the blank OD450nm value. 
The mean OD450nm value of standard’s replicates diluted 1/512 was 
significantly higher than the mean blank OD450nm value more 3 SD 
(p< 0.01, Mann Whitney test). The coefficient of variation (CV) of 
OD450nm values of standard’s replicates diluted 1/512 was 3.3 %. Ac-
cording that the 100 % of proteolysis was arbitrary set for the 
OD450nm value obtained for standard dilution 1/8, LDL and lower 
quantification limit (LQL) were therefore set at 2 %. Intra-assay 
CVs for the low and high rate of VWF proteolysis were at 7.7 % 
and 2.3 %, respectively. Inter-assay CVs for the low and high rate of 
VWF proteolysis were at 13.1 % and 12 %, respectively. The coeffi-
cient of correlation R2 was 0.99 over the concentrations range 
tested for linearity experiments.

Figure 1: ELISA assessment in the LVAD-perfusion model. Whole blood 
from healthy donors was perfused in a mock circulatory loop model using 
Heartmate-II® pump at different rotor speeds (3000, 6000 and 9000 rpm, 
each in triplicate). Further experiments were performed at 9000 rpm in the 
presence of EDTA (10 mM final concentration) or an anti-VWF antibody 
(mAb508, 50 µg/ml final concentration), each in triplicate. Blood was 
sampled at baseline and 180 min after onset of perfusion. Platelet-rich plas-
ma (PRP) was isolated from baseline samples by centrifugation (150g for 15 
min) and then incubated in Triton-PBS buffer to obtain platelet lysates. Pla-
telet-VWF was quantified using a latex-enhanced immunoturbidimetric 
assay (Hemosil VWF activity). All samples were centrifugated (2,000g for 15 
min) for platelet-poor plasma (PPP). Platelet-VWF (range: 0.5 to 2 UI/ml final 
concentration) and PPP-samples (normal plasma) were assayed for VWF-pro-
teolysis by ELISA. Data (mean ± SD of 3 independent experiments) are ex-
pressed as a percentage of VWF-proteolysis. In addition, four PPP-samples 
from acquired TTP-patients with severe ADAMTS13 deficiency (FRETS 
ADAMTS13 activity < 5 %) and UL multimers of VWF in plasma were assayed 
for VWF-proteolysis (mean ± SD) by ELISA (TTP-plasma).
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Ag=15.5 ± 9.2), respectively, VWF-proteolysis (%) was dramati-
cally reduced, when compared to controls (p< 0.001; ▶ Table 3, 
▶ Figure 4 A). A similar discrimination between AVWS-patients 
was observed with VWF-proteolysis/VWF: Ag ratio which was 
significantly increased in LVAD- and AS-patients when compared 
to patients with increased clearance (VWD-Vicenza and MGUS). 
The VWFpp/VWF: Ag mirrored the VWF-proteolysis/VWF: Ag 
with values significantly lower in LVAD- and AS-patients when 
compared to patients with increased VWF clearance (VWD-
Vicenza and MGUS) (▶ Figure 4 C).

In LVAD-patients, the extent of VWF-proteolysis assessed by 
the VWF-proteolysis/VWF: Ag ratio was significantly increased 
when analysed 3 h after implantation. This increase was observed 
in all patients with a six-fold increase when compared to baseline 
(0.27 ± 0.09 after implantation vs 0.05 ± 0.09 at baseline, p=0.009; 
▶ Figure 5 A). This paralleled the loss of HMW-multimers ob-
served in all LVAD-patients. The correction of AS in patients who 
underwent a TAVI procedure was associated with a significant de-
crease in VWF-proteolysis/VWF: Ag ratio (0.06 ± 0.02 vs 0.15 ± 
0.04 before TAVI, p< 0.05; ▶ Figure 5 B).

Discussion

The present study aimed to develop and validate a novel ELISA-
based assay to quantify VWF-proteolysis in AVWS. We present 
here the validation of this ELISA in a LVAD model and in a se-

lected cohort of VWD-patients according to their mutation and 
related mechanism. We have demonstrated in this study that this 
ELISA discriminates AVWS characterised by an increased VWF-
proteolysis and allows a rapid quantification of proteolysis and 
could help to overcome some limitations of electrophoresis-based 
assays.

Validation of the assay

Assay validation was made both methodologically and biologi-
cally. We demonstrated an apparent consistency of the assay when 
using three independent standard preparations. Such reliability 
was further confirmed when assessing inner assay performances 
with acceptable ranges for intra- (< 10 %) and inter-assay CVs 
(< 15 %). By using appropriate controls, we demonstrated in con-
trols that our assay is well suited to detect VWF-proteolysis.

This “physiological” proteolysis was related to the VWF: Ag 
level and varied according to the blood group, but was similar 
when expressed relatively as VWF-proteolysis/VWF: Ag ratio. No 
VWF-proteolysis was detected in acquired TTP-patients with se-
vere ADAMTS13 deficiency and UL VWF multimers in plasma, 
used as controls. In our LVAD ex vivo experiments we confirmed 
that VWF-proteolysis was related to the shear and prevented by 
non-specific and specific inhibition of ADAMTS13-mediated pro-
teolysis. Indeed, both EDTA and mAb508, an anti-VWF D4 do-
main, were previously reported to prevent the degradation of 
VWF HMW-multimers in the LVAD model (10).

Figure 2: ELISA assess-
ment in controls. VWF-
proteolysis was assessed 
by ELISA in 39 healthy 
subjects including 19 
O-group and 20 non 
O-group. Results are ex-
pressed as percentage of 
VWF-proteolysis (2A, B) 
and as VWF-proteolysis/
VWF:Ag ratio (2C). Corre-
lation between VWF-pro-
teolysis and VWF:Ag was 
assessed by Pearson coef-
ficient. Inter-group com-
parison was performed 
using a Mann Whitney 
test. p< 0.05 was con-
sidered as significant (*).
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Discrimination of patients with selected forms of 
VWD

As expected in VWD-patients, VWF-proteolysis was significantly 
increased in VWD-2B and even more in VWD-2A(IIA) compared 
to controls. In this study, we have selectively included VWD-
2A(IIA) patients with group 2 mutations, as increased VWF-pro-
teolysis is the central pathological mechanism underlying HMW-
multimers loss in these patients (15).

In VWD-2B, an increased ADAMTS13-mediated proteolysis 
accounts for the loss of HMW-multimers observed with some mu-
tations (16). Indeed, a lower shear stress threshold might be 
required for ADAMTS13-mediated cleavage when VWF is bound 
to platelets compared to free VWF molecules (17, 18). We ob-
served no correlation between VWF-proteolysis and VWF acti-
vation state in VWD-2B in accordance with a recent report show-
ing no relationship between the level of ‘active VWF’ and the ex-
tent of HMW-multimers defect in VWD-2B (19). This suggests 
that the proportion of VWF in its platelet-binding conformation is 
not predictive of VWF susceptibility to ADAMTS13 proteolysis in 
VWD-2B. Alternatively, VWF-proteolysis was significantly de-

creased in VWD-2A(IIE) patients compared to controls in accord-
ance with the decreased susceptibility of VWD-2A(IIE) variant to 
proteolysis reported previously (20).

Current electrophoresis-based assays are necessary to differ-
entiate VWD subtypes 2A and 2M, after exclusion of VWD-2B 
and VWD-2N. In the flow-chart diagnosis of VWD, an ELISA-
based assessment of VWF-proteolysis could be used, after exclu-
sion of VWD-2B and VWD-2N, to provide an easier and rapid 
identification of most VWD-2A patients, i.e. VWD-2A(IIA) and 
VWF-2A(IIE) variants with autosomal inheritance. This point 
may be clinically relevant since a higher bleeding incidence was re-
cently reported in VWD-2A patients compared to others type 2 
variants (21). However, a larger prospective study on unselected 
VWD-patients will be required before assay implementation to de-
termine the cut-off values allowing a good discrimination of VWD 
variants based on modification of VWF-proteolysis.

Diagnosis of AVWS

This ELISA provides a rapid identification of AVWS associated 
with aortic stenosis and LVAD therapy, two conditions associated 

Figure 3: ELISA assessment in VWD patients. VWF-proteolysis was as-
sessed by ELISA in VWD variants type 2A (IIA) (n=22), 2B (n=26), 2A (IIE) 
(n=21). Healthy subjects were used as control (n=39) (3A, 3B). VWF-pro-
teolysis was further analysed in VWD variants type 2B according to the sever-
ity of VWF multimeric defect (3C, 3D): pattern A (partial loss of the HMW-
multimers; including p. Arg1306Gln/ p.Pro1337Leu and p.Ala1461Val mu-
tations), pattern B (complete loss of HMW-multimers; including 

p.Arg1341Gln mutation) and pattern C (loss also of intermediate multimers, 
including p. Arg1308Cys and p.Val1316Met mutations). Results are express-
ed for each group as percentage of VWF-proteolysis (3A, 3C) and as VWF-
proteolysis/VWF:Ag ratio (3B, 3D). Inter-group comparisons were performed 
using a Mann Whitney test. p< 0.05 was considered as significant. 
(*p< 0.05;**p< 0.01;***p< 0.001).
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Figure 5: Dynamic assessment of VWF-proteolysis in HeartMate-II® 
LVAD-patients before and early after device implantation and in AS-
patients undergoing TAVI procedure. Nine consecutive LVAD-patients 
were evaluated before and 3 h after LVAD HeartMate-II® implantation for 
HMW-multimers by SDS-agarose 1.4 % electrophoresis and for VWF-pro-

Figure 4: ELISA assess-
ment in AVWS-patients. 
VWF-proteolysis was as-
sessed by ELISA in AS-pa-
tients (n=9), LVAD-patients 
(n=9) and MGUS IgG-pa-
tients (n=8). VWD-Vicenza 
patients were included as 
controls of increased clear-
ance. Results are expressed 
for each group as percen-
tage of VWF-proteolysis (4A) 
and as VWF-proteolysis/
VWF:Ag ratio (4B). Inter-
group comparisons were 
performed using a Mann 
Whitney test. p< 0.05 was 
considered as significant 
(*p< 0.05;**p< 0.01;***p
< 0.001).

teolysis by ELISA (5A). Seven AS-patients were assayed for VWF-proteolysis 
by ELISA before and after correction of aortic valve stenosis with TAVI pro-
cedure (5B). Results are expressed for each group as VWF-proteolysis/
VWF:Ag ratio. Statistical analysis was performed using two-tailed Wilcoxon 
rank test. p< 0.05 was considered as significant (*p< 0.05;**p< 0.01).

Rauch et al. ELISA-based diagnosis of increased VWF proteolysis

with an increased VWF-proteolysis. VWF impairment through 
proteolysis of its HMW-multimers is a common finding in severe 
aortic stenosis (3) and LVAD therapy (6), and is also observed in 
other high shear cardiac disorders (22, 23) reported to induce the 
unfolding of circulating VWF molecules and their proteolysis by 
the specific VWF protease ADAMTS13.

This enhanced proteolysis of the largest VWF multimers is 
thought to account for the increased prevalence of gastrointestinal 
bleedings (GI) from angiodysplasia in these high shear cardiac dis-
orders (24). The classical management of GI bleeding occurring in 
this setting of Heyde’s syndrome is challenging as illustrated by the 
high rate of bleeding recurrence after endoscopic therapy. The 
treatment of the underlying cardiac lesion might represent the op- D
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timal management to stop GI bleedings in this subset of patients 
(25, 26), but the diagnosis of Heyde’s syndrome is challenging in 
the absence of a widespread biological assay. In the setting of re-
current GI bleeding refractory to endoscopic therapy, we speculate 
that an ELISA-based assessment of an increased VWF-proteolysis 
could reflect the presence of a high shear cardiac disorder associ-
ated with Heyde’s syndrome.

The diagnosis and management of AVWS under mechanical 
circulatory support often remains an unmet medical need. Where-
as HMW-multimers proteolysis seems to occur in all patients with 
continuous-flow devices (6), little is known about its real preva-
lence under ECMO support or pulsatile biventricular support (27). 
Furthermore, this ELISA represents a real standardised quantifi-
cation tool of VWF-proteolysis in comparison with electrophore-
sis-based assessment of HMW-multimers. Our assay might help to 
screen more rapidly for AVWS under mechanical circulatory sup-
port, given the potential of such an ELISA method to be more 
widely used than current VWF electrophoresis-based assays. Such 
early diagnosis of AVWS could improve the medical management 
of bleeding complications observed under LVAD therapy. It seems 
also that, in patients undergoing a TAVI-procedure for AS, this 

assay could provide a potential useful tool to monitor the success 
of valve implantation. First-line management of GI bleedings in 
LVAD patients, relying on adaptation of antithrombotic therapy 
and digestive endoscopic revision for local haemostasis (28), is 
often inefficient to prevent bleeding recurrence (29). Strategies 
based on the reduction of the speed of the LVAD rotor and/or off-
label use of pure VWF concentrates have been reported as effective 
to control severe bleedings (28, 30). These strategies are, however, 
at potential risk (haemodynamic instability, thrombosis) for LVAD 
patients (31) and should only be considered once the diagnosis of 
AVWS is confirmed. Moreover, this ELISA assay might be of inter-
est to tailor LVAD speed or VWF concentrates infusion in LVAD 
carriers with GI bleedings.

Clinical implications

This ELISA proteolysis assay allows to identify and to discriminate 
different forms of VWD and AVWS according to their mechan-
isms and their impact on VWF proteolysis. Although we can not 
completely exclude that the affinity of the antibody directed 
against cleaved VWF may be reduced for the largest multimers, 
the ELISA provides a reliable quantitative analysis of VWF pro-
teolysis, potentially in a time frame acceptable for emergency situ-
ations. An early diagnosis of AVWS could improve the medical 
management of bleeding complications observed under LVAD 
therapy. Alternatively, the documentation of correction of VWF 
proteolysis at an individual level might be also of major area of in-
terest in particular after correction of aortic stenosis. The imple-
mentation of this ELISA could open the door for a biological and 
“real-time” monitoring of TAVI-procedure and mechanical circu-
latory support.
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Percutaneous aortic valve procedures, including transcath-
eter aortic valve implantation (TAVI) and balloon aortic 

valvuloplasty (BAV), are recent major breakthrough in the 
management of patients with aortic stenosis (AS).1,2 In some 
circumstances their results can still be inadequate, whereas 

their evaluation in real-time may remain difficult with current 
techniques.3 Among examples are the cases of balloon val-
vuloplasty procedures and valve-in-valve TAVI procedures, 
where an insufficient opening of the valve and a high residual 
gradient can still be observed or the cases of periprocedural 

Clinical Track

© 2015 American Heart Association, Inc.

Circulation Research is available at http://circres.ahajournals.org DOI: 10.1161/CIRCRESAHA.116.305046

Rationale: Percutaneous aortic valve procedures are a major breakthrough in the management of patients with 
aortic stenosis. Residual gradient and residual aortic regurgitation are major predictors of midterm and long-term 
outcome after percutaneous aortic valve procedures. We hypothesized that (1) induction/recovery of high molecular 
weight (HMW) multimers of von Willebrand factor defect could be instantaneous after acute changes in blood 
flow, (2) a bedside point-of-care assay (platelet function analyzer-closure time adenine DI-phosphate [PFA-CADP]), 
reflecting HMW multimers changes, could be used to monitor in real-time percutaneous aortic valve procedures.

Objective: To investigate the time course of HMW multimers changes in models and patients with instantaneous 
induction/reversal of pathological high shear and its related bedside assessment.

Methods and Results: We investigated the time course of the induction/recovery of HMW multimers defects under 
instantaneous changes in shear stress in an aortic stenosis rabbit model and in patients undergoing implantation 
of a continuous flow left ventricular assist device. We further investigated the recovery of HMW multimers 
and monitored these changes with PFA-CADP in aortic stenosis patients undergoing transcatheter aortic valve 
implantation or balloon valvuloplasty. Experiments in the aortic stenosis rabbit model and in left ventricular assist 
device patients demonstrated that induction/recovery of HMW multimers occurs within 5 minutes. Transcatheter 
aortic valve implantation patients experienced an acute decrease in shear stress and a recovery of HMW 
multimers within minutes of implantation which was sustained overtime. In patients with residual high shear or 
with residual aortic regurgitation, no recovery of HMW multimers was observed. PFA-CADP profiles mimicked 
HMW multimers recovery both in transcatheter aortic valve implantation patients without aortic regurgitation 
(correction) and transcatheter aortic valve implantation patients with aortic regurgitation or balloon valvuloplasty 
patients (no correction).

Conclusions: These results demonstrate that variations in von Willebrand factor multimeric pattern are highly 
dynamic, occurring within minutes after changes in blood flow. It also demonstrates that PFA-CADP can evaluate 
in real time the results of transcatheter aortic valve procedures.   (Circ Res. 2015;116:1193-1201. DOI: 10.1161/
CIRCRESAHA.116.305046.)
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aortic regurgitation (AR) observed in 10% to 30% of TAVI 
procedures with current techniques.1,2

Acquired deficiency of von Willebrand factor (VWF), char-
acterized by a loss of high molecular weight (HMW) mul-
timers, is associated with cardiovascular disorders in which 
the entire blood volume is exposed to high shear stress.4–9 It 
has been demonstrated that acquired VWF deficiency can be 
detected within days after implantation of an axial continuous 
flow left ventricular assist device (LVAD).10 We and others11,12 
also demonstrated that the VWF deficiency present in patients 
with AS is corrected within days after its surgical treatment. 
Based on in vitro studies, it was inferred that unfolding and 
cleavage of the VWF A2 domain in vivo could occur within 
200 seconds in response to acute changes in shear condi-
tions.13 However, the initial time course of loss/recovery of 
VWF HMW multimers after acute changes in blood flow in 
vivo has not yet been studied.

PFA-closure time ADP (CADP) is a highly sensitive way to 
screen for HMW multimers defects14 and has been shown to be 
prolonged in patients with high shear-cardiovascular disorders 
including those with AS.6,11,15 As PFA-CADP can be assessed 
by a small whole blood analyzer (PFA-100) it has the potential 
to be used as a bedside monitor of HMW multimers changes.

We hypothesized that induction/recovery of HMW multi-
mers defect could occur within minutes of acute changes in 
blood flow induced by cardiac interventions and we further 
investigated the potential underlying mechanisms. We also 
hypothesized that HMW multimers recovery, as assessed by 
PFA-CADP, could be used to monitor in real time the results 
of transcatheter aortic valve procedures, including the pres-
ence of a high postprocedural aortic gradient and the pres-
ence of a significant postprocedural AR. To evaluate these 
hypotheses in vivo, we investigated the time course of HMW 
multimers loss/recovery in an animal model of reversible AS 
specifically developed for that purpose. We further investigat-
ed the time course of HMW multimers loss/recovery and its 
related bedside whole blood assessment (PFA-100 analyzer) 
in 38 patients included in a prospective registry and under-
going (1) implantation of an axial continuous flow LVAD 
(HeartMate-II, n=8) for heart failure and (2) transcatheter 
aortic valve procedures, either BAV (n=10) or TAVI (n=20), 
to treat AS.

Methods
Instantaneous Induction and Reversion of High 
Shear Stress in a Rabbit Model of Reversible AS
We developed a new rabbit model of instantaneous, reversible, calibrat-
ed supra-AS, adapted from Assad et al16 and Godier et al17 (see Methods 
in the Online Data Supplement). This model allowed the evaluation in 
the same rabbit, of the dynamic time course of loss and recovery of 
HMW multimers. In each rabbit (n=17), blood was sampled, before 
(T0) and after the induction of AS (5 and 30 minutes). Then the stenosis 
was reversed 30 minutes after its induction and blood was sampled 5 
and 30 minutes after reversion (35 and 60 minutes).

Prospective Patients Registry
After approval from the local ethics committee, we performed a pro-
spective registry of patients undergoing HeartMate-II implantation or 
percutaneous aortic valve intervention, including clinical data collec-
tion and blood sampling during the procedure. All patients provided 
informed written consent and were included in the Willebrand TAVI 
registry.

Induction of High Shear Stress in Patients 
Undergoing Implantation of HeartMate-II LVAD
HeartMate-II (Thoratec Corp, Pleasanton, CA) is an axial continuous 
flow LVAD. A time course of VWF multimeric analysis was performed 
in vivo in 8 consecutive patients at the time of initiation of HeartMate-
II support. Samples were collected before (T0) and after initiation of 
HeartMate-II support at 9000 rpm (5, 30, and 180 minutes).

Reversion of High Shear Stress in Patients With AS 
Undergoing Transcatheter Aortic Valve Procedure
A time course of HMW multimers analysis and its related whole 
blood assessment (PFA-CADP) was performed in vivo in 30 pa-
tients with severe aortic valve stenosis in stable clinical condition, 
with a clinical need for either TAVI (n=20) or BAV (n=10) pro-
cedures. Both procedures were performed through a percutaneous 
transfemoral approach according to standard practice, whereas 
TAVI was performed with the Edwards-Sapien XT device.2,3,18 
Samples were collected before (0) and after the procedure (5, 30, 
and 180 minutes and week 4).

Evaluation of shear stress conditions, including aortic velocity and 
gradient and postprocedural AR, was performed by a transthoracic 
echocardiography performed before and 24 hours after the proce-
dure. The presence of a significant postprocedural AR was defined as 
the presence of an AR moderate or greater according to the VARC2 
(valve academic research consortium) classification.19

Induction of High Shear Stress In Vitro Using a 
HeartMate-II Assist Device Model
Using an in vitro HeartMate-II model, we first investigated the ki-
netics of HMW multimers loss and recovery in the absence of en-
dothelium. For each experiment, human blood (either heparinized 
or citrated) from healthy donors was perfused in a tubing system 
using a circulatory flowing pump device in which the HeartMate-II 
was the pump. Because the results of the experiments performed 
using heparinized or citrated blood were similar, they are presented 
together. The HeartMate-II rotor was set to high shear (9000 rpm), 
as achieved in patients implanted with HeartMate-II or to low shear 
(3000 rpm).

We further assessed the role of VWF proteolysis as a mechanism 
underlying the loss of HMW multimers in this model (see Methods in 
the Online Data Supplement).

Laboratory Assessment
VWF antigen (VWF:Ag; Sta Liatest, Diagnostica Stago, Inc) and 
VWF propeptide (VWFpp; Lifecodes VWF & Propeptide Assay, 
Gen-probe) levels were measured by ELISA. VWF activity was as-
sessed by a latex immunoturbidimetric assay (Innovance VWF Ac; 
Siemens Healthcare Diagnostics, Marburg, Germany). As our aim 
was to detect changes in HMW multimers, we chose to perform 

Nonstandard Abbreviations and Acronyms

AR aortic regurgitation

AS aortic stenosis

BAV balloon aortic valvuloplasty

HMW high molecular weight

IMW intermediate molecular weight

LMW low molecular weight

LVAD left ventricular assist device

PFA-CADP platelet function analyzer-closure time adenine DI-phosphate

TAVI transcatheter aortic valve implantation

VWF von Willebrand factor

VWF:Ag VWF antigen

VWFpp VWF propeptide
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experiments using gels with low agarose concentrations.20,21 VWF 
multimeric analysis was performed as previously described.11 The 
results are expressed as a ratio to normal pooled plasma (standard 
human plasma Siemens Healthcare Diagnostics, Marburg, Germany). 
Immunoprecipitation/Western blot analysis was performed to mea-
sure VWF proteolysis fragments (176 and 140 kDa; see Methods in 
the Online Data Supplement).

PFA-CADP was assessed by platelet-function analyzer PFA-100, 
(Siemens Healthcare Diagnostics, Marburg, Germany) using ADP 
cartridges (PFA-CADP, normal range, 68–121 seconds) as previously 
described.11,14

VWF:Ag and VWF multimeric analysis were newly developed 
for rabbits. Loading of the electrophoretic gels was normalized for 
VWF:Ag content. The results are expressed as relative to baseline 
values determined for each animal.

Statistical Analysis
Data were expressed as mean (±SD), unless indicated otherwise. 
Multiple time comparisons were performed using repeated mea-
sures of 1-way ANOVA. When appropriate, time points were 
compared with a Wilcoxon rank test for paired or Mann–Whitney 
for unpaired groups. P values <0.05 were considered statistically 
significant.

Results
Instantaneous Induction and Reversion of High 
Shear Stress in a Rabbit Model of Reversible AS
In the AS-rabbit model, a significant decrease in HMW 
multimers was observed 5 minutes (0.76±0.13; P<0.01) 
and further 30 minutes (0.74±0.07; P<0.01) after stenosis 
induction when compared with baseline values (Figure 1). 
Conversely, a significant increase in HMW multimers was 
already observed 5 minutes after reversal of the stenosis 
(0.89±0.12; P<0.01). Thirty minutes after the reversion, 
a complete recovery of HMW multimers was observed 
(0.98±0.10; Figure 1).

Rapid Loss of HMW Multimers After Induction 
of High Shear Stress in Patients Undergoing 
HeartMate-II Implantation
The kinetics of HMW multimers loss in human blood was 
studied at the time of HeartMate-II implantation in 8 con-
secutive patients (6 men and 2 women, aged 59±12 years). 
A significant time-dependent loss of HMW multimers was 
observed after initiating the pump (rotor set ≈9000 rpm) 
reaching 0.86±0.37, 0.69±0.32, and 0.48±0.18 at 5, 30, and 
180 minutes, respectively (P<0.01; Figure 2C and 2D). A 
significant time-dependent increase in intermediate (I) plus 
low (L) MW mirroring the loss of HMW multimers was ob-
served reaching 1.11±0.11 at 180 minutes compared with 
1.01±0.08 at baseline (P<0.05). Consistent with the loss 
of HMW multimers, a time-dependent decrease in VWF 
collagen-binding activity/VWF:Ag ratio was also observed 
reaching 0.75±0.22 at 180 mm versus 0.88±0.18 at baseline 
(P<0.05).

These findings were further investigated in the in vitro 
HeartMate-II model. In the in vitro HeartMate-II-model, when 
whole human blood was submitted to high shear stress (rotor 
set at 9000 rpm), a progressive and time-dependent loss of 
HMW multimers was also observed. The loss of HMW mul-
timers was more pronounced after 5 minutes than in LVAD 
patients and was complete after 180 minutes (P<0.0001; 
Figure 2A and 2B). The role of VWF proteolysis was verified 
by (1) a time-dependent increase in specific VWF proteolytic 
fragments (140 and 176 kDa) in patients (Online Figure IA) 
and (2) an absence of time-dependent loss of HMW multimers 
when spiking EDTA before pump initiation in vitro (Online 
Figure IB). The shear dependency of HMW multimers loss 
was also verified by setting the rotor of HeartMate-II at 3000 
rpm (Online Figure IC).
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Figure 1. Dynamic loss and recovery of high 
molecular weight (HMW) multimers in a rabbit 
reversible aortic stenosis model. A, Quantitative 
analysis of HMW multimers (relative to baseline) 
after induction and reversion of aortic stenosis 
(repeated ANOVA, P<0.01 overall; n=17). Significant 
loss of HMW multimers 5 and 30 minutes after 
induction of stenosis (P<0.01 vs baseline) and 
immediate recovery 5 minutes and 30 minutes after 
reversion of stenosis (P<0.01 vs 30 minutes after 
induction) were observed. B, Representative profile 
of von Willebrand factor multimeric patterns at the 
different time points after induction and reversion 
of stenosis in 1 rabbit. C, Densitometric analysis 
of electrophoretic gel image (black arrows indicate 
the front of migration). NP indicates normal human 
pooled plasma.
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In patients undergoing HeartMate-II implantation, a time-
dependent increase in VWFpp was observed. This VWFpp in-
crease, already significant 5 minutes after initiating the pump 
(528±184 versus 259±139 UI/dL at baseline; P=0.01), was still 
apparent after 30 minutes (538±139 UI/dL) and 180 minutes 
(560±140 UI/dL). In vitro, no change in VWFpp was observed 
overtime (89±27 at 180 minutes versus 89±32 at baseline, ns).

HMW Multimers Increase Rapidly After Reversion 
of Pathological High Shear Stress in Patients 
Undergoing TAVI Procedure
The effect of the reversion of high shear on the VWF multi-
meric pattern was studied in 30 patients with AS requiring to 
undergo either BAV (n=10; 5 men and 5 women; aged 82±6 
years; LVEF=53%±10%) or TAVI (n=20; 9 men and 11 wom-
en; aged 82±6 years, LVEF=53%±10%). All patients had New 
York Heart Association class 3 or 4 and no patient had decom-
pensated heart failure.

As expected, in patients with AS a HMW multimers defect 
was observed at baseline (0.50±0.19 compared with normal 
pooled plasma), whereas increased levels of IMW+LMW 
multimers (1.07±0.04) were present.

In patients treated with TAVI, the procedure resulted in a 
near normalization of maximal transvalvular velocity (from 
4.44±0.47 m/s at baseline to 2±0.56 m/s after valve replacement; 
P<0.0001) inducing a marked reduction in mean transvalvular 
gradient (50.6±12.5 to 9.6±5.1 mm Hg; P<0.0001), whereas in 
4 of them (20%) a postprocedural AR moderate or greater was 

observed. Those treated with BAV experienced a modest im-
provement in shear conditions (max transvalvular velocity from 
4.47±0.25 m/s at baseline to 3.88±0.65 m/s after BAV; P<0.05) 
and, as a consequence, a modest decrease in mean transvalvular 
gradient (49.6±3.8 to 35.6±13.4 mm Hg; P<0.05).

In the 20 patients undergoing TAVI, the amount of HMW 
multimers dramatically increased 5 minutes after valve 
implantation (from 0.51±0.18 at baseline to 0.75±0.24; 
P<0.001). An almost complete recovery was observed after 
180 minutes (0.97±0.25; P<0.0001; Figure 3A and 3B) which 
was sustained by 4 weeks (0.91±0.15). Together with the 
HMW multimers recovery, a significant time-dependent de-
crease of IMW+LMW multimers already significant at 5 min-
utes (1.03±0.05) and peaking at 180 minutes (0.99±0.04) was 
observed (P<0.01). A time-dependent correction of VWF col-
lagen-binding activity/VWF:Ag ratio was also observed (from 
0.76±0.14 at baseline to 0.94±0.30 at 180 minutes; P<0.01).

BAV procedures did not increase significantly the amount 
of HMW multimers (0.58±0.2, 0.66±0.25, 0.64±0.15, and 
0.65±0.21 at 5, 30, 180 minutes, and 4 weeks after BAV, 
respectively; P=0.59; Figure 3C and 3D). No significant 
time-dependent changes in IMW+LMW multimers nor in 
VWF:Act/VWF:Ag ratio were observed.

Of note, as part of the TAVI procedure a balloon predilata-
tion was performed before valve implantation. This predilata-
tion had no significant impact on HMWmultimers (0.54±0.11 
at 5 minutes; P=0.61 versus baseline).
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Figure 2. Immediate loss of high molecular weight (HMW) multimers on high shear stress at initiation of axial continuous flow 
HeartMate-II (HM II) device. A, Quantitative analysis of HMW multimers (relative to normal human pooled plasma) after perfusion of 
human whole blood under high shear conditions (9000 rpm) in the HM II in vitro model (repeated ANOVA, P<0.0001 overall; n=10). A 
significant loss of HMW multimers occurred overtime, already significant 5 minutes after HM II start (P<0.01 vs baseline) and complete 
at 180 minutes. B, Representative time course of HMW multimers loss (with densitometric analysis) after initiating the HM II in vitro. 
C, Quantitative analysis of HMW multimers (relative to normal human pooled plasma) in patients undergoing initiation of HM II support 
(repeated ANOVA, P<0.01 overall; n=8). A significant loss of HMW multimers occurred overtime, already significant 30 minutes after 
initiating the HM II support (P<0.01 vs baseline). D, Representative time course of HMW multimers loss (with densitometric analysis) after 
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When all TAVI and BAV patients were analyzed together 
(n=30), a significant and inverse relation between postproce-
dural mean transvalvular gradient and postprocedural HMW 
multimers was observed (r=−0.68; P<0.0001; Figure 4).

After TAVI, despite a consistently low residual gradient 
(9.6±5.1 mm Hg), a relatively large standard deviation in 
HMW multimer values was observed. This was mainly re-
lated to the occurrence of a significant postprocedural AR 
in 4 patients in whom the HMW multimers increased to 
a lesser extent and in whom HMW multimer at 180 min-
utes was significantly lower than in the 16 TAVI patients 
without postprocedural AR (0.74±0.10 versus 1.02±0.25; 
P=0.04).

Acute Endothelial Release of VWF in Patients 
Undergoing TAVI Procedures
A potential role of the vascular endothelium in the HMW mul-
timers recovery was investigated by evaluating the secretion of 
VWF by the endothelium after reversion of high shear in TAVI 
and BAV procedures. It was further investigated by studying 
the recovery of HMW multimers after reversion of high shear 
in a model free of endothelium (in vitro HeartMate-II).

In TAVI procedures, VWFpp significantly increased 5 min-
utes after valve implantation (190±85 UI/dL), and further after 
30 (240±111 UI/dL) and 180 minutes (394±191 UI/dL) when 
compared with baseline (171±84 UI/dL; P<0.01). In BAV proce-
dures, VWFpp did not increase significantly overtime (275±136 
UI/dL at 180 minutes versus 199±107 UI/dL at baseline, ns).

In the in vitro HeartMate-II model, high shear was induced 
for 3 hours (9000 rpm), then the blood flow was submitted to 
low shear (by switching the speed from 9000 to 3000 rpm) 
for the next 3 hours, mimicking reversal of pathological high 
shear. In the absence of endothelium, no recovery of HMW 
multimers was observed in this model (Figure 5).

Real-Time Monitoring of Percutaneous Aortic Valve 
Procedures by PFA-CADP Closure Time
As expected and mimicking the VWF multimeric profile, charac-
terized by reduced HMW multimers, PFA-CADP was prolonged 
in AS patients (243±65 seconds). In TAVI patients, a time-
dependent correction of PFA-CADP was observed (195±74, 
165±75, 139±73, 141±73 seconds at 5, 30, 180 minutes, and 4 
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multimeric pattern occurred after valve dilatation. D, Representative time course of VWF multimeric pattern (with densitometric analysis) 
in a patient undergoing BAV procedure. NP indicates normal human pooled plasma.
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Figure 4. Relation between postprocedural gradient and 
postprocedural high molecular weight (HMW) multimers. The 
mean postprocedural gradient is plotted against the postprocedural 
HMW multimers values (180 minutes, r=−0.68; P<0.0001).
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weeks respectively, P<0.0001; Figure 6). By contrast, in BAV 
patients no significant change in PFA-CADP was observed 
overtime (212±61, 204±71, 219±76, 221±75 seconds at 5, 30, 
180 minutes, and 4 weeks; P=0. 82; Figure 6). Mirroring the 
observation made with HMW multimers, patients with a pro-
longed PFA-CADP value had a higher final residual gradient 
than patients with a normal PFA-CADP value (29.2±5.1 versus 
7.85±1.12; P<0.001). Importantly all patients with a normal fi-
nal PFA-CADP had final residual gradient <15 mm Hg.

After TAVI, and similar to the heterogeneity observed with 
HMW multimer values, a relatively large SD in PFA-CADP 
measurement was observed. This was mainly related to the oc-
currence of a significant postprocedural AR in 4 patients in whom 
PFA-CADP measurements were significantly higher than in the 
16 patients without AR (225±41 versus 100±23 seconds; P<0.01; 
Figure 7). In all patients with a residual AR the PFA-CADP at the 

end of the procedure was >180 seconds, whereas of those without 
any residual AR the final PFA-CADP was <140 seconds.

Conversely, in patients undergoing implantation of a 
HeartMate-II device, a sudden increase in PFA-CADP was 
observed as soon as 5 minutes after initiation of the support 
(246±63 versus 106±40 seconds; P=0.01).

Discussion
The present study, performed in 3 clinical conditions and 1 ani-
mal model in which the entire blood volume is exposed to high 
shear stress, demonstrates that acute changes in blood flow are 
associated with highly dynamic consequences on the VWF mul-
timeric profile, occurring within minutes and then remaining 
steady overtime. It demonstrates the key roles of HMW mul-
timers proteolysis and VWF multimers release by the vascular 
endothelium in those acute changes of VWF multimeric profile. 
It further demonstrates that bedside whole blood assessment 
(PFA-CADP), reflecting HMW multimers changes, could be 
used in clinical practice to monitor in real time the quality of the 
results of percutaneous aortic valve procedures, in particular, to 
detect the occurrence of postprocedural AR. Altogether these 
results provide the first integrated demonstration that VWF can 
be considered as a biological sensor of blood flow in vivo.

Dynamic Variations in HMW Multimers in 
Response to Acute Changes in Blood Flow
The present study is the first one to demonstrate that variations 
in VWF multimeric profile in response to acute changes in 
blood flow in vivo are highly dynamic.

Although it has been demonstrated that the loss of HMW 
multimers could be observed the day after the initiation of 
LVAD support,10 the initial response of VWF multimers after 
induction of high shear in vivo was unknown. The dynamic 
onset of shear-induced proteolysis of HMW multimers has 
been extensively described in vitro.13,20,22 Hence, when sub-
jecting VWF to high shear forces, unfolding of large VWF 
multimers has been shown to occur in <1 second in vitro and 
VWF cleavage was inferred to be effective within 200 seconds 
in vivo.13 The present study confirms that the loss of HMW 

Figure 6. Real-time assessment of changes in von Willebrand 
factor (VWF) multimeric pattern with platelet function 
analyzer-closure time adenine DI-phosphate (PFA-CADP) in 
patients undergoing transcatheter aortic valve interventions. 
In transcatheter aortic valve implantation (TAVI) patients, a time-
dependent correction of PFA-CADP was observed (repeated 
ANOVA, P<0.0001). In balloon valvuloplasty (BAV) patients, no 
significant time-dependent change of PFA-CADP was observed. 
In TAVI patients this correction was still present 4 weeks after the 
procedure and conversely PFA-CADP remained prolonged at this 
time point in BAV patients.

Figure 7. Impact of a significant postprocedural aortic 
regurgitation (AR) on platelet function analyzer-closure 
time adenine DI-phosphate (PFA-CADP) at the end of the 
transcatheter aortic valve implantation (TAVI) procedure. 
In patients with a significant postprocedural AR (n=4) the 
postprocedural PFA-CADP was significantly higher than in 
patients without AR (n=16, P<0.01) and remained as prolonged 
as in patients with aortic stenosis.

Figure 5. Absence of high molecular weight (HMW) multimers 
recovery after reversion of pathological high shear in the 
HeartMate-II (HM II) assist device model. Whole human blood 
was submitted to high shear (9000 rpm) during 3 hours and then 
to low shear for the next 3 hours (3000 rpm) by switching the 
pump. The von Willebrand factor multimeric profile remained 
unchanged after the offset of high shear stress.
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multimers follows a similar time frame in vivo and occurs 
almost immediately after the induction of high shear stress. 
Indeed, a significant decrease in HMW multimers was ob-
served 5 minutes after induction of high shear, both in rabbits 
submitted to an acute AS and after initiation of HeartMate-II 
support at high speed (9000 rpm). Additional experiments per-
formed in the HeartMate-II LVAD model further confirmed 
the shear dependency of HMW multimers loss; a rapid loss 
of HMW multimers was observed at high speed (9000 rpm), 
whereas no loss was observed at low speed (3000 rpm).

Although HMW multimers recovery has been observed 
within days after aortic valve surgical replacement in AS pa-
tients,11,12 no information was available on the initial phase 
of correction of AS. A major finding of this study is to dem-
onstrate a nearly immediate recovery of the HMW multi-
mers on reversion of the high-shear conditions, whereas no 
recovery was observed in the absence of correction. In the 
rabbit model and in AS patients undergoing TAVI, HMW 
multimers recovery was observed 5 minutes after correction 
of AS and was sustained overtime. In AS patients undergoing 
a percutaneous procedure but in whom only a weak reduc-
tion in shear forces was achieved, as those undergoing BAV 
or those undergoing TAVI with a significant postprocedural 
AR, no consistent HMW multimers recovery was observed.

HMW Multimers Proteolysis as a Shear-Dependent 
Process
VWF shear-induced proteolysis is considered the main mecha-
nism underlying the acquired HMW multimers defect observed 
in high-shear cardiovascular conditions, such as AS or continu-
ous axial flow LVAD support.4,23 The present study provides 
new experimental evidence that proteolysis links the induction 
of high shear to the nearly immediate loss of HMW multimers. 
First, in the HeartMate-II LVAD patients, the loss of HMW mul-
timers was associated with an increase in VWF proteolytic frag-
ments. Second, the loss of HMW multimers at initiation of high 
shear conditions was blunted when a protease inhibitor (EDTA) 
was added to the in vitro device model. Finally, the increase in 
IMW and LMW multimers as seen in HeartMate-II LVAD pa-
tients and the decrease of IMW and LMW multimers seen in 
TAVI patients are also consistent with this hypothesis. Altogether 
these results further re-enforce that shear-induced proteolysis is 
the major mechanism underlying the acquired HMW multimers 
loss observed in high-shear cardiovascular disorders.

Vascular Endothelium and Recovery of HMW 
Multimers Defect
The inhibition of the proteolysis of HMW multimers is not suf-
ficient to explain alone their sudden rise in TAVI patients, un-
less newly secreted VWF circulate in the blood. This question 
was investigated by measuring VWFpp in patients undergoing 
TAVI. In these patients the increase of VWFpp was indicative 
of an acute release of VWF by the vascular endothelium.24 This 
demonstrates that in combination with the acute inhibition of 
HMW multimers proteolysis, an acute release of VWF multi-
mers by the endothelium is requested for the acute recovery of 
the HMW multimers defect. The absence of recovery of the 
HMW multimers in a model of acute shear recovery but with-
out endothelium is also consistent with this hypothesis.

Recent studies have demonstrated that an increase in the arte-
rial luminal pressure is able to induce an acute release of VWF 
by the vascular endothelium.25 In our study, the observations of 
a sudden rise in VWFpp in situations where an increase of arte-
rial luminal pressure is observed (such as TAVI or HeartMate-II 
LVAD patients), and the lack of VWFpp increase in a model 
without endothelium, is consistent with this hypothesis.

Altogether this suggests that in TAVI patients, the multi-
mers newly provided by the endothelium in response to the 
increased arterial luminal pressure are no longer submitted 
to local abnormal high shear and proteolysis when passing 
through the valve, thus resulting in an ultimate increase in the 
proportion of HMW multimers (Figure 8).

PFA-CADP to Monitor in Real Time the Result of 
Aortic Percutaneous Interventions
Periprocedural evaluation of the result of percutaneous aortic 
interventions, while important because corrective measures 
can be undertaken at that time, remains a challenging issue. 
In particular, the occurrence of postprocedural AR after TAVI 
is a vexing clinical problem observed in 10% to 30% of cases. 
Although it has been associated with an increased long-term 
mortality,2 its detection and accurate evaluation in the cath-
eterization laboratory remain difficult.19 There is therefore a 
critical need for a quick and reliable method of evaluation of 
the results of these interventions.

PFA-100, which is a whole blood functional test of primary 
hemostasis, has been shown to be highly sensitive to HMW 
multimers defects.14 A major finding is that a rapid correction in 
PFA-CADP, reflecting HMW multimers recovery, was observed 
in patients undergoing TAVI, whereas no significant change was 
observed in those undergoing BAV. Furthermore in TAVI patients 
with a clinically significant AR, an incomplete correction of PFA-
CADP was also observed and PFA-CAP values were able to seg-
regate perfectly patients with (<180 seconds) or without (<140 
seconds) residual AR. This demonstrates that PFA-100 can re-
flect in real-time acute shear modification and evaluate the qual-
ity of the results of transcatheter aortic valve procedures.

PFA-CADP could therefore be used to monitor TAVI pro-
cedures in some critical patients such as those with a high 
risk of mortality in case of AR, for example, patients with 
atrial fibrillation, renal failure, or pure AS without AR,2 and 
those with conflicting results about the significance of post-
procedural AR by other investigatory means (angiography, 
echocardiography, etc). In such circumstances, it has been 
shown that balloon postdilatation could decrease the magni-
tude of AR but at the price of an increased risk of stroke or 
bioprosthesis damages.26 The lack of improvement of PFA-
CADP measured in real time could provide additional infor-
mations and be integrated in the decision process. Similarly, 
although TAVI is often performed in patients with a degen-
erated biological prosthesis in the so-called valve-in-valve 
procedure, the result can be hampered by the high residual 
transvalvular gradient because of a prosthesis/prosthesis 
mismatch. The development of a broader size choice and ful-
ly retrievable devices will provide the opportunity to adapt 
the initial choice during the procedure pending that pros-
thesis/prosthesis mismatch can be accurately and quickly 
recognized. In this situation also, the lack of improvement 
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of PFA-CADP could help the medical decision while the 
patient is still in the catheterization laboratory.

Such approach has also the potential to be helpful in tuning 
a ventricular assist system.

Study Limitations
The number of patients included in this study could be consid-
ered as limited. This was largely a consequence of the trans-
lational approach of our study and of our goal to provide a 
real-time assessment of the processes involved. We think that 
such an approach favoring multiple clinical situations and the 
assessment of multiple time points in each clinical situation 
rather than a high number of subjects in each clinical situation 
was more adapted to our research. It did not preclude the detec-
tion of significant differences, while the findings obtained in one 
situation allowed further validation of the findings from another.

Although the rabbit model allowed us to investigate onset/
offset of loss of HMW multimers, the underlying mechanisms 
could not be investigated in the same model because of the lack 
of specific reagents for rabbits. However, these mechanisms 
were investigated using the HeartMate-II LVAD model and in 
patients undergoing transcatheter aortic valve procedures.

The use of multimeric analysis of VWF as a biomarker of 
blood flow is potentially limited by the fact that it is a time-
consuming technique. This issue was offset, however, by the 
use of a point-of-care PFA-CADP assay, which renders our 
observation clinically relevant.

Finally, we have to acknowledge that the mechanistic argu-
ments for rapid recovery of VWF multimers, involving pres-
sure-related endothelium-release of VWpp, while consistent 
with our study findings, are partly speculative. Similarly, our 
study does not allow drawing any definite conclusion on the 
impact of pulsatile versus continuous blood flow on the re-
lease of VWFpp. These 2 important issues will require further 
and dedicated investigations.

Conclusions: VWF as a Biological Sensor of Blood 
Flow
Although this was previously speculated based on in vitro 
findings,13 our results provide the first integrated demonstra-
tion that circulating VWF acts as a biological mechanosensor 
and a dynamic marker of changes in blood flow in vivo. This 
observation, together with the recently described27 pleiotropic 
function of VWF, suggests a key role of VWF as a biological 
transducer of changes in blood flow (Figure 8).

In addition, the mechanosensor property of VWF, as assessed by 
a point-of-care assay, could be useful in clinical practice to moni-
tor in real-time TAVI procedures, detect key procedural complica-
tions with a deleterious impact on clinical outcome (high residual 
gradient, postprocedural AR), and assist the clinical decision.
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What Is Known?

•	 Acquired defect of von Willebrand factor (VWF) has been reported in 
various cardiovascular disorders associated with high shear, in particu-
lar, with aortic valve stenosis.

•	 Correction of the pathological condition has been associated with re-
version of the VWF defect.

•	 In vitro data suggest that changes in VWF multimeric could be highly 
dynamic in response to changes in shear.

What New Information Does This Article Contribute?

•	 In response to in vivo changes in shear, the VWF multimer can change 
within minutes.

•	 VWF can be used as a biomarker of change in blood flow to evaluate 
percutaneous aortic valve interventions.

•	 Point-of-care assay could be implemented in the catheterization labo-
ratory as part of a real-time monitoring strategy of the result of percu-
taneous aortic valve interventions.

Based on in vitro findings, it has been previously speculated that the 
multimeric pattern of VWF could change dynamically in response 
to high shear. Our results show that circulating VWF acts as a bio-
logical mechanosensor and a dynamic marker of changes in blood 
flow in vivo. We describe a highly dynamic recovery of HMW mul-
timers along with the sudden changes in blood flow after a com-
plete correction of aortic stenosis during percutaneous aortic valve 
procedures. We document that the failure of percutaneous aortic 
valve procedures, because of a high residual gradient and a post-
procedural aortic regurgitation, is detected by a point-of-care as-
say sensitive to HMW multimers defect. These results provide the 
basis for a per-procedural evaluation of percutaneous aortic valve 
interventions, using VWF as a biomarker of complete aortic stenosis 
reversion/acute change in blood flow. We suggest that such point-
of-care assay could be implemented in the catheterization labora-
tory as part of a real-time monitoring strategy for the early detection 
of transcatheter aortic valve implantation procedural failure.
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Summary
Haemorrhagic episodes in patients carrying circulatory assist devices 
represent a severe life-threatening clinical complication. These bleed-
ing episodes may originate from a reduced functionality of von Wille-
brand factor (VWF), a multimeric protein pertinent to the formation of 
a haemostatic plug. It has been reported that the reduced functional-
ity is due to increased proteolytic degradation by the enzyme 
ADAMTS13, a phenomenon that is facilitated by device-induced in-
creases in shear stress to which VWF is exposed. Here, we have tested 
a series of VWF-derived protein fragments and monoclonal murine 
anti-VWF antibodies for their capacity to reduce shear stress-depend-
ent degradation of VWF. Via direct binding experiments, we identified 
an anti-VWF antibody that partially blocked VWF-ADAMTS13 interac-
tions (46 ± 14%). Epitope mapping experiments revealed that the 
antibody, designated mAb508, is directed against the distal portion of 
the VWF D4-domain (residues 2134–2301) and recognises a synthetic 
peptide encompassing residues 2158–2169. Consistent with its partial 

inhibition of VWF-ADAMTS13 interactions in binding assays, mAb508 
reduced ADAMTS13-mediated VWF degradation in a vortex-based 
degradation assay by 48 ± 10%. In a HeartMateII-based whole blood-
perfusion system, mAb508 was able to reduce degradation of high-
molecular-weight (HMW)-VWF-multimers dose-dependently, with a 
maximal inhibition (83 ± 8%) being reached at concentrations of 10 
μg/ml or higher. In conclusion, we report that partial inhibition of 
VWF-ADAMTS13 interactions using an anti-VWF antibody can prevent 
excessive degradation of HMW-VWF multimers. This strategy may be 
used for the development of therapeutic options to treat bleeding epi-
sodes due to shear stress-dependent VWF degradation, for instance in 
patients carrying circulatory assist devices.
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Introduction

Von Willebrand factor (VWF) is a multimeric glycoprotein that 
plays an essential role in the formation of platelet-rich thrombi, 
particularly under conditions of high shear stress. The main 
source of circulating VWF are the endothelial cells, where it is 
 synthesised as a single chain pro-subunit with a discrete domain 
architecture, which was recently re-annotated: 
D1-D2-D'-D3-A1-A2-A3-D4-C1-C2-C3-C4-C5-C6-CK (1). 
Intra-cellular processing results in the removal of the propeptide 
(D1-D2 domains), and multimerisation of the protein via amino- 
and carboxy-terminal disulfide bonding (2). These processes gen-
erate a heterologous pool of differentially sized multimers that 
may contain as many as 60 subunits, which are stored in the en-
dothelial Weibel-Palade bodies and secreted into plasma via con-
stitutive and agonist-induced pathways (3).

The multimer size of VWF is pertinent to its platelet-recruiting 
function, with the larger multimers displaying the highest haemos-
tatic potential. In normal plasma, the multimers may contain be-
tween 2 and 40 subunits (1-20 bands when analysed by SDS-aga-
rose electrophoresis [4]), which are shorter than those found in the 
endothelial storage organelles. Indeed, mechanisms are in place 
regulating VWF multimer size in the circulation, including pro-
teolysis by the VWF-cleaving protease ADAMTS13 (A Disintegrin 
And Metalloprotease with ThromboSpondin domains-13) (5).

The molecular basis of VWF proteolysis by ADAMTS13 has 
been extensively studied (6). A number of interactive sites have 
been identified, including the A2- and D4-domains of VWF, 
which are important for the proper alignment of the ADAMTS13 
active site (7-9). This active site attacks the Tyr1605-Met1606 pep-
tide bond that is located within the VWF A2 domain (10). Inter-
estingly, access to this peptide bond relies on the shear stress-
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 induced unfolding of the substrate (for review see [11]), thereby 
protecting it against degradation while circulating normally, and 
limiting proteolysis to specific conditions. One of these conditions 
occurs when multiple VWF multimers assemble into large 
stretched bundles attached to the endothelial surface upon agon-
ist-induced secretion. These bundles are not only capable of catch-
ing platelets, but their stretched conformation allows proteolysis 
by ADAMTS13 thereby preventing the release of platelet-binding 
ultra-large VWF multimers into the circulation (12, 13). Another 
condition favouring proteolysis occurs when VWF binds to pla-
telets within the growing thrombus. This opens the ADAMTS13 
cleavage site, and subsequent proteolysis results in reduction of 
VWF multimer size (14). Consequently, the platelet-binding ca-
pacity is diminished, avoiding excessive thrombus growth that 
could occlude the vessel.

The physiological relevance of ADAMTS13-mediated proteoly-
sis of VWF is apparent from the severe thrombotic micro-angio-
pathy that is associated with the functional deficiency of 
ADAMTS13, a disorder known as thrombotic thrombocytopenic 
purpura (TTP) (15). In contrast, increased proteolysis of VWF by 
ADAMTS13 leads to a bleeding diathesis, as is exemplified by von 
Willebrand disease (VWD)-type 2A. VWD-type 2A is caused by 
mutations (mostly in the VWF A2 domain) that result in excessive 
proteolysis of the VWF by ADAMTS13, with a concomitant loss of 
the higher haemostatically active multimers (16). Another 
example relates to acquired von Willebrand syndrome (aVWS), 
where increased VWF proteolysis has been associated with various 
clinical settings, like aortic stenosis (17, 18) and ventricular assist 
devices (VADs) therapy (19, 20). Both conditions are characterised 
by an increased incidence of bleedings, especially gastrointestinal 
(GI) bleedings (20, 21), in association with a selective loss of high-
molecular-weight (HMW)-multimers and an increase in VWF 
degradation products (18, 22). aVWS usually resolves after aortic 
valve replacement or discontinuation of VAD support (18, 20, 23, 
24). However, the latter is limited by graft availability and GI 
bleeding represents thus the most challenging complication under 
VAD support.

Overall there is a clear unmet medical need for a treatment tar-
geting specifically excessive degradation of HMW-VWF 
multimers, for instance induced by circulatory assist devices. 
Ideally, such treatment should only partially interfere with VWF 
degradation in order to prevent drug-induced TTP-like symp-
toms. We hypothesised that interfering with VWF-ADAMTS13 
binding exosites might subsequently provide a partial inhibition of 
VWF proteolysis. Here, we describe a monoclonal anti-VWF D4 
domain antibody supporting this proof of concept. Biochemical 
analysis revealed a potent partial inhibitory effect on VWF-
ADAMTS13 interactions. Its potential to diminish VWF proteoly-
sis was confirmed using a recently developed ex vivo model of in-
creased VWF degradation in whole blood induced by a circulatory 
assist device, which faithfully reproduces the biological phenotype 
of aVWS.

Materials and methods
Proteins
Purified plasma-derived (pd)-VWF and recombinant (r)-VWF 
were obtained as described previously (25, 26). All r-VWF frag-
ments were produced using stably transfected BHK-cell lines. 
Transfection was performed using pNUT- or pFUSE-plasmids 
that contained synthetic cDNA sequences. cDNAs cloned into 
pNUT contained a 5'-sequence encoding the VWF signal peptide 
to allow secretion and a 3'sequence encoding the HPC4 recogni-
tion motif (amino acid sequence EDQVDPRLIDGK). 
D'D3-HPC4 was obtained via the expression of a pNUT-plasmid 
encoding VWF-residues 1-1247. The purified protein lacks the 
VWF propeptide (residues 1-763) and is dimeric. A1A2A3-HPC4 
and D4-HPC4 include VWF-residues 1261-1872 and 1947-2301, 
respectively. HPC4-tagged proteins were purified to homogeneity 
using HPC4-immuno affinity chromatography as instructed by 
the manufacturer (Roche Diagnostics, Meylan, France). A1-Fc, 
A2-Fc, A3-Fc and D4-Fc include VWF residues 1261-1478, 
1480-1672, 1681-1878 and 1947-2301, respectively. A13-1-685-Fc 
includes residues 1-685 of ADAMTS13. All proteins expressed 
using the pFUSE contained a C-terminal Fc sequence of human 
IgG1 and were dimeric. Fc-tagged proteins were purified to homo-
geneity using protein A-Sepharose as instructed by the manufac-
turer (VWR International, Fontenay-sous-Bois, France). A panel 
of 29 monoclonal murine antibodies against human VWF was es-
tablished in the 1980s (27, 28). Monoclonal antibodies were puri-
fied to homogeneity as described (27). Recombinant wild-type 
ADAMTS13 (wt-rADATMS13) containing a V5- and a His-tag 
was produced as described (29). Conditioned medium enriched in 
wt-rADAMTS13 that was concentrated five-fold using an Amicon 
Ultra-15 centrifugal filter unit with a Ultracel-30K membrane 
(Millipore, Molsheim, France) and extensively dialysed against 50 
mM Tris, pH 7.4 was used throughout the study. Bovine Serum 
Albumin (BSA) was obtained from Sigma-Aldrich (Saint-Quentin 
Fallavier, France).

Binding of wt-rADAMTS13 to VWF

pd-VWF (2 μg/ml) was adsorbed to microtitre wells. After block-
ing with BSA-containing buffer, immobilised VWF was incubated 
with supernatant containing wt-rADAMTS13 (3 μg/ml) supple-
mented with EDTA (10 mM) and Pefabloc (10 mM) for 3 hours 
(h) at 37°C. Bound wt-rADAMTS13 was probed using a perox-
idase-labelled monoclonal anti-V5 tag antibody (Abcys, Paris, 
France) for 2 h at 37°C and detected via peroxidase-mediated hy-
drolysis of tetramethylbenzidine (TMB). VWF fragments (10 nM 
final concentration, unless indicated otherwise) or anti-VWF anti-
bodies (0.1 mg/ml final concentration, unless indicated otherwise) 
were pre-incubated with wt-rADAMTS13 for 30 minutes (min) at 
room temperature before addition to VWF containing microtiter 
wells.
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Vortex-based VWF degradation assay

Vortex-based degradation of VWF was essentially performed as 
described (30). Briefly, purified pd-VWF (30 μg/ml), wt-rA-
DAMTS13 (3 μg/ml) and Pefabloc (2.5 mM; Sigma-Aldrich) were 
incubated in a volume of 40 μl and exposed to constant vortexing 
(2500 rpm; Vortex Genie 2T; VWR International) for the indicated 

time. Where indicated, samples were supplemented with EDTA 
(10 mM), polyclonal goat anti-ADAMTS13 antibodies (50 μg/ml), 
A2-Fc (1 μg/ml) or mAb508 (0.1 mg/ml). VWF degradation was 
assessed via Western blot analysis, which was preceded by immu-
no-precipitation using anti-VWF antibodies where indicated. 
VWF was immuno-precipitated using rabbit polyclonal anti-VWF 
antibodies (50 μg/ml beads; Dako, Glostrup, Danmark) adsorbed 
onto Protein-G-coated magnetic beads (Dynabeads Protein G, In-
vitrogen, Saint Aubin, France) for 2 h at room temperature. After 
extensive washing in PBS/0.1 % Tween-20, immunoprecipitated 
VWF was released from the beads via a 5 min incubation at 100˚C 
in 30 μl PBS/10 μl NuPAGE-LDS 4x sample buffer (Life Technol-
ogies, Saint Aubin, France) in the presence of 2 mM dithiothreitol. 
Samples were separated via discontinuous 4-12% SDS-page (Invit-
rogen) and transferred to an Immobilon P membrane (Millipore, 
Molsheim, France). The presence of VWF or degradation frag-
ments was revealed via incubation with a pool of 10 distinct 
monoclonal antibodies recognising distinct epitopes of VWF (10 
μg/ml). Bound antibodies were probed using peroxidase-labelled 
goat anti-mouse antibodies (dilution 1:500; Santa Cruz, Heidel-
berg, Germany) and visualised with SuperSignal West-Pico En-
hanced Chemiluminescence Substrate (Thermo-Fischer Scientific, 
Villebon-sur-Yvette, France). Blots were analysed via ImageJ 1.44 
software (http://rsbweb.nih.gov/ij/index.html) in order to quantify 
increase in VWF degradation products (represented by the pres-
ence of 140 kDa and 176 kDa bands) relative to untreated VWF.

Antibody binding to synthetic peptides

A series of nine highly purified (>95%) synthetic peptides over-
lapping various hydrophylic motifs of the D4 domain region 
2140-2277 containing a N-terminal biotin tag were obtained 
from EZBiolab (Carmel, IN, USA). Peptides were solubilised in 
H2O, eventually supplemented with one-sixth volume of 10% 
NH4OH to improve solubility if necessary. Peptides were im-
mobilised onto streptavidin-coated microtiter plates (SigmaS-
creen Streptavidin High Capacity, Sigma-Aldrich) at a concen-
tration of 50 μg/ml. Peptide-coated wells were incubated with 
mAb508 or mouse isotype IgG (5 μg/ml) in PBS containing 3% 
BSA. Bound antibody was probed using peroxidase-labelled 
polyclonal anti-mouse IgG and detected via peroxidase-mediated 
hydrolysis of TMB.

Biolayer interferometry-analysis

Equilibrium binding assays were performed via biolayer interfero-
metry (BLI)-analysis using Octet-QK equipment (ForteBio, Read-
ing, UK) essentially as described (26). Protein A-coated biosensors 
were incubated with mAb508 (0.5 mg/ml) in BLI-buffer (PBS / 2% 
BSA) for 7 min allowing saturation of the sensor. Biosensors were 
then incubated for 5 min in BLI-buffer to achieve stable baseline, 
and subsequently incubated with various concentrations of pd-
VWF in BLI-buffer for 10 min. All incubations were performed at 
room temperature under continuous shaking (1000 rpm). Data 
were analysed using Octet Software version 4.0.

Figure 1: Screening for competitive inhibitors of VWF-ADAMTS13 
binding. Candidate inhibitors were tested in an immuno-sorbent assay 
evaluating the binding of V5-tagged wt-rADAMTS13 (3 μg/ml) to immobi-
lised pd-VWF (2 μg/ml) in the presence of EDTA (10 mM). A) Fc- or 
HPC4-tagged VWF fragments (10 nM) were incubated for 30 min at 37°C 
with wt-rADAMTS13 before addition to immobilised full-length VWF in 
microtitre wells for 3 h. Bound ADAMTS13 was probed using a peroxidase-
labelled monoclonal anti-V5 tag antibody for 2 h at 37°C and detected via 
peroxidase- mediated hydrolysis of TMB. B) mAbs targeting VWF was evalu-
ated for their effect on ADAMTS13 binding to VWF as described for panel A 
using polyclonal antibodies as negative (mouse IgG) and positive (rabbit 
anti-VWF IgG) controls (all antibodies were tested at a concentration of 0.1 
mg/ml). Data represent the mean ± SD of 3–5 experiments and are express-
ed as residual ADAMTS13 binding compared to incubation in the absence of 
VWF- fragments or antibodies for panel A and B, respectively. For panel B, 
data representing antibodies recognising different VWF domains (D’, A1, A2, 
A3) are depicted. ***: p<0.0001 as calculated via one-way ANOVA with 
Dunnett-multiple comparison test.
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Ex vivo whole blood perfusion

The perfusion system consisted of a circulatory flowing pump de-
vice in which the HeartMateII® (Thoratec Corp., Pleasanton, CA, 
USA) was the pump. Two cylindrical tubings (1×2×3/32 xs; Sorin 
group Implant®) were used to connect the device. The inlet and 
outlet ducts of the HeartMateII® were connected with these two 
tubings to obtain a closed circuit, which further contained a sam-
pling device. The distribution volume was approximately 250 ml. 
The system was filled with citrate-anticoagulated whole blood 
(Blood group O) provided by the local blood bank (Etablissement 
Français du Sang, Lille, France). Where indicated, blood was 
supplemented with EDTA (10 mM final concentration) or anti-
body mAb508 (0.5-50 μg/ml final concentration). The pump rotor 
was set at 9000 rpm, a speed that is normally applied upon patient 
use (31). Blood was sampled 5 min before onset of perfusion (T0) 
and 5, 30 and 180 min after onset of perfusion (T5, T30 and T180, 
respectively). Blood samples were analysed for multimeric profile 
via 1.4% SDS-agarose electophoresis as described (18). Analysis of 
loss of HMW-multimers was measured and calculated as de-
scribed (18).

Results
Selection of candidates inhibiting VWF-ADAMTS3 
 interactions

To select potential inhibitors of VWF proteolysis, we first tested 
candidate molecules in an immunosorbent assay assessing binding 
of ADAMTS13 to immobilised VWF in the presence of EDTA. In 
this assay, immobilised VWF is elongated and exposes its interac-
tive sites for ADAMTS13, including those localised within the 
VWF A2 domain (8). Two distinct types of potential inhibitors 
were evaluated. First, the potential of several monomeric or di-
meric VWF-derived fragments (C-terminally tagged with either 
the HPC4-recognition sequence or with Fc) to block VWF-
ADAMTS13 interactions was tested (▶ Figure 1 A). When ana-
lysed at a concentration of 10 nM, the majority of them 
(D’D3-HPC4, A1-Fc, A3-Fc, A1A2A3-HPC4 and D4-Fc) ex-
hibited minor inhibition (≤20%), whereas dimeric A2-Fc dis-
played substantial inhibition at this concentration (65 ± 6%; n=5; 
p<0.001). We next assessed a panel of murine monoclonal anti-
bodies (0.1 mg/ml) directed either against VWF or ADAMTS13 
(▶ Figure 1 B). Control experiments showed that ADAMTS13 
binding was markedly inhibited in the presence of polyclonal anti-
VWF antibodies (75 ± 9%; n=3; p<0.0001), whereas binding was 
unaffected in the presence of control mouse IgG. None of our 
three monoclonal anti-ADAMTS13 antibodies proved inhibitory 
(data not shown). Among the 29 monoclonal anti-VWF anti-
bodies tested, 18 mAbs were unable to inhibit VWF-ADAMTS13 
interactions, whereas 10 antibodies displayed mild inhibition 
(<15%). In ▶ Figure 1 B, representative data for antibodies recog-
nising different VWF domains (D', A1, A2, A3) are depicted. The 
strongest inhibitor was antibody mAb508, which reduced binding 
of ADAMTS13 to VWF by 46 ± 14 % (n=5; p<0.0001). Taken to-

gether, these data identify the A2-Fc fragment and antibody 
mAb508 as potential inhibitors of the VWF-ADAMTS13 interac-
tion.

mAb508 reduces vortex shear stress-induced VWF 
proteolysis

Fluid shear stress plays a critical role in regulating 
ADAMTS13-mediated proteolytic cleavage of soluble VWF by 
ADAMTS13. Therefore, we tested the inhibitory effect of mAb508 

Figure 2: Functional evaluation of mAb508 and A2-Fc in a vortex-
based degradation assay. A) pd-VWF (30 μg/ml), wt-rADAMTS13 (3 
μg/ml) and Pefabloc (2.5 mM) were incubated in a volume of 40 μl and ex-
posed to constant vortexing (Vortex Genie 2T; 2500 rpm) for different periods 
of time (5–60 min). As a control, a 60-min incubation under vortexing was 
performed in the presence of EDTA (10 mM). VWF degradation was assessed 
via Western blot analysis. Panel A represents a typical experiment showing 
time-dependent degradation of VWF. B) pd-VWF, wt-rADAMTS13 and Pefa -
bloc were exposed to constant vortexing for 60 min as described under panel 
A in the absence or presence of one the following components: EDTA (10 
mM), polyclonal anti-ADAMTS13 antibodies (50 μg/ml), A2-Fc (1 μg/ml) or 
mAb508 (0.1 mg/ml). VWF and ADAMTS13 were also incubated for 60 min in 
the absence of vortexing (no shear). VWF degradation was semi-quantified 
via integration of immuno-precipitated VWF degradation bands (140 & 176 
kDa) using ImageJ software. Data represent mean ± SD of four experiments 
and are expressed as percentage VWF degradation. Degradation after 60 min 
vortexing in the absence of additional components added was set at 100%. 
***: p<0.0001 as calculated via one-way ANOVA with Dunnett-multiple 
comparison test.
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the chelator EDTA (10mM) or polyclonal goat anti-human 
ADAMTS13 antibodies (residual proteolysis <10% compared to 
control; ▶ Figure 2 B). Furthermore, no VWF proteolysis was ob-
served in the absence of shear stress. Unexpectedly, VWF pro-
teolysis was unaffected (residual proteolysis 96 ± 5%; n=3) by the 
addition of A2-Fc (1 μg/ml), despite the notion that this fragment 
interferes with VWF-ADAMTS13 interactions under static condi-
tions. In contrast, degradation of VWF was markedly reduced (re-
sidual proteolysis 52 ± 10% compared to control; n=4; p<0.0001) 
in the presence of mAb508 (0.1 mg/ml). This indicates that the 
monoclonal anti-VWF antibody mAb508 is able to partially 

Rauch et al. Antibody-based inhibition of VWF degradation

(0.1 mg/ml) and A2-Fc (1 μg/ml), under conditions of increased 
shear stress, using a vortex-based degradation assay (30). VWF 
degradation was monitored using densitometric integration of 
VWF cleavage products (140 and 176 kDa) obtained after immu-
noprecipitation and western-blot analysis. In our experimental 
conditions, proteolytic cleavage of pd-VWF (30 μg/ml) by recom-
binant ADAMTS13 (3 μg/ml) increases as a function of incubation 
time, with maximal degradation obtained after 30 min (▶ Figure 
2 A). In subsequent experiments, we incubated for 60 min to en-
sure maximal degradation. Importantly, degradation of VWF by 
the metalloprotease ADAMTS13 was inhibited by the addition of 

Figure 3: mAb508 interacts with D4 domain of VWF. A) Purified pro-
teins (all 10 nM) were immobilised onto a blotting membrane and incubated 
with mAb508 (5 μg/ml) for 16 h at room temperature. Bound mAb508 was 
probed with peroxidase-labelled goat-anti-mouse antibodies and detected 
via luminal-based enhanced chemiluminescence. B and C) Purified proteins 
(10 nM) were immobilised onto microtitre wells for 16 h at 4˚C. After wash-
ing, wells were incubated with mAb508 (B: 5 μg/ml; C: 0.5 ng/ml-50 μg/ml) 
or an isotype mouse IgG control (B: 5 μg/ml) for 1 h at 37°C. Bound anti-

bodies were probed using peroxidase-labelled polyclonal goat anti-mouse 
IgG antibodies and detected via peroxidase-mediated TMB hydrolysis. D) Bio-
tinylated-peptides were immobilised onto streptavidin-coated microtitre 
wells and incubated with mAb508 or isotype mouse IgG (both 5 μg/ml). 
Bound antibodies were probed and detected as described for panels B and C. 
Data in panels B and D represent mean ± SD of 3–5 experiments. For panel 
C, data from a single experiment are shown.
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 interfere with ADAMTS13-mediated proteolysis under conditions 
of increased shear stress.

The epitope for mAb508 is located in the VWF D4 
 domain

To identify the epitope of mAb508, we first evaluated binding of 
the antibody to distinct VWF fragments in an immuno dot-blot 
assay, in which bound antibody was probed using peroxidase-con-
jugated polyclonal goat anti-mouse antibodies (▶ Figure 3 A). As 
expected, mAb508 interacted with both r-VWF and pd-VWF that 
were used as positive controls. No signal was observed for 
HPC4-tagged constructs D’D3-HPC4 and A1A2A3-HPC4, 
whereas a weak signal was present for Fc-tagged variants A1-Fc, 
A2-Fc and A3-Fc. A similar weak signal was observed with a con-
trol Fc-fragment containing residues 1-685 of ADAMTS13, sug-
gesting a minor cross-reaction of the anti-mouse IgG with human 
Fc fragments. Conversely, mAb508 strongly bound to two different 
fragments that contained the D4 sequence (VWF residues 
1947-2301; ▶ Figure 3 A), i.e. monomeric D4-HPC4 and dimeric 
D4-Fc. A similar specificity for VWF D4 domain was observed in 
an immuno-sorbent assay (▶ Figure 3 B). Indeed, no binding was 
observed with VWF fragments lacking the D4 domain, including a 
D4 domain-deleted VWF variant. In contrast, a strong positive 
signal was observed for the binding of mAb508 to pd-VWF and 
both D4 fragments (▶ Figure 3 B). Moreover, similar dose-
 response curves were observed for the binding of mAb508 to im-
mobilised D4 fragments and pd-VWF, suggesting that the D4 do-
main contains the full epitope for mAb508 (▶ Figure 3 C). In order 
to define the mAb508 epitope in the VWF D4 domain, we next 
tested binding of the antibody to VWF fragments obtained via 
proteolysis by Staphylococcus aureus V-8 protease, which cleaves 
within the D4 domain between residues 2133 and 2134 (32). 
mAb508 reacted exclusively with the SPII fragment (residues 
2134-2813) but not with the SPIII fragment (764-2133) (data not 
shown), narrowing the antibody's epitope to the distal part of the 
D4 domain, i.e. residues 2134-2301. To obtain more detailed infor-
mation on the epitope localisation, we used a series of nine bio-
tinylated-peptides encompassing hydrophilic regions of the distal 
D4 domain. Using this approach, we observed that mAb508 
bound to a single peptide covering residues 2158 to 2169 (▶ Fig-
ure 3 D). In conclusion, the epitope of mAb508 appears to be lo-
cated within the VWF D4 domain, a region previously found to be 
of relevance for the VWF-ADAMTS13 interaction (6, 8).

mAb508 is a partial inhibitor of VWF-ADAMTS13 
 interactions

To further characterise the mAb508-VWF interaction, the appar-
ent binding affinity was determined. Interactions between 
mAb508 and globular full-length VWF were assessed via bio-layer 
interferometry analysis using Octet-QK-equipment. Increasing 
concentrations of purified pd-VWF (0 to 0.2 mg/ml) were incu-
bated with mAb508 immobilised onto protein A-biosensor tips. A 
time- and dose-dependent association of pd-VWF to mAb508 was 

observed (▶ Figure 4 A, inset). In order to calculate the apparent 
affinity, responses at equilibrium (Bmax) were plotted versus VWF 
concentrations. Best fitting of the data was obtained using a model 
describing the interaction of a single class of binding sites (▶ Fig-
ure 4 A), which revealed a KD,app of 13 ± 3 μg/ml (mean ± SD), cor-
responding to 52 ± 11 nM based on VWF monomer concen-
trations. We next investigated the inhibitory potential of mAb508 
for the VWF-ADAMTS13 interaction in a competitive VWF-
ADAMTS13 inhibition binding assay. VWF was directly coated  
(2 μg/ml) into a microtitre plate and increasing concentrations of 
mAb508 (range: 0 to 50 μg/ml) were used as competitor of 
ADAMTS13 (4 μg/ml). A dose-dependent inhibition was ob-
served (▶ Figure 4 B). mAb508 inhibited the binding of soluble 
ADAMTS13 to immobilised VWF with an estimated IC50 of 0.09 ± 

Figure 4: Biochemical analysis of VWF-mAb508 interaction. A) Protein 
A-coated biosensors were saturated with mAb508 (0.5 mg/ml) during a 7 
min incubation using Octet-QK equipment. Subsequently, biosensors were 
incubated with various concentrations purified pd-VWF (0–0.2 mg/ml) and 
association of VWF was monitored real-time for a 10-min period until equi-
librium was reached. Data represent mean ± SD of four independent associ-
ations and depicted are the calculated responses (shift in nm) at equilibrium 
versus VWF concentration. The drawn line represents the best fit using a 
model describing the interaction of a single class of binding sites. Inset panel 
A: representative association curves of different concentrations of VWF. B) 
Binding of ADAMTS13 to immobilised VWF was performed as described for 
Figure 1 in the absence or presence of various concentrations mAb508 (0.05 
ng/ml – 50 μg/ml). Data represent the mean ± SD of four experiments and 
are expressed as % of residual ADAMTS13 binding compared to the absence 
of mAb508. Drawn line represents the best fit using a sigmoidal dose-
 response.
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Figure 5: Evaluation of mAb508 on shear-induced VWF proteolysis in 
flowing blood. Citrated whole human blood (200 ml) was perfused in an ex 
vivo perfusion system incorporating a HeartMateII® pump. The pump rotor 
was set to 9000 rpm. Perfusions were performed in the absence (closed black 
circles) or presence of EDTA (10 mM; closed black squares) or various con-
centrations of mAb508 (0.5 μg/ml, grey circles; 2 μg/ml grey squares; 10 
μg/ml, grey triangles up; 50 μg/ml, grey triangles down). Samples were taken 
5 min before the onset of perfusion (T0) and after 5 min (T5), 30 min (T30) or 
180 min (T180). Samples were subsequently tested for multimer patterns via 
1.4% SDS-agarose electrophoresis and the presence of HMW-multimers 
(>15-mers) was determined. A) Representative multimer pattern of samples 
taken in the absence or presence of mAb508 (10 μg/ml). Normal plasma (NP) 
is added as reference. B) Presence of HMW-multimers (percentage of HMW-
multimers compared to T0, which was set at 100%) as a function of time. C, 
D) Overlays obtained by densitometric scanning of VWF multimeric patterns 
showing the relative amount of HMW-multimers (>15 bands) at T180 vs T0. 
Presented patterns in the absence of mAb508 (T180) or in the presence of 
mAb508 (T180 and T180 & mAb508) either at 10 μg/ml (C) or 0.5 μg/ml (D). 
E) Representative multimer pattern of samples taken during perfusion of he-
parin-anticoagulated blood (5.7 U unfractionated heparin/ml blood) in the 
absence or presence of mAb508 (10 μg/ml). Normal plasma (NP) is added as 
reference.

0.03 μg/ml. Maximal inhibition was obtained using 0.5 μg/ml of 
antibody and did not exceed 50% even when using antibody con-
centrations up to 50 μg/ml (▶ Figure 4 B). In conclusion, mAb508 
binds to VWF with moderate affinity, and its binding to VWF par-
tially inhibits the interaction between VWF and ADAMTS13.

Mab508 leaves haemostatic potential of VWF 
 unaffected

We next tested if mAb508 modulates VWF function, and two dif-
ferent tests were performed. First, VWF-ristocetin cofactor 
(VWF:RCo) activity was determined in the presence or absence of 
antibody mAb508 (50 μg/ml). A similar VWF:RCo activity was 
determined in the absence or presence of mAb508, when tested in 
plasma of three separate individuals (72.7 ± 7% vs 71.0 ± 10.6%, 
respectively). Second, the effect of Ab508 on the haemostatic activ-
ity using the whole-blood platelet function analyser (PFA)-100 was 
assessed. The closure time of this test is highly dependent on func-
tional VWF. No differences in PFA-100 closure times were ob-
served, irrespective whether collagen/epinephrine (Col/Epi) or 
collagen/ADP (Col/ADP) cartridges were used. Closure times 
were: Col/Epi: 139 ± 29 seconds [sec] vs 131 ± 72 sec & Col/ADP: 
83 ± 9 vs 83 ± 4 sec in the absence and presence of mAb508, re-
spectively. This data indicate that mAB508 leaves VWF function 
unaffected.

mAb508 reduces shear stress-induced VWF 
 proteolysis under conditions of flow

To evaluate whether mAb508 could represent a potential tool to 
inhibit degradation of HMW-multimers in patients with VAD, we 
used an ex vivo perfusion system incorporating the circulatory 
support pump Heartmate II®. Perfusion of citrated whole blood 

using this device results in a time-dependent loss of HMW-
multimers (defined as >15 bands; ▶ Figure 5 A), a phenomenon 
also observed in patients carrying this device (19). Densitometric 
analysis revealed a 50% loss of HMW-multimers was observed at 5 
min after initiation of the perfusion, and a >95% loss of HMW-
multimers occurred after 3 h of perfusion (▶ Figure 5 A-D). In the 
presence of the chelator EDTA, HMW-multimers remained stable, 
with only a marginal loss (7 ± 3%) observed after 3 h of perfusion 
under pathological high shear stress (▶ Figure 5 B). Using increas-
ing concentrations of mAb508 (range: 0.5-50 μg/ml; n=3 for each 
concentration), a dose-dependent mAb-based inhibition of VWF 
proteolysis was observed at each of the time points analysed 
(▶ Figure 5 A and B). Representative densitometric scans of 
multimer patterns at time points 0 and 3 h for the control and 3 h 
for mAb508 (0.5 and 10 μg/ml) are presented in ▶ Figure 5 C and 
D. A similar extent of inhibition was observed for antibody con-
centrations of 10 and 50 μg/ml, indicating that maximal inhibition 
was achieved at 10 μg/ml. Importantly, inhibition was partial in 
both cases, as a 20% loss of HMW-multimers was detected after 3 
h perfusion for each of these antibody concentrations (▶ Figure 
5 B), consistent with the partial inhibitory potential of mAb508 in 
the binding experiments. We considered the possibility that the 
kinetics of ADAMTS13-mediated VWF degradation or the action 
of mAb508 could be modulated by the use of citrate as an antico-
agulant. Therefore, similar perfusion experiments were performed 
using blood that was heparin-anticoagulated (5.7 U unfraction-
ated heparin/ml blood, corresponding to a dose of 400 U/kg body-
weight assuming 70 ml blood/kg bodyweight). As presented in 
▶ Figure 5 E, the kinetics of VWF degradation in heparin-antico-
agulated blood was similar to that in citrate-anticoagulated blood. 
In addition, Mab508 (10 μg/ml) inhibited VWF degradation to a 
similar extent in heparin- and citrate-anticoagulated blood, indi-
cating that its mode of action is independent of the anticoagulant 
used. In conclusion, our findings describe the identification of 
antibody mAb508 as a partial inhibitor of ADAMTS13-mediated 
degradation of VWF, preventing excessive VWF proteolysis in 
whole blood under flowing conditions.

Discussion

Bleeding secondary to increased VWF degradation is currently the 
leading complication in patients undergoing left ventricular assist 
device (LVAD) support (33) and points to an emerging medical 
need for a treatment preventing proteolysis of VWF. The most 
likely candidate responsible for shear stress-induced VWF degra-
dation is ADAMTS13, although a contribution of other proteases 
cannot be fully excluded (34). Given that a lack of ADAMTS13 ac-
tivity is associated with TTP, it is further important to consider 
that blocking VWF proteolysis should be incomplete in order to 
avoid TTP-like complications. In search for proteolysis inhibitors, 
we evaluated distinct candidates aiming to disrupt binding of 
ADAMTS13 to the VWF A2 or D4 domain, two interactive sites 
necessary to allow VWF proteolysis (6). Among these candidates, 
one mAb targeting the VWF D4 domain was identified to com-
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What is known about this topic?
• It is known that patients carrying circulatory assist devices have 

an increased risk of bleeding due to dysfunctional VWF. 

• These devices induce high shear stress-conditions, favouring 
ADAMTS13-mediated degradation of VWF.

What does this paper add?
• We describe monoclonal anti-VWF antibody mAb508, which is di-

rected against the VWF D4-domain. 

• mAb508 prevents excessive VWF degradation in a HeartMateII 
whole blood-perfusion model.

• Our results may provide the basis for an antibody-based therapy 
to prevent VWF-dependent bleeding episodes in patients carrying 
circulatory assist devices.

bine the desired properties of a potential therapeutic candidate, as 
it partially inhibited VWF-ADAMTS13 binding and reduced but 
not fully inhibited loss of HMW multimers under conditions of 
high shear stress.

As expected, our screening of inhibitors of ADAMTS13-me-
diated proteolysis revealed that a recombinant A2-Fc variant was 
efficient in interfering with VWF-ADAMTS13 binding, achieving 
65% inhibition while a two-fold molar excess of ADAMTS13 over 
A2-Fc was present (▶ Figure 1). This inhibitory action fits with the 
localisation of the Tyr1605-Met1606 scissile bond and additional 
interactive sites within the VWF A2-domain. The exposure of 
these A2-domain interactive sites is shear stress-dependent for 
full-length VWF, but appears to be constitutive for the tested 
A2-Fc fragment. However, A2-Fc (used at a concentration of 1 
μg/ml, corresponding to 10 nM) was unable to prevent VWF 
degradation under conditions of increased shear stress, suggesting 
that the scissile bond within the A2-Fc fragment is rapidly cleaved 
under these conditions thereby reducing the inhibitory potential of 
this fragment (▶ Figure 2). Indeed, it has previously been reported 
that peptides overlapping the C-terminal part of VWF A2 domain 
interfere with VWF proteolysis at micromolar concentrations, in-
dicating that such fragments are relatively weak inhibitors (35). 
Additional experiments would therefore be needed to test the in-
hibitory effect of A2-Fc at higher concentrations. An alternative 
approach could be to block A2 domain-ADAMTS13 interactions 
using anti-A2 domain antibodies, as was described elsewhere (36) 
or antibodies targeting ADAMTS13 epitopes that overlap the 
A2-interactive site, including the ADAMTS13 spacer domain. 
However, this ADAMTS13 spacer domain contains the core anti-
genic epitope of anti-ADAMTS13 auto-antibodies known to be as-
sociated with acquired autoimmune TTP (37, 38). Hence, such ap-
proach might be associated with an increased risk of drug-induced 
TTP.

Besides the VWF A2 domain, the VWF D4 domain is also an 
attractive target to block ADAMTS13-mediated proteolysis. In-
deed, the VWF D4 domain contains an exosite accessible on 
globular VWF, mediating the initial step in the association be-

tween VWF and ADAMTS13 (8, 9). However, opposite to the 
A2-Fc fragment, no inhibition of VWF-ADAMTS13 binding was 
observed using a D4-Fc fragment (▶ Figure 1). We considered the 
possibility that D4-Fc was folded incorrectly. However, D4-Fc dis-
played similar binding as full-length VWF to three distinct anti 
VWF D4-domain Abs (▶ Figure 3 & data not shown), indicating 
that its folding was within the normal range. More likely, D4-Fc is 
simply inefficient in its interaction with ADAMTS13. This possi-
bility is consistent with the low affinity (KD,app = 0.7 µM) that was 
previously reported for the interaction between the isolated VWF 
D4 domain and ADAMTS13 (8).

Unlike the D4-Fc fragment, binding was efficiently inhibited in 
the presence of a murine mAb directed against VWF D4 domain 
(designated as mAb508). The epitope for mAb508 is localised be-
tween residues 2134 and 2301 and seems to involve the sequence 
2158-2169 (▶ Figure 3). mAb508 binds the VWF D4 domain with 
a moderate affinity (KD,app = 52 nM; ▶ Figure 4 A). This value 
should be considered as an estimate in view of the multimeric 
structure of VWF and the dimeric nature of the mAb, which com-
plicate an accurate assessment of the true affinity constant. Despite 
its moderate affinity, mAb508 was particularly efficient to block 
VWF-ADAMTS13 binding under the conditions employed. Addi-
tional experiments are needed to reveal the nature of the in-
hibitory mechanism, whether inhibition is allosteric or involves di-
rect competition for overlapping binding sites.

In order to assess the clinical potency of the use of anti-D4 do-
main antibodies to prevent excessive VWF degradation under 
LVAD support, we implemented a novel LVAD-perfusion model 
(▶ Figure 5). This model faithfully mimics the clinical setting, 
since all experiments are performed in citrated whole blood in the 
presence of physiological concentrations of VWF and 
ADAMTS13. Furthermore, unlike vortex-based degradation as-
says (30), there is no volume limitation allowing more flexibility 
with regard to spiking experiments with inhibitors and allowing 
time-course studies with several blood samplings. Using this 
LVAD-based perfusion model, a dose-dependent inhibition of 
HMW-multimer degradation was obtained with mAb508, consist-
ent with the marked inhibition obtained in the vortex-based 
degradation assay (▶ Figure 2 and ▶ Figure 5). Antibody mAb508 
shares it specificity for the D4 domain with antibody RU8, which 
was recently reported to interfere with ADAMTS13-mediated 
degradation of VWF in a vortex-based degradation assay (8). 
However, degradation of HMW-multimers was fully repressed in 
the presence of 25 μg/ml of antibody RU8, whereas residual VWF 
proteolysis was still detectable at mAb508 concentrations of 45 
μg/ml, indicating fundamental differences in their mode of action. 
The inability of mAb508 to fully inhibit VWF proteolysis, even in 
the presence of a vast molar excess, not only fits the requirement 
for partial inhibition in order to avoid TTP-like symptoms, but 
also allows for a wide therapeutic window.

In conclusion, we provide an ex vivo proof-of-concept for an 
antibody-based therapy for the treatment of VWF degradation in-
duced by circulatory assist devices. Such antibody-based treatment 
could be of benefit not only in VAD, but also in other pathologies 
characterised by increased VWF proteolysis like aortic stenosis or 
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hypertrophic obstructive cardiomyopathy complicated by Heyde 
syndrome (18, 39), VWD-type 2A (40), essential thrombocytemia 
(41) or extracorporeal membrane oxygenation support (42). Addi-
tional studies including humanisation of mAb508 and extensive 
pre-clinical studies to evaluate the in vivo efficacy and safety of this 
approach are warranted to further assess its therapeutic potential. 
One issue that requires particular attention concerns the combi-
nation of this antibody-based approach in combination with the 
anticoagulant used by the patient. Often, patients carrying LVADs 
are given vitamin K-antagonists and/or heparin (rather than direct 
thrombin- or factor Xa-inhibitors). Combining anti-VWF anti-
bodies with these anticoagulants could potentially increase the 
bleeding risk in these patients. However, our analyses demon-
strated that antibody mAb508 leaves VWF function unaffected (as 
determined in VWF:RCo and PFA-100 asays). Moreover, the ac-
tion of mAb508 was independent of the anticoagulant used, sug-
gesting that the antibody could be used in combination with cur-
rent anticoagulants without increasing the bleeding risk.
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