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RESUME

Néprilysine et dysfonction d’organe : biomarqueur et déterminant
de la vasoréactivité en condition physiopathologique

L’inhibition de la néprilysine (NEP) dans I'insuffisance cardiaque (IC) est un axe thérapeutique
prometteur. En effet le sacubitril/valsartan (S/V) a montré son efficacité dans le traitement de I'IC
chronique avec fraction d’éjection du ventricule gauche (FEVG) réduite en réduisant la morbi-
mortalité. Cependant le mode d’action de cette molécule reste peu connu.

Tout d’abord, j’ai étudié I'impact du S/V sur le métabolisme des peptides natriurétiques (ANP
et BNP) qui sont des biomarqueurs tres utilisés en cardiologie. Cette étude a été réalisée sur une
cohorte de 73 atteints d’IC a FEVG réduite chez lesquels le S/V a été introduit. Cette étude a montré
gue la glycosylation des précurseurs des peptides natriurétique (proANP et proBNP) était impactée par
la S/V, avec des conséquences importantes sur les dosages de ces biomarqueurs, expliquant en partie
leur évolution inattendue chez les patients atteints d’IC a FEVG réduite traités par S/V. Ce travail a
également conduit a une étude approfondie du métabolisme du proANP qui a permis de montrer que :
i) la production d’ANP dans I'IC a FEVG réduite est freinée par des mécanismes épigénétiques qui
implique des miRNAs, ii) que I'action du sacubitril n’est pas restreint a la NEP, et que iii) le S/V permet
de rétablir un métabolisme normal du proANP. L'ensemble de ces travaux a permis de mieux
comprendre le mode d’action du S/V et éclaire sur la physiopathologie de IC a FEVG réduite.

La seconde partie de mon projet s’est intéressé aux conséquences de l'inhibition de la NEP
dans le choc septique. L'inhibition de la NEP provoque une vasodilatation et une diminution de la
pression artérielle (PA) qui sont des aspects majeurs de la physiopathologie du choc septique. Chez les
primates, le BNP est un inhibiteur endogéne de la NEP quand > 916 pg/mL, et nous avons postulé que
cette inhibition de la NEP par le BNP pouvait jouer un réle dans I’aggravation du choc septique. Dans
un modele de choc septique chez le rat, j'ai montré que I'administration de BNP humain a des
concentrations inhibitrice de la NEP provoquait une diminution brutale de la PA, récapitulant les
formes les plus graves de choc septique chez ’lhomme. Nous avons identifié une molécule (X.Y.U.) qui
prévient cette inhibition et la réverse partiellement in vitro. Chez le rat, X.Y.U. prévient également les
effets vasoplégiants du BNP dans le choc septique. Ce travail a permis de montrer que l'inhibition
endogene de la NEP par le BNP humain jouait un réle physiopathologique majeur dans les formes les
plus séveres de CS et que X.Y.U. est un option thérapeutique prometteuse.

Enfin dans la derniére partie de ce travail j’ai étudié le r6le de la NEP comme biomarqueur de
I'insuffisance rénale aigué (IRA) et comme participant a sa physiopathologie. L’activation du systéme
rénine-angiotensine-aldostérone (SRAA) comme voie physiopathologique de I'agression rénale dans le
contexte de chirurgie cardiaque reste débattu. La NEP urinaire étant un biomarqueur potentiel de la
survenue d’une IRA et la NEP limitant I'activation du SRAA, j’ai exploré le role potentiel de la NEP dans
le contrdle du SRAA dans I'IRA dans une cohorte de patients ayant subi une chirurgie cardiaque élective
ave circulation extracorporelle. Les résultats montrent que la NEP plasmatique est un biomarqueur
précoce de la survenue de I'IRA, que le SRAA est activé dans I'IRA, mais que la NEP ne semble pas
impacter I'activation du SRAA dans ce contexte. Néanmoins, ces travaux suggerent un intérét possible
du S/V dans le traitement de I'IRA dans ce contexte.



En conclusion, ce travail a permis de préciser le réle physiopathologique de la NEP dans
différents contextes cliniques et montre que son inhibition est bénéfique dans I'IC a FEVG réduite,
possiblement dans I'IRA, mais est délétére dans le choc septique. Ces travaux devraient permettre
d’ouvrir de nouvelles voies thérapeutiques, en particulier dans le choc septique.

Mots clés : Néprilysine, insuffisance cardiaque, choc septique, insuffisance rénale aigue, chirurgie
cardiaque



SUMMARY

Neprilysin and organ dysfunction: biomarker and role on vasoreactivity in
pathophysiological conditions

Neprilysin (NEP) inhibition appears to be a promising therapeutic approach in heart failure
(HF). Indeed, sacubitril/valsartan (S/V) has shown its effectiveness in the treatment of HF with
reduced ejection fraction (HFrEF) by reducing morbidity and mortality by ~20%. However, S/V mode
of action remains partially unclear.

Firstly, | studied the impact of S/V on the metabolism of natriuretic peptides (ANP and BNP)
which are biomarkers routinely used in cardiology. This study was carried out on a cohort of 73
patients with HFrEF who were transitioned to S/V, and a population of healthy volunteers. This study
showed that the glycosylation of natriuretic peptide precursors (proANP and proBNP) was impacted
by S/V, with significant consequences on their measurements, partly explaining their unexpected
evolution in patients treated with S/V. This work also led to an in-depth study of the metabolism of
proANP which showed that: i) the production of ANP in HFrEF is sub-optimal due to epigenetic
mechanisms which involve miRNAs, ii) that the action sacubitril is not restricted to NEP, and that iii)
S/V restored and enhanced proANP. All of this work has not only provided a better understanding of
the mode of action of S/V but also shed light on the pathophysiology of HFrEF.

The second part of my project focused on the consequences of inhibition of NEP in septic
shock. Inhibition of NEP causes vasodilation and low blood pressure, which are hallmarks of septic
shock. In primates, BNP is an endogenous NEP inhibitor when > 916 pg/mL, and we hypothesised
that this BNP-mediated NEP inhibition may play a role in worsening septic shock. In a rat model of
septic shock, | showed that administration of human BNP at NEP-inhibitory concentrations caused an
abrupt decrease in blood pressure, recapitulating the most severe forms of septic shock in humans.
We have identified a molecule (X.Y.U.) which prevents this inhibition and partially reverses it in vitro.
In rats, X.Y.U. also prevented the vasoplegic effects of BNP in septic shock. This work showed that
BNP-mediated NEP inhibition could play a major pathophysiological role in the most severe forms of
septic shock and that X.Y.U. is a promising therapeutic option.

Finally, in the last part of this work of thesis | studied the role of NEP both as a biomarker of
acute kidney injury (AKl) but also as a participant in its pathophysiology. Indeed, the activation of the
renin-angiotensin-aldosterone system (RAAS) as a pathophysiological pathway of renal aggression in
the context of cardiac surgery remains debated. Urinary NEP being a potential biomarker of the
occurrence of AKI and NEP limiting the activation of the RAAS, | explored the potential role of NEP in
the control of RAAS in AKl in a cohort of patients hospitalized in intensive care following elective
cardiac surgery with extracorporeal circulation (ECC). The results obtained show that plasma NEP is
an early biomarker of the occurrence of AKI, that the RAAS is activated in AKI, but that NEP does not
seem to impact the activation of the RAAS in this context. Nevertheless, this work suggests a
possible benefit of sacubitril/valsartan in the treatment of AKl in this context.

In conclusion, this work has clarified the pathophysiological role of NEP in different clinical
contexts and shows that its inhibition is beneficial in HFrEF, possibly in AKI, but is harmful in septic
shock. This work should open new therapeutic avenues, particularly in septic shock.



Keywords: Neprilysin, heart failure, septic shock, acute kidney injury, cardiac surgery
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INTRODUCTION

1 Peptides natriurétiques et néprilysine
1.1 Peptides natriurétiques

1.1.1 De la production a la libération

Les peptides natriurétiques constituent une famille de peptides conservés qui présente
un structure identique caractérisée par une boucle fermée par un pont disulfure qui est
essentielle a leur signalisation [1] (Figure 1). Chez les mammiferes, il existe trois peptides
natriurétiques : le peptide natriurétique de type A (ANP initialement appelé Atrial Natriuretic
Peptide), le peptide natriurétique de type B (BNP, initialement appelé Brain Natriuretic
Peptide), et le peptide natriurétique de type C (CNP). Les peptides natriurétiques ont
initialement été identifiées pour leurs propriété natriurétique, diurétique et vasodilatatrice
mais présentent également des activités anti-fibrosante[2] ; anti-hypertrophique [3]; anti-
inflammatoire [4] ; et pro-angiogénique [5]. En condition aigué, ils s'opposent également au

systéeme sympathique [6] et au systéme rénine-angiotensine-aldostérone (SRAA) [7].

Figure 1 : Structure des trois peptides natriurétiques ANP, BNP et CNP. Les acides aminés en
jaunes sont identiques dans les trois peptides.




Les peptides natriurétiques sont produits sous forme de pré-pro-hormone (proANP,
proBNP et proCNP). Apres clivage du peptide signal, la pro-hormone transite via le réticulum
endoplasmique et I'appareil de Golgi, ou elles vont étre O-glycosylées [8, 9]. Le clivage des
pro-hormones a lieu au moment de leur sécrétion pour donner les peptides natriurétiques
(ANP, BNP et CNP) et le fragment N-terminal des pro-hormones (NT-proANP, NT-proBNP et
NT-proCNP). Les trois peptides présents chez les mammiféres different de par la longueur et
la composition de leurs extrémités N- et C-terminales. De plus, méme si les peptides
natriurétique partagent de nombreux aspects métaboliques, ils different également tant du

point de vue de leur biologie que de leur métabolisme.

En condition physiologique, le proANP est principalement synthétisé au niveau des
cardiomyocytes auriculaires de maniére constitutive et est stocké dans des granules de
sécrétion [10]; ce stockage permettant une libération immédiate en réponse a une
augmentation de pression au niveau des oreillettes. En condition pathologique, le proANP est
également produit au niveau des ventricules [11]. Par conséquent |I'augmentation de I’ANP
dans le plasma est plus rapide que celle du BNP. L'’ANP est la premiére adaptation
physiologique en cas de surcharge de pression au niveau des oreillettes, y compris en
conditions physiologique. D’un point de vue métabolique, le proANP (proANPi.126) est
principalement clivé par la corine en proANPi.9s (NT-proANP) et proANPgs.126 (ANP) [12, 13].
Le NT-proANP est ensuite clivé en trois peptides actifs : le proANP1-30 (peptide natriurétique
d’action prolongée), le proANP31.67 (vasodilatateur) et le proANP7¢.05 (kaliurétique) [14, 15] ; le
proANPsg 78 quant @ lUi n'a jamais été détecté (Figure 2). A noter que les enzymes impliquées
dans le clivage du NT-proANP n’ont pas été identifiées. Etant donné la demi-vie trés courte de
I’ANP, le MR (midregional)-proANP a été développé comme biomarqueur « surrogate » pour

la production de proANP et d’ANP [16]. Au sens strict, le MR-proANP correspond au proANP31.
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9g. Cependant, des différences de valeurs entre la mesure plasmatique du proANP et du MR-
proANP ont été observées pouvant suggérer que des modifications post-traductionnelles
pourraient interférer avec le dosage du MR-proANP [17]. L'identification récente de site d'O-
glycosylation dans le proANP pourrait donc étre responsable des différences observées entre

les différents dosages [8].

MR-proANP = proANP

31-98

ProANP, Q
A = s~s

Cardiomyocyte Corin

Plasma

ANP997126
NT-proANP._ .
I } H | $~8
K
proANP, proANP_ proANP,, . proANP__ .
— — H ——

Figure 2 : Métabolisme du proANP chez ’lhomme.

Le BNP est principalement produit au niveau des cardiomyocytes ventriculaires en
réponse a I'étirement des cardiomyocytes par augmentation des pressions dans les cavités

cardiaques. Il est sécrété de fagon continue, sans stockage dans des granules [18, 19]



contrairement a 'ANP. Par conséquent son augmentation plasmatique est plus lent et il

constitue la deuxieme réponse physiologique en cas de surcharge [20]. D’'un point de vue

métabolique, le proBNP (proBNP1-108) est principalement clivé par la furine entre I'arginine76

et la sérine 77 en proBNP1.76 (NT-proBNP) et BNP1.3; actif (Figure 3) [21]. Contrairement au

NT-proANP, il ne semble pas que le NT-proBNP soit clivé en peptides actifs. La glycosylation

sur la thréonine 71 (T71) empéche le clivage du proBNP par la furine [22]. Cette glycosylation

est exclusivement réalisée dans les cardiomyocytes ventriculaires [23, 24], et uniquement

chez les primates. En conditions aigues, la glycosylation du proBNP en T71 diminue fortement

et favorise ainsi la production de BNP1.3; actif en augmentant la population de proBNP non

glycosylée en T71 et donc le clivable par la furine. Dans 'insuffisance cardiaque chronique, la

glycosylation du proBNP en T71 ne semble pas moduler la production de BNP1-3; [25].
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= 55
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Figure 3 : Métabolisme du proBNP chez ’homme.




1.1.2 Signalisation et dégradation

Il existe trois récepteurs aux peptides natriurétiques : NPR-A (NPR1, GC-A), NPR-B
(NPR2, GC-B), NPR-C (NPR3, GC-C) (Figure 4) [1, 26, 27]. Le NPR-A est le récepteur de I'ANP et
du BNP mais présente une affinité supérieure pour I'ANP que pour le BNP [1, 28, 29]. Il est
présent dans de nombreux organes tels que le poumon, le rein, le tissu adipeux, les surrénales
et I'ceil. Le NPR-B est le récepteur du CNP et est principalement impliqué dans I'ossification
endochondrale [30]. Le NPR-C a une affinité équivalente pour les trois peptides natriurétiques
et a été qualifié de récepteur de clairance. D’'un point de vue fonctionnel, NPR-A et NPR-B
possedent une activité guanylate cyclase intrinseéque. La fixation des peptides natriurétiques
sur le NPR-A et NPR-B entraine donc la production directe de GMPc (guanosine
monophosphate cyclique) [31, 32] qui est a I'origine de leurs effets biologiques. Le NPR-C ne
possede pas d’activité guanylate cyclase mais est couplé a des petites protéines G [33], ce qui
suggerent qu’il n’est pas seulement impliqué dans la clairance des peptides natriurétique mais
est également capable de signalisation. De maniere importante, la fixation des peptides
natriurétiques a leurs récepteurs nécessite la présence de la boucle fermée par le pont

disulfure.

La clairance des peptides natriurétique est assurée par 1) leur fixation a leurs
récepteurs NPR-A et NPR-B, 2) de leur fixation au NPR-C si on ne le considére que comme un
récepteur de clairance, 3) leur élimination rénale, et 4) leur clivage protéolytique. Concernant
ce dernier, la néprilysine (NEP) joue un role majeur puisqu’elle inactive les peptides
natriurétiques chez la plupart des especes et clivant entre la phénylalanine et la glycine en

aval de la premiere cystéine, ouvrant ainsi la boucle et rendant les peptides inactifs (Figure 1).



@) Ggg ®) {CNP g Natriuretic
/— BNP / / Peptides
DNP
pGC-A pGC-B e /-Neprilysin - NPR-C
PRI TTI ORI 18808001
Membrane LIl s LI bLAAAsL LS LS A A LS LIS LT Eﬁgggggg
GTP  cGMP GTP cGMP Endocytosis
* Natriuretic * Anti-fibrotic
* Arterial vasodilating * Anti-inflammatory

* Renin and Aldosterone suppressing * Vascular regenerating
* Anti-apoptotic

* Anti-hypertrophic

* Lusitropic

* Lipolytic

Figure 4 : Récepteurs aux peptides natriurétiques : NPR-A, NPR-B et NPR-C. D’apres [27]

1.2 La néprilysine

La néprilysine (NEP, EC 3.4.24.11) est une métallopeptidase transmembranaire au Zn?*
[34] codée par le gene MME. La NEP a plusieurs dénominations : atriopeptidase, CALLA, CD10
(neutrophil antigen cluster differenciation antigen 10), endopeptidase 21.11, enkephalinase,
fibroblast metalloelastase, kidney-brush-border du fait de son identification indépendante
dans différentes conditions. Elle fait partie de la famille des endopeptidases de la famille M13
qui comprend six membres : la NEP, ECE-1 et ECE-2 (enzymes de conversion de I’endothéline
1 et 2), PHEX (phosphate regulating gene with homologies to endopeptidase on the X
chromosome, ou PEX), le complexe antigénique Kell des érythrocytes, NEP2 et ECEL-1 (enzyme
de conversion-likel) [35]. La NEP hydrolyse les liaisons peptidiques préférentiellement en
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amont des résidus hydrophobes telle qu’une phénylalanine, une tyrosine, une leucine ou une
valine. Méme si la NEP est transmembranaire, une fraction est détectable dans la circulation
[36]. L'activité de la NEP est hautement régulée. En effet la NEP contient de nombreux site de
N-glycosylation et de phosphorylation. Les sites de glycosylation sont impliqués dans la
régulation de son activité et de son transport a la surface des cellules [37]. La phosphorylation
de son domaine intracellulaire module I'internalisation de la NEP, et ce mécanisme a été mis
en cause dans certaines maladies neurodégénératives [38, 39]. En conséquence, |’activité ainsi
qgue la concentration de la NEP sont régulées afin de permettre une adaptation a des

conditions particuliéres.

1.3 Actions de la néprilysine

La NEP comprend plus de 40 substrats (Tableau 1) [40] parmi lesquels de nombreux
substrats vasoactifs, a la fois vasoconstricteurs (angiotensines, endothéline-1) et
vasodilatateurs (peptides natriurétiques, bradykinines, substance P, adrenomédulline). Parmi
les peptides vasodilatateurs, la NEP joue un réle majeur dans l'inactivation des peptides
natriurétiques. La NEP inactive ’ANP chez tous les mammiferes par clivage entre la Cystéine 7
et la Phénylalanine 8 qui sont localisées dans la boucle formée par le pont disulfure, le rendant
ainsi inactif (Figure 1). Chez les murins, la NEP clive le BNP au méme endroit le rendant inactif.
Cependant, contrairement a I’ANP, le BNP1.3; doit étre préalablement clivé par la méprine A
au niveau de sa terminaison N-terminale en BNP7.3; qui posséde toujours la boucle et reste
actif, avant que la NEP ne puisse cliver au niveau de la boucle. Chez 'Homme, le BNP est
insensible a I'action de la méprine A [41], et la NEP n’est pas non plus capable de cliver le BNP;.
32 humain, malgré la présence du site de clivage consensus au niveau de la boucle [42, 43].

Néanmoins, la NEP clive le BNP1-32 en BNPs.3; qui possede toujours la boucle mais dont



I'activité physiologique reste incertaine. Il est important de noter, que le BNP humain est un

inhibiteur endogéne de la NEP quand sa concentration plasmatique dépasse 916 pg/mL [44].

hormone
adrénacorticotrope
(ACTH)

adrenomédulline

Peptide B-amyloide

Angiotensine-|

Angiotensine-I|

Angiotensine, _,

AN P99—126’ BNP1—32’
CNP .et urodilatine

Bombésine (= GRP,
gastrin releasing
peptide)

Bradykinine et
kallidine

Peptide relié au géne
calcitonine (PRGC)

Formyl-Met-Leu-Phe
peptide (fMLP)

Cholécystokinine
(CCK8)

Dynorphine
B-endorphine

Endothéline 1 et 2

enkephalines

FGF2 (fibroblast
growth factor 2)

Galanine

Stimule la sécrétion surrénale de
glucocorticoides

vasodilatateur

Synaptogénése, migration neuronale.
Agrégation dans la maladie d’Alzheimer

Précurseur des autres angiotensine dont
Angiotensine-Il et Angiotensine, ;

Vasoconstricteur via AT,, vasodilatateur via
AT,

vasodilatateur
Natriurétique, diurétgiue

Mitogéne, stimule la sécrétion de gastrine et
de cholécystokinine

Vasodilatateur, augmente la perméabilité
endothéliale, douleur, inflammation

Vasodilatateur, douleur, inflammation

inflammation

Stimule la contraction de la vésicule biliaire,
la sécrétion pancréatique, péristaltisme
intestinal, satiété

analgésie
analgésie

Vasoconstriction, mitogénese, hypertrophie
du muscle lisse endothéliale

analgésie

angiogénése

Inhibe relargage de neurotransmetteur

hormone
adrénocorticotrope
(ACTH)

adrenomédulline

Peptide B-amyloide

Angiotensine-|

Angiotensine-II

Angiotensine, ;

AN PQQ—IZE' B N P1—32'
CNP .et urodilatine

Bombésine (= GRP,
gastrin releasing
peptide)

Bradykinine et
kallidine

Peptide relié au géne
calcitonine (PRGC)

Formyl-Met-Leu-Phe
peptide (fMLP)

Cholécystakinine
(CCK8)

Dynorphine
B-endorphine

Endothéline 1 et 2

enkephalines

FGF2 (fibroblast
growth factor 2)

Galanine

Stimule la sécrétion surrénale de
glucocorticoides

vasodilatateur

Synaptogéneése, migration neuronale.
Agrégation dans la maladie d’Alzheimer

Précurseur des autres angiotensine dont
Angiotensine-ll et Angiotensine,

Vasoconstricteur via AT,, vasodilatateur via
AT,

vasodilatateur
Natriurétique, diurétgiue

Mitogéne, stimule la sécrétion de gastrine et
de cholécystokinine

Vasodilatateur, augmente la perméabilité
endothéliale, douleur, inflammation

Vasodilatateur, douleur, inflammation

inflammation

Stimule la contraction de la vésicule biliaire,
la sécrétion pancréatique, péristaltisme
intestinal, satiété

analgésie
analgésie

Vasoconstriction, mitogénése, hypertrophie
du muscle lisse endothéliale

analgésie

angiogéneése

Inhibe relargage de neurotransmetteur

Tableau 1 : Différents substrats de la NEP. D’aprées [40]

Parmi les peptides vasoconstricteurs, la NEP intervient au niveau du systéme rénine-

angiotensine-aldostérone (SRAA). Le SRAA joue un rble majeur dans la régulation de la

pression artérielle et I'homéostasie électrolytique. Le SRAA est un systeme hormonal organisé

autour du rein (Figure 5). En réponse a une diminution de la perfusion rénale, I'appareil juxta
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glomérulaire sécrete la rénine qui va permettre la transformation de I'angiotensinogéne
produit par le foie en angiotensine |, peptide inactif. Ensuite I'angiotensine | est transformée
en angiotensine Il par I’enzyme de conversion de I'angiotensine (ECA), elle-méme issue de

I’endothélium pulmonaire et rénal.

ANGIOTENSINOGEN

Renin

(ORXVP ACE ORXV) ACE2 OCRX \)
\H,u,'o-:) < \51\1-}3) > ABOQ
CPA‘E CEIE B CE!E G
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, 300800080680 3000080008000
Vasoconstriction Vasodilation
Fibrosis Anti-fibrosis
Proliferation Anti-proliferation

+ Natriuresis
Na* and water retention

Figure 5 : Role de la NEP dans le SRAA. D’apres [36]

Dans ce contexte, la NEP semble jouer un réle tampon en clivant I'angiotensine 1 en
angiotensine 1-7, au dépend de la production d’angiotensine 2 [36, 45]. Ce role de la NEP dans
le SRAA a été a l'origine des échecs des premiers inhibiteurs spécifiques de NEP qui bien
qu’augmentant de nombreux peptides vasodilatateurs, provoquait également I'augmentation

d’angiotensine Il avec donc un effet hypotenseur attendu modeste [46]. C'est pour cette

raison que tous les inhibiteurs de NEP testés ou utilisés par la suite ont toujours été associés



a un inhibiteur du SRAA (inhibiteurs de I'enzyme de conversion, IEC ou antagoniste du

récepteur a I'angiotensine I, ATR1, ARA Il).

2 L’insuffisance cardiaque

2.1 Définition, épidémiologie et diagnostic

L'insuffisance cardiaque est un probléme de santé publique. Sa prévalence est de 2-3%
dans la population générale mondiale et atteint 10% chez le sujet agé (>75 ans) [47]. En
France, l'incidence de l'insuffisance cardiaque est de 1 million de personnes [48] et sa
prévalence est en constante augmentation due au vieillissement de la population [49] et a
I’'amélioration de la prise en charge des infarctus du myocarde permettant d’améliorer la

survie des patients [50].

L'insuffisance cardiaque est définie comme l'incapacité du cceur a suffire aux besoins
des autres organes. Selon la société européenne de cardiologie, il s’agit « d’'un syndrome
clinique caractérisé par des symptOmes typiques qui peuvent s’accompagner de signes
cliniques causés par une affection structurelle et/ou fonctionnelle du coeur, entrainant une
réduction du débit cardiaque et/ou une augmentation des pressions intracardiaques au repos
ou pendant un état de stress » [51]. Il existe deux formes de cette maladie, la forme aigué
caractérisée par la survenue brutale de signes cliniques (dyspnée, cedeme) alors que la forme
chronique est une dysfonction permanente du cceur dans le temps avec des épisodes
récurrents d’insuffisance cardiaque aigue qui impactent le pronostic vital et nécessitent des

hospitalisations récurrentes.
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Classiquement, la classification de I'insuffisance cardiaque chronique gauche est basée
sur la fraction d’éjection du ventricule gauche (FEVG) qui est un indicateur de la capacité
contractile du ventricule gauche. Les derniéres recommandations internationales distinguent
trois groupes d’insuffisance cardiaque gauche : FEVG altérée (< 40%), FEVG moyennement

altérée (40% < FEVG < 49%) et FEVG préservée (FEVG = 50%) [52] (Figure 6).

Les étiologies de I'insuffisance cardiaques sont multiples, au premier rang desquelles

la cause ischémique. L'insuffisance cardiaque peut étre multifactorielle.

Type of HF HFrEF HFmrEF HFpEF
1 | Symptoms * Signs* Symptoms * Signs® Symptoms # Signs*

< 2 | LVEF <40% LVEF 40-49% LVEF =50%

-4

= 3 |_ |. Elevated levels of natriuretic peptides; |. Elevated levels of natriuretic peptides®;

o 2. At least one additional criterion: 2. At least one additional criterion:

v a. relevant structural heart disease (LVH and/or LAE), a. relevant structural heart disease (LVH and/or LAE),
b. diastolic dysfunction (for details see Section 4.3.2). b. diastolic dysfunction (for details see Section 4.3.2).

BNP = B-type natriuretic peptide; HF = heart failure; HFmrEF = heart failure with mid-range ejection fraction; HFpEF = heart failure with preserved ejection fraction; HFrEF =
heart failure with reduced ejection fraction; LAE = left atrial enlargement; LYEF = left ventricular ejection fraction; LYH = left ventricular hypertrophy; NT-proBNP = N-terminal
pro-B type natriuretic peptide.

*Signs may not be present in the early stages of HF (especially in HFpEF) and in patients treated with diuretics.

®BNP>35 pg/ml andlor NT-proBNP> 125 pg/mL.

Figure 6 : Classification des insuffisances cardiaques gauches. D’apres [51]

Le diagnostic de linsuffisance cardiaque repose sur I’'examen clinique associé a des
examens complémentaires tels que I'électrocardiogramme, les biomarqueurs (BNP et NT-
proBNP) et une échographie cardiaque. Le diagnostic précoce de l'insuffisance cardiaque
permet une introduction précoce des thérapeutiques et une amélioration de la survie des

patients [50].
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2.2 Peptides natriurétiques et insuffisance cardiaque

2.2.1 Peptides comme biomarqueurs

La production et libération des peptides natriurétiques (ANP et BNP) augmentent en
réponse aux contraintes imposées a la surface du myocarde. De ce fait, 'augmentation de leur
production/libération est une caractéristique importante de I'insuffisance cardiaque. Cette
propriété a conduit a leur utilisation comme biomarqueurs. Plusieurs biomarqueurs ont été
développé a partir des peptides natriurétiques : le BNP, le NT-proBNP et le MR-proANP. Ces
biomarqueurs ont été initialement développés pour distinguer les dyspnées aigués d’origine
cardiaque ou non-cardiaque aux urgences, et présente de trés bonnes performances [51].
Depuis, l'utilisation des peptides natriurétigues comme biomarqueur a été étendue au
diagnostic de I'insuffisance cardiaque chronique, ainsi qu’au pronostic et au suivi de I'efficacité
des thérapeutiques de I'insuffisance cardiaque [53]. Alors que globalement ces biomarqueurs
présentent des évolutions paralléles, la mise sur le marché du sacubitril/valsartan (voir ci-
dessous) a remis en question 'utilisation du BNP par rapport au NT-proBNP car, pour la
premiere fois, le NT-proBNP diminuait [54, 55] alors que le BNP restait stable [55] ou
augmentait légerement [54]. Cette évolution inconsistante du BNP et du NT-proBNP a été
attribuée au fait que le BNP était dégradé par la NEP et que I'inhibition de la NEP devait
entrainer une augmentation du BNP, mais cette interprétation est basée sur I'idée fausse que
le BNP humain est dégradé efficacement par la NEP. De plus, cette interprétation résulte en
partie de la méconnaissance des molécules détectées par les différents kits de dosages, ainsi

que des interférences potentielles avec des modifications post-traductionnelles [56].
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2.2.2 Peptides natriurétiques thérapeutiques

Les peptides natriurétiques ont des effets bénéfiques dans I'insuffisance cardiaque et
des approches thérapeutiques visant a augmenter leurs activités ont été développées. Ces
approches reposent sur deux principes : 'administration directe de peptides natriurétiques

ou 'inhibition de leur dégradation.

L’administration de peptides natriurétiques exogénes a été principalement testée dans
le cadre de l'insuffisance cardiaque aigue. Ces approches thérapeutique ont consisté dans le
développement de peptides natriurétique recombinants : le Carperitide pour I'’ANP [57],
I"'urodilatin pour l'ularitide, une forme d’ANP exclusivement produite par le rein [58], le
nesiritide pour le BNP [59], ou des peptides chimériques : le centeritide (chimére CNP/DNP
[60]) ou le vasonastrine (chimére ANP/CNP, [61]). Malgré I'anticipation d’un bénéfice de cette
approche thérapeutique, I'utilisation des peptides natriurétiques a viser thérapeutique a été
globalement abandonnée dans l'insuffisance cardiaque aiglie. A noter néanmoins que des
essais préliminaires avait montré le bénéfice de I'administration sous-cutané de nesiritide

dans l'insuffisance cardiaque chronique [62, 63].

L'inhibition de la dégradation des peptides natriurétiques constitue le deuxieme axe
de recherche. L'inhibition de la NEP a donc été étudiée avec comme objectif d’augmenter les

formes actives des peptides natriurétiques chez les patients en insuffisance cardiaque.

Depuis la fin des années 80, la NEP est une cible thérapeutique de choix dans
I'insuffisance cardiaque. Le premier inhibiteur de NEP testé chez I’'Homme, le candoxatril,
augmente les concentrations plasmatiques de peptides natriurétiques chez les patients
hypertendus et en insuffisance cardiaque chronique mais sans amélioration des parametres

hémodynamiques [64]. L'absence d’effets hémodynamiques est due a une augmentation
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parallele de I'angiotensine Il et de la signalisation a son récepteur AT-1. Par la suite,
I’omapatrilate qui est un double inhibiteur de I’'enzyme de conversion de I'angiotensine (IEC)
et de la NEP a montré son efficacité dans une essai randomisé (OUVERTURE) en réduisant le
taux d’hospitalisation et de déceés pour causes cardio-vasculaires chez les patients en
insuffisance cardiaque avec FEVG altérée [65]. Cependant I'omapatrilate n’était pas plus
efficace que I'’enalapril seul et dans un essai qui a suivi (OCTAVE), il a été décrit une majoration
du risque d’angiocedéme, principalement dans la population afro-américaine qui a conduit a

I'arrét des études sur cette molécule [66].

Enfin, récemment Novartis a mis sur le marché une molécule combinant un inhibiteur
de NEP (sacubitril)) et un ARA Il (valsartan) : sacubitril/valsartan (LCZ696), commercialisé sous
le nom Entresto [67]. Le premier essai clinique randomisé comparant le sacubitril/valsartan a
une IEC (enalapril) chez les patients en insuffisance cardiaque chronique avec FEVG altérée,
principalement de classe NYHA I, (PARADIGM-HF) a été publié en 2014 [68]. Les critéres
d’inclusion étaient : une insuffisance cardiaque avec FEVG < 40% ; BNP > 150 pg/mL ou NT-
proBNP > 600 pg/mL et un traitement stable > 4 mois par IEC ou ARA Il. Dans cet essai, 4187
patients ont recu le sacubitril/valsartan et 4212 patients ont recu I'énalapril. Le
sacubitril/valsartan diminuait de 20% les hospitalisations et décés de cause cardiovasculaire.
L'effetindésirable principal retrouvé dans les études initiales était I’'hypotension orthostatique

[67], mais pas d’angiocedeme, probablement lié au design de I'étude.

Cette étude a permis I'obtention de ’AMM pour le sacubitril/valsartan le 24 septembre
2015. Par la suite le sacubitril/valsartan a été testé dans d’autres indications (Figures 7), mais
I'insuffisance cardiaque chronique a FEVG réduite reste I'indication principale de I'utilisation

du sacubitril/valsartan :
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- Insuffisance cardiaque a FEVG conservée, étude PARAGON-HF : pas de supériorité du
sacubitril/valsartan [69].
- Insuffisance cardiaque aigue, étude PIONNER-HF : le sacubitril/valsartan réduit le NT-

proBNP plus rapidement que le traitement standard [70].

STUDY DESCRIPTION
Efficacy and Safety of LCZ696 First Occumrence of the
Compared to Enalapnil on = Composite Endpoint
Morbidity and Mortality of PARADIGM -HF (cardiovascular Death or Heart
Patients With Chronic Heart Failure Hospitalization
Failure
Safety and Tolerability During Phass Il Number of patients with AEs of
Open-label Treatment With special interest (suspected to be
LCZ596 in Patients Wih CHF PARADIGM-HF EXTENSION related to LC2596/ leading to
and Reduced Eection Fraction study drug discontinuation,
angioedema and SAEs including
death)
Safety and Tolerability of Number of Participants
Initiating LCZ696 in HFrEF Phase I Expeniencing Hypotension, Renal
atients (ACE naive ortaki . o Dysfunction, Hyperkalemia and
T8 Rl i CELIARED Fogioedema and by RAAS
E 498 stratum
LL. | Comparison of Pre- and Post- Prase IV Percentage of patients who
X | discharge Inttiation of LCZ596 TRANSITION-HF achieve the target dose of 200
Therapy in HFrEF Patients Ater mg bid LCZB6 at 10 weeks after
an Acute Decompensation randomization
Event
Comparison Of Prase IV Eg;;ﬁ:’ n-mi;}f‘n’qmion of
SacubitrilAzalsartan vs. Enalapril vs. lapril on change
on NT-pro-BNP in Patients m from baseline through § weeks in
Stabilized From ADHF NT-proBNP in patients following
@ stabilization for ADHF
Description of Tolerability of Prase IV Percentage of patients who
LCZB96 (Sacubitnil / Valsartan) tolerated LCZ596 at the dose of
in HFrEF Treated in Real Ufe PARASAIL 97.2 mg sacubitnl / 102.8 mg
Setting @ wvaksartan bid at month 6
LCZ696 Compared to Valsantan Phase Il Change From Baseline in NT-
w wentricular Gection Fraction e
w
I.IQ..- Efficacy and Safety of LCZ806 EEE Cumulative number of primary
Compared to Valsartan, on composite events of
X | Morbidey and Mortaley in HF PARNEON - cardiovasoular (CV) death and
Patients With Preserved total (first and recumment) HF
Bection Fraction 4,300* hospitalization
@- numberof randomied patients (' sestim ted)

Figure 7 : Etudes cliniques s’intéressant au sacubitril /valsartan. D’aprés [36]

Récemment, I'étude LIFE qui a testé I'impact du sacubitril/valsartan dans I'insuffisance

cardiaque chronique a FEVG réduite avancée n’a pas montré de bénéfice du
sacubitril/valsartan par rapport au valsartan [71]. Etant donné que ces patients ont trés
probablement des taux de BNP élevés, il a été proposé que I'échec de cette étude pouvait
résulter d’'une inhibition endogene de la NEP par le BNP, rendant I'inhibition pharmacologique

de la NEP futile [72].
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3 L’insuffisance rénale aigué

3.1 Le rein : structure et fonctions

Les reins font partie de I'appareil urinaire haut et assurent la filtration du sang
permettant ainsi d’éliminer les déchets et toxines en produisant de l'urine. lls constituent
environ 0.4% de la masse corporelle totale mais sont responsables de la filtration en moyenne

de 170 a 180 litres de plasma par jour chez 'Homme.

3.1.1 Les fonctions du rein

Le rein a 4 grandes fonctions principales :
La filtration du sang conduisant a la synthése d’urine : le sang arrive au niveau rénal via
I'artére rénale, le sang est filtré au niveau du glomérule rénal permettant la filtration de I'urine
primitive. Par la suite I'urine primitive est modifiée tout le long du tubule rénal par des
mécanismes de réabsorption et de sécrétion permettant la formation de 'urine définitive. La
filtration rénale permet donc de controler I'équilibre hydroélectrolytique et I’'équilibre acido-

basique.

La sécrétion de rénine : La rénine est une enzyme du SRAA responsable du maintien de la

pression artérielle (Figure 1).

La sécrétion d’érythropoiétine (EPO) : I'EPO est une hormone sécrétée par le cortex rénal qui
stimule la prolifération des cellules souches hématopoiétique au niveau de la moelle osseuse.

Sa sécrétion est stimulée en cas d’hypoxie et est diminuée en cas d’hyperoxie.

La transformation de la vitamine D en sa forme active (1-25-dihydroxy-vitamine D ou

calcitriol) : la vitamine D compte beaucoup d’actions différentes, elle est responsable en autre
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de I'absorption du calcium par l'intestin, la réabsorption du calcium et du phosphore par les

reins et la résorption osseuse par les ostéoclastes.

3.1.2 Structure générale du rein

Les reins contiennent des millions d’unités de filtrations appelés « néphrons ». Les
néphrons se composent d’un glomérule ol s’effectue la filtration du sang et la synthése de
l'urine, et des tubules impliqués dans les modifications de la composition de |'urine.

L’architecture rénale se compose de 3 parties distinctes (Figure 8) :

Néphron Néphron

A Capsule fibreuse B Jjuxtamédullaire  cortical

— =S
Une pyramide de e TicdY, —-— -— - Artériole efférente N
Malpighi cortex Corpuscule

Zong medullaire Tubule  de Malpighi \
Tissu adipeux avec pyramides contourné
(graisse) de Malpighi WN« J rriria(COrTeX rénal
Papille : arrivée Artére rénale , offérente
de I'urine dans le
bassinet
Bassinet : collecte
tag E\
"urine de tous les o Apparail
tubes uriniféres e >:.:~ Branche \\ juxtaglomérullgire
b descendante
\ Henlé contourné
distal
Tubes collecteurs \ >Médulln rénale
durine et néphrons : [ ———Tubule collecteur
voir schéma de \ AR Branche
détail du néphron / \ F ascendante de
\ ::“-'d- I'anse de Henlé
N B8 C
Sens de circulation de 4
= ) W
Rein - coupe sagittale Do
Bio-top.net
Figure 8 : Structure générale du rein et unité de filtration (le néphron)

- Le cortex : partie la plus externe qui recouvre la médullaire (1cm d’épaisseur environ
chez 'Homme), siege des glomérules, assurant les fonctions de filtration.
- La médullaire : au centre, siege des tubules, assurant les fonctions de

concentrations/dilution de |'urine.
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- Les calices et le bassinet : les calices sont des cavités permettant la collecte de I'urine
provenant des néphrons puis I'urine se déverse dans le bassinet pour s’écouler par la suite

dans l'uretére jusqu’a l'arrivée dans la vessie ou elle sera stockée avant d’étre éliminée.

3.1.3 Le néphron

Le néphron est l'unité fonctionnelle et structurelle du rein, il permet la formation
d’urine. Chez ’'Homme, chaque rein se compose en moyenne d’1l million de néphrons. Le

néphron est composé globalement de deux structures :

- Le corpuscule rénal : portion initiale du néphron ou la filtration du plasma est
effectuée, il réunit une composante vasculaire et épithéliale. Le péle vasculaire d’'un c6té,
appelé le glomérule et le poéle urinaire (épithéliale) de I'autre, appelé capsule de Bowman.
L'ultrafiltrat, liquide obtenu aprés passage du corpuscule rénal, intégre par la suite le systeme
tubulaire.

- Le systeme tubulaire : lieu de maturation de I'urine primitive, il est composé d’une
succession de tubules droits et contournés (dans I'ordre : tube contourné proximal, anse de
Henle et tube contourné distal), lieux des processus de sécrétion et réabsorption tubulaires
permettant I'élimination et 'ajout de différentes substances au filtrat. Le tube contourné
distal se jette par la suite dans le tube collecteur, ne faisant pas partie du néphron, le fluide

résultant sort des reins sous forme d’urine.
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3.2 Insuffisance rénale aigué

3.2.1 Epidémiologie
L'IRA est un probléme majeur de santé publique, son incidence ne fait qu’augmenter
depuis une dizaine d’années en particulier dans les pays développés. Sa prévalence en milieu
hospitalier varie entre 1.9 et 7.2% [73]. Les étiologies principales a I’hdpital sont
principalement liées aux sepsis, a I’hypovolémie, aux traitements néphrotoxiques et aux
complications post-opératoires. Environ 2 millions de personnes meurent chaque année d’'une
IRA et les survivants ont un risque accru de développer par la suite une insuffisance rénale

chronique [73, 74]. En réanimation, I'IRA est un facteur indépendant de mortalité [73].

3.2.2 Définition

L'insuffisance rénale aigue (IRA) est une notion dont la définition a évolué au cours des
derniéres années. Elle est définie par la baisse du débit de filtration glomérulaire (DFG) dont

les marqueurs les plus couramment utilisés sont la diurése et la créatinine plasmatique.

Le terme d’insuffisance rénale aigué (ou acute kidney injury) est centré sur le
dysfonctionnement rénal en terme d’incapacité du rein a maintenir [I"équilibre
hydroélectrolytique due a une baisse du débit de filtration glomérulaire (GFR). Cependant il
existe de nombreuses situations durant lesquelles le rein est soumis a une agression pouvant
induire des lésions histologiques sans diminution du GFR, du moins a la phase initiale du
processus physiopathologique [75]. L’atteinte rénale aigué (ou acute kidney damage)
correspond a une altération du parenchyme rénal qui peut étre mis en évidence par des
études histologiques, ou de maniere non-invasive grace a des biomarqueurs d’atteinte

tissulaire rénale aigué qui ne refletent pas nécessairement la fonction rénale (Figure 10) [75].
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Enfin, I’agression rénale aigué (ou kidney attack) implique des situations dans lesquelles le rein
subit des atteintes rénales conduisant a une insuffisance rénale. Ces situations sont
nombreuses et incluent par exemple le sepsis, les chirurgies majeures, les agents dits

néphrotoxiques, etc (Figure 9) [75].

Insuffisance rénale
aigué
(acute kidney injury)

Atteinte rénale aigué
(acute kidney damage)

Agression rénale aigué
(Kidney attack)

Figure 9 : L'IRA : de I'agression a la dysfonction rénale. D'aprés [75]

Les notions d’agression et d’atteinte rénale aigués ont émergé ces derniéres années,
grace au développement récent de biomarqueurs rénaux, principalement de structure plutot
que de fonction, et qui permettent d’identifier rapidement I'atteinte rénale aigué, avant

méme toute altération de la fonction. On parle alors de « subclinical AKI » (Figure 10) [76, 77].
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Figure 10 : Place des biomarqueurs dans I'IRA. AKI: Acute Kidney Injury. D’apreés [77]

3.2.3 Classifications

Historiqguement, I'insuffisance rénale a été classée suivant des stades de sévérité en se
basant sur le dosage de la créatinine plasmatique et sur la mesure du débit urinaire. La
premiere classification mise au point pour diagnostiquer I'IRA est la classification RIFLE (Risk,
Injury, Failure, Loss and End-stage renal disease) [78], établie en 2004. En 2007 une nouvelle
version est établie, I’AKIN (Acute Kidney Injury Network) [79], puis en 2012, KDIGO (Kidney
Disease : Improving Global Outcomes) qui est la fusion des 2 premiéres classifications pour ne
donner plus qu’une seule définition de I'IRA (Tableau 2) [80]. Début octobre 2020, de
nouvelles recommandations proposent une nouvelle définition de I'IRA combinant des
criteres fonctionnels (créatinine plasmatique et débit urinaire) et des critéres d’atteinte rénale
a travers I'utilisation de nouveaux biomarqueurs. Le stade 1S identifie un stade précoce
lorsqu'il existe des signes d’atteinte rénale non détecté par les critéres fonctionnels. Les
anciens stades KDIGO sont catégorisés par la présence ou non de biomarqueurs (Figure 11)

[81, 82].
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Stades RIFLE Critéres selon taux de créatinine* ou le DFG Critéres selon la diurése
Risque A créatinine 1,5 x ou N DFG > 25% Diurése < 0,5 ml/kg/heure x 6 heures
Lésion A créatinine 2 x ou N DFG > 50% Diurése < 0,5 ml/kg/heure x 12 heures

Défaillance

A créatinine 3 x ou N DFG > 75%
ou A créatinine > 44 umol/L si créatinine = 354 umol/L

Diurése < 0,3 ml/kg/heure x 6 heures
QOu anurie x 12 heures

Perte

Perte compléte de la fonction rénale > 4 semaines

Insuffisance rénale terminale

Dépendance de dialyse pendant 3 mois

Stades AKIN Critéres selon le taux de créatinine ou le DFG Critéres selon la diurése
1 A créatinine 2 26,4 umol/Lou A créatinine> 1,53 2 x
2 A créatinine>2a3x -
3 7 créatinine = 3 x Cf. critéres RIFLE
ou A créatinine = 44 umol/L si créatinine = 354 umol/L
Stades KDIGO Critéres selon le taux de créatinine ou le DFG Critéres selon la diurése
1 A créatinine 1,5-1,9 x ou A créatinine > 26,5 umol/L Diurése < 0,5 ml/kg/heure x 6-12 heures
2 A créatinine 2-2,9 x Diurese < 0,5 ml/kg/heure = 12 heures
3 A créatinine 3 x ou créatinine > 353,6 umol/Lou début | Diurése < 0,3 ml/kg/heure = 24 heures

de I'épuration extrarénale ou chez patient < 18 ans, N
DFGe < 35mV/min/1,73 m?

ou Anurie = 12 heures

Tableau 2 : Classification selon RIFLE, AKIN et KDIGO

RIFLE: Risk Injury Failure Loss End stage renal failure; AKIN: Acute Kidney Injury Network;
DFG: débit de filtration glomérulaire; KDIGO: Kidney Disease Improving Global Outcomes.
* Créatinine plasmatique. Adapté de [80] et [82].

Damage criteria

Biomarker positive

Biomarker negative

Biomarker positive

Functional criteria Stage

No change or sCr level increase <0.3 mg/dL 15
and no UO criteria
Increase of sCr level by 20.3 mg/dL 1A
for <48 hor 2150% for <7 days
and/or UO <0.5 mL/kg/h for >6 h 1B
Increase of sCr level by >200% 2A
and/or UO <0.5 mL/kg/hfor >12 h B
Increase of sCr level by >300% 3A
(24.0 mg/dL with an acute increase
of 20.5 mg/dL) and/or UO <0.3 mL/kg/h
for >24 h or anuriafor >12 h 3B
and/or acute KRT

Biomarker negative

Biomarker positive

Biomarker negative

Biomarker positive

Figures 11 : Nouvelle définition de I'IRA. sCr : serum creatinine; UO : urine output; KRT :
kidney replacement therapy. D’apres [81]
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3.3 Biomarqueurs d’agression rénale aigué

Le diagnostic de I'insuffisance rénale aigué (IRA) repose aujourd’hui sur une élévation
de la créatinine plasmatique, une baisse du débit de filtration glomérulaire et/ou de la diurése
(Tableau 2).

Le principal défaut de la créatinine est son manque de sensibilité, en particulier quand
la filtration glomérulaire est élevée. En effet, la filtration glomérulaire peut diminuer jusqu’a
50% sans pour autant que la créatinémie ne soit modifiée. De plus, la créatinémie peut étre
influencée par de nombreux facteurs autres que la filtration glomérulaire, tels que I'age, le
sexe, |'état nutritionnel, la volémie et certains médicaments. Finalement, une augmentation
de la production endogéene de créatine peut provoquer une augmentation de la créatinémie,
ce qui peut mimer une baisse de la filtration glomérulaire [83]. De ce fait, la créatinine a
évolution lente et est un marqueur tardif dans I'IRA, dont I'utilisation peut entrainer un retard
diagnostique. La méme problématique se pose avec d’autres outils diagnostiques comme la
diurese ou l'urée.

De nouveaux outils diagnostic plus performants sont donc nécessaires car le seul
traitement efficace en dehors de I'épuration extra-rénale repose sur la prévention par
I'optimisation des thérapeutiques visant a limiter les effets des facteurs de risque associés a
la survenue d’une IRA.

Parmi I'ensemble des biomarqueurs en cours d’étude, le test NEPHROCHECK semble
étre le plus prometteur. NEPHROCHECK est la combinaison de deux biomarqueurs :
I'inhibiteur tissulaire des métalloprotéinases-2 (TIMP-2) et une protéine liant le facteur de
croissance analogue a l'insuline (IGFBP7), qui augmentent dans |'urine du patient en réponse

au stress des cellules rénales [84]. Ces deux protéines sont induites précocement en cas de
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stress rénal afin de mettre en place une réponse adaptée pour protéger le rein et maintenir
sa fonction [85].

L’organisation Acute Dialysis Quality Initiative (ADQI), a l'instar de la société médicale
professionnelle de chirurgie cardiaque ERAS’ Cardiac Surgery, a inclus récemment ces deux

biomarqgueurs dans ses recommandations [86].

3.4 Physiopathologie

3.4.1 Mécanismes inflammatoires

Les agressions rénales aigues (ARA) mettent en jeu un mécanisme central
d’inflammation intra-rénale et/ou systémique. Les autres événements physiopathologiques
s’additionnant a I'inflammation sont souvent plus spécifiques de I'étiologie de I’ARA [87].

La phase initiale correspondant a la phase d’agression rénale, conduit a des Iésions du
parenchyme rénal de maniére plus ou moins étendues ainsi qu’a leur mort par nécrose ou
apoptose. Cette phase implique plusieurs types cellulaires tels que les cellules endothéliales
et épithéliales et elle peut durer plusieurs minutes voire plusieurs heures. L’activation des
cellules endothéliales par I’ARA conduit a la production de nombreux facteurs impliqués dans
I'initiation de I'inflammation aigiie tels que les DAMP (Damage-associated molecular patterns)

et les molécules d’adhésion [88, 89] (Figure 12).
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Figure 12 : Effecteurs, cibles et conséquences de ’ARA. AKI: Acute Kidney Injury; DAMP:
Damage-associated molecular patterns; PAMP: Pathogen-associated molecular patterns;
PRR: Pattern recognition receptor. Dapres [87]

Le recrutement de ces cellules pro-inflammatoires rentre dans la deuxiéme phase de

I'inflammation aiglie qui peut durer plusieurs jours, cette derniére est responsable de la

production de cytokines pro-inflammatoires (TNFa, I'lL-6 ou I'lL-13) et anti-inflammatoires (IL-

4, IL-10, resolvines, protectine D1) (Figure 13).
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Figure 13 : Réponse inflammatoire et immunitaire aprés ARA . M¢: macrophages, DC:
Dendritic Cell, NK: Natural killer, TLR: Toll-Like Receptor, T cell: Lymphocytes T.
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L’équilibre de cette balance pro et anti-inflammatoire conduit a la réparation du tissu
(cicatrisation) et a sa régénération ce qui constitue la phase terminale de la physiopathologie
des ARA. Cependant, ce processus de réparation peut devenir inadapté et aboutir au
développement d’une fibrose post-ARA pouvant entrainer I'apparition d’'une maladie rénale
chronique [90, 91].

3.4.2 Le systéme Rénine — Angiotensine — Aldostérone
(SRAA)

En plus des mécanismes inflammatoires suscités, I'activation du systéme rénine
angiotensine aldostérone semble étre un processus physiopathologique commun a de

nombreux mécanismes d’agression rénale aigue.

Le SRAA est un systeme hormonal organisé autour du rein comme décrit précédemment
(paragraphe 1.3), il aboutit a la formation d’angiotensine Il qui agit en se fixant sur des
récepteurs transmembranaires. |l en existe deux types : AT1 (majoritaire) et AT2, qui ont des
roles antagonistes. Via le récepteur AT1 (récepteur couplé a la protéine G), I'angiotensine Il

favorise I'élévation de la pression artérielle par différents mécanismes (Figure 6) :

= Stimulation de la vasoconstriction par activation du systéme nerveux sympathique

= Stimulation de la vasoconstriction artériolaire (directe et indirecte par relargage de
noradrénaline)

= Stimulation directe de la réabsorption tubulaire de Na+

= Stimulation de la sécrétion d’aldostérone par le cortex surrénalien entrainant une
réabsorption tubulaire de Na+ et d’eau contre une perte de K+

= Stimulation de la sécrétion de I’ADH par la post hypophyse permettant la réabsorption

tubulaire d’eau au niveau du tubule contourné distal et du tube collecteur.
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3.5 Cas particulier : 'insuffisance rénale aigue en chirurgie
cardiaque

3.5.1 Généralités

Prés de 2 millions d’actes de chirurgie cardiaque sont réalisés tous les ans dans le
monde. L'IRA a été identifiée comme étant le facteur de risque principal de mortalité dans les
suites post opératoires. L’ADQI (Acute Disease Quality Initiative) a proposé le terme de CSA-
AKI (cardiac surgery-associated acute kidney injury) pour définir les épisodes d’IRA survenant
dans les suites d’une chirurgie cardiaque [86]. Basé sur les critéres KDIGO (Tableau 2), une
CSA-AKI précoce intervient dans les 7 jours suivant une chirurgie cardiaque, une CSA-AKI

tardive apparait quant a elle entre 7 a 30 jours apreés la chirurgie cardiaque.

L'incidence de la CSA-AKI varie selon les études due a l'utilisation de définitions
différentes de I'IRA. Deux méta-analyses récentes ont montré que l'incidence de CSA-AKI
définie par RIFLE, AKIN et KDIGO était d'environ 22% [92, 93]. La majorité des patients CSA-
AKI avaient une AKI légere (stade 1: 14 a 18% des patients), le stade 2 survenait chez 4% des
patients et enfin 3% des patients avaient un stade 3. Le recours a I'EER était nécessaire chez
2,3% a 3,1% des patients. CSA-AKI était associée a une augmentation des colts et a une
augmentation de la durée d’hospitalisation (15 j vs 10,5 j). La sévérité de I'IRA était associée a
une augmentation de la durée d'hospitalisation (stade 1 : 14 jours, stade 2 :18 jours et stade

3:26,3 jours) [92].

Les patients CSA-AKI présentaient une mortalité a court terme de 10% par rapport a
1,7% chez les patients sans AKI (OR % 8,52, IC a 95% % 8,00 a 9,07), avec une augmentation

progressive de la mortalité a court terme en fonction de la sévérité de I'AKI (stade 1 : 5,7%,
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stade 2:16,2% et stade 3 : 36,7%). La mortalité a long terme était également augmentée chez
les patients CSA-AKI en comparaison aux patients sans AKI (30% vs 11,9%). Apres ajustement
pour d’autres co-variables, il existait un risque accru de mortalité proportionnel a la sévérité

de I'AKI [94, 95].

Les mécanismes aboutissant a la survenue d’une IRA dans les suites d’une chirurgie
cardiaque sont multiples. On retrouve les mécanismes décrits précédemment (paragraphe
3.4) et on peut citer des mécanismes spécifiques tels que : les néphrotoxiques, I'ischémie
reperfusion, la congestion veineuse, I'activation de I'inflammation et du stress oxydant par la

circulation extra-corporelle et enfin la prédisposition génétique.

3.5.2 Place de la néprilysine

La néprilysine urinaire a récemment été étudiée comme biomarqueur de l'insuffisance
rénale aigue en post opératoire de chirurgie cardiaque. En 2021, Bernardi et al, dans une étude
monocentrique observationnelle chez 100 patients hospitalisés pour une chirurgie cardiaque
élective avec CEC, ont réalisé des mesures répétées de la néprilysine urinaire durant la période
peropératoire [96]. Dans cette étude la néprilysine urinaire en fin d’intervention semblait étre
un biomarqueur prometteur dans la CSA-AKI avec une AUC a 0.77 (0.65-0.90). La néprilysine
urinaire comme biomarqueur de I'IRA a été testée dans d’autres cadres nosologiques. En
2017, Pajenda et al, ont recueilli quotidiennement pendant cing jours consécutifs, les urines
de 90 patients admis en soins intensifs pour sepsis [97]. La néprilysine urinaire était
significativement plus élevée chez les patients avec IRA selon les criteres KDIGO en

comparaison avec les patients sans IRA et des contréles sains.
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Comme décrit dans le paragraphe 1.1, la néprilysine autrement appelée « kidney-
brush-border » est tres présente dans les cellules tubulaires rénales. L’hypothése principales
des auteurs dans les études ci-dessus est celle d’une libération urinaire de NEP aprés agression

tubulaire.

3.5.3 Place du SRAA

Récemment, Kiillmar et al ont démontré qu’une augmentation de la concentration de
rénine plasmatique était associée a la CSA-AKI [98], les auteurs ont émis I'hypothése qu'une
telle augmentation de la concentration de rénine était secondaire a un rétrocontrole négatif
par déficit en angiotensine Il, entrainant une vasodilatation intrarénale, une perte de pression
de filtration glomérulaire, entrainant éventuellement une diminution de la filtration
glomérulaire. De plus, un exces relatif d'angiotensine 1-7 pourrait également contribuer a une

vasodilatation intra-rénale excessive.

En réponse a cette étude et a I'hypothéese émise par les auteurs, Legrand et al, ont
proposé une hypothese alternative afin d’expliquer I’élévation de la concentration de rénine
plasmatique dans ce contexte [99]. En effet, une augmentation de la rénine pourrait refléter
I'activation compléte du SRAA, impliguant une vasoconstriction rénale comme principal

moteur physiopathologique de I'IRA (Figure 14).
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Figure 14 : Scenario de perturbation du RAAS dans les suites d’une chirurgie cardiaque.
ACE = angiotensin-converting enzyme, AKI = acute kidney injury, CPB = cardiopulmonary
bypass, RAAS = renin—angiotensin—aldosterone system. D’aprés [99]

4 Le choc septique

4.1 Définition

Historiqguement le sepsis a été défini comme la réponse inflammatoire de I'organisme

ou SIRS (Systemic Inflammatory Response Syndrome) a une infection [100]. Jusqu’en 2016 on

distinguait le sepsis sévere du choc septique. Le sepsis sévere était défini comme un sepsis

associé a une défaillance d’organe, une hypoperfusion ou une hypotension, alors que le choc

septique était défini comme un sepsis associé a une hypotension persistante malgré une

expansion volémique adéquate [101].
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En 2016, une nouvelle conférence de consensus internationale (SEPSIS-3) a revisité la

définition du sepsis et choc septique [102] :

® |Le sepsis est maintenant défini comme « une dysfonction d’organe secondaire a une
dérégulation de la réponse de I'h6te a I'infection et menacant le pronostic vital ». La

dysfonction d’organe est définie comme une augmentation du score SOFA 2.

® e choc septique est défini comme un « sepsis associé a une hypotension persistante
requérant des vasopresseurs pour maintenir une PAM > 65mmHg et une lactatémie >

2 mmol/L ».

4.2 Physiopathologie

La physiopathologie du sepsis et du choc septique est complexe. Ce paragraphe ne
prétend pas une exhaustivité mais un rappel des principales voies physiopathologiques [103-

105] et tend a décrire la physiopathologie de la vasodilatation constatée dans le choc septique.

4.2.1 Principales voies physiopathologiques

¢ Inflammation / Immunosuppression

En réponse a linfection, on observe une activation du systéme immunitaire inné
(macrophages et dendrocytes) et I'apparition des motifs moléculaires liés au pathogene :
PAMPs (Pathogen-associated Molecular Patterns) et ceux liés aux dégats cellulaires : DAMPs
(Damage-associated Molecular Patterns) qui induisent via leurs récepteurs PRRs (Pattern
Recognition Receptors) la transcription de génes impliqués dans la réponse inflammatoire et
I'immunité adaptative. L’activation de ces récepteurs est responsable de la transcription des

cytokines pro-inflammatoires (TNFa, I'IL-6 ou I'IL-1B).
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Apres cette phase pro-inflammatoire, on observe une réponse anti-inflammatoire
compensatrice chez les patients présentant un choc septique. Cette phase
d’'immunosuppression peut se prolonger dans le temps et étre a I'origine d’une augmentation

de la fréquence de pathologies opportunistes et des réactivations virales.

Ainsi, ce profil inflammatoire décrit dans les suites d’un choc septique a été décrit sous le
nom de Persistent Inflammation, immunosuppression and Catabolism Syndrome ou PICS [106,

107).

e Dysfonction endothéliale et état procoagulant

La réponse inflammatoire associée au stress oxydant et a I'adhésion leucocytaire et
plaguettaire entraine une dysfonction endothéliale responsable d’une perte de I'intégrité de
la barriere endothéliale par I'atteinte de son cytosquelette et des jonctions serrées. A cela
s’ajoute |'atteinte du glycocalyx qui accentue la perméabilité endothéliale favorisant la fuite
capillaire massive responsable de I'cedéme tissulaire [108]. On observe également une
activation de la voie de coagulation extrinseque associée a une activation plaquettaire
responsable d’un état pro-coagulant. En résulte la formation de microthrombi responsables
de troubles de la microcirculation. In fine la consommation excessive de plaquettes et de
facteurs de la coagulation, ou coagulation intravasculaire disséminée, induit des saignements

incontrolés.

e Dysfonction d’organe

Les défaillances d’organes observées dans le choc septique sont secondaires au défaut
d’oxygénation tissulaire par diminution de la délivrance en oxygene en lien avec la

vasodilatation et les troubles de la microcirculation. En plus d’un déficit en oxygeéne s’ajoute
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la dysfonction mitochondriale sous I’effet du stress oxydant qui altere la respiration cellulaire.
La vasodilatation est I'essence méme de la dérégulation d’organe observée lors du choc
septique mais elle peut étre associée a une composante hypovolémique induite par la fuite
capillaire. La vasodilatation peut également étre associée a une dysfonction myocardique, on

parle alors de cardiomyopathie septique.

4.2.2 Mécanismes de la vasodilatation
Le choc septique est un choc distributif ou choc a « résistances basses ». La vasodilatation
observée dans le choc septique est expliquée par trois mécanismes principaux [109]:
I'activation des canaux potassiques a ATP des cellules musculaires lisses vasculaires,

I’augmentation de la synthése de NO (Nitric Oxid) et le déficit en vasopressine (Figure 15).

e Activation des canaux potassiques a ATP des cellules musculaires lisses vasculaires

Le sepsis, I’acidose lactique ou I’hypoxie entraine une activation des canaux potassiques situés
sur les membranes des cellules musculaires vasculaire induisant une sortie massive de
potassium de la cellule qui entraine une hyperpolarisation de la cellule. Parallelement, il existe
une inactivation des canaux calciques qui empéche I'augmentation de la concentration
cytoplasmique en calcium. En |'absence de calcium intracellulaire la diminution de la
phosphorylation de la myosine entraine une vasodilatation.
e Augmentation de la synthése de NO

En réponse au sepsis, on observe une augmentation de la production de NO. Cette
augmentation est médiée par I'augmentation de I'expression de la NO synthase (NOS) en
réponse a I'augmentation des cytokines pro-inflammatoires. L’augmentation de NO induit une

vasodilatation par activation directe de la voie GMPc (guanosine monophosphate cyclique) ou
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via une activation des canaux potassiques calcium sensible qui accentue le déficit de calcium

intracellulaire.

Sepsis or Tissue Hypoxia with Lactic Acidosis
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Figure 15 : Mécanismes de la vasodilatation dans le choc septique. D’apres [109]

e Déficit en vasopressine

Chez le sujet sain la vasopressine joue un roéle mineur dans la régulation de la pression
artérielle. Mais en réponse a une hypotension, la concentration plasmatique de vasopressine

augmente rapidement afin de maintenir la pression artérielle. Dans le choc septique, il existe
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une élévation initiale de la vasopressine plasmatique mais qui diminue rapidement. Les

mécanismes responsables de ce déficit secondaire en vasopressine restent mal connus.

e Augmentation de la production de peptides vasodilatateurs en réponse a

I'inflammation

L'une des conséquences de I'induction de la réponse inflammatoire au niveau vasculaire
est la production de peptides vasodilatateurs (bradykinines et substance P) qui augmente la
perméabilité vasculaire (substance P) [110]. De maniére intéressante, ces peptides sont des

cibles de la NEP.

4.3 Cas particulier du choc réfractaire

Le choc septique réfractaire reste une entité obscure dont la définition n’est pas
consensuelle. En effet, la littérature évoque un choc septique dans lequel les objectifs de
pression artérielle ne répondent plus au traitement vasopresseur conventionnel. Certains
auteurs ont tenté de définir des doses-seuil de noradrénaline allant de 0,25 a 4 pg/kg/min au-
dela de laguelle un patient doit étre considéré en choc septique réfractaire [111, 112]. Leone
et al, ont défini un seuil de 1 pg/kg/min de noradrénaline au-dela duquel la mortalité dépassait
90% [112]. Par ailleurs, Auchet et al, ont conclu qu’une dose de noradrénaline supérieure a
0,75 pg/kg/min et un score SOFA supérieur a 10 étaient des facteurs de risque indépendants

de mortalité [113].

En conclusion, le choc septique réfractaire pourrait étre défini par une dose de
noradrénaline au-dela de laquelle les objectifs de pression sont difficilement atteint et qui est
associé avec une augmentation des dysfonctions d’organe et une mortalité accrue. Basé sur

I'ensemble de la littérature, il apparait qu’une dose de noradrénaline supérieure a 1
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ug/kg/min soit associée a une mortalité supérieure a 80% et pourrait étre utilisée comme seuil

pour définir le choc septique réfractaire.

4.4 Choc septique, peptides natriurétiques et néprilysine

Chez les patients en état de choc septique les valeurs de BNP et de NT-proBNP sont
trés élevées [114]. Ces valeurs élevées de BNP et de NT-proBNP ne sont pas corrélées aux
pressions de remplissage du ventricule gauche, c’est-a-dire qu’il existe une élévation du BNP
et du NT-proBNP indépendante de la fonction cardiaque dans le choc septique [114]. Cette

élévation du BNP et du NT-proBNP n’est pas retrouvée dans d’autres modéles de choc [114].

Dans une étude récente, il a été confirmé in vivo, dans le plasma de patients en
insuffisance cardiaque chronique ou de patients souffrant de dyspnée d’origine cardiaque ou
non, que le BNP > 916 pg/mL inhibe I'activité de la néprilysine [44]. Cette inhibition endogéne
de la néprilysine par le BNP n’est retrouvée que chez les primates. Cette inhibition pourrait
avoir de multiples conséquences, en particulier dans le choc septique, la néprilysine ayant de
nombreux peptides vasoactifs comme substrats. La néprilysine agit en dégradant ces substrats
tels que la substance P, la bradykinine, '’endothéline-1, I’ANP et I'adrenomédulline. De plus,
chez des animaux, I'administration de lipopolysaccharide (LPS) entraine une forte diminution
de la pression artérielle, méme si le LPS ne refléte pas tous les aspects physiopathologiques
du choc septique. L'invalidation génétique ou I'inhibition pharmacologique de cibles de la NEP
ont montré une amélioration des animaux [110, 115-122], renforcant un role potentiel de la

NEP dans la progression du choc septique vers des formes plus graves.

Les taux de BNP dans le choc septique sont supérieurs a 916 pg/mL et devraient donc

entrainer une inhibition de la néprilysine. Pirracchio et al, a montré des taux d’activité NEP
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tres bas chez les patients en choc septique[114]. La néprilysine semble donc étre inhibée par
le BNP dans le choc septique. Cette inhibition entraine une augmentation des substrats de Ia
NEP, comme la substance P qui majore la perméabilité vasculaire induisant une majoration de
la fuite capillaire et comme I’ANP, la bradykinine ou I'adrenomédulline qui participent a la

défaillance hémodynamique par vasodilatation [110, 115-122].

5 Objectif
L'objectif de ce travail est d’étudier la NEP comme biomarqueur ou acteur

physiopathologique dans différents contextes cliniques. Ce travail s’est intéressé :

i) Dans un premier temps aux effets de I'inhibition de la NEP dans I'insuffisance
cardiaque chronique a FEVG réduite sur les peptides natriurétiques comme
biomarqueurs, afin de mieux comprendre le mode d’action du
sacubitril/valsartan.

ii) Dans un second temps a la NEP comme biomarqueur dans la dysfonction rénale
aigue dans le contexte de la chirurgie cardiaque et d’étudier son impact sur le
SRAA.

iii) Enfin dans un modele murin de choc septique, ce travail a pour dernier objectif de
démontrer l'inhibition de la NEP par le BNP humain, de démontrer les
conséquences hémodynamiques de l'inhibition de la NEP dans ce modele et

d’explorer les bénéfices d’un blocage de I'inhibition de la NEP par le BNP humain.

37



RESULTATS

1 Article I. proANP metabolism provides new insights into
sacubitril/valsartan mode of action

La production des peptides natriurétiques (A-type natriuretic peptide : ANP, B-type
natriuretic peptide : BNP) augmente lors de l'insuffisance cardiaque et sont couramment
utilisé comme biomarqueurs. Le proANP est clivé par la corine en ANP bioactif et en NT-
proANP qui est lui-méme clivé en trois peptides bioactifs. Cependant, les enzymes impliquées
dans le clivage du NT-proANP ne sont pas connues. Comme I’ANP a une demi-vie tres courte,
la mesure du (mid-regional) MR-proANP a été développé comme substitut afin de différencier
les dyspnées d’origine cardiaque ou non. Cependant, des différences de valeurs entre la
mesure plasmatique du proANP et celle du MR-proANP ont été identifié pouvant suggérer le
réle de modifications post-traductionnelles. Récemment, il a été montré que le proANP était
O-glycosylé et basé sur nos travaux sur le proBNP, nous avons fait I’'hypothése que cette O-
glycosylation pouvait interférer avec la mesure du MR-proANP. Afin de répondre a cette
guestion, dans une cohorte de 73 patients en insuffisance cardiaque chronique avec fraction
d’éjection du ventricule gauche réduite chez lesquels le sacubitril/valsartan a été introduit en
comparaison avec une population de volontaire sain, nous avons comparé les dosages du MR-
proANP (Kryptor, ELISA) avec la quantification des espéces moléculaires qui participent au
dosage du MR-proANP par spectrométrie de masse. Nous avons observé une diminution du
MR-proANP et une augmentation des espéces moléculaires contribuant au signal MR-proANP
par spectrométrie de masse. Cette différence était due a I'augmentation de la glycosylation
du proANP en S80 qui interfere avec le dosage du MR-proANP, masquant I'augmentation des
espéces moléculaires qui contribuent au signal MR-proANP. Ces résultats ont conduit a une

étude approfondie du métabolisme du proANP qui a permis :
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i) D’identifier les enzymes impliquées dans la cascade enzymatique impliquée
dans la production de trois peptides vasoactifs produits a partir du NT-proANP
(Meprin B, Enzyme de conversion de [I'endothéline 1 [ECE-1], et
I’aminopeptidase N [ANPEP]). Cette cascade enzymatique est séquentielle, et
la séquence des événements est probablement déterminée par la présence de
structures secondaire dans le proANP. Les enzymes

i) Que I'action du sacubitril n’inhibe pas que la NEP, et inhibe partiellement ECE1
et ANPEP. En particulier, I'inhibition de 'ANPEP est bi-modal avec un effet
direct du sacubitril, et un effet indirect par I'accumulation de substance P qui
est moins dégradé quand la NEP est inhibée.

iii) Que la production d’ANP dans I'IC a FEVG réduite est limitée par des
mécanismes épigénétiques qui implique deux miRNAs dont I'expression est
augmentée dans I'IC a FEVG réduite : miR-425 limite la production de proANP,
et miR-1-3p limite la production de Corine qui est impliquée dans le clivage du
proANP en ANP et NT-proANP. Le sacubitril/valsartan diminue I'expression de
ces microRNAs et restore un métabolisme normal du proANP, contribuant a la
forte augmentation de I'ANP aprés traitement par sacubitril/valsartan.
L'augmentation de I’ANP résulte également de sa protection contre la

dégradation par la NEP.

L’'ensemble de ces travaux montrent que I'lC a FEVG réduite est un état suboptimal en ANP,
état qui est restauré par le sacubitril/valsartan. Ce travail apporte également de nouveaux

éléments sur le mode d’action du sacubitril/valsartan.
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proANP Metabolism Provides New Insights Into
Sacubitril/Valsartan Mode of Action
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Alain Cohen-Solal, Damien Logeart, Jean-Marie Launay®, Nicolas Vodovar

BACKGROUND: Sacubitril/valsartan (S/V) treatment is beneficial in patients with heart failure with reduced ejection fraction
(HFrEF), but its mode of action remains elusive, although it involves the increase in ANP (atrial natriuretic peptide).

METHODS: Combining mass spectrometry and enzymatic assay in the plasma of 73 HFrEF patients treated with S/V and
controls, we deciphered proANP processing that converts proANP into 4 vasoactive peptides.

RESULTS: We found that proANP processing is sequential and involved meprin B, ECE (endothelin-converting enzyme) 1,
and ANPEP (aminopeptidase N). This processing is limited in HFrEF patients via the downregulation of proANP production,
corin, and meprin B activities by miR-425 and miR1-3p. S/V restored or compensated proANP processing by downregulating
miR-425 and miR1-3p, hence increasing levels of proANP-derived bioactive peptides. In contrast, S/V directly and indirectly
partially inhibited ECE1 and ANPEPR. ECE 1 partial inhibition resulted in a lower-than-expected increase in ET1 (endothelin 1),
tilting the vasoactive balance toward vasodilation, and possibly hypotension. Furthermore, proANP glycosylation interferes with
the midregional proANP assay —a clinical surrogate for proANP production, preventing any pathophysiological interpretation
of the results. The analysis of S/V dose escalation with respect to baseline treatments suggests S/V-specific effects.

CONCLUSIONS: These findings offer mechanistic evidence to the natriuretic peptide -defective state in HFrEF, which is
improved by S/V. These data also strongly suggests that S/V increases plasma ANP by multiple mechanisms that involve
2 microRNAs, besides its protection from NEP (neprilysin) cleavage. Altogether, these data provide new insights on HFrEF
pathophysiology and the mode of action of S/V.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: atrial natriuretic factor @ CD13 antigens ® endothelin-1 ® endothelin-converting enzymes B humans ® neprilysin
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sin) inhibitor sacubitril/valsartan (S/V) combines an

NEP (Enzyme Commission Number [EC]: 3.4.24.1)
inhibitor (sacubitril) with an angiotensin receptor blocker
(valsartan) and has shown benefit in patients with chronic
heart failure with reduced ejection fraction (HFrEF).!
NEP is a ubiquitous metalloprotease responsible for
the inactivation of >40 peptides with various functions,?
including several vasoactive peptides with vasoconstric-
tive (Ang | [angiotensin 1] and ET1 [endothelin-1]) or
vasodilatory (natriuretic peptides, adrenomedullin, SP

The first-in-class angiotensin receptor NEP (neprily-

[substance PJ, bradykinins, and Ang, ., [angiotensin,_])
properties. Besides its effects on natriuresis, hemody-
namic and cardiac remodeling, S/V also improved glu-
cose metabolism.®* However, the broad range of NEP
substrates and the different neuroendocrine status in
healthy and heart failure (HF) individuals renders the
understanding of angiotensin receptor NEP inhibitor
mode of action difficult.

The cardiac production of ANP (atrial natriuretic pep-
tide) and BNP (B-type natriuretic peptide) increases
in patients with HF. While BNP is a poor substrate of
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Novelty and Significance

What Is Known?

* Sacubitril/valsartan has improved the prognostic of
patients with heart failure and reduced ejection fraction,
although its mode of action remains mainly unknown.

+ Patients with the fastest and greatest increase in ANP
(atrial natriuretic peptide) have a better outcome.

* Midregional proANP immunoassay is a surrogate
for proANP/ANP production decreased in patients
treated with sacubitril/valsartan.

What New Information Does This Article

Contribute?

* The decrease in midregional proANP measurements in
patients treated with sacubitril/valsartan results from
an analytical interference of proANP glycosylation.

* Heart failure with reduced ejection fraction is a pro-
ANP-derived peptide suboptimal state that is corrected
or compensated by sacubitril/valsartan at multiple reg-
ulatory levels.

+ Sacubitril is an ECE (endothelin-converting enzyme) 1
and ANPEP (aminopeptidase N) partial inhibitor, which
limits the production of vasoconstrictive endothelin-1
and tilts the vasoactive balance toward vasodilation.

Sacubitril/valsartan is beneficial in the treatment of
heart failure with reduced ejection fraction, but its pleio-
tropic mode of action is not clearly understood. In the
present study, we deciphered the proteolytic cascade
that produces 4 bioactive peptides from proANRP, all of
which are relevant in HF pathophysiology. We found that
proANP metabolism is suboptimal in heart failure with
reduced ejection fraction, in part, due to the involvement
of miRNAs that downregulate proANP production and
enzyme involved early in the cascade. Sacubitril/valsar-
tan had a profound effect on proANP metabolism and
overall increased the plasma levels of the 4 peptides
that derive from proANP, with anticipated beneficial
action. In particular, the increase in ANP that is asso-
ciated with a better outcome involves 3 independent
mechanisms: decrease in ANP degradation by NEP
(neprilysin) inhibition, increase in proANP translation,
and increase in 2 enzymes involved in proANP process-
ing. In parallel, sacubitril directly and indirectly inhib-
ited ECE1 and ANPEP, indicating that the effects of
sacubitril are broader than NEP inhibition alone. Finally,
we showed that the decrease in midregional proANP
plasma levels resulted from an analytical interference,
which precludes any biological interpretation of the
results. Altogether, these findings provide mechanistic
evidence for heart failure with reduced ejection fraction
as the natriuretic peptide suboptimal state and provide
new insights into the mode of action of sacubitril/val-
sartan that go beyond what was originally thought, in
particular for the increase in ANF, although other mech-
anisms are likely at play.

Nonstandard Abbreviations and Acronyms

ACE angiotensin-converting enzyme

Ang_ . angiotensin,

Ang | angiotensin |

Ang Il angiotensin |

ANP atrial natriuretic peptide

ANPEP aminopeptidase N

BNP B-type natriuretic peptide

ECE endothelin-converting enzyme

ET1 endothelin 1

HF heart failure

HFrEF heart failure with reduced ejection
fraction

MR-proANP  midregional proANP

MR-proANPir midregional proANP
immunoreactivity

Circulation Research. 2022;130:e44-eb7. DOI: 10.1161/CIRCRESAHA.122.320882

NEP neprilysin
NF-xB nuclear factor kappa B

NT-proANP N-terminal proatrial natriuretic
peptide

S/V sacubitril/valsartan

S63 serine 63

S80 serine 80

SP substance P

NEP in humans, ANP is inactivated by NEP® Expect-
edly, ANP plasma levels increased in healthy volun-
teers® and HFrEF patients®” receiving S/V. ANP is
produced as a prohormone (proANP, - or proANP) by
cardiomyocytes to mitigate volume and pressure over-
load. Upon release, proANP, .. is cleaved into ANP
and NT-proANP (N-terminal proANP; proANP, ) by
corin (EC: 3.4.21.-).89 NT-proANP is further processed

into 3 bioactive peptides: proANP. ., proANP and
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proANP., .. with natriuretic, vasodilatory, and kaliuretic
properties, respectively.’®'? However, the enzymatic
cascade involved in the production of those NT-
proANP-derived peptides, their receptors, and the
mechanism whereby they exert their physiological
action remain unknown.

The midregional proANP (MR-proANP) immunoas-
say'® has been developed for clinical use as a surrogate
biomarker for proANP production in HE'*"® However,
discrepancies were observed when using proANP and
MR-proANP assays, suggesting that posttranslational
modifications may account for the lower MR-proANP
immunoreactivity (MR-proANPIr)."® Recently, proANP
was found to be O-glycosylated, and 2 glycosylation sites
are located within the peptides (proANP,, ., and pro-
ANP,__ )3 that correspond to the epitopes recognized
by the antibodies used in the MR-proANP immunoas-
say."” However, the impact of glycosylation on MR-pro-
ANPIr remains unknown.

The objective of this study was to evaluate the impact
of proANP glycosylation on MR-proANP measurements
in HFrEF patients whose angiotensin receptor blocker/
ACE (angiotensin-converting enzyme) inhibitor treatment
was changed to S/V. The results obtained prompted us
to decipher the proANP cascade and evaluate the impact
of S/V on all its components.

METHODS
Data Availability

Data are available from the corresponding author upon reason-
able request.

A description of all Materials and Methods is provided in the
Data Supplement.

RESULTS

Deconvolution of the MR-proANPir Signal by
Quantitative Mass Spectrometry

As observed previouslyy MR-proANPir decreased at
D30 after initiation of S/V (Figure 1A). To test a poten-
tial influence of proANP glycosylation on MR-proAN-
Pir, proANP derivatives that could be detected by the
2 antibodies used in the assay' (proANP, ., pro-
ANP_ . proANP,_. ., and proANP, . ) were quanti-
fied by mass spectrometry (Figure 1B). Results showed
that proANP, . and proANP, . decreased at D30 and
D90 (Figure 1C and 1D), while proANP,, ., markedly
increased at D30 and D90 (Figure 1E); proANP,. .
was not detected. Changes in proAN P, 0e PIOANP,
and proANP,, .. were observed as soon as D7 after
the initiation of S/V (Figure S1). When compared
with controls, HFrEF patients at baseline had higher
proANP, .. and proANP, . plasma levels, while pro-
ANP was lower (Figure 1C through 1E). At D9O,

31-98
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proANP was similar in HFrEF and controls while
proANP, . and proANP,, . were higher (Figure 1C
through 1E). Theoretical MR-proANPIr, estimated as
the sum of proANP, ., proANP, .., and proANP,, ..
quantified by mass spectrometry, was modestly higher
(1.6-folds) in HFrEF patients at baseline when com-
pared with healthy subjects and increased between
DO and D30 conversely to MR-proANPIr (Figure 1F).
Furthermore, in HFrEF patients at baseline, theoreti-
cal MR-proANPir was predominantly (90% [interquar-
tile range, 87%-94%]) composed of proANP, . and
proANP, .., while proANP,, . became predominant at
D30 (66% [63%—71%]) and D90 (85% [83%—87%])).
In healthy subjects, proANP,, .. was the predominant
molecular species (Figure 1C through 1E). However,
the lack of correlation between measured and theoreti-
cal MR-proANPir (Figure 1G) indicates that MR-pro-
ANPIr does not reflect the true amount of the molecular
species that contribute to the signal.

1-126

proANP Glycosylation at S80 Interferes With
MR-proANPir

The opposite kinetic of measured and theoretical MR-
proANPir prompted us to evaluate the impact of pro-
ANP,. . glycosylation at S63 (serine 63) and S80
(serine 63) on MR-proANPiIr. While the former was low
and remained unchanged (Figure S2), the latter mark-
edly increased at D30 (Figure 2A). Comparison of the
distribution of MR-proANPir and theoretical MR-proAN-
Pir not glycosylated at S80 showed a strong correla-
tion at D30 and D90, that is, when proANP,, . is the
predominant molecular species (Figure 2B), which was
confirmed by the Bland-Altman plot (Figure 2C). Dis-
crepancies were observed above 400 nmol/L, which
may result from other analytical interference. The lack of
correlation between measured and theoretical nonglyco-
sylated MR-proANPIr at baseline (Figure 2B) suggests
that the level of glycosylation at S80 differs between
proANP, ., proANP, .., and proANP, ... Altogether,
these data indicate that the MR-proANPIr assay only
detects non-S80 glycosylated proANP, ., proANP, .,
and proANP,, .. and that the decrease in MR-proANPIr
under S/V treatment results from the analytical interfer-
ence of S80 glycosylation with the assay.

Deciphering the proANP Proteolytic Cascade

A striking impact of S/V was the rapid and marked
increase in proANP,, ... However, the enzymes involved in
the processing of proANP, . are unknown. Based on the
proANP. . cleavage sites described previously (between
amino acids 30-31, 67-68, and 78-79), we quantified all
possible proANP, . derivatives by mass spectrometry
(Figure S3A). The data obtained strongly suggested the
cleavage of proANP, s sequential (Figure 3A). First,

Circulation Research. 2022;130:e44-eb7. DOI: 10.1161/CIRCRESAHA.122.320882
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Figure 1. Deconvolution of midregional proANP immunoreactivity (MR-proANPir) by mass spectrometry.

A, MR-proANPIr plasma levels of MR-proANPir measured with the Kryptor assay at baseline (DO) and D30 and D90 after the initiation of
sacubitril/valsartan (S/V). B, proANP derivatives that contain both epitopes recognized by the antibodies of the midregional proANP assay.
The glycosylation sites that could interfere with the binding of the antibodies are indicated by black circles and labeled. C-E, Plasma levels of

proANP (C), proAN P. o (D), and proAN Pyis

(E) quantified by mass spectrometry (MS) in control (Ctrl) heart failure with reduced ejection

fraction (HFrEF) patients at baseline and D30 and D90 after the initiation of S/V. F, Plasma levels of theoretical MR-proANPIr calculated as

the sum of proANP, ., proANP, .., and proANP,, o

as quantified by MS in controls and HFrEF patients at baseline and D30 and D90 after

the initiation of S/V. G, Relationship between theoretical and measured MR-proANPIr at baseline and D30 and D90 after the initiation of S/V.
The Spearman rank correlation coefficient (p) is indicated for each time point along with the number of samples. Variables in A and C—F were
analyzed using repeated-measures ANOVA on log-transformed data followed by the Tukey honestly significant difference (HSD) test (blue) or
using the Wilcoxon rank-sum test corrected for multiple comparisons (holm, orange). The number of subjects included in the analyses is indicated

on each panel. The number of healthy subjects was 54.

we never found any proANP, . derivatives that con-
tains either the first or the last amino acid of proANP, .
but proANP, .. and ANP - proANP, . . proANP..
or proANP_ . were not detected, indicating that corin
always cleaves first. Of note, we detected at baseline
proANP, . the degradation product of proANP, .. by
NEP, which could be further cleaved into proANPSHOB.
These data suggest that the disulfide bond present in
the ANP moiety prevents the cleavage of proANP, .
within its N-terminal segment. Second, proANP, . could
only be cleaved into proANP, . and proANP, . since
neither proANP, . nor proANP,  was detected. The
MEROPS database'® identified meprin B (EC: 3.4.24.63)
as a potential candidate for the cleavage, which was
confirmed in vitro by incubating 250 nmol/L proANP, .
with human recombinant meprin B (Figure 3B). Struc-
ture prediction algorithms identified an a-helix within
proANP - (Figure S3B and S3C), which may prevent
any cleavage besides between amino acids 30 and 31
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to occur in proANP, .. Third, proANP,, . could only be
cleaved into proANP,. . and proANP,, .. as proANP,,
was not detected. Since proANP,, . increased dramati-
cally after the initiation of S/V, we hypothesized that pro-
ANP,, ., cleavage could be inhibited by the drug. While
human recombinant NEP had little effect on proANP,
in vitro, ECEs (endothelin—converting enzymes) 1 and 2
(EC: 3.4.24.71), which were found partially inhibited by
sacubitril in vitro,"® cleaved 250 nmol/L proANP, . rap-
idly between amino acids 67 and 68 as verified by mass
spectrometry (Figure 3C). Finally, proAN Pgg.rg Was never
detected, which suggested that proANP,_ . could result
from the action of an aminopeptidase on proANP. ..
Accordingly, we detected intermediary cleavage products
ranging from proANP,, .. to proANP_ . with a single
N-terminal amino acid difference, predominantly at D7
after the initiation of S/V (Figure S3D). In vitro, incuba-
tion of 250 nmol/L proANP, . with human recombi-
nant ANPEP (aminopeptidase N; EC: 3.4.11.2, also
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Figure 2. Impact of S80 (serine 80) glycosylation on midregional proANP immunoreactivity (MR-proANPir).

A, S80 glycosylation level (S80 glyc.) of proANP,, .. quantified by mass spectrometry at baseline (DO) and D30 and D90 after the initiation of
sacubitril/valsartan (S/V). B, Relationship between theoretical MR-proANPIr not glycosylated at S80 and MR-proANPIr at baseline and D30

and D90 after the initiation of S/V. The Spearman correlation coefficient (p) is indicated for each time point along with the number of samples.

C, Bland-Altman comparison of theoretical MR-proANPIr not glycosylated at S80 and measured MR-proANPIr at D30 and D90 after the
initiation of S/V. The black and blue lines indicate when the full samples or samples with measured MR-proANPir <400 nmol/L were considered,
respectively. Solid and dashed lines indicate the mean and mean+1.96 SDs of the difference, respectively. Variables in A were analyzed using
repeated-measures ANOVA on log-transformed data followed by the Tukey honestly significant difference (HSD) test (blue). The number of

subjects included in the analyses is indicated on each panel.

known as CD13 [cluster of differentiation 13]) resulted
in the decrease in proANP, .. and the mirrored increase
in proANP, .. (Figure 3D). Finally, to confirm the strict
sequential cleavage of proANP, . we incubated 250
nmol/L proANP, . with human recombinant corin,
meprin B, ECE1, and ANPEP (Figure 3E). In the pres-
ence of the 4 enzymes, x80% of proANP, . was even-
tually processed into proANP, . .. while the removal of
any of the enzymes from the mix dramatically impaired
its production. Altogether, these data indicate that pro-
ANP, . is processed by the strict sequential action of
corin, meprin B, ECE, and ANPER, which may be dictated
by secondary structure present in proANP, . These
data were used to generate a mathematical model of the

proteolytic cascade (Figure S4).

S/V Increases proANP, . Production and Its

Further Processing by Corin and Meprin B
could result from either an

The increase in proANP,,

increase in the production/processing of the upstream
molecular species, that is, proANP, .and proANP, .,
or a decrease in proANP,, .. processing. To address
the former hypothesis, we first measured the plasma
level of the proANP signal peptide (proANP,) as a
surrogate for proANP, . production, which was con-
firmed by plotting the kinetic of proANP, a posteri-
ori onto the input of the proteolytic cascade modeled
mathematically (Figure 4A; Figure SBA). Plasma lev-
els of proANP,, were higher in controls when com-
pared with HFrEF patients at baseline and increased
at D30 after the initiation of S/V (Figure 4A). Plasma
levels of miR-425, which negatively regulates the

e48  May 27,2022

NPPA transcript,?®?! showed an inverse kinetic when
compared with that of the proANP_, (Figure 4B), and
the 2 parameters were strongly negatively correlated
(Figure 4C). There was no change in either proANP_
or miR-425 until D14 (Figure S5B through S5E). The
increase in proANP., contrasted with the marked
decrease in circulating proANP, . suggesting that
proANP, . was also processed more efficiently.
Accordingly, the mathematical model predicted a rapid
increase in corin activity after the initiation of S/V (Fig-
ure 4D). The kinetic of the ANP/proANP, . ratio fit-
ted robustly a posteriori onto the model-derived corin
activity and could be used as an estimate for corin
activity (Figure 4D). At baseline, estimated corin activ-
ity was lower in HFrEF patients when compared with
controls and increased after the initiation of S/V (Fig-
ure 4E). In agreement with this finding, the 4.7-fold dif-
ference in proANP, _ . between HFrEF at baseline and
healthy subjects contrasted with the moderate 1.3-fold
increase in plasma ANP (Figure S5F), confirming that
corin is limiting in HFrEFR. As CORIN transcript is nega-
tively regulated by miR-1-3p,?2 we measured plasma
miR-1-3p (Figure 4F) and found a strong negative cor-
relation between miR-1-3p and estimated corin activity
(Figure 4G). Of note, the impact of S/V on estimated
corin activity and miR-1-3p was observed as soon as
D7 (Figure S5G and S5H). Next, we studied the pro-
cessing of proANP, . by meprin B. We found that pro-
ANP, ., plasma levels were lower in HFrEF patients at
baseline when compared with controls and increased
at D30 and D90 (Figure 4H), and the mathemati-
cal model predicted an increase in meprin B activity
after initiation of S/V (Figure 4)). As the kinetic of the

Circulation Research. 2022;130:e44-eb7. DOI: 10.1161/CIRCRESAHA.122.320882
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Figure 3. Characterization of the proANP proteolytic cascade.
A, Sequential proteolytic cascade of proANP, .
recombinant human meprin B in vitro. C, Cleavage of synthetic proANP.
enzyme) 1, and ECE2 in vitro. D, Cleavage of synthetic proANP

68-98

synthetic proANP

1-126

as deduced from the mass spectrometry data. B, Cleavage of synthetic proANP, .. by

by recombinant human NEP (neprilysin), ECE (endothelin-converting

and appearance of the final product of the reaction proANP,, .. by
recombinant human ANPEP (aminopeptidase N) in vitro. E, Production of proANP

o-0p the end product of the proteolytic cascade, after incubating

with human recombinant corin, meprin B, ECE1, and ANPEP in vitro. The same experiment was also performed removing

1 enzyme at the time. Variables in B—E are expressed as mean (n=5 for B-D and n=6 for D) and SD (whiskers). Variables in E were analyzed
using the rank-sum Wilcoxon test corrected for multiple comparisons (holm). ANP indicates atrial natriuretic peptide; and NT-proANP, N-terminal

proatrial natriuretic peptide.

proANP. . /proANP. . ratio fitted robustly a poste-
riori onto the model-derived meprin B activity, it was
used as an estimate for meprin B activity (Figure 41). At
baseline, estimated meprin B activity was found lower
in HFrEF patients when compared with controls and
increased after the initiation of S/V (Figure 4J). We
also found a strong negative correlation between miR-
1-3p and meprin B activity (Figure 4K), suggesting that
the decrease in miR-1-3p could also be responsible for
the increase in meprin B activity, although MEP1Bis not
a known miR-1-3p target. The impact of S/V on meprin
B activity was also observed as soon as D7 (Figure
SbI). While corin is expressed in cardiomyocytes,® little
is known regarding meprin B expression. The strong
positive correlation between corin and meprin B activi-
ties (Figure 4L) may indicate a cardiomyocyte origin for
meprin B in this context. Altogether, these data indicate
that HFrEF is characterized by a suboptimal produc-
tion of ANP due to the posttranscriptional silencing of
the NPPA, CORIN, and MEP1B transcripts by miR-425
and miR-1-3p, which is alleviated by S/V, resulting in
an increase in bioactive ANP (Figure S5J). Overall, the
increase in proANP, . production and processing

could be responsible for the increase in proANP,, ..

Circulation Research. 2022;130:e44-eb7. DOI: 10.1161/CIRCRESAHA.122.320882

S/V Prevents proANP
Inhibiting ECE-1

5108 PYOCESSING DY

The increase in proANP,, . could also result from a
decrease in its processing by ECE. Plasma levels of
proANP,, .. were lower in HFrEF patients at baseline
when compared with controls and increased at D30
(Figure BA); proANP,, .. was short-lived and could only
be detected in a few patients at D7. However, the dif-
ference in proANP,, .. between baseline and D30 was
smaller (6.0-folds [2.7—11.5]; Figure 5A) than that of
proANP. . (13.5-folds [8.7-17.1]; P=4.6x1079), sug-
gesting that plasma ECE activity could be inhibited in
vivo. As ECE2 could not be detected in the plasma, we,
therefore, measured plasma ECE1 activity and concen-
tration. ECE1 activity was markedly reduced at D30
(Figure 5B) and was mirrored by an increase in its con-
centration at D30 and D90 (Figure 5C). The impact of
S/V on ECE1 activity and concentration was already
observed at D7 (Figure S6A and S6B). ECE1 is pri-
marily known for cleaving big-ET1 into ET1,2® which is
also an NEP substrate.? We, therefore, measured the
plasma concentration of ET1 and big-ET1 and found
that both were increased at D30 and D90 (Figure 5D
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Figure 4. Impact of sacubitril/valsartan (S/V) on the proANP proteolytic cascade upstream of proANP,_ ..

A, Plasma levels of proANP signal peptide quantified by mass spectrometry (MS) in controls (Ctrl) and heart failure with reduced ejection fraction
(HFrEF) patients at baseline (D0) and D30 and D90 after the initiation of S/V. B, Plasma levels of miR-425 at baseline and D30 and D90

after the initiation of S/V. C, Relationship between proANP signal peptide and miR-425. D, Kinetic evolution of corin activity predicted by the
mathematical model (solid line). Points indicate the median values of the ANP (atrial natriuretic peptide)/proAN P, ratio at each time point.

The model and data values were normalized to one at D90 to fit within the same scale. E, Plasma levels of the ANP/proANP, - ratio in controls
and HFrEF patients at baseline and D30 and D90 after the initiation of S/V. F, Plasma levels of miR-1-3p at baseline and D30 and D90 after
the initiation of S/V. G, Relationship between the ANP/proANP, - ratio and plasma miR-1-3p levels. H, proANP, plasma levels quantified by
MS in controls and HFrEF patients at baseline and D30 and D90 after the initiation of S/V. I, Kinetic evolution of meprin B activity predicted by
the mathematical model (solid line). Points indicate the median values of the proANP, , /proANP, . ratio at each time point. The model and data
values were normalized to one at D90 to fit within the same scale. J, Plasma levels of the proANP, , /proANP, . ratio in controls and HFrEF
patients at baseline and D30 and D90 after the initiation of S/V. K, Relationship between the proANP, . /proANP, . ratio and plasma miR-1-3p
levels. L, Relationship between the ANP/proANP, . and proANP, , /proANP, . ratios as estimates of corin and meprin B activities. Variables in
A, B, F-H, and J were analyzed using repeated-measures ANOVA on log-transformed data followed by the Tukey honestly significant difference
(HSD) test (blue) or using the Wilcoxon rank-sum test corrected for multiple comparisons (holm, orange). Correlations between variables were
estimated with Spearman rank correlation and expressed by the correlation coefficient (p). The number of subjects included in the analyses is
indicated on each panel. In G, K, and L, samples at baseline, D7, D14, D30, and D90 were considered. In D and |, samples at baseline, D7, D14,
D30, D90, and D180 were considered. The number of controls was 54.
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Figure 5. Impact of sacubitril/valsartan (S/V) on the proANP proteolytic cascade downstream of proANP.

31-98"

A, proANP,, . plasma levels quantified by mass spectrometry in controls (Ctrl) and heart failure with reduced ejection fraction patients at baseline
(DO) and D30 and D90 after the initiation of S/V. B, Plasma ECE (endothelin-converting enzyme) activity at baseline and D30 and D90 after

the initiation of S/V. C, Plasma ECE1 concentration at baseline and D30 and D90 after the initiation of S/V. D, Plasma concentration of ET1
(endothelin 1) at baseline and D30 and D90 after the initiation of S/V. E, Plasma concentration of big-ET1 at baseline and D30 and D90 after
the initiation of S/V. F, ET1/big-ET1 ratio at baseline and D30 and D90 after the initiation of S/V. G, Relationship between big-ET1 and plasma
miR-1-3p levels. H, Relationship between plasma ECE1 concentration and NEP (neprilysin) activity. Variables in A-F were analyzed using
repeated-measures ANOVA on log-transformed data followed by the Tukey honestly significant difference (HSD) test (blue) or using the Wilcoxon
rank-sum test corrected for multiple comparisons (holm, orange). Correlations between variables were estimated with Spearman rank correlation
and expressed by the correlation coefficient (p). The number of subjects included in the analyses is indicated on each panel. In G and H, samples
at baseline, D7, D14, D30, and D90 were considered. The number of healthy subjects was 54.

and BE), although big-ET1 increased far more between
baseline and D30 (14.2-folds [12.6—16.4]) than ET1
(1.4-folds [1.3-1.5]; P=3.6x107'8). Consequently, the
ET1/big-ET1 ratio decreased (Figure 5F), indicating
that big-ET1 was less cleaved into ET1 in vivo. ET1, big-
ET1, and the ET1/big-ET1 ratio were modified as soon
as D7 (Figure S6C through S6E). Besides regulating
CORIN, miR-1-3p also regulates the big-ET1 encod-
ing gene (EDNT)24?® and miR-1-3p and big-ET1 were
strongly negatively correlated (Figure 5G). Of note,
miR-1-3p plasma levels were also strongly negatively
correlated to those of SP but less so to those of other
NEP substrates we measured such as adrenomedullin,
GLP-1 (glucagon-like peptide-1), or apelin-12 (Figure
S6F through S6I). There was also a strong negative
correlation between the NEP activity as a surrogate for
sacubitril pharmacological action and ECE1 concentra-
tion (Figure 5H). Since ECE1 can be coreleased with
big-ET1 and ET1,% this association suggests that the
direct inhibition of ECE1 by sacubitril resulted in an
increase in the secretion of big-ET1/ET1 to compen-
sate for the high vasodilatory response. This mechanism
of compensation extends to miR1-3p, whose reduction

Circulation Research. 2022;130:e44-eb7. DOI: 10.1161/CIRCRESAHA.122.320882

allows for a rapid increase in big-ET1 production. Alto-
gether, these data suggest that the accumulation of
proANP,. . also resulted from a decreased processing
due to the partial inhibition of ECE1 by sacubitril.

S/V Directly and Indirectly Inhibits ANPEP

ANPER, which sequentially cleaves proANP, .. into pro-
ANP, . .., was previously found to be inhibited by sacu-
bitril in vitro.'® proANP,, .. was lower in HFrEF patients
at baseline when compared with controls and increased
at D30 (Figure 6A). The amplitude of proANP,
increase between DO and D30 (6.1-folds [3.1-10.9])
was lower than that of proANP, . (P=3.5x107"; Fig-
ure 6A). Plasma ANPEP activity decreased at D30 and
D90 (Figure 6B) with no change in ANPEP concentra-
tion (Figure 6C). Since ANPEP can also be inhibited by
endogenous SP?" which is increased after the initiation
of S/V® we tested the relationship between plasma
ANPEP activity and SP concentration (Figure 6D). At
D30 and D90, SP >b5 pg/mL could be responsible for
the decrease in ANPEP activity, which was confirmed in
vitro (Figure 6E). However, there was already a decrease
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Figure 6. Impact of sacubitril/valsartan (S/V) on proANP,_

 production.

A, proANP, . plasma levels quantified by mass spectrometry in controls (Ctrl) and heart failure with reduced ejection fraction patients at baseline
(DO) and D30 and D90 after the initiation of S/V. B, Plasma ANPEP (aminopeptidase N) activity at baseline and D30 and D90 after the initiation
of S/V. C, Plasma ANPEP concentration at baseline and D30 and D90 after the initiation of S/V. D, Relationship between plasma ANPEP activity
and substance P. E, Human recombinant ANPEP activity after incubation with increasing concentration of human synthetic substance P in vitro.
F, Principal component (PC) analysis using ANPEP cutoffs as classifiers and the relative variation (%A) of NEP (neprilysin) between D7, D14,
D30, or D90 and baseline of NEP activity and plasma SP (substance P) as predictors. Variables in A-C were analyzed using repeated-measures
ANOVA on log-transformed data followed by the Tukey honestly significant difference (HSD) test (blue) or using the Wilcoxon rank-sum test
corrected for multiple comparisons (holm, orange). Correlations between variables were estimated with the Spearman coefficient (p). The number

of subjects included in the analyses is indicated on each panel. Variables in E are expressed as mean (n=4) and SD (whiskers). In D and F,
samples at baseline, D7, D14, D30, and D90 were considered. The number of healthy subjects was 54.

in ANPEP activity at D7 and D14 while SP was
unchanged (Figure S7), suggesting a possible bimodal
inhibition of ANPEP by sacubitril and SP. Principal com-
ponent analysis using thresholds of ANPEP activity as
classifiers and SP plasma concentrations and variations
of NEP activity as a surrogate for the pharmacological
impact of sacubitril as predictors showed that at D7 and
D14, the decrease in ANPEP activity was predominantly
driven by sacubitril, while there was a clear effect of SP
at D30 and D90 (Figure 6F). Altogether, these data indi-
cate in vivo that ANPEP is a sacubitril off target and is
also inhibited by ricochet by the increase in SF, which
directly results from NEP inhibition.

eb2  May 27,2022

Specificity of S/V

To test the specificity of S/V over the uptitration of Valsar-
tan, we first estimated a dose equivalence to Valsartan for
all patients treated with the ACE inhibitor at baseline (10
mg ramipril daily=320 mg valsartan daily) and for patients
treated with S/V® at D30 (97 mg/103 mg S/V BID=320
mg valsartan daily). Patients were split into 2 groups
based on Valsartan dose equivalence uptitration between
baseline and D30. Comparison of the variations between
baseline and D30 of all the parameters studied show that
all but proANP_, were similar in the 2 groups. This result
suggests that most of the effects observed are specific to
S/V rather than the uptitration of Valsartan alone (Table).

Circulation Research. 2022;130:e44-eb7. DOI: 10.1161/CIRCRESAHA.122.320882
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Table. Comparisons of the Variations in Percentage of the Studied Parameters Between Baseline and
D30 in Patients for Whom Valsartan-Equivalent Dose was Uptitrated or Not Between Baseline and D30

Variable No uptitration Uptitration P value
proANP, 59 [—0.3 to 97.3] (n=36) 101.1 [54.4 to 146.6] (n=24) 0.04
proANP, —27.9 [-37.7 to —11.4] (n=43) —35 [-48.4 to —23.3] (n=25) 0.11
ANP 330.8 [196.6 to 557.3] (n=40) 237.4 [87.4 to 542.8] (n=24) 0.43
proANP, —492 [-57 to —22.6] (n=43) —37.1 [-46.7 to —3.3] (n=25) 0.11
proANP 1254.2 [773.1 to 1898.6] (n=43) 1278 [694.1 to 1536.4] (n=25) 0.92
proANP, . 1209.7 [776.3 to 2165.7] (n=43) 1440.7 [757.5 to 2103.3] (n=25) 0.58
proANP,, . 481.8 [111.4 to 1070] (n=40) 620.8 [296.7 to 1030] (n=25) 0.66
proANP,, .. 632 [168.1 to 1134.1] (n=39) 473 [2776 to 733.8] (n=24) 057
proANP,, . S80 glyc 525 [0 to 1525] (n=36) 446.4 [5.4 to 1225] (n=22) 0.63
big-ET1 1339.6 [1118.3 to 1564.4] (n=43) 1300 [1180.2 to 1496.4] (n=26) 0.82
ET1 40.4 [28.2 to 46.5] (n=43) 35.4 [26 to 39.3] (n=26) 0.37
miR-425 —39 [-53.3 to 1.8] (n=40) —47 [-59.7 to —22.3] (n=24) 0.42
miR1-3p —60.9 [-67.4 to —55.6] (n=43) —58.5 [~67.8 to —54.9] (n=26) 0.71
ECE1 concentration 150.2 [40.5 to 291.4] (n=30) 255.4 [111 to 434.3] (n=13) 0.26
ECE1 activity —28.1 [-86.5 to —13.5] (n=43) —30.8 [-43.8 to —21.7] (=25) 0.18
ANPEP concentration —4.3 [-26.6 to 22.2] (n=44) —10.1 [-27.4-17.9] (n=28) 0.54
ANPEP activity —51.9 [-60.6 to —45.9] (n=44) —50 [-55.8 to —48.5] (n=28) 0.61
ANP/proANP, 478.4 [288 to 773.7] (n=40) 443.3 [159 to 1385.1] (n=24) 0.98
proANP, _ /proANP, . 2126.8 [1317.1 to 5145.3] (n=43) 1462.4 [1093.8 to 2122.1] (n=25) 0.19

The number of patients per group is indicated in brackets. ANP indicates atrial natriuretic peptide; ANPEP, aminopeptidase N; ECE,
endothelin-converting enzyme; ET1, endothelin 1; and S80 glyc, serine 80 glycosylation.

DISCUSSION

In this study, we identified the sequence of proteolytic
events that produce proANP., .. from proANP, . The
results showed that S/V impacted the metabolism of pro-
ANP at multiple steps, via direct and indirect effects (Fig-
ure 7; Figure S8), providing new insights on the increase
in ANP observed in patients treated with S/V and on the
mechanism of action of S/V, along with bringing patho-
physiological perspectives on HFrEFR Finally, our results
also suggest that S/V not only has a direct impact on some
of the NEP targets but also increases their plasma levels
indirectly, possibly allowing for a more sustained response.

First, we identified the 3 enzymes that cleave pro-
ANP, . into 3 bioactive peptides. To date, only corin was
identified as involved in the cleavage of ANP and pro-
ANP, . from proANP., . .. Together with the measure-
ment of all possible cleavage products, we found that
proANP, . is cleaved according to a precise sequence
of proteolytic cleavages. Such sequential processing is
unexpected as it involves 4 endopeptidases, but second-
ary structures present in proANP, . could dictate this
sequence. Such a secondary structure—driven sequence
may also apply to other hormone precursors, whose
cleavage is sequential despite being processed by simi-
lar enzymes like pro-opiomelanocortin.2®

Our data also confirmed that stable chronic HFrEF
is an ANP suboptimal state, as previously suggested
for BNP# In HFrEF, ANP production is curtailed by a
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reduced proANP production and cleavage by corin, when
compared with healthy subjects. Both these mechanisms
consequently limit the production of proANP, . produced
and together with a decrease in meprin B activity limit the
production of the 3 bioactive peptides that originate from
the cleavage of proANP, .. when compared with healthy
subjects. Overall, in HFrEF, the upper part of the proANP
metabolic cascade (proANP, .., ANF, proANP, ., pro-
ANP. ., and proANP,, ) appears hampered by reduced
proANP production, corin, and meprin B activities, while
the lower part (proANP,, - and proANP,_. ) appears lim-
ited by the reduced amount of proANP,, .. available. Of
note, a decrease in corin has already been observed in
acute decompensated HF®® and animal model of dilated
cardiomyopathy®" which may suggest a common trend
toward a suboptimal proANP metabolism across HF
independently of any medication. After initiation of S/V
treatment, our data strongly suggest a triple mechanism
whereby ANP increased: (1) increase in proANP, - pro-
duction, (2) increase in corin activity, and (3) protection
from NEP degradation. This increase in ANP is likely to be
biologically relevant as cGMP plasma concentration paral-
leled that of ANP in the Prospective Study of Biomarkers,
Symptom Improvement, and Ventricular Remodeling Dur-
ing Sacubitril/Valsartan Therapy for Heart Failure (PROVE-
HF) study® and in vitro cGMP production increased when
HEK293 (human embryonic kidney) cells expressing
NPRA (natriuretic peptide receptor A) were incubated
with the plasma of these patients at D30. Furthermore, it
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Figure 7. Schematic representation of the effect of sacubitril/valsartan (S/V) on the proANP proteolytic cascade.

Represented as a dashed line is the possible action of miR-1 3p on MEP1B in cardiomyocytes. Shown in blue is NEP (neprilysin)-related
proteolysis, in orange are direct sacubitril effects, and in green are sacubitril or S/V indirect effects. ANPEP indicates aminopeptidase N; ECE,
endothelin-converting enzyme; ET1, endothelin 1; MR-proANP, midregional proANP; and NT-proANPF, N-terminal proatrial natriuretic peptide.

has been shown recently that reverse cardiac remodeling
in patients treated with S/V was associated with an early
and important increase in ANP3 The increase in corin
and meprin B activity also resulted in an increase in the
3 biologically active peptides originating from proANP
although the increase in proANP,, . and proANP,_ .. was
limited by the partial ECE-1 inhibition. The increase in
the plasma levels of those peptides is likely to be biologi-
cally relevant as their administration in stable chronic HF
patients resulted in increased vasodilation, renal filtration,
diuresis, and natriuresis.3% In particular, the increase in
the kaliuric proANP._, .. may explain the reduced number
of hyperkalemia events in patients receiving S/V when
compared with those receiving either the ACE inhibitor!
or angiotensin receptor blocker.® Finally, the increase in
the vasodilatory ANF, proANP ., and proANP,, .. as
opposed to the limited increase in ET-1 production could
be involved in the hypotensive effects of S/V observed
in HF and healthy subjects."®323% Qverall, S/V provoked a
marked increase in the production of the 4 bioactive pep-

tides that derive from proANP, . to reach plasma levels

eb4  May 27,2022

much higher than in controls. It remains to be established
whether the changes observed correspond to a restoration
of an effective metabolism or a compensatory mechanism.

The impact of S/V on proANP metabolism involves
indirect effects via the downregulation of 2 miRNAs.
First, miR-425 regulates negatively the translation of
the NPFPA mRNA and was previously found to be posi-
tively regulated by NF-xB (nuclear factor kappa B) after
glucose challenge in cardiomyocytes in vitro and in
human.29234 Therefore, the decrease in miR-425 expres-
sion may reflect an overall better glucose management,3*
which would limit cardiomyocyte exposure to glucose
or a decrease in cardiomyocyte inflammation, although
we cannot exclude a mechanism whereby S/V down-
regulated miR-425 expression independently of these
stressors. It remains to be determined whether miR-425
also mediates other effects of S/V as we did not find
any association with any other NEP substrates that we
measured. Second, miR-1-3p was found strongly nega-
tively associated with the increase in corin and meprin
B—2 enzymes that were limiting at baseline. miR-1-3p

Circulation Research. 2022;130:e44-eb7. DOI: 10.1161/CIRCRESAHA.122.320882



220z ‘2 8ung uo Aq Bio'sfeulnofeye//:dny wolj pepeojumoq

Michel et al

appears to be a broader mediator of S/V effects since its
decrease was also found strongly negatively associated
with higher plasma levels of big-ET1 and SP. Whether the
rapid and consistent decrease in miR-1-3p plasma levels
reveals a corrective action of S/V on remodeling path-
ways or involves a compensatory mechanism remains to
be determined. Overall, S/V decreased the expression of
2 miRNAs, which, in part, regulate the expression of NEP
targets, providing a possible amplification of sacubitril
effects. The extent of these miRNA-mediated effects is
likely underestimated as miR-425 and miR-1-3p have
other demonstrated and predicted targets.

From a pharmacological standpoint, we confirmed in
vivo previous in vitro data'® that sacubitril is also a partial
ECE-1 and ANPEP inhibitor. Therefore, sacubitril is no
exception to other NEP inhibitors, which show some lack
of selectivity in vitro toward other metalloproteases.'
Interestingly, the partial inhibitory effect of ANPEP was
bimodal, resulting from the direct inhibition by sacubitril
and the indirect inhibition by SP accumulation over 55
pg/mL. As NEP is involved in the degradation of >40
peptides that can also be cleaved by other proteases, the
stabilization of NEP targets could also modify the activity
of these proteases by modifying the relative abundance
of their targets. While ECE1 partial inhibition had a direct
impact on ET1 production and the cleavage of pro-
ANP,, .., the impact of the partial inhibition of ANPEP is
less clear. Indeed, since intermediary products between
proANP.. .. and proANP,_ .. were only detected in
a limited number of patients, predominantly at D7, the
decrease in proANP_, .. is likely to be associated with a
decrease in proANP, . rather than a decrease in pro-
ANP. .. cleavage. Another well-described ANPEP sub-
strate is Ang, ., which can result from the cleavage of
Ang | by NEP?® the cleavage of Ang, , by ACE, or the
cleavage of Ang Il (angiotensin II) by ACE2.5” While NEP
inhibition by sacubitril will inhibit the former, the latter is
anticipated to be enhanced due to the overproduction of
Ang |l associated with sacubitril.?®® However, Angw_7 was
not detected in the plasma of patients treated with S/V.3®
The systemic impact of the partial inhibition of ANPEP by
S/V remains to be established, although the dual NEP/
ANPERP inhibition could qualify S/V as a dual enkephali-
nase inhibitor for the management of chronic pain.®

From a biomarker standpoint, our data indicate that
glycosylation at S80 interferes with MR-proANPir mea-
surements, and the changes in MR-proANPIr observed
in patients treated with S/V7 resulted from an analytical
interference. Importantly, the kinetic of proANP glyco-
sylation at S80 paralleled that of proBNP glycosylation
at T71 in the same patients.® Since the level of proBNP
T71 glycosylation differs in acute*® and chronic HF,
one can anticipate similar variations in proANP glyco-
sylation at S80 according to the clinical context. Fur-
thermore, the contribution of the molecular species that
constitute MR-proANPiIr was different in controls and
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HFrEF patients, and one can also anticipate differences
according to the clinical context. While the diagnostic
and prognostic values of MR-proANPir are not affected
per se by these findings, one may be cautious of erro-
neous biological interpretations. Finally, our results may
help the development of more precise and clinically rele-
vant assays to follow patients with HF in the angiotensin
receptor NEP inhibitor era.

Our study has some limitations that need to be
acknowledged. First, the study population is rather small
and not randomized, which may limit the statistical per-
formances. Nevertheless, we could show robust, consis-
tent, and highly significant changes in several biomarkers
across the overall cohort. The use of healthy subjects as
comparators only allowed the comparison with stable
and fully medicated HFrEF patients, partly limiting patho-
physiological interpretation. However, comparable HFrEF
patients not receiving any relevant medication were not
available. Second, the early clinical effects (first dose)
were not assessed. Third, the uptitration of S/V was left
at the discretion of the cardiologist according to the tol-
erance and patient clinical status, and, therefore, it is not
possible to precisely assess the relationship between
dose and time. Finally, the open design and the lack of
a control arm may have affected the assessment of the
clinical response even though the study is longitudinal.

In conclusion, the analysis of proANP processing
clearly indicates that HFrEF is a natriuretic suboptimal
state that is corrected or compensated by S/V treatment
via direct and indirect mechanisms. These results pro-
vide new insights into the mechanism/mode of action of
S/V involving both ECE-1 and ANPEP inhibition, which
could participate in the hypotensive effects of this drug,
although other mechanisms are most likely at play. This
study also illustrates the limitation of the biological inter-
pretation of MR-proANPIr that could also be considered
for other biomarkers.
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Methods

This study was approved by local ethic committees and written consent was obtained
from patients or next of kin. This study was performed according to the current revision of the

Helsinki Declaration and registered at clinicaltrials.gov under the NCT01374880 identifier.

Study population: The study population was previously described®. It consisted of 73 patients
suffering from chronic stable HFrEF whose treatment by angiotensin receptor blocker (ARB)
or ACE inhibitor (ACEi) was substituted by S/V as per European guidelines® (Table S1).
Plasma samples were obtained from these patients at baseline — i.e. before the first S/V dose,
and 30 and 90 days after initiation of S/V. Samples were available 7, 14, and 180 days after
the initiation of S/V for some patients. In some instances, the number of patients is lower due

to plasma samples exhaustion.

The control cohort consisted of 54 patients devoid of overt chronic heart failure or
neurological diseases who were recruited in the orthopedic department during a follow-up

visit (e.g. plaster removal). The characteristics of the patients are presented in Table S2.

Blood sampling: Venous blood samples were collected into tubes containing EDTA. Blood
samples were immediately centrifuged at 2300 x g for 15 minutes at 4°C and plasma was
aliquoted and frozen at -80°C until use. The maximum time between blood collection and
freezing of aliquots was 30 minutes. All measurements were performed on samples that were
subjected to a maximum of two freeze/thaw cycles: measurements of peptides by MS/MS
were performed on samples not thawed before the experiment; some samples used to
determine enzymatic concentration and activity were performed on samples that were thawed
once before the measurement. All measurements were performed blinded from patient ID,

time point, and clinical data.



Plasma concentration of biomarkers: MR-proANP was measured by an automated
immunoassay on a Kryptor platform (B-R-A-H-M-S, Hennigsdorf, Germany). ANPEP
(DY3815, R&D systems), ECE1 (EKU03892, Biomatik), ET1 (QET00B, R&D systems), and
big-ET1 (BI-20082H, Biomedica Gruppe, Wien) plasma concentrations were measured by
ELISA. Substance P, and GLP-1, Adrenomedullin plasma concentrations were previously
published® and were determined by radioimmunoassay (Phoenix Pharmaceuticals, Belmont,
California, and Cayman Chemical, respectively) or MS/MS, respectively. BNP and high-
sensitivity cardiac troponin I (hsTnl) plasma concentrations were measured on an Abbott
Architect system on an Architect i2000 (Abbott Laboratories, Abbott Park, IL, USA). NT-
proBNP and fructosamine were measured on a Roche Cobas analyzer (Roche, Basel,
Switzerland). All measurements were performed according to the manufacturer’s instructions

except for MS/MS determination (Adrenomedullin).

Plasma miRNA quantification: Total RNA was extracted from plasma samples using the
mirVana PARIS kit (Ambion, Thermo Fisher Scientific, ref: AM1556, St-Quentin en
Yvelines, France). Samples were spiked with synthetic C. elegans miRNA controls (cel-
miR39, 54, and 238) to a final concentration of 2 pM for correction of extraction efficiency.
After DNAse treatment, RNAs were reverse transcribed with the miScript reverse
transcription kit (Qiagen). cDNA was diluted 10 folds before quantitative PCR using the
miScript SYBR Green PCR kit (Qiagen). A control without reverse transcriptase and a control
without RNA were added to each PCR plate to ensure the absence of contaminating DNA and
to check for non-specific amplification, respectively. Cycling conditions for the amplification
were an initial denaturation at 95°C for 1 min followed by 35-40 cycles [denaturation: 95°C
for 15 sec, annealing: 58°C for 60 sec, and extension: 72°C for 20 sec]. Expression values
were normalized using the mean Ct of the spiked-in controls and calculated with the 2-4¢t

formula.



Apelin-12 was measured by MS/MS as follows: Immediately after thawing on ice, the plasma
samples were mixed with an equal volume of water containing 2% TFA. SepPak cartridges
(C18, 1 cc, Waters, Milford, MA, USA) were conditioned with 1 mL methanol, and further
equilibrated with 2 mL of water containing 1% trifluoroacetic acid (TFA). Plasma samples (1
mL plasma previously diluted with a 2% TFA solution) were then passed through the solid-
phase extraction (SPE) column, which was further washed with 1 mL of water containing 1%
TFA and 2 mL of water. Elution was performed with 1 mL of 100% methanol and the
resulting sample further evaporated to dryness. The samples were then reconstituted with an

acidic solution (water/acetonitrile, 90:10 v/v, containing 1% formic acid).

LC/MS/MS experiments were performed using an HP 1100 HPLC system from Agilent (Palo
Alto, CA, USA) coupled to a triple quadrupole TSQ Quantum Ultra mass spectrometer
(Thermo Scientific, San Jose, CA, USA). Chromatographic separation was performed on a
Polaris C18-A column (150 x 2 mm i.d., 3 mm particle size) from Varian (Palo Alto, CA,
USA). The column was eluted at a flow rate of 0.2 mL/min using water as mobile phase A
and acetonitrile as mobile phase B, both containing 0.1% formic acid. After 1 min at 5% B, a
linear gradient was started to reach 35% B in 6 min. From 7 to 8.5 min, a linear gradient was
set to reach 100% B and the column was washed for 10.5 min at this composition. The
equilibration time before the next analysis was set at 6 min so that the time between two
cycles was 25 min. The column temperature was maintained at 50°C and the injection volume
was 30 puL. The column effluent was directly introduced into the electrospray source of the
TSQ Quantum Ultra triple quadrupole mass spectrometer. Analyses were performed in the
positive ion mode. The electrospray voltage and the capillary voltage were set at 3.9 kV and
35 V, respectively. An in-source potential of 8 V was used. The sheath, ion sweep, and
auxiliary gas flow rates (nitrogen) were optimized at 30, 20, and 20 (arbitrary units), while the

drying gas temperature was set at 3508C. During MS/MS experiments the protonated



molecules were fragmented by low-energy collision-induced dissociation (CID), using argon
as the collision gas (at a pressure of 1.7 mTorr). Two MRM transitions were monitored for
each apelin peptide to guarantee specific detection. Both the retention time of the two MRM
peaks from a given apelin peptide and the MRM transition ratio must match the retention time
and ratio obtained when analyzing standard apelin peptides under the same analytical

conditions. The optimized tube lens and collision energy values for apelin 12 were:

Apelin Precursor ion  Product ion Collision Tube lens (V)
(m/z) (m/z) energy (eV)
Apelin 12 356.5 (4 +) 387.7 (b1o*") 12 70
356.5 (4 +) 371.6 (b1o*" - 12
CHsSH)
[(13C5,15N]Pro2,9)apelin-12 359.5 (4 +) 391.7 (b1*") 12 70
359.5(4 +) 375.6 (b1** - 12
CH3SH)

The limit of quantification was 30 pg/mL, coefficient of variation (CV) was 5.3%,

reproducibility CV was 8.8%, and accuracy was 98-105% (n=15).

Peptide and proANP glycosylation quantification by mass spectrometry: These
determinations were performed as previously described for BNP*® with the modifications.
After O-glycosidase and/or neuraminidase and trypsin digestions, separation of the proANP
proteolytic fragments and characterization of the O-glycosylated sites were performed on an

Agilent 1290 Infinity 11 LC system (Agilent Technologies, Santa Clara, US) connected to a



TripleTOF®5600 mass spectrometer (SCIEX, Framingham, MA) for all LC-MS analysis.
Mobile phase A was H20 with 0.1% formic acid and mobile phase B was acetonitrile with
0.1% formic acid. 10 pL of the sample was injected onto a C18 column (Waters Acquity
UPLC, BEH C18; 2.1 mm x 100 mm, 1.7 um) for each run at a flow rate of 400 uL/min. The
chromatography started at a solvent composition of 2% B and 98% A for 2 min, and then
increased to 45% B at 45 min, and reached 90% B at45.1 min and held until 47 min.
Thereafter, the column was re-equilibrated back to the starting solvent conditions of 2% B
and 98% A at 47.1 min and held to the end of the gradient (54 min).To maximize the
information acquired on the mass spectrometer for each sample, a full MS scan (m/z 300-
2000) was acquired, followed by top 20 information-dependent acquisition (IDA) MS/MS
scans (m/z 100-1600) in positive ion mode. The parameters for curtain plate (CUR),
declustering potential (DP), collision energy(CE), ion spray voltage (IS), Gasl, Gas2 in full
MS scan mode were 30psi, 80V, 10V, 5500V, 55 psi, and 55 psi, respectively. Source
temperature was set to 450°C and tray temperature was set to 22°C. The criteria for the IDA
precursor selection were as follows: top 20 most intense peaks with charge states from 2 to 5
and intensities greater than 50 were selected. Previous candidates within the mass tolerance of
50 mDa were excluded for the duration of 3 s after 1 occurrence. Dynamic background
subtraction was activated. Rolling collision energy for multiply charged peptides was enabled.

Divert Valco valve was used to switch LC flow to MS between 2 and 50 min.

ANP activity assay: HEK293 cells stably transfected by the ANP and BNP receptor NPRA,
were used as previously described*’. Cells were incubated with the plasma samples of 30
patients at DO and D30 for 20 minutes, before cGMP measurement by radioimmunoassay as
previously described*? using the cGMP RIA from IBL/TECAN (IBL/TECAN, ref: RE29071).
In parallel, the plasma was depleted of ANP and proANP by immunocapture using 10ug/mL

the monoclonal antibody (ANP-(F-2), Santa Cruz, ref: 515701) and assayed to provide ANP-



independent cGMP production. ANP-dependent cGMP production was calculated as the
difference between the cGMP produced by the plasma and cGMP produced by the

ANP/proANP-depleted plasma.

Ex vivo enzymatic activities: NEP activity (EC 3.4.24.11) was previously published® and
measured as previously described®. Plasma ANPEP activity measurement derived from*3, was
performed in triplicate by incubating 2 pL of sample in a 100 mM Tris pH 7.2, Brij 35
0.0002% wl/v assay buffer with 0.1 uM APN and 100 uM H-Ala-AMC (fluorophore, Bachem/
Fischer scientific, ref: NC1747106) containing 0.1% BSA with or without the CD13
(ANPEP)-specific inhibitory antibody WM-15 (5 pg/mL; PharMingen, ref: 555393,
Heerhugowaard, the Netherlands) at 37°C. BSA (0.1%) was added to exclude the effects of
differences in protein concentration on ANPEP activity. Values were recorded by Infinite pro
plate reader every 2 minutes for 30 minutes with laser parameters set for excitation at 355 nm
and emission at 460 nm. The specific ANPEP activity was calculated from the slope of total
aminopeptidase activity after subtraction of the slope of the aminopeptidase activity
remaining in the presence of WM-15. Plasma ECE-activity was measured according to* with
modifications. Plasma samples were diluted 1:50 with a buffer containing 30 mM HEPES,
350 mM NacCl, 50 mM ZnClz, pH 7.0, and pre-incubated on ice with thiorphan (Sigma, St
Louis, Mo) to a final concentration of 1 mM for 30 min, as an inhibitor of serum neutral
endopeptidase. The reaction was started by adding 300 nM big-ET1 (Peptide Institute, Barnet,
United Kingdom), and carried out at 37°C for 60 min. The reaction was terminated by cooling
on ice and adding Na2 EDTA to a final concentration of 1 mM. The amount of ET1 generated
was quantified by ELISA of ET1 (the polyclonal antiserum chosen showed 100% cross-
reaction with human ET-2 and ET-3 and < 0.1% for pre-proEndothelin sequences (20 — 50, 74
—91, 171 — 201) and human big-ET 1 — 38 and 22 — 38). Pooled plasma from healthy subjects

was tested in each assay at dilution 1:50 and 1:20 as internal controls and to assess intra-assay



and inter-assay variations. The within and between assay coefficients of variation were 5.4%
and 13.6%, respectively. The ECE activity was a measure of the formation of ET1, i.e. the
difference between the concentration of ET1 after the addition of big-ET1 and the basal
concentration of ET1. Plasma ECE activity remained stable despite freezing and thawing up

to eight times.

In vitro enzymatic assays: Recombinant human ECE1, ECE2, meprin beta
subunit/meprinlB, and ANPEP proteins were from R&D systems (refs 1784-ZN-010, 1645-
ZN-010, 2895-ZN-010, and 3815-ZN-010, respectively). Recombinant human corin and NEP
were from Origene (ref TP 312742) and Sigma (ref SRP6450) respectively. Artificial CSF
(aCSF) was prepared according to* as follows: appropriate amounts of solid powders were
dissolved in LC/MS grade water to the final concentration of 234 mM sucrose, 3.6 mM KClI,
1.2 mM MgClz, 2.5 mM CaClz, 1.2 mM NaH2PO4, 12.0 mM glucose and 25.0 mM NaHCOs.
The composition of the aCSF that was chosen is commonly used by many laboratories for
behavioral and physiological studies. While there are many recipes for aCSF, they are all
generally very similar in composition to the one used in this study. All solvents and reagents
were of LC/MS grade or analytical grade and were purchased from Fluka. The chosen enzyme
concentrations (1 nM for corin, 2.5 nM for meprinB, 5 nM for ANPEP, and 50 nM for ECE1)

were close to those found in human plasma.

Secondary structure prediction: Secondary structure prediction of proANP1-30 was
performed using either model-based (JPRED4*¢, SPIDER3*', PredictProtein*®, PSIPRED*’,
RaptorX®®) or ab initio (Quark®® ) algorithms available online using proANP1.0s

(NP_006163) as the input sequence. The predicted structure was ray-traced using pymol.

Mathematical modeling: The proANP proteolytic cascade was modeled using an 18

equations-based dynamical system. The ordinary system of equations was solved using a



Runge-Kutta 4 numerical solver. Prior parameters optimization, median values computed at
DO, D7, D14, D30, D90, and D180 were used to construct a piecewise cubic Hermite
interpolating polynomial with a point every 0.5 day. Parameter estimation was made using a
nonlinear least-squares solver with a 1071 step/function tolerance and iterations until
convergence. The simulation was performed was on a 375-day scale to verify the stability of
the model beyond the last time point at which data were obtained (D180). Methods were
implemented in Matlab2018 using the Isgcurvefit function from the optimization toolbox. The

full description of the model is presented in Tables S2-S5.

Statistics: All statistical analyses were performed using the R-statistical software>®. Data
normality was assessed using the Shapiro-Wilk test. Continuous variables are expressed as
median [interquartile range (IQR)]. Comparisons between baseline and D7 or D14 using
paired data were performed using the Wilcoxon signed-rank test. Comparisons between
controls and HFrEF patients at baseline, D30, and D90 were performed using rank-sum
Wilcoxon test corrected for multiple comparisons (holm). Longitudinal variables were
analyzed using repeated measure ANOVA log-transformed data followed by Tukey test.
Correlations between variables were estimated with Spearman rank correlation and expressed
by the correlation coefficient (p). Principal component analysis was performed on
standardized (scaled and centered) data. No experiment-wide/across-test multiple test
correction was applied. A p-value < 0.05 was considered statistically significant. Exact P
values are indicated unless < 2x107¢ (R limit). Determination of cut-off for ANPEP was

performed as previously described> (Figure S9).



Table S1: Baseline characteristics of the study population (n = 73) adapted from3. eGFR
estimated glomerular filtration rate, NYHA New York Heart Association, ACEi: angiotensin-
converting enzyme inhibitor, ARB: angiotensin receptor blocker, MRA mineralocorticoid
receptor antagonist, hsTnl: high-sensitive troponin I, Variables are expressed as number

(percentage) or median [interquartile range], as appropriate.

Patient characteristics

Age — year 65 [56 — 72]
Men 61 (84%)
Body mass index— kg/m? 25.1[23.0 - 28.0]
Diabetes 16 (22%)
Atrial fibrillation 25 (34%)
Ischemic heart disease 40 (55%)
Last decompensation — months 6 [3—25]
Systolic blood pressure — mmHg 114 [102 — 125]
Diastolic blood pressure — mmHg 67 [60 — 77]
eGFR — ml/min/1.73m? 62 [48 — 84]

NYHA classification

I 2 (3%)
I 36 (49%)
1T 33 (45%)
v 2 (3%)
Medication
Furosemide 62 (85%)
ACEi or ARB 72 (98%)

10



Beta-blocker

68 (73%)

MRA

58 (73%)

Plasma biomarkers

Creatinine — pmol/I

103 [87 — 124]

BNP — ng/L

370 [193 — 702]

NT-proBNP — ng/L

1201 [571 — 1997]

hsTnl — ng/L

14.3[9.4 - 20.7]

11



Table S2: Baseline characteristics of the healthy subsects (n = 54)

Characteristics

Age — year

75 [71 - 82]

Men

16 (30%)

Body mass index— kg/m?

26.1[22.8 — 28.8]

Diabetes 8 (14%)
Atrial fibrillation 2 (4%)
Hypertension 27 (50%)
Chronic Kidney disease 2 (4%)
Medication

Diuretics 6 (11%)
ACEi or ARB 14 (26%)
Beta-blocker 8 (15%)
MRA 6 (11%)

12




Table S3: Variables included in the mathematical model

Measured

Modelled

Peptides

F (Peptide signal proxy)
proANP1-126 (oroANP)
ANP

proANP1-g8 (NT-proANP)

F (Peptide signal proxy)
proANP1.126 (proANP)
ANP

ProANP1-98 (NT-proANP)

proANP1-30 proANP1-30
proANP31-93 proANP31-98
proANP3z1-67 proANP31-67
proANP79-93 proANP79-98
proANPss-98
Enzyme concentrations ECE ECE
ANPEP ANPEP
Enzyme activity ECE Corin
ANPEP Meprin B
ECE
ANPEP

13



Table S4: List of the equations and initial conditions used to construct the mathematical model. d; indicates derivative with respect to time,

square brackets indicate concentrations, and “0” indicates initial conditions.

1- F: proxy for the input into the cascade

Simple exponential saturation starting at F0, reaching Fj;,,, with a single 7 time constant.
d¢[F] = —tp([F] = ([Fo] + [Fim]))
[F]o=92.70 pM (obtained from proANP1.126 data)
Note: F is used to model an increase in proANP1-126 based on the kinetics of the increase in signal peptide. Importantly, proANP

signal peptide concentration was not used for optimization.

2- proANP1.126

Compartmental: proANP1-126 concentration increases with a similar dynamics as signal peptide, then is consumed proportionally to
the amount of Corin.

d[proANP;_j;36] = (—Tr([ProANP;_136] — ([Fo] + [Fiim])) — [ProANP;_134] - Coring,)
[proANP/-126]0 = 92.70 pM (obtained from data)
Note: F and Corin are truly defined up to a constant-rate multiplicative factor as their initial conditions are unknown.
F =rateF x F,.y

Coring. = rateCor * CoriNgci_real

3- Corin

Exponential equilibrium with 2 successive steady states Corin equilibrates first to k. then to k.

14



diScor = ksCSCor(1 - SCor)
dtCorin = _TCor(Corinact - (kaSCor + kb(l - SCor)))

Scor 0 = 0.0759 and Corinacto = 0.0081 (derived from optimisation)

Note: Changes in Corin activity are modeled with an exponential saturation to a time-dependent level shaped using a logistic equation.

4- ANP

Compartmental with linear flux:
d,[ANP] = [proANP;_13¢] - Coring, — knp - [ANP]
[ANP]o=40.75 pM (obtained from data)

5- Meprin B

Exponential equilibrium with 2 successive steady states:
dtSMep = ksMSMep(l - SMep)
dMepring. = —Tyep,(Mepring:, — (KcSuep + ka(1 — Syep)))
Smepo=0.1192 and Meprinact 0 = 0.15 (derived from optimisation)

Note: Modelling of Meprin B activity follows the same rules as Corin.

6- proANP1.98

Compartmental:

d;[proANP;_og] = [pProANP;_;54] - Corin 4. — [proANP;_og] - Mepring
[proANP1-98]o = 65.5 pM (obtained from data)

15



Note: As for proANP1-126, there are hidden constant-rate variables as neither Corin nor Meprin B initial conditions are known
Mep = rateMep * Mep,qq

7- proANP1-30

Compartmental with linear flux:
d;[proANP,_3¢] = [proANP_og] - Meprin,, — Kyroanp,_,, - [PTOANP_3¢]
[ProANP1-30 Jo=16.03 pM (obtained from data)

8- proANP31.08

Compartmental:
di[proANP3,_og| = [proANP,_og]| - Meprin,, — [proANP3q_og] - kgcp - [ECE]
[proANP31-98 Jo = 15.10 pM (obtained from data)

9- ECE

Exponential saturation for the concentration and double exponential modeling of the activity:
di[ECE] = —Tgcg - ([ECE] — ([ECEo] + [ECEy;m]))

dtZkECE = (konECE + kOffECE) ’ dtkECE - kOTlECE' kOffECE' (kECE - gECE)
[ECE]o=21.1 nM; kece(0) = 8.768; dkece(0) =;15.7 (obtained from data)

10- proANP31.67

Compartmental with linear flux:
d[proANP3;_¢;] = [proANP3q_og] - kgcp - [ECE] — Kproanpsq_og ° [proANP3,_67]

16



[proANP31-67]0=1.55 pM (obtained from data)

11- proANPss-o8

Compartmental:
d[proANPgg_og] = 0
[proANPss-9s]o=1.515 pM (obtained from data)

12- ANPEP

Exponential saturation for the concentration and double exponential modeling of the activity:

d;[ANPEP] = —75npep - ((ANPEP] — ([ANPEP,| — [ANPEP;;,,,]))

dtZkPANPEP = (konANpEp + koffANpEp) ’ dtkANPEP - kOTlANpEp ' kOffANpEp ’ (kANPEP — Y ANPEP )
[ANPEP]o = 4.79 nM; kanpep 0= 1.93; dkanrep0=;0.183 (obtained from data)

13- pI‘OANP79-93

Compartmental with linear flux:
di[proANP9_og] = d;[proANP31_¢7] — Kproanp,g o5 - [PTOANP79_og]
[proANP79.9s]0 =1 pM (obtained from data)

17



Table S5: List of parameters used in the model

Parameters Obtained
Tp 0.051 day™
[Frim] 150.31 pM
Ko 0.0375 day™
Tcor 0.2 day™
k, 0.60 day™
kp, 0.132 day™
Kanp 0.20 day™
Ton 0.02 day’®
Tatep 0.13 day™
k, 0.80 day™
Ky 0.14 day™
KproANP:_a 0.0278 day?
P 0.0556 day”
[ECE ] 47.63 1M
Kongcg -0.069 day™
Koffren -3.575 day’”
Jrce 1.91 day™”
KproANPs; o 25.1 day™
Trpp 0.01 day™
[ANPE Py, ] 1nM
Konpgp -0.013 day™
Koffppp -0.212 day™*
JpEP 0.79 day™
KproANPos-on 14.02 day®

18
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Figure S1: Plasma levels of proANP1.12¢ (A), proANP1_9g (B), and proANP31.9g (C) quantified by MS at
baseline (D0) and D7 after initiation of S/V. Variables were analyzed using the signed-rank Wilcoxon test.

The numbers of subjects included in the analyses are indicated on each panel.
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data followed by the Tukey HSD test. The number of subjects included in the analysis is indicated in the

panel.
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Figure S5: A) Kinetic evolution of the input of the cascade predicted by the mathematical model (solid
line). Points indicate the median values of the proANP signal peptide at each time point. The model and data
values were normalized to one at D90 to fit within the same scale. Plasma levels of proANP signal peptide
(B, D) were quantified by MS and miR-425 (C, E) at baseline (D0) and D7 (B, C) or baseline and D14 (D,
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miR-1-3p plasma levels at baseline and D7 after initiation of S/V. I) Plasma proANP;_3¢/proANP_og at
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Figure S6: A) Plasma ECE activity at baseline and D7 after initiation of S/V. B) Plasma ECE1 concentration
at baseline and D7 after initiation of S/V. C) Plasma ECE]1 specific activity at baseline and D7 after initia-
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Figure S7: A) Plasma ANPEP activity at baseline (D0), and D30 and D90 after initiation of S/V. B) Plasma
substance P (SP) levels at baseline and D7 after initiation of S/V. C) Plasma ANPEP activity at baseline and
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Major Resources Table

In order to allow validation and replication of experiments, all essential research materials listed in the Methods should be included
in the Major Resources Table below. Authors are encouraged to use public repositories for protocols, data, code, and other
materials and provide persistent identifiers and/or links to repositories when available. Authors may add or delete rows as needed.

Antibodies
Target Vendor or Catalog # Working Lot # Persistent ID / URL
antigen Source concentration | (preferred
but not
required)

ANPEP R&D systems DY3815 ELISA https://www.rndsystems.com/products/hu
man-aminopeptidase-n-cd13-duoset-
elisa_dy3815

ECE1 Biomatik EKU03892 | ELISA https://www.biomatik.com/elisa-
kits/human-endothelin-converting-
enzyme-1-ecel-elisa-kit-cat-
eku03892/

ET1 R&D systems QETO0B ELISA https://www.rndsystems.com/products/hu
man-endothelin-1-quantiglo-elisa-
kit get00b

Big-ET1 Biomedica BI- ELISA https://www.bmgrp.com/product/cardiova

Gruppe 20082H scular/big-et1-elisa-kit-human-endothelin-
1-biomedica/

Substance | Phoenix RK-061- RIA https://www.phoenixpeptide.com/products

P Pharmaceutical | 05 /view/Assay-Kits/RK-061-05

GLP-1 Chemicon AB3244 https://www.merckmillipore.com/FR/fr/pro

International/ duct/Anti-GLP-1-7-36-Antibody-CT-amide-

Merck reactive, MM _NF-

Millipore AB32447?ReferrerURL=https%3A%2F%2Fww
w.google.com%2F

BNP Abbott 08K28 Sandwich NA

ARCHITECT | Laboratories assay

hsTnl Abbott G5- Sandwich NA

ARCHITECT | Laboratories 6634/RO1 | assay

proBNP II Roches 09315268 | Sandwich NA

Diagnostics 190 assay

Kryptor Thermo Fisher | 819.050 Sandwich NA

MR- B.R.A.H.M.S assay

proANP

cGMP IBL/Tecan RE29071 RIA https://www.ibl-
international.com/en/cgmp

ANP-(F-2) | Santa Cruz 515701 10 pg/mL https://www.scbt.com/p/anp-antibody-f-2

CD13- PharMingen 555393 5 ug/mL https://www.bdbiosciences.com/en-

specific us/products/reagents/flow-cytometry-

inhibitory reagents/research-reagents/single-color-
antibody antibodies-ruo/purified-mouse-anti-human-

WM-15 cd13.555393

DOI [to be added]




Cultured Cells

Name Vendor or Source Sex (F, M, or unknown) Persistent ID / URL
HEK293 ATCC unknown https://www.atcc.org/products/crl-
1573
Other
Description Source / Persistent ID / URL
Repository
H-Ala-AMC Bachem https://www.fishersci.com/shop/products/h-ala-amc-

50mg/NC1747106

Big-ET1 synthetic peptide

Peptide Institute

https://www.peptide.co.jp/en/catalog/f-cat?k code=4208-s

Thiorphan Sigma https://www.sigmaaldrich.com/FR/fr/product/sigma/t6031

Recombinant human ECE1 R&D systems https://www.rndsystems.com/products/recombinant-human-
ece-1-protein-cf 1784-zn

Recombinant human ECE2 R&D systems https://www.rndsystems.com/products/recombinant-human-
ece-2-protein-cf 1645-zn

Recombinant human meprin B | R&D systems https://www.rndsystems.com/products/recombinant-human-
meprin-beta-subunit-meplb-protein-cf 2895-zn

Recombinant human ANPEP R&D systems https://www.rndsystems.com/products/recombinant-human-
aminopeptidase-n-cd13-protein-cf 3815-zn

Recombinant human corin Origen https://www.origene.com/catalog/proteins/recombinant-
proteins/tp312742/corin-nm_006587-human-recombinant-
protein

Recombinant human NEP Sigma https://www.sigmaaldrich.com/FR/fr/product/sigma/srp6450

synthetic GLP-17-36 amide Cayman https://www.caymanchem.com/product/15069

Chemical

123-GLP1

Perkin Elmer

https://www.perkinelmer.com/uk/product/glp-1-7-36-125i-
nex308010uc

mirVana PARIS kit

Ambion, Thermo
Fisher Scientific

https://www.thermofisher.com/order/catalog/product/AM1556

DOI [to be added]




2 Article ll. Deconvolution of BNP and NT-proBNP
immunoreactivities by mass spectrometry in heart
failure and sacubitril/valsartan treatment

Le BNP et NT-proBNP sont des biomarqueurs couramment mesurés pour le diagnostic,
pronostic et le suivi des patients souffrant d’insuffisance cardiaque. Le proBNP est clivé en NT-
proBNP et BNP;.3; par la furine, le BNP1-3; est lui-méme clivé BNP3.3; par DPP4 ou BNPs_3; par
la néprilysine (NEP). Chez les patients en insuffisance cardiaque chronique recevant du
sacubitril/valsartan, une discordance d’évolution entre BNP et NT-proBNP a été observé. En
effet, sous sacubitril/valsartan, le BNP restait stable ou augmentait modestement alors que le
NT-proBNP diminuait. Nous avions fait I’hypothése que la glycosylation du proBNP pouvait
jouer un role dans I’évolution différentielle du BNP et NT-pro-BNP chez ces patients. De plus,
les espéces moléculaires qui contribuent a chacun de ces dosages n’est que partiellement
connue. Afin de tester cette hypothése, nous avons comparé les dosages standards (BNPir et
NT-proBNPir) avec les dosages par spectrométrie de masse des différentes espeéces
moléculaires contribuant aux deux biomarqueurs. Cette étude a été réalisée sur le spectre
complet des patients chez lesquels le dosage du BNP ou NT-proBNP est pertinent : une
cohorte de 73 patients en insuffisance cardiaque chronique avec fraction d’éjection du
ventricule gauche réduite chez lesquels le sacubitril/valsartan a été introduit, une population
de 49 souffrants d’insuffisance cardiaque aigué, 51 patients souffrants de dyspnée aigué
d’origine non-cardiaque. Nous avons également mesuré ces peptides dans une population de

sujet sain comme controle.
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Les résultats de cette étude :

i) Confirment que le BNPir est la somme du proBNP, BNP1.32, BNP3.3; et BNPs.3,
et que le proBNP est le contributeur majeur au signal, méme si I'amplitude de
cette contribution varie avec le contexte chimique.

ii) Confirme que la glycosylation du proBNP et NT-proBNP sur la serine 44 (S44)
interfére avec le dosage de NT-proBNPir, et que le NT-proBNPir correspond a
la somme du proBNP et NT-proBNP non-glycosylé en S44. La glycosylation en
S44 varie en fonction du contexte clinique et explique la diminution du NT-
proBNPir chez les patients traités par sacubitril/valsartan.

iii) Démontre que le BNPir et le NT-proBNPir sont de bons estimateurs de la
production du proBNP, basé sur la mesure du peptide signal du proBNP comme
marqueur indépendant du métabolisme du proBNP. Nos données montrent
néanmoins que le NT-proBNPir est plus robuste et homogene.

iv) Contrairement a ce qui a été proposé, et contrairement a I’ANP, il ne semble

pas y avoir de déficit de production de BNP dans I'insuffisance cardiaque.

Cette étude a donc permis de définir pour la premiere fois les especes moléculaires qui
contribuent aux dosages de BNPir et NT-proBNPir, et de mesurer leur contribution respective
dans différents contextes physiologiques et pathologique. Cette étude montre également que
le BNP n’est que peu associé avec les bénéfices observés chez les patients traités par le

sacubitril/valsartan.
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Deconvolution of BNP and NT-proBNP
Immunoreactivities by Mass Spectrometry in Heart
Failure and Sacubitril/Valsartan Treatment

Héléne Nougué,a"b'Jr Thibault Michel,t Francois Picard, Johan Lassus, Malha Sadoune,? Said Laribi,®
Alain Cohen-Solal (,*f Damien Logeart,a'f Jean-Marie Launay,a'*'* and Nicolas Vodovar ([®2**

BACKGROUND:  Elevated BNP and the N-terminal frag-
ment of the proBNP (NT-proBNP) are hallmarks of
heart failure (HF). Generally, both biomarkers parallel
each other. In patients receiving sacubitril/valsartan,
BNP remained stable while NT-proBNP decreased. As
BNP and NT-proBNP assays have limited specificity
due to cross-reactivity, we quantified by mass spectrom-
etry (MS) the contributing molecular species.

METHODS:  We included 356 healthy volunteers, 100 pa-
tients with acute dyspnoea (49 acute decompensated HF;
51 dyspnoea of non-cardiac origin), and 73 patients with
chronic HF and reduced ejection fraction treated with sa-
cubitril/valsartan. BNP and NT-proBNP immunoreactiv-
ities (BNPir and NT-proBNPir) were measured by
immunoassays (Abbott ARCHITECT and Roche
Diagnostics proBNPII) and proBNP-derived peptides
and glycosylation at serine 44 by MS on plasma samples.

RESULTS: BNPir corresponded to the sum of
proBNP, 10g, BNP, 55, BNP; 5, and BNPs 5, (R2=
0.9995), while NT-proBNPir corresponded  to
proBNP;_;og and NT-proBNP;_7 not glycosylated at ser-
ine 44 (R* =0.992). NT-proBNPir was better correlated
(R* =0.9597) than BNPir (R*=0.7643) with proBNP
signal peptide (a surrogate of proBNP production). In
patients receiving sacubitril/valsartan, non-glycosylated
NT-proBNP;_75 remained constant (P=0.84) despite
an increase in NT-proBNP; ;5 and its glycosylation
(P<0.0001). ProBNP;_;g remained constant (P=0.12)
while its glycosylation increased (< 0.0001), result-
ing in a decrease in non-glycosylated proBNP;_;os
(P<0.0001), and in NT-proBNPir.

coNcLUsIONS:  Glycosylation interfered with NT-
proBNPir measurement, explaining the discrepant
evolution of these 2 biomarkers in patients receiving
sacubitril/valsartan. Both BNPir and NT-proBNPir
are surrogates of proBNP;_ ;o3 production, NT-
proBNPir being more robust in the clinical contexts

studied.

Introduction

B-type natriuretic peptide (BNP) and the N-terminal
fragment of the proBNP (NT-proBNP) are gold stand-
ard biomarkers for the diagnosis and prognosis of heart
failure (HF) as implemented by international guidelines
(1, 2). BNP;_3; and NT-proBNP;_-¢ are produced in a
1:1 ratio from the cleavage of proBNP;_;4g by the action
of the convertases furin or corin between arginine 76
and serine 77 (3; Fig. 1). proBNP is O-glycosylated at
7 positions within its N-terminal fragment (4), and gly-
cosylation at threonine 71 (T71) prevents the cleavage of
proBNP by furin (5), thereby playing a major role in the
bioavailability of bioactive BNP;_3, both in vitro and in
vivo (6, 7). While little is known regarding further pro-
cessing or degradation of NT-proBNP;_,4 besides its re-
nal elimination, BNP;_3, has been shown to produce
shorter peptides in humans as the result of proteolytic
cleavage by various proteases including dipeptidyl
peptidase 4 (DPP4) (BNP; 35, 8) and neprilysin
(BNPs_3,, 9) amongst others.

Sacubitril/valsartan is a first-in-class fixed dose
angiotensin receptor—neprilysin inhibitor that combines
a neprilysin inhibitor (sacubitril) and an angiotensin
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Furin/Corin
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ﬁ BNP3.32
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prilysin; DPP4, dipeptidyl peptidase 4.

Fig. 1. Schematic representation of human pre-proBNP processing. The residues that are glycosylated are
indicated; T71 when glycosylated prevents proBNP;_qog cleavage and is not found in NT-proBNP;_7.
Shown in blue are the amino acids recognized by the antibodies of the ARCHITECT BNP assay; shown in or-
ange are the amino acids recognized by the NT-proBNP Il assay (Roche Diagnostics). The nomenclature of
the molecular species considered is used for MS data throughout the manuscript. Abbreviations: NEP, ne-

receptor blocker (valsartan) (10). Sacubitril/valsartan
was shown to be superior to enalapril for the treatment
of heart failure with reduced ejection fraction (HFrEF),
reducing mortality and hospital readmission by 20%
(10). In various studies, sacubitril/valsartan treatment
was shown to lead to a decrease in NT-proBNP while
BNP remained unchanged or moderately increased
(11, 12). However, patients whose NT-proBNP (13)
or BNP (14) decreased the most benefited the most
from the treatment and both biomarkers predicted the
risk of major adverse events (14).

From an analytical standpoint, commercial assays for
BNP and NT-proBNP have been shown to cross-react to
various extents with proBNP,_; g (Fig. 1). Indeed, BNP
assays fully cross-react with proBNP;_;¢g, and the latter
contributes most to BNP immunoreactivity in acute
and chronic HF (15-20). NT-proBNP assays also cross-
react with proBNP;_jog; however, several studies have
shown that one epitope used in all commercial
NT-proBNP assays overlaps serine 44 (S44) that can be
glycosylated (21), thereby preventing the binding of the
antibodies used. Consequently, NT-proBNP assays only
detect the non-glycosylated fraction of proBNP;_jog
and NT-proBNP, 54 (22-24). Although medical con-
ditions and treatments may affect proBNP;_;os/
NT-proBNP;_54 glycosylation at the epitopes recognized

2 Clinical Chemistry 00:0 (2023)

by the assays, as we previously observed for T71 proBNP
glycosylation (6), little is known about the impact of other
glycosylations on NT-proBNP immunoreactivity, in par-
ticular at S44, in those contexts.

Materials and Methods

SUBJECTS

This study involving human subjects was performed ac-
cording to the current revision of the Helsinki
Declaration. First, we studied 73 patients with HFrEF
who were switched from angiotensin receptor blocker or
angiotensin-converting enzyme inhibitor to sacubitril/val-
sartan as per the current European guidelines (1). Plasma
samples were collected at baseline—i.e., before the first
dose of sacubitril/valsartan, 30 days (D30), and 3 months
(D90) after the initiation of the treatment (11). Second, a
subset of 100 patients admitted to the emergency depart-
ment for acute dyspnoea and for which proBNP glycosyla-
tion at T71 was previously measured was also included (6).
Amongst these patients, 49 patients had acute decompen-
sated heart failure (ADHF) and 51 patients had acute non-
cardiac dyspnoea (ANCD). The diagnosis of the cardiac or
non-cardiac origin of the dyspnoea was first performed by
the emergency physician and independently adjudicated by
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a senior cardiologist and an intensivist, both heart failure
experts based on patient files and BNP concentrations.
Finally, we included 356 healthy controls (44% women;
56% men; median age 34 years [interquartile range
{IQR}: 29-37]), free from cardiovascular disease, diabetes
(glycated hemoglobin <6%), obesity (body mass index,
BMI <25 kg/m”®), kidney disease (estimated glomerular
filtration rate (¢GFR) chronic kidney disease epidemiology
(CKD-EPI) >60 mL/min/1.73 m?), or any ongoing
pharmacological treatment. In all the cohorts, plasma was
obtained from venous blood collected in tubes containing
EDTA (ethylenediaminetetraacetic acid) immediately
centrifuged at 2200 X g for 15 min at 4 °C, and stored at
—80 °C within 30 min after collection until further use.
The samples used in this study were not subject to any
freeze—thaw cycles before use. In some instances, the num-
ber of patients is lower due to plasma samples exhaustion

and the use of repeated-measure ANOVA.

MEASUREMENT OF BNP AND NT-PROBNP BY SANDWICH
ASSAYS

Immunoreactive NT-proBNP was measured using the
Elecsys® proBNP II kit on a Roche Cobas analyzer 601
(Roche). Immunoreactive BNP was measured using the
BNP ARCHITECT assay on an ARCHITECTi2000
(Abbott Diagnostics). Measurements obtained by the 2 im-
munoassays were converted into molar units using the mo-
lar mass of the calibrator used in each assay: synthetic
BNP,_3, (3464.04 g.mol_l) and synthetic non-glycosylated
NT-proBNP;_, (8457.49 g.mo/l—1) to allow comparisons
with mass spectrometry (MS) data. The analytical character-
istics of the sandwich assays are presented in online

Supplemental Table 1.

[ProBNP AND DERIVATIVE QUANTIFICATION BY MASS
SPECTROMETRY

NT-proBNP and proBNP glycosylation at S44 were deter-
mined by LC-MS/MS as previously described (6).
Glycosylation expressed in % was calculated as the ratio be-
tween the amount of glycosylated peptide/the total amount
of the peptide. Quantifications of proBNP;_jgg,
NT-proBNP, -, BNP, 5,, BNP; 5, BNPs s, and
proBNP signal peptide were performed by capillary elec-
trophoresis (CE)-MS/MS as previously described (25). A
detailed description of the MS/MS methodology used is
presented in the online Supplemental Data. The analytical
characteristics of the mass spectrometry quantifications are
presented in Supplemental Table 1.

IN VITRO ASSAY

Human embryonic kidney 293 cell (HEK293) cells that
were stably transfected with the human atrial natruretic
peptide (ANP) and BNP receptor (NPRA) were incu-
bated with 2.5 nM of synthetic human proBNP,_,g,

NT—proBNP1_76, BNP1_32, BNP3_32, or BNP5_32 fOl‘
10 min at 37 °C. Maximal cGMP production was mea-
sured by radioimmunoassay (Tecan).

STATISTICAL ANALYSIS

All statistical analyses were performed using R statistical
software (26). The normality of each variable was assessed
using the Shapiro-Wilk normality test. Continuous vari-
ables are expressed as median [IQR]. Within-group ratios
were calculated for each individual, and their median and
IQR were reported. Continuous data were analyzed using
the Wilcoxon rank-sum test, or the Kruskal-Wallis test fol-
lowed by Wilcoxon rank-sum tests; P-values for multiple
comparisons were corrected by the Holm—Bonferroni
method. Longitudinal data were analyzed using repeated-
measures ANOVA followed by the Tukey honest signifi-
cant differences test on log-transformed values. In vitro
data were analyzed by ANOVA followed by the Student
ttest corrected for multiple comparisons. The correlation
between variables was evaluated by a fitted linear model
(R or Spearman correlation coefficient (p). A P-value
<0.05 was considered statistically significant.

Results

DECONVOLUTION OF BNP IMMUNOREACTIVITY BY MS

Based on the epitopes recognized by the ARCHITECT
BNP assay (21), the assay can potentially detect BNP;_3,,
BNP; 3, and BNPs_3; as well as proBNP;_;o5 (Fig. 1).
Hence, we hypothesized thac BNP immunoreactivity
(BNPir) measured by the assay was the sum of these
4 molecular species quantified by mass spectrometry
(referred as to theoretical BNPir thereafter) in each of the
4 cohorts: patients with ADHF, patients with ANCD, pa-
tients with HFrEF before and after the initiation of sacubi-
tril/valsartan, and controls. The plasma levels of the
4 molecular species in the 4 cohorts (HFrEF represent
baseline values) are presented in Table 1. Theoretical and
measured BNPir were very strongly correlated (Fig. 2, A),
irrespectively of the health status and medicaton. The
slope of the linear regression model indicated that mass
spectrometry captured all the BNPir signal, which was con-
firmed by Bland-Altman plotting (online Supplemental
Fig. 1, A).

Next, we looked at the contribution of the various
molecular species that contribute to BNPir and show a
variable composition of BNPir with regards to the health
status (Fig. 2, B and Table 1): proBNP;_;0g constitutes
more than 90% of BNPir in ADHF, ANCD, and
HFEF patients, while only contributing to approximate-
ly 50% of the signal in healthy volunteers. Conversely,
the Contribution Of BNP1,32, BNP3,32, and BNP5732
to BNPir was approximately 50% in controls, and
<6% in ADHF, ANCD, and HFrEF patients.
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Table 1. BNP and NT-proBNP immunoreactivities and proBNP,_10g and derivatives measured by MS/MS
in the 4 studied cohorts.
Variables (pM unless specified, with median and IQR) Controls HFrEF? ADHF ANCD P
BNPir 1.62 107.5P 394.91¢ 12.41° <0.0001
[1.15-2.25] [57.5-195.7] [229.7-584.3] [6.5-21.8]
NT-proBNPir 2.3 151° 1061.1¢ 25.4¢ <0.0001
[1.6-3.2] [68.3-248] [518.2-1755.4] [11.4-53.4]
proBNP4_108 0.8 87.9 391.2 12.2 <0.0001
[0.5-1.2] [47.6-182.2] [219.5-575.7] [6.2-20.7]
BNP;_3; 0.1 3.3 8.1 0.2 <0.0001
[0.1-0.1] [1.8-4.7] [6.3-9.7] [0.1-0.3]
BNP5_3; 0.46 1.63 0.37 0.02 <0.0001
[0.34-0.68] [1.15-2.16] [0.09-0.67] [0.02-0.02]
BNPs_3; 0.2 4.9 0.46 0.02 <0.0001
[0.13-0.31] [2.7-7.5] [0.15-0.8] [0.02-0.02]
NT-proBNP4_74 3 156 652.2 18.23 <0.0001
[1.9-4.8] [108-257.3] [180.7-1118.2] [6.6-47.3]
proBNP_10s S44 glyc. (%) 47.5 58.1 7.7 8.2 <0.0001
[39-57] [40.9-71.8] [6.1-9.2] [7-9.2]
NT-proBNP;_7, S44 glyc. (%) 49 31.7 7.2 7.8 <0.0001
[39-59] [24.7-41.4] [6.1-8.3] [6.6-8.6]
proBNP SP 3.41 122.8 665.6 19.64 <0.0001
[2.5-5.1]  [62.3-223.1] [410.7-1064.3] [9.2-42]
proBNP;_10s/BNPir 49.3% 88.3% 92.5% 98.4% <0.0001
[43.7-53.3] [84.2-93.1] [84.8-96.0] [95.6-98.9]
BNP1_32/BNPir 5.5% 2.8% 3.3% 1.5% <0.0001
[3.6-8.8] [1.4-5.2] [1.8-7.2] [1.0-3.9]
BNP5_32/BNPir 31.2% 1.5% 1.6% 0.07% <0.0001
[25.6-36.0] [0.9-3] [0.8-3.5] [0.03-0.14]
BNPs_32/BNPir 12.8% 4.8% 0.29% 0.11% <0.0001
[7.9-18.0] [2.8-8.5] [0.13-2.76] [0.02-0.18]
proBNP1_105 S44 not glyc./NT-proBNPir 20.7% 24.3% 13.9% 36.1% <0.0001
[14.1-28.5] [13.6-34.7] [7.1-26.6] [23.4-66.1]
NT-proBNP4_74 S44 not glyc./NT-proBNPir 79.4% 75.7% 86.1% 63.9% <0.0001
[71.5-85.9] [65.3-86.4] [73.5-92.9] [33.9-76.6]
BNPir: BNP plasma levels measured with the Abbott ARCHITECT assay; NT-proBNPir: NT-proBNP levels measured with the Roche
Diagnostics proBNP Il assay.
Abbreviation: S44 glyc., glycosylation at serine 44.
®Baseline values before the initiation of sacubitril/valsartan.
BPublished in (11).
“Published in (6).

DECONVOLUTION OF NT-PROBNP IMMUNOREACTIVITY BY MS  hypothesized that NTproBNP  immunoreactivity
Based on the epitopes recognized by the Elecsys proBNP (NT-proBNPir) measured by the assay was the sum of

II assay (21), the assay can detect proBNP;_ ;o3 and
NT-proBNP,_6. As glycosylation at S44 interferes
with the binding of one of the antibodies (24), we

4 Clinical Chemistry 00:0 (2023)

proBNP;_;g and NT-proBNP;_4 not glycosylated at
S44 (referred as to theoretical NT-proBNPir thereafter).
We measured proBNP;_;og, NT-proBNP;_- and their

€20z Ateniged 1 uo Josn WHISNI A 0G2EE0./SZZOBAU/WBYDUIO/EE0 L 0 L/I0P/I0ILE-SOUBAPE/WSYOUI|D/W0D dNO"0lWapese)/:sdpy Wolj papeojumMoq



Mass Spectrometry Deconvolution of BNP and NT-proBNP Assays

1500

1000

BNPir (pM)

500

4000

3000

2000

NT-proBNPir (pM)

1000

Total: adj. R? = 0.9995; y = 1.01x + 0.55

HFrEF: adj. R =0.998;y = 1.01x + 1.38
ADHF: adj. R2=1;y =0.999x + 0.16
ANCD: adj. R =0.999; y = 1.00x + 0.01

Controls
O HFrEF
O ADHF
O ANCD

0 500 1000 1500
Theoretical BNPir (pM)

Total: adj. R?=0.992; y = 1.03x - 7.97

HFrEF: adj. R?=0.92; y = 0.89x + 1.91
ADHF: adj. R?=0.993; y = 1.06x - 43.78
ANCD: adj. R?=0.994;y = 1.01x - 6.68

Controls
O HFrEF
O ADHF

O ANCD

0 1000 2000 3000 4000
Theoretical NT-proBNPir (pM)

Fraction of immunoreactivity (%)

100 -
80 -
60 -
40 -
20 -
0

Ctrl HFrEF  ADHF  ANCD

. proBNP1_108 . BNP1_32 D BNP3_32 . BNP5_32

D

100

80 A

60 -

Fraction of immunoreactivity (%)

| I

Ctrl HFrEF  ADHF  ANCD
[l ProBNP1.10g S44ng  [] NT-proBNP4_76 S44ng

Fig. 2. Comparisons between BNP and NT-proBNP immunoreactivities and MS quantifications. (A),
Correlation between measured (Abbott ARCHITECT, BNPir) and theoretical BNP immunoreactivity as
the sum of proBNP;_;0g3, BNP4_35, BNP3_3,, and BNPs_3, as quantified by MS in the different cohorts;
(B), Contribution of each of the molecular species to theoretical BNP immunoreactivity in the different co-
horts; (C), Correlation between measured (Roche Diagnostics, proBNP Il assay, NT-proBNPir) and theor-
etical BNP immunoreactivity as the sum of proBNP4_10s and NTproBNP;_;4 not glycosylated at S44 as
quantified by MS in the different cohorts; (D), Contribution of each of the molecular species to theoretical
NT-proBNP immunoreactivity in the different cohorts. In (A) and (C), the correlations were calculated
using linear regression models on all the subjects (black) and each cohort individually. Abbreviations:
adj. R?, adjusted R%; S44ng, not glycosylated at S44.
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S44-glycosylated forms (Table 1) and calculated
theoretical NTproBNPir. Figure 2, C shows a strong
correlation  between  theoretical and measured
NT-proBNPir, indicating that mass spectrometry captured
most of the NT-proBNPir signal, which was confirmed by
Bland-Altman plotting (Supplemental Fig. 1, B).
However, the agreement between measured and theoretical
NT-proBNPir was lower than the agreement observed for
BNPir. In patients with HFtEF, the slope of the linear re-
gression strongly suggests another molecular species in-
volved in the NT-proBNPir signal, which would increase
linearly with NT-proBNPir (Fig. 2, C). Of note,
NT-proBNPir is not a good estimator of either
proBNP;_;0g (Supplemental Fig. 1, C) or NT-proBNP;_
76 (Supplemental Fig. 1, D) plasma levels, especially in con-
trols and HFEF patients. In ADHF and ANCD patients,
NT-proBNPir is not a good estimator of proBNP;_; og but
a rather good estimator of NT-proBNP;_»4, probably re-
flecting overall metabolic differences between stable and
acute conditions.

Next, we looked at the contribution of the 2 mo-
lecular species that contribute to the NT-proBNPir
and show a variable composition of NT-proBNPir de-
pending on the health status (Fig. 2, D and Table 1).
In particular, both ADHF and ANCD patients exhib-
ited similar profiles.

NATRIURETIC PEPTIDE IMMUNOREACTIVITY AND ProBNpP
PRODUCTION

We previously showed that proANP signal peptide (SP)
was a good surrogate of proANP production and inde-
pendent of proANP metabolism (25). Applying the
same reasoning, we measured the proBNP SP as a surro-
gate of proBNP production that is independent of
proBNP metabolism. Overall, both BNPir (Fig. 3, A)
and NT-proBNPir (Fig. 3, B) correlated strongly with
proBNP SP. However, NT-proBNPir was a better and
more consistent correlate than BNPir across the 4 co-
horts. In particular, BNPir poorly correlated with
proBNP SP in acute conditions, especially in ANCD pa-
tients. This may reflect overall metabolic differences be-
tween stable and acute conditions.

IMPACT OF SACUBITRIL/VALSARTAN TREATMENT ON BNP
IMMUNOREACTIVITY

We previously showed that BNPir plasma levels did not
change throughout the study in HFrEF patients treated
with sacubitril/valsartan (11, online Supplemental Fig.
2, A). We next looked at the evolution of the molecular
species that contribute to BNPir in these patients.
Results show that proBNP; ;g remained unchanged
after the initiation of sacubitril/valsartan (Fig. 4, A)
while proBNP SP decreased moderately at D30
(Fig. 4, B). In contrast, the sum of BNP;_3,, BNP;_3,,

6 Clinical Chemistry 00:0 (2023)

and BNPs_3, remained unchanged at D30 (D0: 10.7
pM [7.5-14.4] vs D30: 9.3 pM [6.1-12.5]; P=0.45)
but decreased at D90 (3.1 pM [1.6-8.3]; P<0.0001).
Taking the molecular species individually, there was a
transient increase in BNP;_3, at D30 (Fig. 4, C) that re-
sulted from the expected disappearance of BNPs_3,
(Fig. 4, E), the degradation product of BNP;_3, by
neprilysin that is inhibited by sacubitril. BNP;_ 3, re-
mained unchanged at D30 and decreased at D90
(Fig. 4, D).

To evaluate any potential functional impact of these
variations in BNP1_32, BNP3_32, and BNP5_32, we incu-
bated HEK293 cells that stably express NPRA with
2.5 nM of each peptide and measured the resulting max-
imal ¢cGMP production. Results show that BNP;_3, was
the best NPRA agonist, with BNP;_3, and BNPs_3, retain-
ing 87% and 34% of BNP,_3, activity, and proBNP;_g
exhibiting only 6% of BNP;_3, activity (Fig. 4, F). These
results indicate that neprilysin inhibition provokes the dis-
appearance of a weaker NPRA agonist (BNP5_s,) to the
benefit of a more active one (BNP;_3,).

IMPACT OF SACUBlTR|L/VALSARTAN TREATMENT ON
NT-PROBNP IMMUNOREACTIVITY

Unlike NT-proBNPir, which decreased at D30 after ini-
tiation of sacubitril/valsartan (11, Supplemental Fig. 2,
B), NT-proBNP;_54 increased at D30 (Fig. 5, A) and
proBNP; ;03 remained unchanged (Fig. 4, A).
Consequently, the NT-proBNP;_54/proBNP SP ratio
increased as an indicator of proBNP;_; g cleavage, hence
BNP;_s; production (Fig. 5, B). As glycosylation at S44
interferes with NT-proBNPir, we measured S44 glyco-
sylation for proBNP;_;o3 and NT-proBNP,_5 at the
3 time points. Both proBNP, ;o3 (Fig. 5, C) and
NT-proBNP,_54 (Fig. 5, D) S44 glycosylation markedly
increased at D30. However, the decrease in
NT-proBNP;_75 compensated for the increase of its
S44 glycosylation, resulting in stable S44 unglycosylated
NT-proBNP;_5¢ plasma levels (Fig. 5, E), while S44 gly-
cosylated proBNP;_ ;o5 plasma levels markedly de-
creased (Fig. 5, F). We next verified that the evolution
in BNPir and NT-proBNPir still reflected the variation
in proBNP;_j0g production using proBNP SP as a sur-
rogate between baseline and 30 days after initiation of
sacubitril/valsartan. Both BNPir (p=0.78; R*=0.57,
online Supplemental Fig. 3, A) and NT-proBNPir
(p =0.85; R=0.74, Supplemental Fig. 3, B) strongly
correlated (Spearman correlation, p) to proBNP SP
changes, although the variation in NT-proBNPir corre-
lated better when using linear regression (R). Finally,
proBNP T71 glycosylation was reported to be different
in obese (BMI > 30) and lean heart failure patients (27).
However, in the HFrEF patients at baseline, neither
proBNP;_j03 S44 glycosylation (BMI<30: 59%
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Fig. 3. Comparison between BNP and NT-proBNP immunoreactivities and proBNP signal peptide.
Correlation between BNP (A) and NT-proBNP (B) immunoreactivities measured by sandwich assay and
proBNP signal peptide as a surrogate for proBNP production. The correlations were calculated using lin-
ear regression models on all the subjects (black) and each cohort individually. Abbreviations: adj. R?, ad-
justed R%; S44ng, not glycosylated at S44.

[43.5-74.35]; n=57; BMI>30: 47.6% [37.7-60.5],
n =57; P=0.11) nor NT-proBNP;_,5 S44 glycosyla-
tion (BMI<30: 31.5% [24.7-41]; BMI > 30: 36.7%
[25.2-42.5]; P=0.73) were different between the 2
BMI groups.

Discussion

The relative contribution of molecular species that con-
tribute to BNP and NT-proBNP immunoreactivities
has not previously been quantified in multiple cohorts.
While BNP and NT-proBNP immunoreactivities are
concordant in most contexts, the introduction of sacubi-
tril/valsartan has challenged the use of BNPir which be-
haves conversely to NT-proBNPir. Although many
explanations for this discrepant behavior have been pro-
posed, the reason remains largely unknown.

From an analytical standpoint, we confirmed that
BNPir corresponds mostly to proBNP;_;qg regardless
of the pathophysiological or physiological context and
therapeutics, including sacubitril/valsartan (15-19).
We also confirmed and quantified that NT-proBNPir
corresponds to proBNP;_;og and NT-proBNP;_4 spe-
cies that are not glycosylated at S44 (24), regardless of

the pathophysiological or physiological context and
therapeutics, including sacubitril/valsartan.

These results, therefore, indicate that BNPir is a
composite signal that should theoretically best reflect
proBNP production, while NT-proBNPir is a more
complex composite signal that should theoretically re-
flect both production and intracellular (glycosylation)
and extracellular (cleavage) metabolism. However, con-
sidering proBNP SP as a metabolically independent sur-
rogate of proBNP;_;4g production, we found that BNP
and NT-proBNP immunoreactivities were both strongly
correlated to proBNP SP, although surprisingly
NT-proBNP immunoreactivity was a better correlate.
In particular, NT-proBNPir correlated with proBNP
SP more consistently in groups with different health sta-
tus, while the correlation between BNPir and proBNP
SP was weaker in acute conditions, especially in ANCD.

The fact that NT-proBNPir is better correlated to
proBNP;_;0g production (signal peptide) can only result
from serendipity since the proBNDP II assay was devel-
oped before any knowledge of proBNP glycosylation,
and independently from the estimation of proBNP;_;¢g
production (signal peptide). The reason for the lower
correlation between BNPir and proBNP SP probably
results from the higher consumption of the bioactive
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Fig. 4. Impact of sacubitril/valsartan on BNP immunoreactivity. Plasma levels of total proBNP4_10g (A),
proBNP signal peptide (B), BNP4_3, (C), BNP3_3, (D), and BNPs_3, (E) in HFrEF patients at baseline (DO),
30, and 90 days after the initiation of sacubitril/valsartan. (F), Maximal cGMP production measured in
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Tukey honestly significant difference test. In (F), the data were analyzed using the Kruskal-Wallis test fol-
lowed by the rank-sum Wilcoxon test corrected for multiple comparisons. In (A), the P-value is that of the
repeated-measure ANOVA.
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transformed data followed by the Tukey honestly significant difference
of the repeated-measure ANOVA.

Fig. 5. Impact of sacubitril/valsartan on NT-proBNP immunoreactivity. (A), Plasma levels of total
NT-proBNP4_;, in HFrEF patients at baseline (D0), 30, and 90 days after the initiation of sacubitril/valsar-
tan; (B), Ratio between NT-proBNP,_;s and proBNP signal peptide as a surrogate for proBNP;_;0g pro-
cessing in HFrEF patients at baseline, 30, and 90 days after the initiation of sacubitril/valsartan; (C, D),
Relative proBNP1_10g (C) and NT-proBNP,_5, (D) glycosylation at S44 in HFrEF patients at baseline, 30,
and 90 days after the initiation of sacubitril/valsartan; (E, F), Absolute quantification of proBNP_;og (E)
and NT-proBNP4_;, (F) not glycosylated at S44 in HFrEF patients at baseline, 30, and 90 days after the
initiation of sacubitril/valsartan. The variables were analyzed using repeated-measures ANOVA on log-

test. In (E), the P-value is that

Clinical Chemistry 00:0 (2023)

9

€20z Ateniged 1 uo Josn WHISNI A 0G2EE0./SZZOBAU/WBYDUIO/EE0 L 0 L/I0P/I0ILE-SOUBAPE/WSYOUI|D/W0D dNO"0lWapese)/:sdpy Wolj papeojumMoq



PCPtidCS BNP1_32, BNP3_32, and BNP5_32, either by
greater binding to their receptor NPRA, in vivo elimin-
ation (degradation or renal excretion), or lower in vitro
stability.

There was no difference between ADHF and
non-ADHF patients for S44 glycosylation and BNPir
or NT-proBNPir signal composition. In patients admit-
ted to the emergency department for acute dyspnoea, ex-
clusion thresholds for the diagnosis of ADHF have been
suggested (<100 pg/mL for BNPir and <300 pg/mL for
NT-proBNPir) (1, 2, 28). However, in patients with
BNPir or NT-proBNPir plasma levels moderately above
these thresholds—formerly known as the grey zone—
the cardiac or non-cardiac origin of the dyspnoea is often
difficult to establish. In those instances, our data strong-
ly suggest that no B-type natriuretic peptide-based bio-
marker could help discriminate the origin of the
dyspnoea, specifically in those patients. Overall, these
results  indicate that the correlation between
NT-proBNPir and proBNP;_jog production (signal
peptide) is more robust and independent of the health
status (acute vs chronic HF), making its pathophysio-
logical interpretation easier. Both BNPir and
NT-proBNPir as biomarkers are equally effective for
the diagnosis and prognosis of HF and either could be
used. However, given the high variability of BNPir
and NT-proBNPir across assays and platforms (29)
(BNPir being more impacted) we would highly recom-
mend, as does the International Federation of Clinical
Chemistry (30), the use of the same biomarker with
the same assay/platform when it comes to following
the clinical course of these patients.

In HFrEF patients treated with sacubitril/valsartan,
the dissociated evolution of BNPir and NT-proBNPir
was initially attributed to the reduced degradation of
BNP,_3, by neprilysin inhibition. However, BNP;_3,
is a poor neprilysin substrate in humans (31) and its
main cleavage product by neprilysin (BNPs_3,) can be
detected by the Abbott BNP assay. Furthermore, at
D30 after initiation of sacubitril/valsartan the expected
disappearance of BNPs_3, translated into an equal in-
crease in BNP;_3,, overall not changing the contribu-
tion of the sum of these molecular species to BNPir.
Instead, we proposed that proBNP glycosylation could
be responsible for the decrease in NT-proBNPir (11,
32). Here, we confirm this hypothesis and show that
the decrease in NT-proBNP immunoreactivity results
from an analytical interference of proBNP;_jpg and
NT-proBNP;_7¢ glycosylation at S44 with the assay.
While the increase in NT-proBNP; 55 and
NT-proBNP,_74 S44 glycosylation cancelled each other
and produced unchanged concentration of S44-
unglycosyated NT-proBNP; 74, S44-unglycosylated
proBNP,_;0g markedly decreased, provoking the de-
crease in NT-proBNPir observed in those patients.

10 Clinical Chemistry 00:0 (2023)

However, the mechanism involved in the variations of
proBNP;_;og and NT-proBNP; 54 S44 glycosylation ob-
served in acute dyspnoea, HFrEF, and sacubitril/valsartan
treatment remains to be established.

In patients treated with sacubitril/valsartan, ANP
markedly increased in response to neprilysin inhibition
(11, 33). This increase is multifactorial and involves
the increase in proANP production and cleavage, and
the protection of ANP from inactivation by cleavage
(25). Regarding the production of proBNP;_;4g (signal
peptide), sacubitril/valsartan has only a modest impact
on proBNP production, which suggests that sacubitril/
valsartan (2) has little impact on the stimuli that regulate
proBNP;_;0g production and that (4) proBNP;_;¢g pro-
duction is not as hampered by HF as proANP produc-
tion. However, in patients who respond the best to
sacubitril/valsartan—i.e., those for whom either BNPir
or NT-proBNPir decreased the most (13, 14)—our
data suggest that the production of proBNP;_; g (signal
peptide) decreases. This is likely to be associated
with a decrease in the stimuli that are responsible for
proBNP;_;¢g production, as proBNP;_;og glycosylation is
already very high despite a moderate decrease in NT-
proBNPir. A similar scenario is also likely in patients with
ADHF treated with sacubitril/valsartan at discharge (34)
and patients with HF and preserved ejection fraction (35).

Importantly, while changes in both BNPir and
NT-proBNPir between baseline and D30 after initiation
of the sacubitril/valsartan remained unchanged or mo-
dest, a similar variation in either biomarker reflects
changes in proBNP;_jg production (signal peptide)
similarly, suggesting that either biomarker can be used.
Of note, NT-proBNPir varied more linearly with
proBNP SP than BNPir did, rendering the interpret-
ation more straightforward. From a pathophysiological
standpoint, changes in ANP production are greater
than those in BNP,_3, and derivatives. Nevertheless, sa-
cubitril/valsartan  likely provokes an increase in
BNP-mediated NPRA signaling via two mechanisms:
(@) the increase in BNP;_3, due to the inhibition of its
cleavage into the less biologically active BNPs_3, by ne-
prilysin, and (4) by an increase in proBNP;_;og process-
ing, which consequently increases BNP,_3, production.
The decrease in all BNP;_s, and derivatives at D90 des-
pite an increase in proBNP;_jog processing suggests that
BNP,_3, and BNP;_3, are more consumed, possibly by
an increase in binding to NPRA, although an increase in
elimination cannot be excluded. Nevertheless, the im-
pact of BNP on the improvement observed in HFrEF
patients treated with sacubitril/valsartan remains prob-
ably marginal when compared to the amplitude of its
impact on ANP (11, 25, 33, 36). This reinforces the
pleiotropic effects of sacubitril/valsartan on HFrEF as
NYHA improvement was not associated with variations
in either BNPir or NT-proBNPir (11).
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Based on the increase observed in ANP (11, 33),
one could be tempted to use it as a biomarker to follow
the evolution of patients treated with sacubitril/valsar-
tan. However, while an increase in ANP may reflect
the immediate pharmacological impact of sacubitril/val-
sartan and may help to prognosticate those patients (33),
further changes in ANP levels in the event of a clinical
deterioration cannot be fully predicted. Furthermore,
the clinically available assays for BNPir and
NT-proBNPir perform equally well in the context of
long-term follow-up and estimation of prognosis (13,
14). However, as mentioned above, we strongly recom-
mend using the same assay/platform when following an
individual patient due to between assay differences.

STUDY LIMITATIONS

First, the number of patients per cohort is limited, which
may limit the statistical power. However, the results are
in the main robust, consistent, and highly significant
across all the cohorts tested. Furthermore, the longitu-
dinal analysis of HFrEF patients treated with sacubi-
tril/valsartan ~ also  provided  consistent  results
throughout the study. Second, the very early clinical ef-
fects (first dose) were not assessed. Third, the up-
titration of sacubitril/valsartan was left at the discretion
of the cardiologist according to clinical need, and there-
fore it is not possible to precisely assess the relationship
between dose and time. Finally, we only used one assay
for BNPir (Abbott) and NT-proBNPir (Roche
Diagnostics), and other assays have given different re-
sults, in particular for BNP (14, 36), likely due to the
use of antibodies targeting different epitopes in BNP
or different calibrators.

In conclusion, the deconvolution of BNP and
NT-proBNP immunoreactivities by MS/MS describes
the molecular species that contribute to their measure-
ments with the Abbot and Roche assays and shows
that both biomarkers are equally useful for the estima-
tion of proBNP;_;og production in all the clinical con-
texts studied. Furthermore, proBNP;_ ;43 and
NT-proBNP;_5¢ glycosylation at S44 explain the dis-
crepant evolution of BNP and NT-proBNP immunor-
eactivities in patients treated by sacubitril/valsartan.

Supplemental Material

Supplemental material is available at Clinical Chemistry
online.

Nonstandard Abbreviations: BNP, B-type natriuretic peptide;
NT-proBNP, N-terminal fragment of proBNP; HF, heart failure;

BNPir, BNP immunoreactivity; NT-proBNPir, NT-proBNP immu-
noreactivity; MS, mass spectrometry; HFrEF, heart failure with re-
duced ejection fraction; ADHF, acute decompensated heart failure;
ANCD, acute non-cardiac dyspnoea; IQR, interquartile range; BMI,
body mass index; ANP, A-type natriuretic peptide, atrial natriuretic
peptide; NPRA, ; SP, signal protein.
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Supplementary Methods

Quantification of BNP after tryptic digestion was performed by isotope dilution CE-MS
using isotopically labeled peptides as internal standards [for instance the 32 amino acid BNP
was from Sigma-Aldrich and the isotopically labeled BNP (SPKMV (*3Cs,*>N)Q-
G(13C,,15N)S-G(13C2,15N)-CF-G(33C,, *°N)-RKMDR-1(*3C6,15N)-SSSSG LG C-K (33Cs, 1°N2) -
VLRRH) from CPC Scientific (Sunnydale, CA, USA); the lyophilized peptides were
dissolved in water:acetonitrile (90:10 v/v) containing 0.1% formic acid (v/v) and further
dilutions were carried out in water containing 500 pg/g BSA and 0.5% formic acid (v/v).
Before tryptic mapping, each plasma sample was digested with either neuraminidase
(NANase I11) and O-glycosidase (both from Sigma-Aldrich) in 250 mM sodium phosphate
buffer, pH 6 at 37°C. A concentrated buffer was added to achieve a final concentration of 50
mM Tris — HCI, pH 8, and 1 mg trypsin (modified sequencing grade trypsin from Roche
Applied Science, Penzberg, Germany) was added. Digestion was allowed to proceed
overnight at room temperature. All plasma samples were centrifuged through a 0.22 um spin
filter (E&K Scientific, Amsterdam) for 15 min at 16100g. The filtered plasmas were
lyophilized and stored at 4°C until use. Before analysis, lyophilized samples were
resuspended in appropriate volumes of HPLC grade H»O allowing the measurement of the
considered peptide within the limits of detection, and kept on ice. A neutral-coated capillary
electrophoresis-electrospray ionization (CESI) separation system coupled online to a
microTOF MS (Bruker Daltonic, Bremen, Germany) was used. CE was carried out with a
CESI 8000 High-Performance Separation-ESI Module (Sciex Separations, Brea, CA). The
capillary temperatures were maintained at 25 °C. The capillary used in this study was the
OptiMS Neutral Surface Cartridge (Sciex Separations, Brea, CA). Before use, the capillary
was first washed by 0.1 M hydrochloric acid (Sigma-Aldrich), then rinsed with background

electrolyte (BGE) consisting of 10% acetic acid (Fisher Scientific), and finally rinsed with



deionized water for 30 min at 100 psi and stored overnight filled with water. Before each run,
the capillary was rinsed with 0.1 M HCI and flushed with fresh BGE for 10 min at 100 psi.
Unless otherwise stated, samples were injected by 10 kV voltage for 5 s, and the BGE spacer
was added between samples by hydrodynamic injection. A separation voltage of 30 kV was
applied across the capillary with a supplemental forward pressure of 1.5 psi. Data acquisition
and MS acquisition methods were automatically controlled by the CE via contact—close—
relays. Spectra were accumulated every 3 s, over a range of m/z 350 to 3000. Samples from
CE-MS were also analyzed on a Dionex Ultimate 3000 RSLS nano-flow system (Dionex,
Camberly, UK). The samples (5 pL) were loaded onto a Dionex 100 pm % 2 cm 5 umC18
nano trap column at a flowrate of 5 pL/min by an Ultimate 3000 RS autosampler (Dionex).
Loading solution comprised 0.1% formic acid and acetonitrile (98:2). Once loaded onto the
trap column, the sample was then washed off into an Acclaim PepMap C18 nano-column 75
um x 15 cm, 2 um 100 A° at a flow rate of 0.3 pL/min. The trap and nano-flow column were
maintained at 35°C in a column oven in the Ultimate 3000 RSLC. Samples were eluted with
a gradient of solvent A: 0.1% formic acid versus solvent B: acetonitrile starting at 5% B
rising to 50% B over 100 min. The column was washed using 90% B before being
equilibrated before the next sample was loaded. The eluant from the column was directed to a
Proxeon nano-spray ESI source (Thermo Fisher, Hemel, UK) operating in positive-ion mode
and then into an Orbitrap Velos FTMS. The ionization voltage was 2.5 kV and the capillary
temperature was 200°C. The mass spectrometer was operated in MS—MS mode scanning
from 380 to 2000 amu. The fragmentation method was HCD at 35% collision energy. The
ions were selected for MS2 using a data-dependent method with a repeat count of 1 and
repeat and exclusion times of 15 sec. Precursor ions with a charge state of 1 were rejected.
The resolution of ions in MS1 was 60000 and 7500 for HCD MS2. Data files were searched

using SEQUEST (by using Thermo Proteome Discoverer), without any enzyme specificity.



No fixed modification was selected, and oxidation of methionine and proline were set as
variable modifications. Mass error windows of 10 ppm and 0.05 Da were allowed for MS and
MS/MS, respectively. Peptide data were extracted using high peptide confidence and top-one
peptide rank filters. Validation of identified peptides was achieved by the correlation between
peptide charge at the working pH of 2 and CE-migration time. CE migration time deviations
lower than + 2 min corresponding to the CE-MS measurement were accepted.
Characterization of O-glycosylated sites was performed by online nano-liquid
chromatography coupled to electrospray ionization-linear ion trap-Fourier transform mass
spectrometry in an LTQ-Orbitrap XL hybrid spectrometer (Thermo Scientific) equipped for
electron transfer dissociation for peptide sequence analysis by MS/MS with retention of
glycan site-specific fragments. Samples were dissolved in methanol/ water (1:1) containing
1% formic acid and introduced by direct infusion via a TriVersa NanoMate ESI-Chip
interface (Advion BioSystems, Ithaca, NY, USA) at a flow rate of 100 nL/min and 1.4 kV
spray voltage. Mass spectra were acquired in a positive ion FT mode using parameters similar
to previous studies (1) except at a nominal resolving power of either 30 000 or 60 000.
Electron transfer dissociation-MS/MS spectra were analyzed by comparison with theoretical
c and z. Fragment m/z values were calculated for all positional combinations of one HexNAc
residue distributed on all the potential S and T glycosylation sites in the sequence.
Calculations were performed using the web-based Protein Prospector MS-Product software
routine.

1. Semenov AG, Postnikov AB, Tamm NN, Seferian KR, Karpova NS, Bloshchitsyna

MN, et al. Processing of pro-brain natriuretic peptide is suppressed by o-glycosylation
in the region close to the cleavage site. Clin Chem 2009;55:489-98.



Supplementary Table 1: Analytical parameters for all the assays used*.

Assay Intra-assay CV Inter-assay CV Limit of detection Linearity range
BNPir 1.8 % 3.5% 3.2 pM 7-1377 pM
NT-proBNPir 15% 3.1% 2.1 pM 5—-4130 pM
proBNP1.108 3.3% 6.7 % 7.3pM 15— 156 pM
BNP1.3. 4.6 % 7.9% 1.6 pM 3-167 pM
BNPs.3 4.8 % 8.4 % 1.6 pM 3-167 pM
BNPs.3 5.3 % 8.1% 1.6 pM 3-167 pM
NT-proBNP1.76 3.7% 7.6 % 5.8 pM 12 — 147 pM
NT-proBNPsp 4.9 % 8.5 % 43pM 9128 pM
proBNP1.105 S44 glyc. 7.8% 11.3% 8.6 pM 17 - 88 pM
NT-proBNP1.76 S44 glyc. 71% 10.5 % 7.5 pM 15— 93 pM
cGMP 6.4 % 112 % 5pM 8 —225 pM

* Precision was determined using pooled human plasmas and controls in a protocol (EP5-A) of the CLSI (Clinical and Laboratory Standards

Institute): 2 runs per day in sextuplicate each for 10 days. Concentrations were twice the limits of detection.



20 400

= =
= =
8 3
C c
o o
2 £
(m) o 8
200 o
O (e}
-20 - -400 -
I T T T I T T T T T 1
0 500 1000 1500 0 500 1000 1500 2000
Average (pM) Average (pM)
c Total: adj. R? = 0.598 D Total: adj. R? = 0.82
HFrEF: adj. R2 = 0.612 HFrEF: adj. R? = 0.433
ADHF: adj. R2 = 0.31 ADHF: adj. R? = 0.868
Controls o Controls o,
@] O ’
a000 | & HFTEF 4000 e
O ADHF O ADHF
s ANCD 3 ANCD .
o e o L7
T 3000 A < 3000 - .
o e ol
z © . S
° 9o 3
(Tl 2000 OO 9,,, . ’IE_ 2000
e O
= @ .- 2
1000 S 1000
(6] . ® OO le)
6080 o©
0
I T T T T T T T 1
0 500 1000 1500 0 1000 2000 3000 4000
proBNP_10g (PM) NT-proBNP4_7¢ (pM)

Supplementary Figure 1: Comparison between BNP and NT-proBNP immunoreactivities and mass
spectrometry quantification. A) Bland-Altman plot comparing measured and theoretical BNPir. B) Bland-
Altman plot comparing measured and theoretical NT-proBNPir. C) Correlation between NT-proBNPir and
proBNP . measured by mass spectrometry in the different cohorts. D) Correlation between NT-proBNPir
and NT-proBNP _ measured by mass spectrometry in the different cohorts. In C and D, the correlations
were calculated using linear regression models on all the subjects (black) and each cohort individually.
HFrEF: Heart Failure with reduced ejection fraction, ADHF: Acute Decompensated Heart Failure, ANCD:
Acute Non-Cardiac Dyspnoea, adj. R*: adjusted R2.
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Supplementary Figure 2: Evolution of BNPir (A) and NT-proBNPir (B) in HFrEF patients at baseline
(D0), 30 and 90 days after the initiation of sacubitril/valsartan as described in (11). The variables were
analyzed using repeated-measures ANOVA on log-transformed data followed by the Tukey honestly
significant difference (HSD). In A, the p-value is that of the repeated-measure ANOVA. HFrEF: Heart

Failure with reduced ejection fraction.
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Supplementary Figure 3: Relationship between variations in proBNP signal peptide and BNPir or
NT-proBNPir in patients receiving sacubitril/valsartan. A) Correlation between the variations between
baseline (D0) and 30 days after the initiation of sacubitril/valsartan proBNP SP and BNPir in HFrEF patients.
B) Correlation between the variations between baseline (D0) and 30 days after the initiation of sacubitril/val-
sartan proBNP SP and NT-proBNPir in HFrEF patients. The correlations were calculated using Spearman’s
correlation (p) and linear regression models (R?). HFrEF: Heart Failure with reduced ejection fraction, A%:

relative variation.



3 Article lll. Neprilysin and the renin-angiotensin-
aldosterone system in acute kidney injury after cardiac
surgery

La néprilysine (NEP) a récemment été étudié comme biomarqueur de l'insuffisance
rénale aigue (IRA) chez les patients en réanimation. De plus la NEP joue un réle majeur dans
le systéme rénine-angiotensine-aldostérone (SRAA) en convertissant I'angiotensine 1 en
angiotensine 1-7, SRAA dont le réle dans le processus physiopathologique de I'insuffisance
rénale aigue reste débattu. Afin de valider la NEP comme biomarqueur et acteur potentiel
dans I'IRA, dans une cohorte helvétique de 40 patients admis en réanimation dans les suites
d’une chirurgie cardiaque élective avec circulation extracorporelle, nous avons mesurer la NEP
plasmatique et urinaire comme biomarqueur précoce de I'IRA. Les résultats obtenus nous ont

conduit étendre cette étude au SRAA pour tester I'implication de la NEP dans ce contexte.
Les résultats obtenus dans cette étude montrent que :

i) Le NEP plasmatique est un biomarqueur précoce (admission en réanimation)
de l'insuffisance rénale aigue dans les suites d’une chirurgie cardiaque. Il
présente des performances similaires au NephroCheck, mais est capable de
distinguer les IRA infraclinique et clinique.

ii) La NEP urinaire est bien un biomarqueur de I'IRA mais avec une cinétique plus
longue que la NEP plasmatique, puisqu’elle n’est capable d’identifier les
patients avec une IRA que 6 heures apres I'admission en réanimation.

iii) La présence d’'une IRA est associée a une activation compléte et non biaisé du
SRAA, alors que chez les patients présentant une IRA infraclinique, I'activation

du SRAA n’est que transitoire et n‘implique pas tous les éléments du SRAA.
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iv) Que méme si I'activité NEP plasmatique augmente au cours de I'IRA, cette

augmentation n’a pas d’impact sur le SRAA.

L’'ensemble de ces résultats confirment la NEP urinaire comme biomarqueur de I'IRA,
mais surtout positionne la NEP plasmatique comme un biomarqueur plus précoce de I'IRA.
Cette augmentation de la NEP plasmatique refléte possiblement les agressions vasculaires
subies lors d’une chirurgie cardiaque, dont I'IRA est secondaire. Ce travail clarifie également
I'association du SRAA dans I'IRA clinique et infraclinique, et permet d’envisager des
perspectives thérapeutiques pour la prévention/traitement précoce de I'IRA post-chirurgie

cardiaque.
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Abstract

Background: Cardiac surgery-associated acute kidney injury (CSA-AKI) is associated with
increased morbidity and mortality. Better predicting CSA-AKI and understanding its

pathophysiology are needed.

Objective: To evaluate neprilysin (NEP) as a predictive biomarker for CSA-AKI and its

impact on the renin-angiotensin-aldosterone system (RAAS).

Methods: We enrolled 40 patients who underwent cardiac surgery, of whom 25 developed
CSA-AKI. Plasma was collected before surgery, at ICU admission, and 24h and 48h after. We
measured NEP concentration and activity by mass spectrometry and a fluorogenic assay,
respectively. We also measured renin, prorenin, and aldosterone by radioimmunoassay and
angiotensins I, 11 and (1-7) by mass spectrometry. Within-group longitudinal variables were
analyzed using repeated-measure ANOVA on log-transformed data followed by the Tukey
HSD test, or using the signed rank Wilcoxon test. Intergroup comparisons were performed
using the Kruskal-Wallis test followed by the sum rank Wilcoxon test corrected for multiple

comparisons.

Results: NEP plasma concentration and activity increased in all patients at ICU admission,
with a greater increase in patients who developed CSA-AKI. Given NEP involvement in the
RAAS, we compared RAAS components in patients who developed or did not CSA-AKI.
Compared to preoperative values, patients who did not develop CSA-AKI only exhibited a
moderate and transient increase in renin concentration and angiotensin (1-7) plasma levels at
ICU admission. In marked contrast, patients with AKI exhibited increases in renin
concentration and activity, angiotensins, and aldosterone, and a decrease in prorenin
concentration at ICU admission. Preoperative angiotensin | was higher in patients who

developed CSA-AKI, with an AUC of 0.93.



Conclusions: Plasma NEP appears as a potential early biomarker for the prediction of CSA-
AKI. Patients who developed CSA-AKI exhibited full and unbiased RAAS activation, with
preoperative angiotensin | as a potential predictive biomarker of CSA-AKI.

Keywords: Cardiac Surgical, Acute Kidney Injury, neprilysin, Renin-Angiotensin System,
Aldosterone



Introduction

Cardiac surgery is often complicated by acute kidney injury (AKI), which is associated
with increased morbidity, hospital length of stay and mortality.}® The incidence of cardiac
surgery-associated AKI (CSA-AKI) is ~20%, but mostly moderate in severity.®# Until now,
AKI has been defined by an increase in serum creatinine relative to baseline and a decrease in
urinary output.>’ However, the slow kinetics of creatinine elevation has prompted the
identification of new urinary or plasma biomarkers to predict and diagnose AKI.2
Consideration of these biomarkers led to defining a new class of AKI, based solely on renal
biomarkers elevation (AKI 1S) without any change in KDIGO criteria.® he association of
IGFBP7 and TIMP-2 (Nephrocheck) has been validated to predict CSA-AKI.2° Predicting
CSA-AKI is important as preventive measures can be effectively set in place for patients at

risk of developing CSA-AKI !

CSA-AKI pathophysiology is not fully understood but involves the renin-angiotensin-
aldosterone system (RAAS). The RAAS (Figure 1A) is initiated by renin that cleaves
angiotensinogen into angiotensin | (Angl), which is further cleaved into the vasoconstrictive
angiotensin Il (Angll) by angiotensin-converting enzyme (ACE) or the vasodilatory
angiotensin 1-7 [Ang(1-7)] by neprilysin (NEP, CD10 or neutral endopeptidase). NEP is a
protease involved in the inactivation of numerous vasoactive peptides,*? and its activity
markedly impacts vascular tone. Of note, urinary NEP has recently been identified as a
potential biomarker of CSA-AKI.*® An increase in plasma renin concentration was associated
with AKI, and hypothesized to reflect a response to insufficient Angll concentration, leading
to intrarenal vasodilatation, loss of glomerular filtration pressure, eventually causing a
decrease in glomerular filtration rate (GFR). Additionally, a relative excess of Ang(1-7) could

also contribute to excessive intra-renal vasodilatation.'* Alternatively, increased renin could



reflect the complete activation of RAAS, implicating renal vasoconstriction as a main

pathophysiological drive in AKI.*

We conducted a prospective observational study in patients undergoing cardiac surgery
to investigate plasma neprilysin as a biomarker of AKI. Changes observed in NEP activity led

us to investigate the impact of these changes on RAAS.

Methods

Study design and patients

This study using human samples was carried out per the current revision of the
Declaration of Helsinki. This study was approved by the cantonal commission for Ethics in
Research on Humans (CER-VD 2018-01442). All patients included provided informed

consent.

We included 40 adult patients admitted to the intensive care unit (ICU) after elective
cardiac surgery with a high risk of perioperative AKI: > 80 years, diabetes mellitus,
hypertension, peripheral artery disease, chronic obstructive pulmonary disease, stage 2-3
chronic kidney disease (GFR 30-60 mL/min), intervention with expected pulmonary bypass >
120 min. Exclusion criteria were: severe systolic heart failure (LVEF < 35%), GFR < 30
mL/min or chronic dependence on dialysis or renal transplantation, preoperative shock,
inability to provide informed consent, enrolment in another study in progress. After the
procedure, all patients were admitted to the ICU. Clinical and standard biological data were
obtained from patient electronic medical records. AKI was defined as either a urinary
Nephrocheck > 0.3 (AKI 1S) on ICU admission, an increase in serum creatinine and/or a
decrease in urinary output in the first seven days of ICU admission according to KDIGO

criteria (AKI >1A) °.



Blood and urine sampling

Blood samples were collected in EDTA-containing vacutainer tubes before surgery, on
ICU admission, and 24 and 48h after. Blood samples were immediately centrifuged at 2000 g
for 10 min at 4°C, and plasma was immediately stored at -80°C until use. Urine samples were
collected via the urinary catheter and immediately stored at -80°C. Urine samples were
obtained for all patients at admission to ICU and only in 10 patients 6h after admission to ICU

after protocol amendment.

Biomarker measurements

IGFBP7 and TIMP-2 were measured using the Nephrocheck assay (bioMérieux) on urine
samples. Neprilysin concentration and activities were measured in both plasma and urine
samples by mass spectrometry and using a fluorogenic substrate, respectively as previously
described.'® Aldosterone was measured by radioimmunoassay (ref R-CW-100, Diasource,
Louvain-la-Neuve, Belgium). Active renin (AR) and total renin were measured by an AR
immunoradiometric assay (IRMA, ref: KIR 1531, IBL, Minneapolis, MN). To measure total
renin, 200 pL of plasma were mixed with 25 pL of the renin inhibitor VTP-27999 TFA (ref
52488, Selleck Chemicals, Houston, TX) and incubated at 4°C for 24 hours. The renin
inhibitor caused the conformational change of the prorenin molecule, exposing the antigenic
binding site to the monoclonal antibody specific to AR. Prorenin concentrations were
calculated by subtracting the amount of AR from the total renin. Plasma renin activity (PRA)
was measured using a commercial chemiluminescent assay (1B 57101, IBL, Minneapolis,
MN). Angl, Angll, and Ang(1-7) were measured by LC/ESI-SRM/MS as previously
described.!” Other biological measurements were performed by the Department of

Biochemistry at the CHUV, Lausanne.



Statistical analysis

All statistical analyses were performed using R 4.2.1.181° Variables are expressed as
median [interquartile range] or number (percentage). Normality was assessed using the
Shapiro-Wilk test. Within-group longitudinal data were analyzed by repeated measure
ANOVA on log-transformed data followed by the Tukey HSD test, or by the signed rank
Wilcoxon test. Intergroup data were analyzed with the sum rank Wilcoxon test, or by the
Kruskal-Wallis test followed by the sum rank Wilcoxon test corrected for multiple
comparisons (Holm). Correlations were measured using linear regression. Receiver-Operator
Characteristic (ROC) analysis was performed with the pROC package, and the 95%
confidence interval (95CI) was calculated by the DeLong method.'® A p-value < 0.05 was

considered significant.

Results

Study population

We included 40 patients between May 2018 and May 2019 who underwent elective
cardiac surgery. Patient characteristics are described in Table 1. Overall, the population
consisted mainly of women with a median age of 69 years. 15 (37.5%) patients did not
develop AKI (noAKI). Among the 35 patients with AKI >1S referred as to AKI thereafter, 16
(40%) had AKI stage 1S, and 9 (22.5%) had AKI >1A (8 stage 1A, 1 stage 1B). On
postoperative day 7, most (37/40, 92.5%) patients had recovered preoperative renal function.
No patient required renal replacement therapy. Patients in the noAKI and AKI groups were
similar in terms of preoperative, intraoperative, and postoperative characteristics, except for a

higher age and a trend towards lower renal function in the AKI group.



NEP levels after cardiac surgery

Patients in the AKI group had higher preoperative plasma NEP concentrations compared
to the noAKI group (Figure 1B) while both groups had similar circulating NEP activity
(Supplemental Figure 1A). Higher NEP concentration in AKI patients was moderately
predictive of AKI (AUC =0.79 [0.63-0.94]). Compared to preoperative values, both groups
exhibited an increase in NEP concentration at ICU admission (noAKI: +6.8% [3.4 — 15], P =
0.031; AKI: (+69% [46 — 88], P < 0.0001) with a return to preoperative values at 48h (Figure
1B and Supplemental Table 1). The increase in NEP concentration at ICU admission was
markedly higher in AKI patients (P < 0.0001), and there was no overlap between the two
groups at ICU admission. Baseline NEP activity was similar in both groups at baseline, and
only AKI patients exhibited an increase in NEP activity at ICU admission (+53% [38 — 80], P
< 0.0001). In all patients, NEP activity decreased lower than preoperative values at 48h
(Supplemental Figure 1A and Supplemental Table 2). In a sensitivity analysis, we
compared patients with AKI 1S and AKI >1A. The results show that NEP concentration and
activity followed the same kinetic in the two groups, although increases were more
pronounced in the AKI >1A group (Figure 1C, Supplemental Figure 1 and Supplemental

Table 3-4).

Finally, we collected urine samples from 10 patients at admission to the ICU and 6 hours
after. At ICU admission, both NEP concentration and activity were lower in patients with
AKI (n = 6) when compared to noAKI patients (n = 4; Supplemental Figure 2). While there
was no change in urinary NEP concentration or activity in noAKI patients, both markedly

increased in the urine of AKI patients (Supplemental Figure 2).



Renin in CSA-AKI

As NEP is involved in RAAS, we evaluated the impact of variations in plasma NEP
concentration and activity on RAAS components. As NEP concentration and activity were
markedly higher in AKI >1A patients than AKI 1S patients, we compared RAAS components

in the three groups noAKI, AKI 1S, and AKI >1A.

First, renin concentration (Figure 2A), plasma renin activity (PRA, Figure 2B) and
prorenin (Figure 2C) concentrations were similar across the three groups at baseline. Renin
concentration increased more in AKI >1A than in AKI 1S patients at ICU admission and
remained elevated afterwards (Figure 2A and Supplemental Table 5). This increase in renin
concentration only translated into an increase in PRA in the AKI 1S and AKI >1A groups
(noAKI: Panova = 0.9) that followed the same kinetic as renin concentration, the AKI >1A
group showing the greatest increase (Figure 2B and Supplemental Table 6). Renin increase
was associated with a decrease in plasma prorenin concentration only in the AKI 1S and AKI
>1A groups (noAKI: Panova = 0.2), with a kinetic that mirrored that of renin. In the AKI 1S
group, the decrease in prorenin was intermediary and transient, and prorenin plasma
concentration reached preoperative values at 48h (Figure 2C and Supplemental Table 7).
Finally, the sum of renin and prorenin concentration was similar in the three groups before
surgery, increased in the three groups at ICU admission, with noAKI > AKI 1S > AKI >1A,
and remained elevated afterwards with a trend toward a decrease at 48h (Supplemental

Figure 3 and Supplemental Table 8).

Angiotensins in CSA-AKI
Next, we measured plasma concentrations of Angl, Ang(1-7) and Angll. Unlike AnglI
and Ang(1-7) whose levels were similar in the three groups before surgery, Angl plasma

levels were the highest in the noAKI group and the lowest in the AKI group (Figure 3).
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Consequently, preoperative Angl levels were highly predictive of the occurrence of AKI with
an AUC of 93% (95 DI: 86 -100). Plasma levels of Angl did not change in the noAKI group
(Panova = 0.44), while increased at admission to the ICU and remained elevated in the AKI
1S and AKI >1A groups, with the greatest increase in the AKI >1A group (Figure 3A and
Supplemental Table 9). Similarly, plasma levels of Angll increased in the AKI 1S and AKI
>1A groups at admission to the ICU until 24h and decreased at 48h without reaching
preoperative levels (Figure 3B and Supplemental Table 10). Ang(1-7), increased in the three
groups at ICU admission, with noAKI > AKI 1S > AKI >1A, and with a gradual decrease at
48h, although Ang(1-7) plasma levels remained higher than preoperative levels in the AKI 1S
and AKI >1A groups and return to pre-operative values in the no AKI group at 24h (Figure
3C and Supplemental Table 11). Importantly, the Angll / Ang(1-7) ratio was similar
between the three groups at all time points and did not change throughout the study (Figure

3D and Supplemental Table 12).

Aldosterone in CSA-AKI

Finally, we measured plasma aldosterone concentration, as a measure of Angll biological
activity. Before surgery, aldosterone levels were similar in the three groups (Figure 4A).
Aldosterone levels remained unchanged in the noAKI group throughout the study, while
increased more in AKI >1A patients than AKI 1S patients without returning to preoperative
values at 48h. (Supplemental Table 13). Importantly, despite an increase in aldosterone in
the AKI 1S group (Figure 4B and Supplemental Table 13), aldosterone levels were similar
between the noAKI and AKI 1S groups at all time points (Figure 4A). There was also a strong
positive correlation between relative variations of Angll and aldosterone between
preoperative and ICU admission values, only in the AKI 1S and AKI >1A groups (Figure

4C). Finally, there were no differences in the renin/aldosterone ratio between the three groups
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throughout the study (Figure 4D), although the ratio increased only in the noAKI group upon

admission to the ICU and remained elevated afterwards (Supplemental Table 14).

Discussion

In this study, we tested the association between NEP and RAAS component with AKI
after cardiac surgery. We confirmed plasma NEP as a potential predictive biomarker for CSA-
AKI, and that RAAS activation was incremental with the severity of CSA-AKI. Furthermore,

we found preoperative Angl as a potential predictive biomarker of CSA-AKI.

Firstly, we found that cardiac surgery was associated with a rapid increase in NEP
plasma levels in all patients at ICU admission after cardiac surgery, ~24-48h before serum
creatinine elevation. NEP increase was markedly greater in those with AKI, and was greater
in patients with AKI >1A than those with AKI 1S. Although plasma NEP could predict AKI
at admission to the ICU as Nephrocheck, it could discriminate patients at risk of AKI 1S and
AKI >1A. The kinetics of plasma NEP levels strongly suggest that its elevation is associated
with operative stress since plasma NEP was the highest at admission to the ICU and
normalized at 48h. Since NEP is highly present at the surface of endothelial cells, its rapid
plasma release could result from the vascular stress secondary to cardiopulmonary bypass and
aortic clamping, although plasma NEP could also originate from other tissue and organs.
Urinary NEP concentration and activity also increased in AKI patients as previously
reported,*® with a slower kinetic than plasma NEP. While NEP is highly expressed in the
kidney, it is mostly expressed in the brush border of the proximal tubular cells and does not
contribute to plasma NEP. Whether urinary NEP elevation is due to plasma NEP filtration or
to its release from the membrane of proximal tubular cells remains to be determined.
However, since plasma NEP is not impaired by renal function,? the latter is more likely.

Taken together, these data show plasma NEP as an early plasma biomarker of CSA-AKI and
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could reflect the hemodynamic challenges on the kidney and other organs during cardiac

surgery.

Secondly, our data also indicate that CSA-AKI is accompanied by a full and unbiased
RAAS activation, which is incremental with the severity (1S vs >1A) of CSA-AKI. We found
an increase in renin concentration and activity, as previously observed,* which relied on
prorenin activation and an increase in production/release, which was also incremental with the
severity of the AKI. Renin increase was accompanied by a consistent increase in Angl, Angll,
and Ang(1-7). Importantly, baseline Angl levels differed markedly between the groups and
were predictive of the development of AKI. The mechanism underlying this difference is
unclear, but a low preoperative Angl level could be a susceptibility factor for the development
of AKI and could predict AKI post-surgery. RAAS activation was not biased toward
vasodilation or vasoconstriction, as Angll and Ang(1-7) increased similarly and their ratio
remained unchanged throughout the study, although the impact of these variations on renal
microcirculation remains unknown. Of note, the unchanged Angll/Ang(1-7) ratio indicates
that the increase in plasma NEP observed in AKI patients had no impact on RAAS. Finally,
RAAS activation translated into a linear increase in aldosterone levels in patients with AKI
>1S. However, while in patients with AKI > 1A, aldosterone plasma levels markedly
increased and remained elevated from admission to the ICU onward, aldosterone levels were
similar in noAKI and AKI 1S patients. Importantly, AKI 1S is associated with poor outcomes
both after cardiac surgery®* and in ICU patients.?? In our AKI 1S patients, since the RAAS
was activated but aldosterone levels were similar to the noAKI group, one may speculate that
in that context angiotensins rather than aldosterone participate in the pathophysiology of AKI
1S. In contrast, in AKI >1A patients, aldosterone elevation could be another layer in the
pathophysiology of AKI and suggest that aldosterone elevation is associated with the

transition from AKI 1S to >1A. However, our study design does not allow us to test whether

13



RAAS activation is a cause or a consequence of AKI. Interestingly, spironolactone
administered before and after cardiac surgery did not prevent CSA-AKI.2 Similarly, a meta-
analysis found that continuation of chronic ACEi or ARB treatment before surgery was
associated with a poorer outcome,?* although no randomized trials were included in this study.
Although the STOP-OR-NOT trial does not include patients after cardiac surgery, it may
provide insights into the role of the upstream RAAS component in AKI1.% Overall, this does
not exclude a possible role of RAAS in the pathophysiology of CSA-AKI and RAASI may

need fine adjustment only to limit the consequences of the operative stress.

Finally, it has been proposed that in severe CSA-AKI, the reduced renin/aldosterone ratio
resulted from an increase in renin due to a deficit in Angll production.** Although we did not
include patients with severe AKI, our data indicate that this may not be the case: i) RAAS
activation was complete and unbiased; ii) the renin/aldosterone ratio was constant over time,
as described in the less severe patients in the aforementioned study#; iii) there was an
incremental increase in prorenin/renin production with the severity of the AKI that was not
associated with a deficit in Angll, even in absence of AKI. Alternatively, one may speculate
that in severe CSA-AKI the low aldosterone output result from either the depletion of
aldosterone storage, aldosterone release relying on rate limiting aldosterone de novo synthesis

or from the inhibition of aldosterone release and synthesis by increasing ANP concentration.®

Our study has some limitations that need to be acknowledged. First, this is a monocentric
study with a limited population which may limit the statistical performances. However, the
patients included were well-phenotyped and the variations in biomarkers were homogeneous
between the groups considered. Second, the samples were not collected specifically for RAAS
measurements. However, the results obtained are consistent across all the RAAS components

measured, suggesting it had a minimal impact on the conclusions.
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In conclusion, plasma NEP appears as a promising biomarker to differentially predict
CSA-AKI 1S and CSA-AKI >1A. Similarly, preoperative Angl plasma levels could predict
CSA-AKI. More studies are warranted to test those potential biomarkers as a general
predictor of AKI as suggested for urinary NEP.2’ Finally, CSA-AKI is associated with fully

unbiased RAAS activation, whose pathophysiological role needs clarification.
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Figure legends

Figure 1: Neprilysin in CSA-AKI. A) Schematic representation of the Renin-Angiotensin-
Aldosterone system. B) Plasma NEP concentration in noAKI and AKI patients before cardiac
surgery (pre-op), at admission to the ICU (ICU adm.), and 24 and 48 hours after the
admission to the ICU. C) Plasma NEP concentration in AKI 1S and AKI >1A patients before
cardiac surgery (pre-op), at admission to the ICU (ICU adm.), and 24 and 48 hours after the
admission to the ICU. Variables in A and C were analyzed using repeated measure ANOVA
followed by the HSD Tukey test (Supplemental Table 1 and 3), and intergroup comparisons
were performed using the Wilcoxon sum rank test. Filled and open circles represent patients
that do and do not receive chronic angiotensin receptor blockers/angiotensin converting

enzyme inhibitor treatment.

Figure 2: Renin in CSA-AKI. A) Plasma renin concentration in noAKI, AKI 1S and
AKI>1A patients before cardiac surgery (pre-op), at admission to the ICU (ICU adm.), and 24
and 48 hours after the admission to the ICU. B) Plasma renin activity (PRA) in noAKI, AKI
1S and AKI>1A patients before cardiac surgery (pre-op), at admission to the ICU (ICU adm.),
and 24 and 48 hours after the admission to the ICU. C) Plasma prorenin concentration in
noAKI, AKI 1S and AKI>1A patients before cardiac surgery (pre-op), at admission to the
ICU (ICU adm.), and 24 and 48 hours after the admission to the ICU. Variables were
analyzed using repeated measure ANOVA followed by the HSD Tukey test (Supplemental
Table 5-7), and intergroup comparisons were performed using the Kruskal Wallis test
followed by the Wilcoxon sum rank test corrected for multiple comparisons. Filled and open
circles represent patients that do and do not receive chronic angiotensin receptor

blockers/angiotensin converting enzyme inhibitor treatment.
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Figure 3: Angiotensins in CSA-AKI. A) Plasma angiotensin | (Angl) concentration in
noAKI, AKI 1S and AKI >1A patients before cardiac surgery (pre-op), at admission to the
ICU (ICU adm.), and 24 and 48 hours after the admission to the ICU. B) Plasma angiotensin
I1 (Angll) concentration in noAKI, AKI 1S and AKI >1A patients before cardiac surgery (pre-
op), at admission to the ICU (ICU adm.), and 24 and 48 hours after the admission to the ICU.
C) Plasma angiotensin (1-7) [Ang(1-7)] concentration in noAKI, AKI 1S and AKI >1A
patients before cardiac surgery (pre-op), at admission to the ICU (ICU adm.), and 24 and 48
hours after the admission to the ICU. D) Angll/Ang(1-7) in noAKI, AKI 1S and AKI >1A
patients before cardiac surgery (pre-op), at admission to the ICU (ICU adm.), and 24 and 48
hours after the admission to the ICU. Variables were analyzed using repeated measure
ANOVA followed by the HSD Tukey test (Supplemental Table 9-12), and intergroup
comparisons were performed using the Kruskal Wallis test followed by the Wilcoxon sum
rank test corrected for multiple comparisons. Filled and open circles represent patients that do
and do not receive chronic angiotensin receptor blockers/angiotensin converting enzyme

inhibitor treatment.

Figure 4: Aldosterone in CSA-AKI. A) Plasma aldosterone concentration in noAKI, AKI 1S
and AKI >1A patients before cardiac surgery (pre-op), at admission to the ICU (ICU adm.),
and 24 and 48 hours after the admission to the ICU. B) Comparisons of the relative variation
between before surgery (pre-op) and at admission to the ICU of plasma aldosterone in noAKI,
AKI 1S and AKI >1A patients. C) Relationship between the relative variation between before
surgery (pre-op) and at admission to the ICU of the angiotensin Il (Angll) and aldosterone in
noAKI, AKI 1S and AKI >1A patients. E) Renin/aldosterone ratio in noAKI, AKI 1S and
AKI >1A patients before cardiac surgery (pre-op), at admission to the ICU (ICU adm.), and

24 and 48 hours after the admission to the ICU. Variables in A and D were analyzed using
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repeated measure ANOVA followed by the HSD Tukey test (Supplemental Table 13-E14),
and intergroup comparisons were performed using the Kruskal Wallis test followed by the
Wilcoxon sum rank test corrected for multiple comparisons. Variables in B were analyzed
using the Kruskal Wallis test followed by the Wilcoxon sum rank test corrected for multiple
comparisons. In C, correlations were calculated using linear regression. Filled and open
circles represent patients that do and do not receive chronic angiotensin receptor

blockers/angiotensin converting enzyme inhibitor treatment.
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Table 1: Characteristics of the study population. CKD: chronic kidney disease; GFR:

glomerular filtration rate; LVEF: left ventricular ejection fraction; COPD: chronic obstructive

pulmonary disease; ACEi: angiotensin-converting enzyme inhibitor; ARB: angiotensin

receptor blocker; CABG: coronary artery bypass grafting; SOFA: sequential organ failure

assessment; Hb: haemoglobin. Intergroup comparisons were performed using the Wilcoxon

sum rank test.

No AKI AKI >1S Overall P

(N=15) (N=25) (N=40) value
Preoperative Characteristics
Age — years 64.0 [54.0, 69.0] 71.0 [65.0, 77.0] 69.0 [60.0, 75.5] | 0.027
Female sex - no. (%) 13 (86.7) 18 (72.0) 31(77.5) 0.494
CKD - no. (%) 9 (60.0) 21 (84.0) 30 (75.0) 0.135
GFR (mL/min) 85.0 [67.0, 90.0] 69.0 [55.0, 81.0] 74.0 [61.2,88.5] | 0.065
Heart Failure - no. (%) 4(26.7) 6 (25.0) 10 (25.6) 1.00
LVEF (%) 67.0 [60.0, 69.5] 62.5 [56.5, 65.0] 65.0 [56.0, 68.0] | 0.125
Diabetes - no.(%) 4(26.7) 6 (24.0) 10 (25.0) 1.00
Hypertension - no. (%) 12 (80.0) 17 (68.0) 29 (72.5) 0.648
Tobacco users - no. (%) 5(33.3) 5 (20.0) 10 (25.0) 0.572
Peripheral VVascular Disease - 1(6.7) 2 (8.0) 3(7.5) 1.00
no.(%)
COPD - no.(%) 0(0) 0(0) 0(0) NA
lodine-based contrast - no.(%) 3(20.0) 7 (28.0) 10 (25.0) 0.85
ACE:i - no.(%) 7 (46.7) 14 (56.0) 21 (52.5) 0.806
ARB:s - no.(%) 1(6.7) 2(8.0) 3(7.5) 1.00
Intraoperative Characteristic
Types of heart surgery: 0.926
CABG 6 (40.0) 10 (40.0) 16 (40.0)
Aortic valve surgery 1(6.7) 3(12.0) 4 (10.0)
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Mitral valve surgery 4(26.7) 4 (16.0) 8 (20.0)

Aortic surgery 2 (13.3) 4 (16.0) 6 (15.0)

Multiple heart surgery 2 (13.3) 4 (16.0) 6 (15.0)

Cardiopulmonary bypass (min) 80.0 [56.0, 94.0] 78.0 [64.0, 101.0] | 78.0[62.5,100.5] | 0.747

Aortic Cross-clamping (min) 49.0 [40.7, 81.2] 58.0 [41.0, 75.0] 58.0 [40.5, 78.0] 0.703

Urinary Output (mL/h) 300.0 [217.5, 250.0 [190.0, 260.0 [190.0, 0.4
470.0] 380.0] 445.0]

Postoperative Characteristics

SOFA at ICU admission 5.0[3.2, 6.0] 5.0 [4.0,5.0] 5.0 [4.0,5.5] 0.74

Mechanical Ventilation - no.(%) 9 (60.0) 10 (40.0) 19 (47.5) 0.369

Dobutamine (ug /min) 0.0 [0.0, 50.0] 0.0 [0.0, 100.0] 0.0 [0.0, 100.0] 0.567

Norepinephrine (ng /min) 5.0 [0.5, 5.5] 5.0 [2.0, 8.0] 5.0 [2.0, 8.0] 0.535

Epinephrine (ug/min) 0.0 [0.0, 0.0] 0.0 [0.0, 0.0] 0.0 0.0, 0.0] 0.711

Systolic Arterial Pressure(mmHg) 109.0 [105.5, 105.0 [94.0, 112.0] | 107.5[97.0, 114.0] | 0.269
114.5]

Diastolic Arterial Pressure 59.0 [55.0, 67.5] 55.0 [44.0, 62.0] 57.0 [48.75, 65.5] | 0.162

(mmHg)

Mean Arterial Pressure (mmHg) 77.0 [69.5, 85.5] 73.0 [63.0, 80.0] 74.5[63.75,83.0] | 0.175

Lactate (mmol/I) 1.5[1.30, 1.70] 2.0[1.40, 2.10] 1.70[1.30, 2.10] 0.117

Hb (g/l) 118.0 [107.5, 121.0 [103.0, 120.0 [105.5, 0.889
130.5] 132.0] 132.0]

Urea (mmol/l) 5.45 [3.70, 6.2] 5.0 [4.6,5.7] 5.1[4.3,6.0] 0.884

Serum creatinine (umol/l) 78.0 [74.0, 83.0] 79.0 [71.0, 101.0] 78.0 [71.0, 90.2] 0.52
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Abbreviations

CSA-AKI: Cardiac Surgery-Associated Acute Kidney Injury

NEP: Neprilysin

RAAS: Renin-Angiotensin-Aldosterone System

Angll: Angiotensin 11

Angl: Angiotensin |

Ang(1-7): Angiotensin (1-7)

ICU: Intensive Care Unit

RAASI: Renin-Angiotensin-Aldosterone System inhibitor

AKI: Acute Kidney Injury

ANOVA: Analysis of Variance

AR: Active Renin

KDIGO: Kidney Disease Improving Global Outcomes

GFR: Glomerular Filtration Rate

LVEF: Left Ventricular Ejection Fraction

IGFBP-7: Insulin Growth Factor Binding Protein 7

TIMP-2: Tissue inhibitor of metalloproteinases 2
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Supplemental Figure 1: Neprilysin activity in CSA-AKI. A) Plasma NEP activity in noAKI and AKI patients
before cardiac surgery (pre-op), at admission to the ICU (ICU adm.), and 24 and 48 hours after the admission
to the ICU. B) Plasma NEP activity in AKI 1S and AKI >1A patients before cardiac surgery (pre-op), at admis-
sion to the ICU (ICU adm.), and 24 and 48 hours after the admission to the ICU. Variables were analyzed using
repeated measure ANOVA followed by the HSD Tukey test (Supplemental Tables 2 and 4), and intergroup
comparisons were performed using the Wilcoxon sum rank test. Filled and open circles represent patients that

do and do not receive chronic angiotensin receptor blockers/angiotensin converting enzyme inhibitor treatment.



>

0.01 0.01
2000 A °
o noAKI

AKI
1500 ° —

0.01 0.01
200 ®
o noAKI
o AKI

150 %

100

1000 -

500 50 1

urine NEP conc. (pg/mL)
o
urine NEP act. (pmol/mL/min) @

ICU adm. 6h ICU adm. 6h

Supplemental Figure 2: Urine neprilysin in CSA-AKI. A-B) Urine NEP concentration (A) and activity (B)

in noAKI and AKI patients at admission to the ICU (ICU adm.) and 6 hours after the admission to the ICU in
patients with urine samples at both time points. Variables were analyzed using the Wilcoxon sum rank test and
Wilcoxon signed rank test for intergroup and within group comparisons, respectively. Filled and open circles rep-

resent patients that do and do not receive chronic angiotensin receptor blockers/angiotensin converting enzyme
inhibitor treatment.
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Supplemental Figure 3: Renin and prorenin in CSA-AKI. Sum of plasma renin and prorenin concentrations
in noAKI, AKI 1S, and AKI >1A patients before cardiac surgery (pre-op), at admission to the ICU (ICU adm.),
and 24 and 48 hours after the admission to the ICU. Variables were analyzed using repeated measure ANOVA
followed by the HSD Tukey test (Supplemental Table 8). Filled and open circles represent patients that do and do

not receive chronic angiotensin receptor blockers/angiotensin converting enzyme inhibitor treatment.



Supplemental Table 1: Longitudinal analysis of NEP concentration (pg/mL) in the noAKI

and AKI > 1S groups by repeated-measure ANOVA on log-transformed data followed by the

Tukey HSD test.
Comparison Timel Time2 P-value
NoAKI group (Panova = 0.0024)
Pre-op vs. ICU adm. 246 [230 - 280.5] 266 [254 - 311.5] 0.031
Pre-op vs. 24h 246 [230 - 280.5] 274 [231 - 303] 0.39
Pre-op vs. 48h 246 [230 - 280.5] 248 [227 - 273] 0.8
ICU adm. vs. 24h 266 [254 - 311.5] 274 [231 - 303] 0.58
ICU adm. vs. 48h 266 [254 - 311.5] 248 [227 - 273] 0.003
24h vs. 48h 274 [231 - 303] 248 [227 - 273] 0.07
AKI > 18 group (Panova < 0.0001)
Pre-op vs. ICU adm. 292 [270 - 311] 482 [435 - 621] < 0.0001
Pre-op vs. 24h 292 [270 - 311] 336 [305 - 402] 0.0004
Pre-op vs. 48h 292 [270 - 311] 290 [273 - 315] 0.99
ICU adm. vs. 24h 482 [435 - 621] 336 [305 - 402] <0.0001
ICU adm. vs. 48h 482 [435 - 621] 290 [273 - 315] < 0.0001
24h vs. 48h 336 [305 - 402] 290 [273 - 315] 0.0009




Supplemental Table 2: Longitudinal analysis of NEP activity (pmol/mL/min) in the no AKI

and AKI > 1S groups by repeated-measure ANOVA on log-transformed data followed by the

Tukey HSD test.
Comparison Timel Time2 P-value
NoAKI group (Panova < 0.0001)
Pre-op vs. ICU adm. 329 [273.5 - 358] 322 [297.5 - 358.5] 0.75
Pre-op vs. 24h 329 [273.5 - 358] 309 [254.5 - 326.5] 0.26
Pre-op vs. 48h 329 [273.5 - 358] 249 [229 - 288.5] < 0.0001
ICU adm. vs. 24h 322 [297.5 - 358.5] 309 [254.5 - 326.5] 0.033
ICU adm. vs. 48h 322 [297.5 - 358.5] 249 [229 - 288.5] <0.0001
24h vs. 48h 309 [254.5 - 326.5] 249 [229 - 288.5] 0.004
AKI > 18 group (Panova < 0.0001)
Pre-op vs. ICU adm. 339 [289 - 367] 457 [424 - 627] < 0.0001
Pre-op vs. 24h 339 [289 - 367] 333 [314 - 374] 0.71
Pre-op vs. 48h 339 [289 - 367] 266 [247 - 325] 0.001
ICU adm. vs. 24h 457 [424 - 627] 333 [314 - 374] <0.0001
ICU adm. vs. 48h 457 [424 - 627] 266 [247 - 325] < 0.0001
24h vs. 48h 333 [314 - 374] 266 [247 - 325] < 0.0001




Supplemental Table 3: Longitudinal analysis of NEP concentration (pg/mL) in the AKI 1S

and AKI > 1A groups by repeated-measure ANOVA on log-transformed data followed by the

Tukey HSD test.
Comparison Timel Time2 P-value
NoAKI group (Panova < 0.0001)
Pre-op vs. ICU adm. 297 [284.5 - 309.5] 451 [428.75 - 476.75] <0.0001
Pre-op vs. 24h 297 [284.5 - 309.5] 315.5 [291 - 347.5] 0.046
Pre-op vs. 48h 297 [284.5 - 309.5] 289 [271.75 - 311] 0.88
ICU adm. vs. 24h 451 [428.75 - 476.75] 315.5[291 - 347.5] <0.0001
ICU adm. vs. 48h 451 [428.75 - 476.75] 289 [271.75 - 311] <0.0001
24h vs. 48h 315.5[291 - 347.5] 289 [271.75 - 311] 0.007
AKI > 1S group (Panova < 0.0001)
Pre-op vs. ICU adm. 270 [259 - 331] 750 [621 - 792] <0.0001
Pre-op vs. 24h 270 [259 - 331] 386 [351 - 565] 0.0008
Pre-op vs. 48h 270 [259 - 331] 290 [273 - 315] 0.84
ICU adm. vs. 24h 750 [621 - 792] 386 [351 - 565] 0.0001
ICU adm. vs. 48h 750 [621 - 792] 290 [273 - 315] <0.0001
24h vs. 48h 386 [351 - 565] 290 [273 - 315] 0.006




Supplemental Table 4: Longitudinal analysis of NEP activity (pmol/mL/min) in the no AKI

1S and AKI > 1A groups by repeated-measure ANOVA on log-transformed data followed by

the Tukey HSD test.
Comparison Timel Time2 P-value
NoAKI group (Panova < 0.0001)
Pre-op vs. ICU adm. 291.5[282 - 346.75] 431[415.5 - 449.5] <0.0001
Pre-op vs. 24h 291.5 [282 - 346.75] 325 [276.5 - 333.75] 0.93
Pre-op vs. 48h 291.5 [282 - 346.75] 259 [243.25 - 294.25] 0.06
ICU adm. vs. 24h 431 [415.5 - 449.5] 325 [276.5 - 333.75] <0.0001
ICU adm. vs. 48h 431 [415.5 - 449.5] 259 [243.25 - 294.25] <0.0001
24h vs. 48h 325[276.5 - 333.75] 259 [243.25 - 294.25] 0.014
AKI > 1S group (Panova < 0.0001)
Pre-op vs. ICU adm. 369 [348 - 415] 711 [627 - 805] <0.0001
Pre-op vs. 24h 369 [348 - 415] 397 [366 - 504] 0.54
Pre-op vs. 48h 369 [348 - 415] 318 [252 - 332] 0.001
ICU adm. vs. 24h 711 [627 - 805] 397 [366 - 504] <0.0001
ICU adm. vs. 48h 711 [627 - 805] 318 [252 - 332] <0.0001
24h vs. 48h 397 [366 - 504] 318 [252 - 332] <0.0001




Supplemental Table 5: Longitudinal analysis of renin plasma concentration (pg/mL) in the

noAKI, AKI 1S and AKI > 1A groups by repeated-measure ANOVA on log-transformed data

followed by the Tukey HSD test.

Comparison Timel Time2 P-value
NoAKI group (Panova < 0.0001)

Pre-op vs. ICU adm. 29.2 [26.6 - 30.6] 32.3[31-33.3] <0.0001
Pre-op vs. 24h 29.2 [26.6 - 30.6] 31.3[29.5 - 34.7] <0.0001
Pre-op vs. 48h 29.2 [26.6 - 30.6] 31.6 [29.1 - 34] 0.0002
ICU adm. vs. 24h 32.3[31-33.3] 31.3[29.5 - 34.7] 0.88
ICU adm. vs. 48h 32.3[31-33.3] 31.6 [29.1 - 34] 0.4
24h vs. 48h 31.3[29.5- 34.7] 31.6 [29.1 - 34] 0.83
AKI 1S group (Panova < 0.0001)

Pre-op vs. ICU adm. 27.4[22.4 - 29.3] 39.6 [36.4 - 44.1] <0.0001
Pre-op vs. 24h 27.4[22.4 - 29.3] 38.25 [34.6 - 40.6] <0.0001
Pre-op vs. 48h 27.4 [22.4 - 29.3] 35.75[32.1 - 37.9] <0.0001
ICU adm. vs. 24h 39.6 [36.4 - 44.1] 38.25 [34.6 - 40.6] 0.26
ICU adm. vs. 48h 39.6 [36.4 - 44.1] 35.75[32.1 - 37.9] 0.0006
24h vs. 48h 38.25 [34.6 - 40.6] 35.75[32.1 - 37.9] 0.09
AKI > 1A (Panova < 0.0001)

Pre-op vs. ICU adm. 26.7 [23.9 - 30] 54.5 [53.9 - 62.6] <0.0001
Pre-op vs. 24h 26.7 [23.9 - 30] 62.1 [55.3 - 65.6] <0.0001
Pre-op vs. 48h 26.7 [23.9 - 30] 54.5 [48.6 - 56.8] <0.0001
ICU adm. vs. 24h 54.5[53.9 - 62.6] 62.1 [55.3 - 65.6] 1
ICU adm. vs. 48h 54.5[53.9 - 62.6] 54.5 [48.6 - 56.8] 0.67
24h vs. 48h 62.1 [55.3 - 65.6] 54.5 [48.6 - 56.8] 0.59




Supplemental Table 6: Longitudinal analysis of plasma renin activity (PRA, ng/mL/h) in the
noAKI, AKI 1S and AKI > 1A groups by repeated-measure ANOVA on log-transformed data

followed by the Tukey HSD test, when appropriate.

Comparison Timel Time2 P-value
NoAKI group (Panova = 0.9)

Pre-op vs. ICU adm. 1.04 [0.855 - 1.465] 1.09 [0.855 - 1.44] na
Pre-op vs. 24h 1.04 [0.855 - 1.465] 1.11 [0.85 - 1.385] na
Pre-op vs. 48h 1.04 [0.855 - 1.465] 1.13[0.845 - 1.36] na
ICU adm. vs. 24h 1.09 [0.855 - 1.44] 1.11 [0.85 - 1.385] na
ICU adm. vs. 48h 1.09 [0.855 - 1.44] 1.13 [0.845 - 1.36] na
24h vs. 48h 1.11[0.85 - 1.385] 1.13[0.845 - 1.36] na
AKI 1S group (Panova < 0.0001)

Pre-op vs. ICU adm. 1.23[1.0125 - 1.5225] 1.645 [1.285 - 2] <0.0001
Pre-op vs. 24h 1.23[1.0125 - 1.5225] 1.655 [1.2525 - 1.9725] <0.0001
Pre-op vs. 48h 1.23[1.0125 - 1.5225] 1.45[1.0725 - 1.78] 0.0007
ICU adm. vs. 24h 1.645 [1.285 - 2] 1.655 [1.2525 - 1.9725] 0.98
ICU adm. vs. 48h 1.645[1.285 - 2] 1.45[1.0725 - 1.78] 0.0005
24h vs. 48h 1.655 [1.2525 - 1.9725] 1.45[1.0725 - 1.78] 0.002
AKI > 1A (Panova < 0.0001)

Pre-op vs. ICU adm. 1.27 [1.14 - 1.44] 2.75[2.43 - 3.19] <0.0001
Pre-op vs. 24h 1.27[1.14 - 1.44] 2.61[2.08 - 3.07] <0.0001
Pre-op vs. 48h 1.27 [1.14 - 1.44] 2.64[2.51 - 2.79] <0.0001
ICU adm. vs. 24h 2.75[2.43 - 3.19] 2.61 [2.08 - 3.07] 0.94
ICU adm. vs. 48h 2.75[2.43 - 3.19] 2.64 [2.51 - 2.79] 0.98
24h vs. 48h 2.61[2.08 - 3.07] 2.64[2.51 - 2.79] 1




Supplemental Table 7: Longitudinal analysis of prorenin plasma concentration (pg/mL) in

the noAKI, AKI 1S and AKI > 1A groups by repeated-measure ANOVA on log-transformed

data followed by the Tukey HSD test, when appropriate.

Comparison Timel Time2 P-value
NoAKI group (Panova = 0.2)

Pre-op vs. ICU adm. 22.8 [21.15 - 24.85] 22.2 [20.45 - 24.25] na
Pre-op vs. 24h 22.8 [21.15 - 24.85] 21.6 [21.15 - 23.8] na
Pre-op vs. 48h 22.8 [21.15 - 24.85] 21.9 [21.55 - 24.95] na
ICU adm. vs. 24h 22.2 [20.45 - 24.25] 21.6 [21.15 - 23.8] na
ICU adm. vs. 48h 22.2 [20.45 - 24.25] 21.9 [21.55 - 24.95] na
24h vs. 48h 21.6 [21.15 - 23.8] 21.9 [21.55 - 24.95] na
AKI 1S group (Panova = 0.0004)

Pre-op vs. ICU adm. 22.45 [20.975 - 24.925] 20.95 [19.525 - 23.35] 0.002
Pre-op vs. 24h 22.45 [20.975 - 24.925] 21 [19.575 - 22.225] 0.0007
Pre-op vs. 48h 22.45 [20.975 - 24.925] 21.6 [20.675 - 23.325] 0.16
ICU adm. vs. 24h 20.95 [19.525 - 23.35] 21 [19.575 - 22.225] 0.97
ICU adm. vs. 48h 20.95 [19.525 - 23.35] 21.6 [20.675 - 23.325] 0.36
24h vs. 48h 21 [19.575 - 22.225] 21.6 [20.675 - 23.325] 0.18
AKI > 1A (Panova < 0.0001)

Pre-op vs. ICU adm. 22.5[21.4 - 23.2] 17.4[17.2-18.1] <0.0001
Pre-op vs. 24h 22.5[21.4-23.2] 16.8 [16.5 - 18.2] <0.0001
Pre-op vs. 48h 22.5[21.4 - 23.2] 17.5[17.1- 18.5] <0.0001
ICU adm. vs. 24h 17.4[17.2 - 18.1] 16.8 [16.5 - 18.2] 0.5
ICU adm. vs. 48h 17.4[17.2 - 18.1] 17.5[17.1-18.5] 0.69
24h vs. 48h 16.8 [16.5 - 18.2] 17.5[17.1- 18.5] 0.99




Supplemental Table 8: Longitudinal analysis of the sum of plasma renin and prorenin

concentration (pg/mL) in the noAKI, AKI 1S and AKI > 1A groups by repeated-measure

ANOVA on log-transformed data followed by the Tukey HSD test.

Comparison Timel Time2 P-value
NoAKI group (Panova < 0.0001)

Pre-op vs. ICU adm. 51.7 [50.2 - 53] 55.3 [52.7 - 57.5] <0.0001
Pre-op vs. 24h 51.7 [50.2 - 53] 53.3 [61.7 - 57.8] <0.0001
Pre-op vs. 48h 51.7 [50.2 - 53] 54.1[52.2 - 58.3] <0.0001
ICU adm. vs. 24h 55.3 [52.7 - 57.5] 53.3[51.7 - 57.8] 0.96
ICU adm. vs. 48h 55.3 [52.7 - 57.5] 54.1[52.2 - 58.3] 0.98
24h vs. 48h 53.3[51.7 - 57.8] 54.1 [52.2 - 58.3] 1
AKI 1S group (Panova < 0.0001)

Pre-op vs. ICU adm. 47.8 [45 - 53.6] 61.8 [59.1 - 64.8] <0.0001
Pre-op vs. 24h 47.8[45 - 53.6] 58.1 [57.025 - 61.7] <0.0001
Pre-op vs. 48h 47.8 [45 - 53.6] 57.3 [54 - 58.6] <0.0001
ICU adm. vs. 24h 61.8 [59.1 - 64.8] 58.1 [57 - 61.7] 0.16
ICU adm. vs. 48h 61.8 [59.1 - 64.8] 57.3 [54 - 58.6] 0.002
24h vs. 48h 58.1 [57 - 61.7] 57.3 [54 - 58.6] 0.31
AKI > 1A (Panova < 0.0001)

Pre-op vs. ICU adm. 52.4 [44.6 - 52.5] 73.6 [71.2 - 85.5] <0.0001
Pre-op vs. 24h 52.4 [44.6 - 52.5] 78.9 [70.3 - 82.7] <0.0001
Pre-op vs. 48h 52.4 [44.6 - 52.5] 68.7 [67.1 - 74.3] <0.0001
ICU adm. vs. 24h 73.6 [71.2 - 85.5] 78.9[70.3 - 82.7] 1
ICU adm. vs. 48h 73.6 [71.2 - 85.5] 68.7 [67.1 - 74.3] 0.41
24h vs. 48h 78.9[70.3 - 82.7] 68.7 [67.1 - 74.3] 0.42




Supplemental Table 9: Longitudinal analysis of plasma angiotensin | concentration (pg/mL)

in the noAKI, AKI 1S and AKI > 1A groups by repeated-measure ANOVA on log-

transformed data followed by the Tukey HSD test, when appropriate.

Comparison Timel Time2 P-value
NoAKI group (Panova = 0.4)

Pre-op vs. ICU adm. 163 [152 - 182.5] 168 [156 - 181.5] na
Pre-op vs. 24h 163 [152 - 182.5] 163 [147.5 - 184] na
Pre-op vs. 48h 163 [152 - 182.5] 162 [148 - 179] na
ICU adm. vs. 24h 168 [156 - 181.5] 163 [147.5 - 184] na
ICU adm. vs. 48h 168 [156 - 181.5] 162 [148 - 179] na
24h vs. 48h 163 [147.5 - 184] 162 [148 - 179] na
AKI 1S group (Panova < 0.0001)

Pre-op vs. ICU adm. 134.5 [124.75 - 144.5] 262 [237.5 - 284.5] <0.0001
Pre-op vs. 24h 134.5 [124.75 - 144.5] 242 [206.3 - 271.5] <0.0001
Pre-op vs. 48h 134.5 [124.75 - 144.5] 209.5 [171 - 240] <0.0001
ICU adm. vs. 24h 262 [237.5 - 284.5] 242 [206.3 - 271.5] 0.17
ICU adm. vs. 48h 262 [237.5 - 284.5] 209.5 [171 - 240] 0.0001
24h vs. 48h 242 [206.3 - 271.5] 209.5 [171 - 240] 0.045
AKI > 1A (Panova < 0.0001)

Pre-op vs. ICU adm. 122 [114 - 129] 327 [288 - 349] <0.0001
Pre-op vs. 24h 122 [114 - 129] 325 [294 - 332] <0.0001
Pre-op vs. 48h 122 [114 - 129] 316 [271 - 339] <0.0001
ICU adm. vs. 24h 327 [288 - 349] 325[294 - 332] 0.95
ICU adm. vs. 48h 327 [288 - 349] 316 [271 - 339] 0.92
24h vs. 48h 325 [294 - 332] 316 [271 - 339] 1




Supplemental Table 10: Longitudinal analysis of plasma angiotensin Il concentration
(pg/mL) in the noAKI, AKI 1S and AKI > 1A groups by repeated-measure ANOVA on log-

transformed data followed by the Tukey HSD test.

Comparison Timel Time2 P-value
NoAKI group (Panova = 0.04)

Pre-op vs. ICU adm. 59.2 [56.3 - 62.8] 60.1 [57.9 - 65.7] 0.19
Pre-op vs. 24h 59.2 [56.3 - 62.8] 59.6 [54.9 - 62.5] 0.94
Pre-op vs. 48h 59.2 [56.3 - 62.8] 57.4[54.9 - 61.9] 0.81
ICU adm. vs. 24h 60.1 [57.9 - 65.7] 59.6 [54.9 - 62.5] 0.46
ICU adm. vs. 48h 60.1 [57.9 - 65.7] 57.4[54.9 - 61.9] 0.027
24h vs. 48h 59.6 [54.9 - 62.5] 57.4 [54.9 - 61.9] 0.47
AKI 1S group (Panova < 0.0001)

Pre-op vs. ICU adm. 61 [56 - 67] 101.3[92.1 - 131] <0.0001
Pre-op vs. 24h 61 [56 - 67] 93.65[80.8 - 110.1] <0.0001
Pre-op vs. 48h 61 [56 - 67] 78.4 [64.2 - 90.6] <0.0001
ICU adm. vs. 24h 101.3[92.1 - 131] 93.7 [80.8 - 110.1] 0.05
ICU adm. vs. 48h 101.3 [92.1 - 131] 78.4 [64.2 - 90.6] <0.0001
24h vs. 48h 93.7[80.8 - 110.1] 78.4 [64.2 - 90.6] 0.015
AKI > 1A (Panova < 0.0001)

Pre-op vs. ICU adm. 65.3 [62.2 - 82.2] 173.6 [120.1 - 213.6] <0.0001
Pre-op vs. 24h 65.3 [62.2 - 82.2] 164.3 [137.1 - 196.2] <0.0001
Pre-op vs. 48h 65.3 [62.2 - 82.2] 114.5 [103.7 - 149.8] <0.0001
ICU adm. vs. 24h 173.6 [120.1 - 213.6] 164.3 [137.1 - 196.2] 0.89
ICU adm. vs. 48h 173.6 [120.1 - 213.6] 114.5103.7 - 149.8] 0.0006
24h vs. 48h 164.3 [137.1 - 196.2] 114.5[103.7 - 149.8] 0.004




Supplemental Table 11: Longitudinal analysis of plasma angiotensin (1-7) concentration

(pg/mL) in the noAKI, AKI 1S and AKI > 1A groups by repeated-measure ANOVA on log-

transformed data followed by the Tukey HSD test.

Comparison Timel Time2 P-value
NoAKI group (Panova = 0.0003)

Pre-op vs. ICU adm. 38.9[36.1 - 41.25] 41.9 [38.8 - 44.05] 0.002
Pre-op vs. 24h 38.9 [36.1 - 41.25] 40.4 [39 - 43.5] 0.1
Pre-op vs. 48h 38.9[36.1 - 41.25] 39.7 [35.25 - 41.6] 1
ICU adm. vs. 24h 41.9 [38.8 - 44.05] 40.4 [39 - 43.5] 0.41
ICU adm. vs. 48h 41.9 [38.8 - 44.05] 39.7 [35.25 - 41.6] 0.001
24h vs. 48h 40.4 [39 - 43.5] 39.7 [35.25 - 41.6] 0.07
AKI 1S group (Panova < 0.0001)

Pre-op vs. ICU adm. 36.25 [34.425 - 39.75] 68.1 [61.775 - 74.3] <0.0001
Pre-op vs. 24h 36.25 [34.425 - 39.75] 61.35 [57.05 - 67.325] <0.0001
Pre-op vs. 48h 36.25 [34.425 - 39.75] 54.9 [47.975 - 60.95] <0.0001
ICU adm. vs. 24h 68.1 [61.775 - 74.3] 61.35 [57.05 - 67.325] 0.11
ICU adm. vs. 48h 68.1[61.775 - 74.3] 54.9 [47.975 - 60.95] 0.0003
24h vs. 48h 61.35 [57.05 - 67.325] 54.9 [47.975 - 60.95] 0.15
AKI > 1A (Panova < 0.0001)

Pre-op vs. ICU adm. 38.9 [35.5 - 42.5] 104.3 [91.3 - 142.5] <0.0001
Pre-op vs. 24h 38.9[35.5-425] 87 [67.3-111.4] <0.0001
Pre-op vs. 48h 38.9[35.5 - 42.5] 73.9[69.9 - 84.5] <0.0001
ICU adm. vs. 24h 104.3 [91.3 - 142.5] 87 [67.3 - 111.4] 0.022
ICU adm. vs. 48h 104.3[91.3 - 142.5] 73.9[69.9 - 84.5] 0.0003
24h vs. 48h 87 [67.3- 111.4] 73.9[69.9 - 84.5] 0.34




Supplemental Table 12: Longitudinal analysis of the angiotensin Il/angiotensin (1-7) ratio in

the noAKI, AKI 1S and AKI > 1A groups by repeated-measure ANOVA on log-transformed

data followed by the Tukey HSD test, when appropriate.

Comparison Timel Time2 P-value
NoAKI group (Panova = 0.59)

Pre-op vs. ICU adm. 148.4[135.9 - 181.8] 145.2 [130 - 167] na
Pre-op vs. 24h 148.44 [135.9 - 181.8] 138.7 [133.8 - 166.2] na
Pre-op vs. 48h 148.44 [135.9 - 181.8] 144.6 [133.4 - 170.5] na
ICU adm. vs. 24h 145.16 [1230 - 167] 138.7 [133.8 - 166.2] na
ICU adm. vs. 48h 145.16 [130 - 167] 144.6 [133.4 - 170.5] na
24h vs. 48h 138.72 [133.8 - 166.2] 144.6 [133.4 - 170.5] na
AKI 1S group (Panova = 0.32)

Pre-op vs. ICU adm. 157.6 [145.2 - 192.6] 180.6 [134.7 - 201.4] na
Pre-op vs. 24h 157.6 [145.2 - 192.6] 166.8 [134.7 - 203.7] na
Pre-op vs. 48h 157.6 [145.2 - 192.6] 139.1 [126.9 - 193] na
ICU adm. vs. 24h 180.6 [134.7 - 201.4] 166.8 [134.6 - 203.7] na
ICU adm. vs. 48h 180.6 [134.7 - 201.4] 139.1[126.9 - 193.0] na
24h vs. 48h 166.8 [134.6 - 203.7] 139.1[126.9 - 193.0] na
AKI > 1A (Panova = 0.054)

Pre-op vs. ICU adm. 180.8 [143.7 - 206.6] 146.6 [144.5 - 178.3] na
Pre-op vs. 24h 180.8 [143.7 - 206.6] 183.2 [167.7 - 188.9] na
Pre-op vs. 48h 180.8 [143.7 - 206.6] 163.8 [147.1 - 189.3] na
ICU adm. vs. 24h 146.6 [144.5 - 178.3] 183.2 [167.7 - 188.9] na
ICU adm. vs. 48h 146.6 [144.5 - 178.3] 163.8 [147.1 - 189.3] na
24h vs. 48h 183.2 [167.7 - 188.9] 163.8 [147.1 - 189.3] na




Supplemental Table 13: Longitudinal analysis of plasma aldosterone concentration (pM) in
the noAKI, AKI 1S and AKI > 1A groups by repeated-measure ANOVA on log-transformed

data followed by the Tukey HSD test, when appropriate.

Comparison Timel Time2 P-value
NoAKI group (Panova = 0.4)

Pre-op vs. ICU adm. 226 [193 - 279] 237 [181 - 275] na
Pre-op vs. 24h 226 [193 - 279] 239 [191 - 284.5] na
Pre-op vs. 48h 226 [193 - 279] 232 [176.5 - 262.5] na
ICU adm. vs. 24h 237 [181 - 275] 239 [191 - 284.5] na
ICU adm. vs. 48h 237 [181 - 275] 232 [176.5 - 262.5] na
24h vs. 48h 239 [191 - 284.5] 232 [176.5 - 262.5] na
AKI 1S group (Panova < 0.0001)

Pre-op vs. ICU adm. 190.5 [172.25 - 200.5] 262 [243.25 - 294.5] <0.0001
Pre-op vs. 24h 190.5 [172.25 - 200.5] 269 [254 - 334.75] <0.0001
Pre-op vs. 48h 190.5 [172.25 - 200.5] 244.5 [214.75 - 289] <0.0001
ICU adm. vs. 24h 262 [243.25 - 294.5] 269 [254 - 334.75] 0.91
ICU adm. vs. 48h 262 [243.25 - 294.5] 2445 [214.75 - 289] 0.19
24h vs. 48h 269 [254 - 334.75] 244.5 [214.75 - 289] 0.046
AKI > 1A (Panova < 0.0001)

Pre-op vs. ICU adm. 243 [208 - 263] 486 [471 - 582] <0.0001
Pre-op vs. 24h 243 [208 - 263] 451 [432 - 565] <0.0001
Pre-op vs. 48h 243 [208 - 263] 429 [404 - 539] <0.0001
ICU adm. vs. 24h 486 [471 - 582] 451 [432 - 565] 0.25
ICU adm. vs. 48h 486 [471 - 582] 429 [404 - 539] 0.028
24h vs. 48h 451 [432 - 565] 429 [404 - 539] 0.68




Supplemental Table 14: Longitudinal analysis of the renin/aldosterone ratio in the noAKI,

AKI 1S and AKI > 1A groups by repeated-measure ANOVA on log-transformed data

followed by the Tukey HSD test, when appropriate.

Comparison Timel Time2 P-value
NoAKI group (Panova = 0.0006)

Pre-op vs. ICU adm. 0.13[0.09 - 0.14] 0.14[0.11 - 0.17] <0.0001
Pre-op vs. 24h 0.13 [0.09 - 0.14] 0.13[0.1 - 0.16] 0.01
Pre-op vs. 48h 0.13[0.09 - 0.14] 0.13[0.11 - 0.17] <0.0001
ICU adm. vs. 24h 0.14 [0.11 - 0.17] 0.13[0.1 - 0.16] 0.81
ICU adm. vs. 48h 0.14[0.11-0.17] 0.13[0.11-0.17] 0.99
24h vs. 48h 0.1[0.1-0.16] 0.13[0.11 - 0.17] 0.94
AKI 1S group (Panova = 0.32)

Pre-op vs. ICU adm. 0.15[0.11-0.16] 0.15[0.12 - 0.18] na
Pre-op vs. 24h 0.15[0.11-0.16] 0.13[0.11-0.16] na
Pre-op vs. 48h 0.15 [0.11 - 0.16] 0.14 [0.12 - 0.16] na
ICU adm. vs. 24h 0.15[0.12 - 0.18] 0.13[0.11 - 0.16] na
ICU adm. vs. 48h 0.15[0.12 - 0.18] 0.14 [0.12 - 0.16] na
24h vs. 48h 0.13[0.11 - 0.16] 0.14[0.12 - 0.16] na
AKI > 1A (Panova = 0.76)

Pre-op vs. ICU adm. 0.11[0.09 - 0.12] 0.11[0.09 - 0.13] na
Pre-op vs. 24h 0.11[0.09-0.12] 0.12 [0.09 - 0.16] na
Pre-op vs. 48h 0.11[0.09 - 0.12] 0.12[0.10 - 0.12] na
ICU adm. vs. 24h 0.11[0.09 - 0.13] 0.12 [0.09 - 0.16] na
ICU adm. vs. 48h 0.11[0.09 - 0.13] 0.12[0.1-0.12] na
24h vs. 48h 0.12 [0.09 - 0.16] 0.12[0.1-0.12] na




4 Article IV. Neprilysin inhibition is a major
pathophysiological driver in severe septic shock: a
preliminary (partial) proof-of-concept study

Chez les patients en choc septique, il existe une élévation du BNP indépendante de la
dysfonction cardiaque. Chez des patients en insuffisance cardiaque, I'élévation du BNP au-
dela d’un seuil de 916 pg/ml induit une inhibition de la néprilysine (NEP), qui a été confirmée
in vitro. L'inhibition de la NEP est responsable d’une vasodilatation et d’une baisse de la
pression artérielle qui peut participer a la physiopathologie et a la gravité de la défaillance
hémodynamique des chocs septiques les plus séveres ou chocs septiques dits réfractaires aux
amines. Afin de répondre a cette hypothése selon laquelle les chocs septiques réfractaires
sont secondaires a une inhibition de la NEP par I’élévation du BNP, nous avons dans un premier
temps confirmer l'inhibition de la NEP dans une cohorte de patients en choc septique puis
dans un second temps, dans un modéle de choc septique par ligature et ponction caecale chez

le rat, testé I'administration de BNP humain sur la NEP et I’'hémodynamique systémique.
Les résultats obtenus dans cette étude montrent :

i) Une association entre I'inhibition de la NEP et la survie au décours d’un choc
septique.

ii) Dans le modele de choc septique chez le rat, 'administration de BNP humain
aggrave la défaillance hémodynamique systémique et diminue la survie.

iii) La molécule X.Y.U. prévient et réverse partiellement I'inhibition du BNP par la
NEP in vitro.

iv) Dans le modéle de choc septique chez le rat, la molécule X.Y.U., prévient
I'aggravation hémodynamique induit par I'administration de BNP.
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Au total, ce travail a permis de montrer dans un premier temps que l'inhibition de la
NEP par I’élévation au-dela du seuil de 916 pg/ml du BNP participe trés probablement a
I'aggravation de ’hémodynamique systémique dans le choc septique. Dans un second temps,
ce travail démontre que la prévention de I'inhibition de la NEP par I'élévation du BNP grace a
la molécule X.Y.U. permet de prévenir la dégradation de la défaillance hémodynamique.
Finalement, ce travail montre également que les modeéles animaux classiquement utilisés pour
étudier le choc septique ne récapitule que partiellement les cas les plus sévéres observés en

pratique clinique.
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Introduction

Sepsis is a life-threatening condition that is caused by an inadequate and excessive
inflammatory response to infection, leading to organ dysfunction. Sepsis can worsen into
septic shock that is define by a drop in mean arterial pressure (MAP) < 65 mmHg, lactate
elevation > 2 mmol/L despite adequate fluid resuscitation, and the need for vasopressor
support.! Septic shock is associated with an increased mortality, and is the leading cause of
death in intensive care units. The so-called refractory shock is the most severe form of septic
shock in which the pharmacokinetic of vasopressor is lost to maintain appropriate MAP, the
coherence between macro and microcirculation is lost, resulting in even more reduced organ
perfusion. Refractory shock is associated with increase organ dysfunction and is associated

with a greater death rate.

Neprilysin (NEP, also known as CD10, membrane metallo-endopeptidase, neutral
endopeptidase, or CALLA) is a transmembrane metalloprotease encoded by the MME gene,
which is involved in the inactivation of > 40 peptides?, amongst which numerous have
vasoactive properties (e.g., natriuretic peptides, bradykinins, adrenomedullin, substance P,
endothelin-1). Several lines of evidence suggest an important role for NEP in septic shock.
Mme knockout mice exhibit lower blood pressure and increased vascular permeability®, which
are two hallmarks of sepsis and septic shock. Mme knockout mice* or rats treated with NEP
inhibitor® also exhibit enhanced sensitivity to endotoxin challenge, supporting a possible role
for NEP in sepsis and septic shock. Furthermore, numerous vasoactive peptides that can be
inactivated by NEP were found relevant in sepsis/septic shock. Indeed, mice knockout for the
natriuretic peptide receptor Nprl did not exhibit a drop in blood pressure after endotoxin
challenge,® while mice administered with a BNP neutralising antibody exhibited an
intermediate decrease’. Likewise, the blocking of CRCR1/2 improved the outcome mice

subjected to LPS challenge mice via the down-regulation of substance P.8 Finally, plasma



levels of adrenomedullin were recently found to be associated with short-term mortality and
vasopressor requirement in patients admitted for sepsis,® and partial inactivation of
adrenomedullin improved responsiveness to catecholamine in a resuscitated model of sepsis

in rat.1°

In humans, NEP activity was found to be low in a small cohort of patients with septic
shock,! which was interpreted as the reason for BNP elevation in septic shock patients.
However, we since found that human BNP acted as an endogenous NEP inhibitor in vivo
when plasma levels > 916 pg/mL,'? providing a possible pathophysiological mechanism for
low NEP activity in septic shock. Of note, BNP-mediated NEP inhibition is not immediate in
vitro, and require two hours of NEP exposure to inhibitory concentration of human BNP.?
Importantly, BNP elevation is common in septic shock despite being associated the severity
of the critical illness rather than septic cardiomyopathy.'®* Moreover, BNP elevation is
associated with a poorer outcome in septic shock, and BNP > 800 pg/mL predicted mortality,

a cut-off not far from the NEP-inhibitory threshold.*3

We therefore hypothesised that BNP-mediated NEP inhibition could be responsible for
the increased vasoplegia observed in the most severe patients with septic shock, and that

preventing or reversing BNP-mediated NEP inhibition could offer new therapeutic options

Methods
Patients

This study was performed according to the current revision of the Helsinki Declaration,
approved by the Institutional Review Board (IRB 00006477), and written consent was
obtained for each patient or next of kin. The study population has already been described.**
Briefly, it consisted in 86 patients admitted in intensive care for septic shock after abdominal

surgery. Blood samples were collected at ICU admission using EDTA as anticoagulant,



immediately centrifuged at 2000g for 10 minutes at 4°C. Plasma were aliquoted and

immediately stored at -80°C until use.

Animals

All experiments involving animals have been approved by the local ethic committee. As
we were looking for a very strong effect, size calculation was performed using o = 0.05,
power (1-B) = 0.90, and a size effect of 0.9. Male Wistar rats aged 2-3 months and weighting
400-600 gr were obtained from Janvier Lab, and housed in light- (on from 0800 - 2000 h) and
temperature (21-24 °C)-controlled testing rooms, with food and water available ad libitum.
Septic shock was provoked by the caecal ligation and puncture (CLP) method.*® Briefly, rats
were anaesthetised with 100 mg/kg ketamine and 10 mg/kg xylazine intraperitoneally, while
analgesia was managed by administering 75 pg/kg Buprenorphine. After a laparotomy, the
caecum was exposed, ligatured around an 18-gauge catheter to maximise reproducibility, and
puncture with an 18-gauge needle. The rats were sutured until further experimentation. Sham-
operated animal had a laparotomy and caecal exposure without ligation or puncture. Sixteen
hours after CLP, rats were anaesthetised with the same ketamine/xylazine mixture and
ventilated. A catheter was set in place in the carotid artery for invasive blood pressure
measurement, and a second catheter was set in place in the jugular vein for fluid resuscitation
(1 ml saline/hour), drug administration and blood collection, as previously described.'® Rats
were enrolled when mean arterial blood pressure was < 65 mmHg, and randomised to receive
the various interventions. Anaesthesia was maintained by injecting intraperitoneally 50 mg/kg
ketamine and 5 mg/kg xylazine every 45 minutes. Human BNP variant was administered in
300 pL saline as a bolus to target 500 pg/mL or 2000 pg/mL final concentration based on 60
ml of blood per kg of body weight. Molecule X.Y.U. was administered at a target

concentration of 500 ng/mL in saline. After four hours of monitoring, the rats were euthanised



using a lethal dose of pentobarbital, and their organs harvested. Some rats were euthanised

prior the expected end of protocol if mean arterial blood pressure < 20 mm Hg.

Blood samples (250uL) were obtained every hour in precooled tube containing heparin
(ref), immediately centrifuged at 2,000 g, at 4°C for 10 minutes. Plasma samples were stored

at -80°C until use. Organs were harvested, snap frozen in liquid nitrogen and stored at -80°C.

Peptides and proteins

All the peptides used were obtained at purity > 95% as endotoxin-free lyophilizates from
Genscript (Rijswijk, Netherlands), which were resuspended at appropriate concentrations in
intravenous-compatible 0.09% saline solution. Human recombinant NEP was obtained from

Sigma-Aldrich (SRP6450).

Neprilysin activity

Neprilysin activity was measured by fluorimetry as previously described.?

Statistical analysis

All statistical analyses were performed with statistical software R (version 4.2.1). For
non-human studies, variables were analysed using repeated-measure ANOVA on log-
transformed data, followed by the Tukey honest difference test. Intergroup comparisons were
performed using the Kruskal-Wallis test followed by the sum rank Wilcoxon test corrected for
multiple comparisons, or the sum rank Wilcoxon test. For human data, normality was
assessed using the Shapiro-Wilk test. Data were analysed using the sum rank Wilcoxon test.
Survival curve were performed using Kaplan-Meier analysis. A P-value < 0.05 was

considered statistically different.



Results
NEP activity in septic shock patients

First, we measured NEP activity and concentration in a cohort of septic shock patients,
and found that NEP activity was markedly lower in those who died in-hospital (137
pmol/mL/min [110 — 170]), than those who survived (378 pmol/mL/min [279 — 532], P <
0.0001, Figure 1A). To evaluate a possible decrease in NEP activity due to NEP
extravasation, we measured NEP plasma concentration, which was not different in the two

groups (Figure 1B).

BNP-mediated NEP inhibition in a rat model of septic shock

In order to test potential intervention that would prevent or reverse BNP-mediated NEP
inhibition, we needed to establish an animal model of septic shock that would recapitulate the
vent. Administration of human BNP is vasodilatory, irrespectively of its inhibitory effect on
NEP. However, as BNP requires it disulphide bond to be active, we designed two human BNP
derivatives in which each cysteine (at position 10: hBNP* and 26: hBNP**) involved in the
disulphide bond were changed to its steric equivalent serine (Figure 2A). Human
recombinant NEP was then incubated with inhibitory (1600 pg/mL) concentration of native
human BNP or the derivatives for two hours. Results showed that the ~mean decrease in NEP
activity was ~93%, ~80%, and ~63% when incubated for two hours with hBNP, hBNP*, and
hBNP**, respectively (Figure 2B). As hBNP* exhibited the strongest inhibitory effect

amongst the variants tested, it was selected for the in vivo experiments.

Next, we tested hBNP* in a rat model of septic shock induced by caecum ligature-
puncture. As expected, CLP provoked a decrease in MAP, which gradually decreased over the
four hours of invasive monitoring. Similar results were obtained when CLP rats received a

single bolus of hBNP* at non-inhibitor concentration (500 pg/mL final concentration). In



animals that received a single bolus of h(BNP* at inhibitory concentration (2000 pg/mL),
MAP remained stable for ~two hours, and abruptly dropped in three animals out of the five
tested. As this model did not involve the administration of vasopressor, the animals died

within the hour that succeeded the initial drop in MAP.

X.Y.U. prevent and partially reverse BNP-mediated NEP inhibition

We identified a molecule, referred to as X.Y.U. hereafter for reason of confidentiality, as
a potential candidate for the prevention and reversion of BNP-mediated NEP inhibition. First,
we preincubated 250 pg/mL human recombinant NEP with 500 ng/mL of X.Y.U. for one
hour, and added hBNP at inhibitory concentration (1600 pg/mL). Results show that X.Y.U.
itself had no effect on NEP activity (between -1 and 0 hours) and prevented but prevented
BNP-mediated NEP inhibition for 24 hours after the addition of BNP (Figure 3A). At 48
hours, molecule X started to lose efficacy as NEP activity decrease by ~22%. Next, we tested
the ability of X.Y.U. to reverse BNP-mediated NEP inhibition. We first incubated 250 pg/mL
human recombinant NEP with 1600 pg/mL hBNP for two hours to reach maximal inhibition,
and added X.Y.U. at 500 ng/mL final concentration. Results show that X.Y.U. was capable of
restoring NEP activity to ~40% of baseline value, as soon as one hour after its addition

(Figure 3B).

Next, we tested the ability of X.Y.U. to prevent BNP-mediated NEP inhibition in the rat
model of CLP that received inhibitory concentration of hBNP*. To parallel in vitro
experiments, X.Y.U. was administered as a single intravenous bolus (500 ng/mL target
concentration), and a single bolus of hBNP* at inhibitory concentration was administered one
hour later. Results show that in CLP animals that received a single bolus of hBNP* at
inhibitory concentration, X.Y.U. prevented the drop in MAP observed in CLP that only

received a single bolus of hBNP* at inhibitory concentration (Figure 3C). Furthermore,



X.Y.U. also prevented the mortality observed in CLP rats that received inhibitory hBNP*

concentrations.

Discussion

The present study indicate that BNP-mediated NEP inhibition is a possible major driver
in the pathophysiology of severe septic shock, and can be leveraged pharmacologically at

least to prevent the transition to the most severe forms of septic shock.

First, we show that BNP elevation > 916 pg/mL could be a major driver of septic shock
physiopathology as all patients who died in ICU had very low plasma NEP activity.
Furthermore, we were capable of replicating BNP-mediated NEP inhibition in a rat model of
septic shock, which provoked a marked and abrupt drop in MAP as observed in the most
severe cases of septic shock in human. Importantly, BNP-mediated NEP inhibition is only
present in simians, and therefore absent from most animal models commonly used. This
indicates that all those preclinical models only recapitulate a part of the pathophysiology of
septic shock, and in particular lack the mechanism involved in the abrupt exacerbation of

shock.

From a pathophysiological standpoint, multiple preclinical studies have shown the
importance of peptides that are neprilysin targets in sepsis and septic shock;® the elevation
of some of those peptides being the consequence of dysregulated inflammation.® Altogether,
these data and ours suggest that the low blood pressure observed in septic shock is likely to be
due to an increased production of vasoactive peptides, which activities lead to increased
vasodilation and vascular leakage. This increase in activity of vasodilatory peptides is likely
accompanied by a deficit in endogenous vasopressor, such as endothelin-1, angiotensin-II, or
endogenous catecholamines. However, when BNP reaches NEP inhibitory concentration

NEP, we anticipate a second elevation of those vasoactive peptides, resulting from their



reduced degradation. Altogether, these data allow us to propose a model whereby; i) the first
stage of septic shock, which responds to limited concentrations of vasopressor, is associated
with an increase in production of vasodilatory and vasopermeant factor; and ii) the second
step, which is associated with extreme vasoplegia and the most severe forms of septic shock, a
double penalty occurs as not only those vasoplegia factor are overproduced, but they are also

less eliminated, leading to their rapid accumulation.

From a therapeutic standpoint, we have identified a molecule, X.Y.U., which is capable
of preventing BNP-mediated NEP inhibition both in vitro and in vivo, and capable of its
partial reversion in vitro. Importantly, both prevention and reversion occur rapidly in vitro,
which is important when dealing with such an unstable clinical situation. Most of the recent
therapeutic attempts in septic shock have failed because the population of interest could not
be identified. Here, as BNP is the cause of NEP inhibition and is a routine biomarker used
worldwide, we anticipate that the patients that would benefit from either of the prevention or
reversion of BNP-mediated NEP inhibition could be readily identified, as long as serial BNP
measurements are performed. We therefore anticipate that molecule X.Y.U. could help
manage blood pressure in septic shock patients by reducing the doses of vasopressor used.
Therefore, the impact of molecule X.Y.U. in septic shock is likely to go beyond its sole
hemodynamic benefit, and may help reduce immune paralysis that is often observed after the
chronic dose of high doses of noradrenaline. However, only clinical trials performed in human

will allow to explore extended benefits of molecule X.Y.U..

Our study has some limitations that needs to be acknowledged. First, the study
population is rather small and not randomized which may limit the statistical performance.

Furthermore, we did not have access to vasopressor or BNP data.



In conclusion, BNP-mediated NEP inhibition appears as a critical factor in the
pathophysiology of severe septic shock, and X.Y.U. offers a promising avenue to prevent the

occurrence of extreme vasoplegia, and possibly reverse it.

Acknowledgments

The authors would like to thank...

References

1. Singer, M., et al. The Third International Consensus Definitions for Sepsis and Septic
Shock (Sepsis-3). JAMA 315, 801-810 (2016).

2. Campbell, D.J. Long-term neprilysin inhibition - implications for ARNIs. Nat Rev
Cardiol 14, 171-186 (2017).

3. Lu, B., et al. The control of microvascular permeability and blood pressure by neutral
endopeptidase. Nat Med 3, 904-907 (1997).

4. Lu, B., et al. Neutral endopeptidase modulation of septic shock. J Exp Med 181, 2271-
2275 (1995).

5. Pham, D., Jeng, A.Y., Escher, E., Sirois, P. & Battistini, B. Effects of a selective
neutral endopeptidase and a nonselective neutral endopeptidase/endothelin-converting
enzyme inhibitor on lipopolysaccharide-induced endotoxaemia in anaesthetized
Sprague-Dawley rats. J Cardiovasc Pharmacol 36, S362-366 (2000).

6. Panayiotou, C.M., et al. Resistance to endotoxic shock in mice lacking natriuretic
peptide receptor-A. Br J Pharmacol 160, 2045-2054 (2010).
7. Hoffman, M., et al. B-type natriuretic peptide is upregulated by c-Jun N-terminal

kinase and contributes to septic hypotension. JCI Insight 5(2020).

8. Wang, M., Zhong, D., Dong, P. & Song, Y. Blocking CXCRZ1/2 contributes to
amelioration of lipopolysaccharide-induced sepsis by downregulating substance P. J
Cell Biochem 120, 2007-2014 (2019).

9. Marino, R., et al. Plasma adrenomedullin is associated with short-term mortality and
vasopressor requirement in patients admitted with sepsis. Crit Care 18, R34 (2014).

10.  Wagner, K, et al. Adrenomedullin binding improves catecholamine responsiveness
and kidney function in resuscitated murine septic shock. Intensive Care Med Exp 1, 21
(2013).

11. Pirracchio, R., et al. Impaired plasma B-type natriuretic peptide clearance in human
septic shock. Crit Care Med 36, 2542-2546 (2008).

12.  Vodovar, N, et al. Elevated Plasma B-Type Natriuretic Peptide Concentrations
Directly Inhibit Circulating Neprilysin Activity in Heart Failure. JACC Heart Fail 3,
629-636 (2015).

13. Papanikolaou, J., et al. New insights into the mechanisms involved in B-type
natriuretic peptide elevation and its prognostic value in septic patients. Crit Care 18,
R94 (2014).

14, Riche, F., et al. Protracted immune disorders at one year after ICU discharge in
patients with septic shock. Crit Care 22, 42 (2018).

15. Rittirsch, D., Huber-Lang, M.S., Flierl, M.A. & Ward, P.A. Immunodesign of
experimental sepsis by cecal ligation and puncture. Nat Protoc 4, 31-36 (2009).



16. Deniau, B., et al. Inhibition of circulating dipeptidyl-peptidase 3 restores cardiac
function in a sepsis-induced model in rats: A proof of concept study. PLoS One 15,
e0238039 (2020).



Legends to the Figures

Figure 1: NEP in septic shock. Plasma NEP activity (A) and concentration (B) measured in
septic shock patients who survived (Surv) or not (non-Surv) in the intensive care unit.

Variable were compared using the sum rank Wilcoxon test.

Figure 2: BNP-mediated NEP inhibition. A) Schematic illustrating the structure of human
BNP and the sequence corresponding of the derivative tested. B) NEP activity measured in
vitro after incubation with inhibitory concentration of human BNP and derivatives. C) Effect
of hBNP* on mean arterial blood pressure (MAP) in rat model of septic shock (CLP). The
time at which hBNP* was administered is indicated by an arrow. Variables in B were
analysed using repeated-measure ANOVA on log-transformed data followed by the Tukey
HSD test for within-group comparisons, and by the Kruskal-Wallis test followed by the sum
rank Wilcoxon test corrected for multiple comparisons (holm’s method) for inter-group

comparisons.

Figure 3: X.Y.U. as a modulator or BNP-mediated NEP inhibition. A) NEP activity after
preincubation with X.Y.U. prior to the administration of hBNP* at inhibitory concentration.
B) NEP activity after its initial inhibition by hBNP* and a secondary incubation with X.Y.U..
C) Mean arterial blood pressure in rats that received 500 ng/mL of X.Y.U. and hBNP* at
2000 pg/mL one hour later. The data from CLP rats that only received hBNP* is from Figure

2C for illustration.

Figure 4: Model for the transition from septic shock to severe septic shock. Below 916
pg/mL BNP, NEP is fully active and capable of eliminating vasoactive peptides.
Consequently, blood pressure can be maintained using low doses of vasopressors. Once BNP

> 916 pg/mL, the marked decrease in NEP activity provokes a rapid and abrupt accumulation



of vasoactive peptides, which in turn provoke a rapid and abrupt decrease in blood pressure

and a consequent increase in vasopressor.
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DISCUSSION

1 Sacubitril/valsartan: effets pléiotropes et non
spécifiques de la NEP

1.1 Effets vasoactifs

L'une des voies métaboliques impactée par linhibition de la NEP par le
sacubitril/valsartan sont les peptides natriurétiques. En effet, chez les patients traités par
sacubitril/valsartan, il existe une augmentation forte augmentation de ’ANP [55, 123] alors
qgue le BNP reste stable [55, 124]. Parmi les peptides natriurétique, I’ANP semble donc étre
I'effecteur de 'augmentation du GMPc observé chez ces patients [54]. Il est a noter que le
CNP doit également étre stabilisé par le sacubitril/valsartan mais son dosage est extrémement
compliqué en raison de sa trés courte demi-vie [125] et du manque de spécificité de son

dosage [126] .

Mes travaux montrent que linsuffisance cardiaque a FEVG réduite est un état
suboptimal de production d’ANP. En effet, chez les patients avant l'introduction du
sacubitril/valsartan, les taux d’ANP sont relativement faibles par rapport aux concentrations
de proANP, alors que chez le sujet sain, malgré des taux de proANP plus faibles, I’ANP est plus
produit [127]. En revanche, l'insuffisance cardiaque a FEVG réduite ne semble pas étre un
état suboptimal en BNP, puisque I'administration de sacubitril/valsartan ne modifie que trés
peu la quantité de BNP, en particulier rapidement apreés I'introduction du sacubitril/valsartan
[128]. Lintroduction du sacubitril/valsartan permet chez ces patients de restaurer et de
potentialiser les taux circulants d’ANP et de proANP, ainsi que des peptides dérivants du NT-

proANP (proANP1-30, proANP31.67 et proANP7g.98) qui deviennent supérieurs a ceux observés

175



chez les sujets sains. De ce fait, le sacubitril/valsartan n’est pas limité a une augmentation de
I’ANP mais également des peptides dérivants du NT-proANP, dont les actions sont bénéfiques
dans l'insuffisance cardiaque chronique. Par ailleurs, I'augmentation rapide et forte de I’ANP
ne s’explique pas uniquement par sa simple protection contre la dégradation par la NEP. En
effet, deux autres facteurs entrent en jeu : I'augmentation de la production de proANP par la
diminution de miR-425, et 'augmentation de I’activité corine par la diminution de miR-1-3p.
Cette augmentation massive d’ANP est également accompagnée de I'augmentation d’autres
peptides vasodilatateurs comme |'adrenomédulline [55, 129] et de la substance P [55]

amplifiant I'effet vasodilatateur de ce traitement.

L’effet vasodilatateur et hypotenseur du sacubitril/valsartan reste néanmoins difficile
a expliquer étant donné que la NEP dégrade aussi des peptides vasoconstricteurs
(angiotensine, endothéline 1), dont les concentrations devraient augmenter quand la NEP est
inhibée. Cependant, les effets vasoconstricteurs de I’'angiotensine Il sont bloqués par
I’'administration concomitante d’un antagoniste du récepteur a I'angiotensine Il (valsartan).
De plus, mes travaux ont montré que le sacubitril était également un inhibiteur partiel d’ECE-
1 qui procede a la maturation de la big-endothéline 1 en endothéline 1. De ce fait, méme si la
concentration plasmatique d’endothéline 1 augmente chez les patients traités par
sacubitril/valsartan, elle n’augmente pas autant qu’elle ne devrait pour maintenir une balance
vasoactive neutre. Il faut aussi ajouter que tous ces patients sont traités par bétabloquant qui
limite les effets presseurs des catécholamines. En conséquence, la résultante vasoactive nette
du sacubitril/valsartan est en faveur d’une plus grande vasodilatation, en raison de la
potentialisation de peptides vasodilatateurs et d’'un blocage total ou partiel de la réponse

vasoconstrictrice, permettant de mieux comprendre le mode d’action du sacubitril/valsartan.
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1.2 Autres Effets du sacubitril/valsartan

Un des effets décrit apres I'introduction du sacubitril/valsartan est 'amélioration du
contréle glycémique [55, 130] qui est accompagnée par une diminution de I'HbA1c [130] ou
de la fructosamine [55], et d’'un moindre recours a l'insuline chez les patients diabétiques
[130]. Cette amélioration métabolique s’explique en partie par une augmentation de GLP-1
qui est substrat de la NEP [130, 131]. Au méme titre que I’ANP, 'augmentation de GLP-1 est
probablement bimodale, avec une protection contre la dégradation via I'inhibition de la NEP,
et un effet métabolique lié a la diminution d’indole [132], qui limite la libération de GLP-1.
L'ANP pourrait également jouer un rbéle métabolique dans ce contexte via son action
lipolytique [133]. Finalement, cette trace d’un meilleur contréle glycémique est observé vi la
régulation de la production de proANP par miR-425 [127]. En effet, miR-425 est régulé
positivement par le glucose, et la diminution que nous avons observé chez les patients traités
par le sacubitril/valsartan pourrait refléter une diminution de I'utilisation du glucose par les

cardiomyocytes.

Une des particularités du sacubitril/valsartan est que les patients rapportent se sentir
mieux dans les jours qui suivent son introduction, et bien avant que des effets
cardiovasculaires ou métaboliques puissent étre observés. Cette amélioration subjective est
associée a une baisse des symptomes dépressifs et d’anxiété [134, 135] et une meilleure
tolérance a I'exercice [136]. Ces modifications semblent étre associées a la potentialisation du
systeme opioide endogene (endorphine et enképhalines). L'inhibition centrale de la NEP
semble étre au cceur de ces observations car elle est associée a des effets antidépresseurs,

analgésiques et antinociceptifs [137]. L'effet analgésique pourrait participer a la meilleure
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tolérance a l'effort. Il est a noter qu’une faible fraction du sacubitril traverse la barriére

hémato encéphalique et pourrait étre responsable de cet effet du sacubitril/valsartan.

1.3 Un médicament non spécifique de la NEP

Le sacubitril est décrit comme un inhibiteur spécifique de la NEP. Cependant, de
nombreux inhibiteur de la NEP ne sont pas aussi spécifique et peuvent avoir un effet inhibiteur
partiel sur d’autres enzymes de la méme famille [138]. Mes travaux confirment I'inhibition
partielle d’ECE1 par le sacubitril et montre également son effet inhibiteur partiel sur I’ANPEP.
Alors que l'inhibition partielle d’ECE1 se traduit par une diminution de la production d’ET1,
I'inhibition partielle d’ANPEP ne semble pas avoir d’effet majeur. Cependant, ANPEP a de tres

nombreux substrats et nous n’en avons examiné qu’un seul.

Au-dela du manque de spécificité pharmacologique, le sacubitril/valsartan a
également permis de mettre en évidence des effets indirectes sur d’autres protéases. En effet,
'ANPEP est initialement inhibée partiellement directement par le sacubitril, puis
indirectement par la substance P. Cette inhibition ricochet est un facteur majeur qui est
souvent négligé dans l'utilisation d’inhibiteur de protéase, sans pour autant que cela se
traduise par une inhibition indirecte. En effet, la plupart des peptides clivés par la NEP peuvent
également étre clivés par d’autres protéases qui elle-méme ont plusieurs substrats. Ainsi,
I’'augmentation des substrats de la NEP lors de son inhibition va modifier les concentrations
relatives de ces substrats, et potentiellement affecter I'activité des autres protéases. De fait,
I'inhibition de la NEP pourrait changer le profil de substrat d’autres protéases, ce qui pourrait
également jouer un réle dans les effets du sacubitril/valsartan. Nous anticipons que cet effet
puisse étre d’autant plus important que la NEP est probablement la protéase qui a le spectre
de substrat le plus large (> 40 peptides). De fait, la compréhension exhaustive des effets de
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I'inhibition de la NEP risque d’étre inatteignable étant donné la complexité des mécanismes

indirectes potentiellement mis en jeu.

1.4 Impact sur le dosage des biomarqueurs

L'inhibition de la NEP par le sacubitril/valsartan a également permis d’étudier plus en
détail I'impact de la glycosylation sur les dosages des peptides natriurétiques utilisés en
contexte clinique. Cette étude a été facilité par le fait qu’il s’agit d’'une cohorte longitudinale
et que I'évolution de la glycosylation du proANP et du proBNP est rapide apres initiation du
sacubitril/valsartan [55, 127, 128]. Mes travaux ont permis montrer que la diminution
observée du MR-proANP, initialement imaginé comme un biomarqueur reflétant la
production de proANP ou d’ANP, était due a une interférence analytique de la glycosylation
du proANP sur le dosage du MR-proANP. Cela signifie que I'interprétation des dosages de MR-
proANP ne sont pas interprétable en termes de métabolisme du proANP ou de I’ANP. En
revanche, le MR-proANP conserve sa propriété de biomarqueur, a savoir sa capacité a
discriminer des populations différentes de patients. De méme, la glycosylation du proBNP en
S44 impacte le dosage du NT-proBNP. Néanmoins, le BNP et le NT-proBNP restent de bons
estimateurs de la production de proBNP. Cela était attendu pour le proBNP étant donné les
espéces moléculaires qui constituent le signal, mais surprenant pour le NT-proBNP qui a été
développé avant la découverte de site de glycosylation dans le proBNP. Cependant, le NT-
proBNP a été développé comme compétiteur du BNP, probablement en comparant ses taux

plasmatiques a ceux du BNP.

D’une maniere plus générale, ce travail révele la problématique de la glycosylation dans
le dosage des biomarqueurs en général. Ce probleme va viser principalement les protéines
utilisées comme biomarqueurs et qui sont naturellement sécrétées. En effet, seules les
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protéines sécrétées sont glycosylées lors de leur passage via le réticulum endoplasmique et
I'appareil de Golgi les protéines intracellulaires libérées via des exosomes ou la mort cellulaire
(e.g. troponines) ne sont pas glycosylées. D’'une maniere générale, la glycosylation des
biomarqueurs pourrait ne pas poser de probléme, si tenté que la glycosylation reste
constante. Par exemple, si un biomarqueur est toujours glycosylé a 30% au niveau d’un des
épitopes détectés par le dosage, I'impact restera négligeable. Le résultat ne sera qu’une sous-
estimation constante de la quantité du biomarqueur. Cependant, mes travaux sur le proANP
et le proBNP ont montré que la glycosylation de ces deux protéines n’est pas constante et
évolue en fonction du contexte clinique. La glycosylation est maximale chez le sujet sains,
minimale en condition aigue, intermédiaire en condition chronique, et peut évoluer par les
traitements. De fait, une analyse précise des especes moléculaires contribuant aux dosages
des biomarqueurs, ainsi que I'impact potentiel de leur glycosylation sur le dosage deviennent

impératif pour mieux tirer parti de ces dosages.

2 Néprilysine et SRAA : biomarqueur et déterminant de
I’IRA associée a la chirurgie cardiaque

2.1 La NEP un nouveau biomarqueur de I'IRA

L'insuffisance rénale aigue est un continuum physiopathologique qui débute de
I’agression rénale et qui aboutit a I'insuffisance rénale aigue [75]. Les biomarqueurs actuels
de I'IRA retenus par la classification KDIGO [80] sont largement imparfaits. En effet, I'oligurie
est un critére diagnostic précoce et qui marque la gravité de I'atteinte rénale [139] mais qui
est largement inconstant. De plus la créatinine plasmatique est un marqueur retardé apres
I’agression rénale et peu sensible [139]. De nouveaux biomarqueurs sont donc indispensables

a notre pratique clinique future afin de dépister précocement les patients avec une agression
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rénale en cours afin de pouvoir appliquer une prise en charge spécifique permettant de
prévenir la survenue de l'insuffisance rénale aigue [140]. Dans le cadre de I'insuffisance rénale
aigue associée a la chirurgie cardiaque, seul le NEPHROCHECK est recommandé par les

sociétés savantes.

Ce travail de thése montre que la NEP plasmatique est un biomarqueur précoce de
I’agression rénale dans le cadre de la chirurgie cardiaque. L'origine de I’élévation de la NEP
plasmatique dans le contexte de la chirurgie cardiaque avec CEC reste a ce stade incertain.
L’hypothése principale est I'origine vasculaire de la NEP. En effet les effets hémodynamiques
de la CEC [141] et du clampage aortique (CA) [141] peuvent expliquer une élévation brutale
de la NEP plasmatique, via la dysfonction endothéliale qu’ils engendrent. La NEP plasmatique
serait dans ce cas un reflet de la dysfonction endothéliale et des effets hémodynamique
induits par la chirurgie cardiaque et assez peu spécifique de la fonction rénale. Cette
hypothése est cohérente avec les données que nous avons obtenus sur I'activation du SRAA.
La chirurgie cardiaque avec CEC et CA induirait des anomalies hémodynamiques et vasculaires
expliquant I'élévation de la NEP plasmatique et I'activation du SRAA. Cela confirme
I’hypothese selon laquelle le NEP plasmatique n’est dans ce cas qu’un biomarqueur et non pas
un effecteur physiopathologique, d’autant plus qu’elle ne semble pas jouer sur la balance du

SRAA.

Concernant la NEP urinaire nos données tendent a confirmer sa valeur diagnostique a
H6 post opératoire. En effet la NEP urinaire post opératoire immédiate semble trop précoce
afin de dépister I'agression rénale en cours. Cependant sur un nombre restreint de patients
(n=10), la NEP urinaire dans notre étude semble confirmer les données publiées récemment

[96]. A I'inverse de la NEP plasmatique, la NEP urinaire semble étre spécifique de I'atteinte
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rénale. En effet les cellules tubulaires rénales sont riches en NEP [142], la NEP urinaire semble
étre le reflet de I'agression tubulaire et du relargage dans le compartiment urinaire de la NEP

cellulaire [96, 142].

La NEP plasmatique et urinaire sont deux biomarqueurs distincts impliquant des
processus physiopathologiques distincts mais qui semblent tous deux avoir leur place dans la

gestion de I'IRA en post opératoire de chirurgie cardiaque.

2.2 La NEP une cible thérapeutique dans I'IRA

Dans les études ancillaires de PARADIGM HF [143, 144], les auteurs ont démontré que
I"'un des effets du sacubitril/valsartan indépendant de son action hémodynamique, est un effet
bénéfique sur la fonction rénale avec un ralentissement de la détérioration de la fonction
rénale chez les patients diabétiques. De plus dans un modeéle animal de néphropathies
diabétiques [145], les auteurs ont démontré que le sacubitril/valsartan améliore la
dysfonction glomérulaire, diminue I’agression tubulaire, diminue la fibrose tubulo-
interstitielle et péri-artérielle. Les auteurs précisent que le sacubitril/valsartan est plus efficace
sur la fonction rénale que le valsartan seul et que son action est indépendante de la pression
artérielle. L'inhibition de la NEP dans l'insuffisance rénale chronique semble donc avoir un

intérét thérapeutique majeur.

Méme si la NEP ne semble pas étre un effecteur de l'insuffisance rénale aigue via le
SRAA dans ce travail de thése, nous ne pouvons exclure sa participation par d’autres voies
physiopathologiques. Par conséquent il semble licite de réfléchir au potentiel de I'inhibition

de la NEP dans I'arsenal thérapeutique de I'IRA.
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2.3 Modulation du SRAA dans I'IRA

Dans les suites des travaux de Kullmar et al [98] montrant I'élévation de I'activité
rénine chez les patients développant une IRA dans les suites d’une chirurgie cardiaque deux
scénarios étaient possibles: le premier selon lequel I'élévation de la rénine serait la
conséquence d’'un déficit en angiotensine Il responsable d’'une vasodilatation excessive et
d’une hypoperfusion rénale, le second selon lequel I'élévation de la rénine serait le reflet
d’une activation compléte du SRAA responsable d’une élévation de I'angiotensine Il et d’une
vasoconstriction excessive intra rénale. Nous démontrons dans cette these I'implication de
I'activation compléete du SRAA dans le processus physiopathologique de I'IRA secondaire a la
chirurgie cardiaque (scénario 2). La chirurgie cardiaque via la CEC et le clampage aortique
induit une stimulation de la sécrétion de rénine par les cellules de la macula densa,

responsable d’une élévation de I'angiotensine Il et de I'aldostérone.

L'inhibition du SRAA dans ce contexte apparait donc comme une voie thérapeutique.
Deux stratégies sont possibles : dans un premier temps la prévention de I'IRA avec le maintien
des IEC ou ARA Il chez les patients bénéficiant d’un traitement au long cours. Les résultats de
I’étude STOP or NOT [146] qui évaluent I'arrét ou la poursuite des bloqueurs du SRAA dans le
cadre d’une chirurgie réglée seront une premiére évaluation de cette hypothése. Dans un
second temps il est possible d’imaginer une stratégie thérapeutique introduisant un bloqueur
du SRAA lors de la documentation de I’activation de ce dernier, nous pourrions utiliser la NEP
comme marqueur précoce. Les résultats de I'étude START or NOT qui évaluent l'intérét de
I'introduction d’un bloqueur du SRAA aprés un épisode d’IRA pourrait étre un premier élément

d’évaluation.

183



3 Modulation de la NEP dans le choc septique

3.1 Controle de I'inhibition de la NEP

Il est connu depuis longtemps que l'inhibition de la NEP (ablation génétique ou
inhibition pharmacologique) dans le choc endotoxinique (LPS) est associée a une trés forte
mortalité dans des modeles précliniques [117, 120]. Cependant, cette observation n’a de sens
que si cette diminution de I'activité NEP existe in vivo. De fait, il avait été montré dans le
laboratoire un activité basse chez quelques patients souffrant de choc septique sévere [114]
et que 'augmentation du BNP > 916 pg/mL pouvait étre responsable de cette inhibition [44].
L’administration d’'une forme de BNP humain inactif mais toujours capable d’inhiber la NEP
(hBNP*) a des rats en choc septique, entraine une diminution brusque de la pression artérielle
dans les deux heures suivant son administration, ce qui est compatible avec le mécanisme
d’inhibition lente de la NEP par le BNP [44]. Ce résultat est essentiel car il montre que
I'augmentation du BNP dans le choc septique pourrait avoir comme conséquence directe
I'inhibition de la NEP, dont la conséquence directe est une instabilité hémodynamique brutale
(Figure 16). Ce travail montre également que les modéles précliniques couramment utilisés et
chez lesquels I'inhibition de la NEP par le BNP n’existe pas, ne refletent que partiellement la
physiopathologie du choc septique, et en particulier ne permettent pas de modéliser les
formes les plus graves qui sont associées a une forte mortalité. Cela pourrait expliquer en

partie les échecs récents des thérapeutiques testés dans le choc septique.

L'implication de la NEP dans la physiopathologie du choc septique sévére a permis
d’identifier un processus a cibler pour améliorer potentiellement la survie des patients en choc
septiques. Pendant ma thése, j'ai tenté de restaurer I'activité NEP inhiber par le hBNP* en

administrant de la NEP humaine recombinante ou en perfusant les rats avec du sérum qui
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contient de grande quantité de NEP. Ces approches n’ont pas été couronnées de succes,
probablement car la NEP circulante ne représente qu’une fraction de la NEP totale.
Cependant, nous avons identifié une molécule, X.Y.U., qui a la capacité in vitro de prévenir
I'inhibition de la NEP par le BNP humain, et de partiellement reverser cette inhibition. Chez le
rat, 'administration préalable d’X.Y.U. a celle de hBNP* prévient I'inhibition de la NEP par
hBNP*. Il reste a tester 'impact de la réversion partielle de I'inhibition de la NEP par X.Y.U. in

vivo.

Septic shock Severe septic shock
BNP: 816 pg/mL
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Figure 16 : Mécanismes impliquant I'inhibition de la NEP dans le choc septique. ANP :
peptide natriurétique de type A, BK : bradykinine, ADM : adrenomédulline, SP : substance
P.

D’un point de vue clinique, une stratégie de prévention de I'inhibition de la NEP n’est
pas toujours compatible avec la réalité clinique, car au moment de I'admission en service de
réanimation, le processus physiopathologique est bien avancé et I'inhibition de la NEP peut
déja étre en cours. En revanche, si la réversion partielle de la NEP par X.Y.U. est confirmée in

vivo, cela apporterait une nouvelle approche thérapeutique dans le choc septique. Que I'on
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considere la prévention ou la réversion de I'inhibition de la NEP par le BNP humain, nous
anticipons des bénéfices au-dela d’une plus grande stabilité hémodynamique. En effet, la
prévention ou la réversion de l'inhibition de la NEP devrait permettre de limiter I'utilisation
de doses massives de vasopresseurs, et ainsi diminuer les effets secondaires associés tel que
la paralysie immunitaire. Des études dans ce sens devront étre menée pour vérifier cette

hypotheése.

Finalement, I'une des raisons de I'échec de nombreuses thérapeutiques, en particulier
dans le choc septique, est I'incapacité d’identifier les patients a méme de bénéficier de
I'intervention. Le dosage de I'activité NEP (le dosage de la concentration NEP n’a pas de sens
ici) n’est pas fait en routine, mais pourrait étre adapté sur des automates de dosages déja
existant ou des point-of-care. Cependant, étant donné que l'augmentation de BNP est
directement responsable de I'inhibition de la NEP, un simple dosage de BNP devrait permettre
d’identifier les patients chez lesquels la NEP est active ou non, et ainsi sélectionner les patients

qui bénéficieraient le plus de I'action de X.Y.U.. Une telle étude est en train d’étre designer.

3.2 Inhibition de la Néprilysine en réanimation

Ce travail sur le role de la NEP dans le choc septique s’étend au-dela de cette
pathologie et souléve plusieurs questions. Les données issues des grands essais
thérapeutiques testant le sacubitril/valsartan dans le cadre de I'insuffisance cardiaque ont
tous décrit I'hypotension artérielle comme effet secondaire principal (Figure 8), et mes
travaux ont mis en lumiére des mécanismes qui peuvent expliquer en partie cette action
hypotensive du sacubitril/valsartan. Dans les années a venir de plus en plus de patients vont
se voir prescrire un traitement au long cours par sacubitril/valsartan compte tenu des
recommandations actuelles de la prise en charge de I'insuffisance cardiaque chronique [50].
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Il va donc étre nécessaire d’évaluer I'impact d’un traitement par sacubitril/valsartan sur la
gestion hémodynamique de ces patients qui ont une FEVG réduite et une vasoréactivité

régulée par des molécules exogenes.

Cette problématique peut également survenir dans le cadre de patients sous
sacubitril/valsartan qui seraient amenés a développer un choc distributif (septique ou
anaphylactique). Ajouter de la vasodilatation pharmacologique a la vasodilatation induite par
le sepsis ou la réaction allergique pourrait rendre la gestion hémodynamique difficile. De
méme la survenue d’un choc cardiogénique est une complication attendue dans la population
cible du sacubitril/valsartan. Dans cette population spécifique de patients sous
sacubitril/valsartan il faut s’inquiéter de I'absence de compensation possible en cas de choc
cardiogénique. La baisse du débit cardiaque associée a une vasodilatation serait responsable
d’une diminution importante de la perfusion des organes. Mais il n’y a pas aujourd’hui de
données dans la littérature de description hémodynamique des patients sous
sacubitril/valsartan qui souffrent d’une décompensation cardiaque aigue voire d’un choc
cardiogénique. Les effets pléiotrope du sacubitril/valsartan et le r6le central de la NEP au sein

de la vasoréactivité ne permettent pas de privilégier une hypothése physiopathologique.

4 Conclusion

En conclusion, ce travail positionne la NEP et son inhibition comme des facteurs
physiopathologique majeur dans plusieurs contextes cliniques. Cependant, comme tout
processus biologique, I'inhibition de la NEP est a double tranchant puisqu’elle est bénéfique
dans l'insuffisance cardiaque a FEVG réduite mais délétere dans le choc septique.
Néanmoins, I'importance de la NEP dans la régulation de peptides impliqués dans de

nombreux processus biologique en font une cible thérapeutique de choix que ce soit dans
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I'insuffisance cardiaque a FEVG réduite (sacubitril/valsartan) ou le choc septique (X.Y.U.),
méme si dans ces deux contextes des effets opposés sont recherchés. Ce travail, permettra
je I'espere d’offrir un nouvel axe thérapeutique dans la prise en charge du choc septique

sévere.
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