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Exposé des travaux de recherche

Depuis mon Master 2, mes projets de recherche se sont inscrits plus particulierement dans la
thématique « maladies rénales et endothélium » a travers des modeles de pathologies aussi bien
aigués (microangiopathies thrombotiques, vascularites, atteintes réno-vasculaires de la grossesse) que
chroniques, linsuffisance rénale avancée constituant, en soi, un modele d’accélération de

vieillissement vasculaire.

Entre 2010 et 2013, j’ai eu I'opportunité de travailler dans le cadre de ma these d’Université au sein
des équipes des Dr Halbwachs-Mecarelli (Inserm U845 - Hopital Necker, Paris) et Dr Frémeaux-Bacchi
(Inserm U872 - CRC, Paris), en collaboration avec le service de Néphrologie de Lille, sur un projet centré
sur le syndrome hémolytique et urémique atypique. Ce projet a regroupé deux aspects
complémentaires, 'un clinique (caractérisation phénotypique des patients atteints de SHUa et
porteurs de la mutation R161W) et l'autre fondamental (étude des mécanismes lésionnels
endothéliales complément-dépendants).

J'ai rejoint en 2014 I'équipe du Pr Boulanger, au sein de I'unité INSERM U995, en vue d’étudier les
conséguences rénales et vasculaires des produits de glycation avancée (AGEs) et les effets de
I’activation de leur principal récepteur, le RAGE (receptor for advanced glycation end products). Mon
objectif, au sein de cette équipe a été de développer des projets conjuguant a la fois les thématiques
du laboratoire et mes compétences relatives aux maladies rénales, au complément et a I'endothélium.
Dans ce cadre, se sont dessinés deux axes de recherche :
> Axe 1: Vieillissement rénal accéléré par la glycation alimentaire : Implication de RAGE
> Axe 2 : Etude de I'implication du RAGE dans I'activation endothéliale complément-dépendante dans

des modeéles d’agression aigué (syndrome hémolytique et urémique, syndrome des anti-

phospholipides) ou chronique (vieillissement accéléré rénal et vasculaire).

En parallele, je poursuis depuis 2010 mon activité clinique au sein du service de Néphrologie,
Dialyse et Transplantation du Pr Hazzan au CHU de Lille ou j'ai pu participer ou conduire plusieurs

travaux de recherche clinique touchant aux pathologies vasculaires en néphrologie.

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

sont présentés en fin de manuscrit.



Travaux de these d’Université

Lésions endothéliales liées a un défaut de contréle du complément : de la génétique du
complément au syndrome hémolytique et urémique

Background : L'identification fréquente de mutations des protéines régulatrices du complément
suggere que les lésions endothéliales dans le syndrome hémolytique et urémique atypique (SHUa)
résultent d’une activation incontrélée de la voie alterne du complément. Les mutations, en soi, ne
constituent cependant que des facteurs de susceptibilité et les mécanismes menant de 'anomalie de
régulation du complément au développement de lésions de microangiopathie thrombotique rénale

restent mal compris.

L’objectif de ce projet était d'étudier certains mécanismes de I’activation du complément a la surface
des cellules endothéliales dans le SHUa et les conséquences de cette activation pour I'endothélium.
Dans ce but, nous nous sommes initialement focalisés sur la mutation C3ri3sw, identifié en 2012 chez
4% des patients de la cohorte francaise de SHUa, dont nous avons réalisé la caractérisation
phénotypique et fonctionnelle et qui a constitué un modele d’étude des conséquences d’un
complément dérégulé sur 'endothélium. Dans la deuxiéme partie de ce travail et en vue de préciser
les liens entre anomalie du complément et activation des cellules endothéliales, nous nous sommes

intéressés au réle de I’hémolyse, I'un des dénominateurs communs du SHU.

1% partie: Etude centrée sur la mutation C3grizow: Caractérisation fonctionnelle et
caractéristiques phénotypiques des SHUa associés

La mutation C3rizow est hétérozygote, portée par I'exon 4 du C3,
caractérisée par la substitution en position 481 d’une cytosine par une
thymine (figure 1). Cette substitution conduit au remplacement d’'un
résidu arginine par un résidu tryptophane, en position 139 de la protéine
C3 mature (absence du peptide signal de 22 résidus), au sein de son
deuxiéme domaine macroglobuline (MG2). L’intérét porté a cette
mutation est lié a sa prévalence puisqu’elle avait été identifiée, de fagon
sporadique, chez 14 patients-SHUa (alors 4% de la cohorte frangaise des

SHUa et 50% des patients avec mutation du C3). Communément, les

SHUa sont rattachés a une mutation ponctuelle rare concernant l'une

des protéines activatrices ou régulatrices du complément et le petit

Figure 1: Mapping of R139W on the
nombre de patients partageant la méme mutation complique I'analyse surface of C3 using Pymol software

de leurs conséquences propres et des facteurs additionnels influencant

la pénétrance et I'expression de la pathologie. Ainsi, les objectifs de ce travail étaient de réaliser la
caractérisation phénotypique des SHUa présentés par ces patients, de déterminer d’éventuels facteurs
susceptibles d’influencer I'expression de la pathologie et d’étudier les caractéristiques fonctionnelles

de ce C3 muté ainsi que ses conséquences sur I'endothélium.



Résultats

La mutation C3ri30w @ donc été identifiée chez 14 patients ainsi que chez 11 des 19 apparentés sains
chez qui une étude génétique a pu étre réalisée. La présence de polymorphismes de susceptibilité au
SHUa, dans les génes du FH (FH gtgt) ou de MCP (MCP ggaac), était significativement plus fréquente
chez les patients qu’au sein d’'une population témoin ou que parmi les apparentés sains porteurs de la
mutation. Ces résultats ont conforté le caractere multigénique du SHUa et linfluence des

polymorphismes a risque dans sa pénétrance.

L’étude de I'expression phénotypique des SHU a révélé une distribution hétérogene, I’age de survenue
de la pathologie variant entre 8 mois et 72 ans (médiane : 22 ans). Elle a confirmé une apparente
susceptibilité du sexe féminin a I’dge adulte (8/9 patients adultes) ainsi que la fréquente identification
de facteurs déclenchant (10/14). L’évolution fonctionnelle rénale était souvent séveére, puisque six
patients évoluaient vers l'insuffisance rénale chronique terminale dans la premiere année et il
persistait, dans les autres cas, une insuffisance rénale chronique séquellaire. Par ailleurs, sur les 7
transplantations rénales réalisées, 4 étaient marquées par une récidive de SHUa, conduisant dans tous
les cas, a une perte fonctionnelle du greffon. Nous avons identifié une fréquence non négligeable
d’événements neurologiques (5/14) et cardiologiques (8/14), appuyant I'intérét d’évaluer initialement
et de surveiller la fonction cardiaque chez les patients (dosage des troponines, échocardiographie).
Enfin, le taux plasmatique de C3 était abaissé en phase aiglie du SHU chez 6/9 patients ainsi qu’en
dehors de tout épisode chez 5/8 patients, alors qu’il était constamment normal chez les apparentés
sains (8/8).

L’étude des conséquences endothéliales de la mutation C3gi3ew, €N
, . . , , s , A activated GEnC
termes d’activation du complément et d’acquisition d’un

phénotype pro thrombotique, a été réalisée, a partir de sérum de

—— ——
A
patients, sur deux modeles cellulaires endothéliaux (HUVECs et e = 5 =
cellules endothéliales glomérulaires humaines issues d’une lignée ﬁ
immortalisée, GEnC). Sur cellules natives, il n’existait pas, en 5
cytométrie de flux, de différence significative du dépot .
membranaire de C3 entre sérums-contrdles et sérums-patients. A .
resting GEnC

I'inverse, nous avons montré, sous l'effet d’'une pré-activation

endothéliale par des cytokines inflammatoires, une augmentation

C3 deposition (fold increase)

de ce dép6bt et ce de fagon significativement plus marquée avec les

(3
'
!

sérums-patients et ceux des apparentés sains porteurs de la n 2e " e Y =
. P A . A oo

mutation qu’avec les sérums-controles (figure 2). Dans ces mémes

conditions d’activation endothéliale, nous avons mis en évidence caatei Fhip) 05 AN s

une élévation des taux de C3a, C5a et C5b-9 soluble libérés lors de R139W

Figure 2: Complement activation on
glomerular endothelial cells, incubated

porteurs de la mutation ainsi qu’une augmentation de I'expression with sera from R139W aHUS patienls
and their healthy relatives.

I'incubation des cellules endothéliales en présence de sérums

membranaire de facteur tissulaire. Comme dans le cas du dép6t de
C3, nous n’avons pas observé, pour ces parametres, de différence significative entre témoins et

patients en I'absence de pré-activation cellulaire. Ces résultats ont renforcé I’hypothese selon laquelle
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le SHU serait provoqué par I'amplification par un complément mal régulé, d’un événement lésionnel
initial touchant les cellules endothéliales (théorie des hits multiples). lls sont, par ailleurs, concordants
avec les données cliniques, qui suggérent que I'expression de la pathologie chez les sujets porteurs de
la mutation C3rissw, requiert des facteurs additifs (facteurs déclenchants : 10/14 ; polymorphismes a
risque : 7/14). Par ailleurs, nous avons montré, sur cellules activées, qu’en cas d’inhibition du FH, par
addition d’anticorps bloquants lors de I'’étape d’incubation avec le sérum de patient, le dépét de C3
était supérieur qu’en cas d’inhibition de MCP (anticorps bloquant), suggérant que la mutation C3ri3ow
soit majoritairement régulée par le FH. Pour appuyer cette hypothése, nous avons établi que I'addition
de FH purifié au sérum de patient s’accompagnait d’'une diminution dose-dépendante du dépbt
membranaire de C3.

La caractérisation fonctionnelle de la mutation C3grizew a été réalisée a partir de protéines
recombinantes. Cette mutation est localisée a proximité des sites de fixation du FH, de MCP et du FB.
La liaison de ces trois protéines avec le C3gr13sw recombinant a été étudiée par ELISA et SPR (surface
plasmon resonnance). En premier lieu, nous avons observé une diminution de la liaison de MCP avec
le C3ri30w, tandis que l'interaction avec le FH était, elle, comparable a celle de la protéine témoin. Ceci
est concordant avec les données précédemment décrites, qui suggerent un réle particulierement
important du FH chez les patients porteurs de la mutation C3ri3sw. D’autre part, nous avons mis en
évidence une augmentation nette de la liaison de la protéine C3rizow avec le FB, qui s’est avérée
associée a la formation d’une C3 convertase plus efficace (analyse par SPR).

Nous avons ainsi démontré que la mutation C3gi3sw modifiait les caractéristiques fonctionnelles de la
protéine C3, induisant un gain de fonction, a la fois, direct par augmentation de I’affinité avec le FB, et
indirect par réduction de I'interaction avec la MCP.

Conclusions : ce travail a identifié la

. Mutations Activation
mutation C3rizow comme un facteur de ot on: incontrélde
o, L., du complément du complément
susceptibilité au SHUa, caractérisé ses T T T
A H ) c3 Gain de foncti Role des facteurs  Expression de FT
conséquences fonctionnelles a type de minde fonction B e anom des CE
gain de fonction direct et indirect et mis .
Formation d’une
’e hyper C3 convertase
en avant l'importance des facteurs Intérét thérapeutique
. ., . - duFH ?
additionnels dans sa pénétrance et otg - Nécessité
Altération de geaac d. un?
. o . . . s i i, N tivat|
expression. Cliniquement, il a souligné la fiaison & MCP endothéliale

préalable

I'importance de I’évaluation et de la

surveillance cardiologique au cours du
SHUa.
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2°™Me partie : Etude de I'activation du complément par ’lhéme et implication dans le SHUa

Dans la deuxiéme partie des travaux et en vue de préciser les liens entre anomalie du complément et
activation des cellules endothéliales, nous nous sommes intéressés au role de I'"hémolyse. En effet,
indépendamment de la nature du facteur déclenchant initial, ’hémolyse constitue un dénominateur
commun des SHU, ses dérivés ont un fort pouvoir pro-inflammatoire et leur capacité a activer la voie
alterne du complément en phase fluide avait été récemment rapporté. Nous avons ainsi évoqué
I’'hypothése que I'héme puisse intervenir en deuxieme ligne pour induire, via notamment une
activation du complément, une amplification des processus pro-thrombotiques, susceptible de
majorer les lésions de MAT et donc d’aggraver I'expression clinique du SHU.

Résultats

Nous avons confirmé que I‘héme induisait une activation du complément en phase fluide, en mettant
en évidence une augmentation dose-dépendante des taux de C3a, C5a et C5b-9 soluble, mesurés par
ELISA, dans du sérum témoin exposé a des doses croissantes d’heme. Cette augmentation persistait
en cas d’inhibition de la voie classique, mais n’était plus observée en sérum déplété en FB, signe d’une
activation voie alterne-dépendante.

Nous avons démontré une activation du
complément sous |'effet de I’"héme a la surface des
cellules endothéliales (HUVEC et GEnC). En effet,
une augmentation dose-dépendante du dépot
membranaire de C3 était observée (figure 1) et

persistait apres lavage des cellules entre les étapes
Heme (uMol)

d’exposition a I’'héme et d’incubation avec le

sérum, permettant d’éliminer un  dépot B =8 [ Resting

uniquement secondaire a une activation du e B Heme

complément en phase fluide par I'heme. Cette 1‘%4

activation du complément a la surface des cellules g,

était également dépendante de la voie alterne et S o

s’accompagnait de la formation de complexes 3:2'0‘15-‘}:\::;\@6 \e‘zi‘e&‘?’
\dlivd

e
’ . . . Q%’:AQQ\
d’attaque membranaires, traduisant la mise en <

ceuvre de |a voie terminale commune. Nous avons, Figure 1: Study by A) immunofluorescence and B) flow
par ai||eur5' précisé la nature du C3 lié aux cellules cytometry of C3 deposits on heme-treated endothelial cells.

et ainsi montré que I’"héme induisait a la fois une

fixation covalente de C3b et iC3b mais également une fixation de C3 non clivé, comme le suggere la
liaison membranaire de I'anti-C3a. Notre hypothese est que ce C3 non clivé corresponde a du C3(H0)-
like, rappelant ici ce qui a été décrit a la surface des plaquettes activées ou des biomatériaux.

Dans le but de se rapprocher des conditions pathologiques du SHUa, le dépot de C3 a la surface des
cellules était étudié en présence de sérum de patients ayant présentés un SHUa et porteurs d’une
mutation connue (FH ou C3). Les résultats étaient comparés a ceux de 30 sérums témoins. Ces
expériences ont montré, sur cellules natives, un dépo6t de C3 faible mais significativement supérieur
en présence de sérums pathologiques, différence exacerbée en cas d’exposition préalable des cellules

a I'héme. Des résultats similaires étaient observés en conditions artificielles de dysrégulation du
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complément, mimant différentes conditions de susceptibilité au SHUa (FB recombinant porteur d’une
mutation gain de fonction ; sérums déplétés en FH ou en Fl ; anticorps anti-FH bloquant la région N-
ou C-terminale).

Ce travail a permis d’identifier trois mécanismes par lesquels I'héme est susceptible d’activer la VA du
complément en phase fluide et/ou a la surface des cellules endothéliales :

1- Nous avons démontré, par SPR, que I’'héme interagissait fortement et de facon dose-dépendante
avec le C3 immobilisé (C3(H,0)-like). Cette interaction est apparue majoritairement dépendante du

fragment C3a. Les sites de liaison

potentielle de I'heme au C3 ont été A125 ° 125 SPR

déterminés par docking moléculaire et %_1” %"’" P

localisés principalement dans le domaine § : g;:

ANA ou 3 proximité du pont thioester dans | ¢ 25 @ 25 + o

le domaine TED (figure 2). Nous avons émis 0o 100 200 300 400 0o 100 200 300 400
heme, nM heme, nM

I’'hypothése que le groupement redox de
I’'héme pourrait favoriser I'hydrolyse du
pont thioester et ainsi la transition du C3
natif vers sa forme hydrolysée. Le C3
hydrolysé est capable de former une C3
convertase alterne, ce qui pourrait
expliquer I'activation du complément

notamment en phase fluide. D’autre part,
Figure 2: Binding of heme to C3. (4) SPR analysis of the binding of different

une augmentation des interactions concentration of heme to AP proteins and (B) to C3 fragments. (C) Molecular
docking of heme to C3 and (D) zoom to the II cluster with the top score heme
homophlllq ues dU C3, SOus I'effet de molecule visualized in ball-and-stick in red. The distance between the thioester bond

(green) and heme is less than 10A.

I'heme, était suggérée en spectroscopie
d’absorption et confirmée par SPR et chromatographie d’exclusion stérique. Ceci serait susceptible de
favoriser la formation de C5 convertases. De facon cohérente, nous avons observé en SPR a la surface
de chip recouverts de C3, la formation de C3/C5 convertases de plus en plus efficace sous I'effet de
doses croissantes d’héme. L’héme peut donc induire la formation d’hyper C3/C5 convertases,
renforgant ainsi I'activation du complément.

2- Nous avons établi que I'héme induisait une diminution de I'expression membranaire de MCP et de
DAF a la surface des cellules endothéliales (HUVEC), ce qui est susceptible de réduire les capacités de
régulation du complément a la surface de ces cellules. Paralléelement, nous avons observé, sous I'effet
de ce stimulus, I'apparition d’un dépo6t de FH a la surface des cellules traitées, sans que I’heme ne
semble induire d’altération de ses propriétés de régulation membranaire. Le FH pourrait ainsi
compenser, a la facon de ce qui est observé a la surface des cellules apoptotiques, la baisse
d’expression membranaire de MCP et de DAF, rendant compte de son réle particulierement important
dans ces conditions d’activation, et par projection dans les pathologies hémolytiques. Il est ici
intéressant de rappeler que les dysfonctions du FH sont les principales anomalies rapportées
actuellement dans le SHUa.

3- Enfin, nous avons montré que I'exposition des cellules endothéliales a ’heme déclenchait une
mobilisation de leurs corps de Weibel-Palade, préalable a la libération de FYW et de P-selectine. La P-
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selectine membranaire est capable de lier le C3b et de servir de plateforme a la formation d’'une C3
convertase alterne, participant ainsi a activer la voie alterne du complément. D’autre part, la libération
de multiméres de THPM du FvW par les corps de Weibel-Palade endothéliaux constitue un autre
mécanisme par lequel I'hémolyse peut induire l'acquisition d’un phénotype endothélial
prothrombotique, susceptible d’amplifier les lésions de MAT.

Conclusions : Nous avons ainsi montré que I’'héme libre activait la voie alterne du complément dans le
sérum et a la surface des cellules endothéliales, cela de fagon exacerbée en cas de dysrégulation sous-
jacente du complément, et identifié plusieurs des mécanismes en cause (formation d’hyper C3/C5
convertase, baisse des capacité régulatoires, mobilisation des corps de Weibel Palade). Par ces travaux,
nous avons précisé les liens entre activation du complément et acquisition d’'un phénotype endothélial
pro-thrombotique dans le SHUa et identifié I’heme comme un acteur de I"'amplification des |ésions
endothéliales complément-dépendantes.

Heme gg' Fluid phase Heme

C3b,Bb C3b,.Bb
B,D

Psele:tgcsg VR Hemecg c3* C3bBb

- — C B.D
% m .'(a)/ 1

Sub-endothelial matrix

(1) (2) @) (4) (5)
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Travaux Postdoctoraux

Axe 1 : Implication de RAGE dans le vieillissement rénal et vasculaire accéléré

Le débit de filtration glomérulaire (DFG) diminue avec l'age (Glassock et al 2017), rendant compte
d’une vulnérabilité des personnes agées a l'insuffisance rénale chronique (IRC). La prévalence de I'IRC
était ainsi supérieure a 30% dans une cohorte européenne de patients agés de plus de 70 ans (Ebert
et al. 2016). Etant donné le vieillissement attendu de la population, une augmentation de I'incidence
de I'IRC parait inévitable. Cependant, plus d'un tiers des personnes ne présentent aucune altération
de leur DFG avec l'age (Bolignano et al. 2014), suggérant que l'insuffisance rénale liée a I'dge soit
conditionnée. Le genre, 'origine ethnique, les facteurs génétiques et les comorbidités sont connus
pour influencer la fonction rénale, mais il parait prioritaire d’identifier de nouveaux facteurs dans le

but de freiner la progression de I'IRC et de ses conséquences.

Les produits de glycation avancée ou AGEs (advanced glycation end products) forment un groupe
hétérogene de molécules résultant de la liaison irréversible d’une protéine et d’un sucre. lls sont issus
soit d’'une formation endogene (en cas d'hyperglycémie, de stress oxydatif, mais également au cours
du vieillissement), soit de I'alimentation avec une ingestion quotidienne de Ne-carboxyméthyllysine
(CML, I'AGE le plus étudié) observée jusqu’a 252 pg/kg de poids corporel dans une population
européenne (Tessier and Birlouez-Aragon 2012). Leur réle dans la maladie rénale chronique est évoqué
via notamment I’activation de leur principal récepteur, le RAGE, dont les propriétés pro-
inflammatoires et pro-oxydantes participeraient a accélérer le vieillissement et ce méme en 'absence
d’autres conditions pathologiques (Stinghen et al. 2016; Frimat et al. 2017). L'impact de I'exposition
chronique aux AGE alimentaires sur le vieillissement demeure toutefois peu étudié. Compte tenu de
I'accumulation préférentielle de la CML dans les reins sous I'effet d'un régime enrichi (Li et al. 2015;
Tessier et al. 2016) et des études reliant les AGE alimentaires et les Iésions rénales (Feng et al. 2007;
Zheng et al. 2002), nous avons émis I’hypothése que les reins pourraient étre des organes cibles du
vieillissement accéléré par les interactions AGEs-RAGE. Dans le but d’étudier cette hypothese, des
souris males C57BI/6, Wild-type (WT) ou RAGE”", ont recu durant 18 mois une alimentation témoin ou

enrichie en CML.

Résultats

Accumulation rénale de CML sous I'effet d’un régime enrichi

Nous avons observé en immunohistochimie un marquage rénal diffus de la CML plus prononcé chez
les souris WT et RAGE”" soumises au régime enrichi en CML comparativement aux souris exposées au
régime contréle. Ce marquage prédominait au sein des tubes proximaux. Cette accumulation rénale
de CML - indépendante du RAGE - sous I'effet d’un régime enrichi a été confirmée en LC-MS/MS, avec
mise en évidence non seulement d’une plus forte concentration de CML libre (issues possiblement de

I'alimentation), mais également de CML liée aux protéines laissant suggérer un processus de
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néoformation d’AGEs endogenes sous I'effet d’un stress oxydatif.

Absence d’effet significatif d'un régime enrichi en CML sur le vieillissement rénal

Aucune des souris WT ou RAGE” ne devenait diabétique, dyslipidémique ou obése sous I'influence
d'un régime enrichi en CML. Le poids rénal, la créatinine et l'urée plasmatique n'étaient pas
statistiquement différents entre les groupes témoins et les groupes CML, que ce soit chez les souris
WT ou RAGE™. L'expression de Kim-1 et Ngal n'était pas affectée par le régime riche en CML, tout
comme les Iésions de hyalinose artériolaire, atrophie tubulaire ou fibrose. Seule une aggravation de la
sclérose glomérulaire (GS) était observée sous l'influence de I'alimentation riche en CML chez les souris
WT (seuls 6,5 % des glomérules ne présentaient aucun signe de sclérose chez les souris WT-CML contre
31, 61 et 67 % chez les souris WT-contrdles, RAGE”-contrdles et RAGE”-CML). Ces différences
n'étaient toutefois pas significatives et afin d'analyser l'impact de l'invalidation du RAGE sur le
vieillissement rénal, nous avons concentré nos analyses sur les différences entre souris WT et RAGE™,

indépendamment de leur alimentation.

Atténuation des lésions rénales associées au vieillissement chez les souris RAGE-KO

Le pourcentage médian de vaisseaux présentant des dépots hyalins était plus élevé chez les souris WT
que chez les souris RAGE” (24 % vs 12 %, respectivement, p <0,001). Atrophie tubulaire et fibrose
interstitielle étaient également plus présentes chez les souris WT comparativement aux souris RAGE”-
. La fibrose était identifiée dans l'interstitium rénal de toutes les souris WT, tandis qu’elle restait |égere
ou absente chez les souris RAGE”". L'expression de Ngal, plus spécifiquement associée aux lésions
tubulo-interstitielles (Rysz et al. 2017) était significativement plus élevée chez les souris WT (~15.5
+6.6) que chez les souris RAGE” (~6.4 5.6, p<0.05). Enfin, le score médian de glomérulosclérose (GS),
calculé sur évaluation histologique de la densité de glomérules scléreux (60 glomérules/souris) était
plus élevé chez les souris WT (49 A.U.) que RAGE” (10 A.U., p <0,001), figure 1. Seuls 13% des

glomérules n’avaient aucun signe de sclérose chez les souris WT contre 63% chez les RAGE” (p <0,001).
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Absence d'amylose sénile chez les souris RAGE-KO

L’aspect nodulaire de la GS faisait suspecter des dépots amyloides confirmés par la coloration du Rouge
Congo et l'identification de fibrilles de 5-10 nm par microscopie électronique. Huit des 14 souris WT
(57 %) étaient amyloides contre 1 des 13 souris RAGE”" (8 %). Le typage de ces dépbts révélaient une
amylose a ApoA-Il (AApoA-Il) associée au vieillissement chez la souris (Kitagawa et al. 2003), figure 2A.

Les souris WT avaient un score médian AApoA-Il significativement plus élevé que les souris RAGE”" qui
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n'avaient pas ou trés peu de dépots (2,5 1,3 vs 1,1 £0,2 A.U., respectivement : p <0,01). L'intensité de

la GS était corrélée au score AApoA-Il (r=0,92, p <0,0001), figure 2B.
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Atténuation des margeurs de I'inflammation et du stress oxydatif chez souris RAGE-KO

Par rapport a des souris WT agées de 3 mois, les taux d'ARNm d’ll-6, Thf-a et Vcam-1 augmentaient
significativement chez les souris WT de 20 mois, tandis que I'augmentation était moindre et non
significative chez les souris agées RAGE™", suggérant un profil similaire entre les jeunes souris WT et les
souris agées RAGE”". De méme, |'expression de Sod2, géne antioxydant, était significativement plus
faible chez les souris WT de 20 mois que chez les jeunes souris WT (p <0,01) et les souris agées RAGE"
/- (p<0,05). De facon intéressante, SIRT1, associé a la longévité et connu pour diminuer avec |'age était
plus élevée chez les souris RAGE” que chez les souris WT (p=0,056), tandis que I'activation de la voie

Akt étaient moindre chez les souris 4gées RAGE”" que chez les souris WT (p<0,05).

Conclusions : Nous avons ainsi observé des taux plus élevés de CML dans les reins des souris WT et
RAGE™. Le régime riche en CML n'a pas eu d'impact significatif sur les parameétres rénaux étudiés, ou
seule une tendance a l'aggravation de la sclérose glomérulaire était détectée. Indépendamment du
régime, les souris RAGE”" étaient significativement protégées contre les Iésions de néphrosclérose et
d'amylose sénile, en faveur d’un effet protecteur de la suppression de RAGE vis-a-vis du vieillissement
rénal. Cela pourrait étre di a une réduction de l'inflammation et du stress oxydatif chez les souris
RAGE", positionnant RAGE comme un récepteur essentiel du vieillissement associé a I'inflammation

ou inflammaging.
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Axe 2 : Etude de I'implication du RAGE dans I’activation endothéliale complément/heme-
dépendante, a travers deux modeéles : le syndrome hémolytique et urémique (SHU) et le
syndrome catastrophique des anti-phospholipides (SAPL).

L’hémolyse intravasculaire est un processus pathologique rencontré dans différentes maladies, telles
gue certaines anomalies du globule rouge (drépanocytose, déficit en G6PD) ou les microangiopathies
thrombotiques (SHU). La libération massive d’hémoglobine libre et de ses dérivés s’accompagne de
réactions pro-inflammatoires et pro-oxydatives majeures. L’héme, en particulier, induit une activation
de la voie alterne du complément dont nous avons déja étudié I'impact comme « second hit » dans la
physiopathologie du SHU atypique, microangiopathie thrombotique de tropisme rénale associée a un
défaut de régulation du complément. La répétition d’épisodes hémolytiques conduit par ailleurs a un

vieillissement vasculaire accéléré.

Les effets cellulaires de ’lhéme sont notamment médiés par sa liaison au TLR4 (Toll like receptor 4),
son seul récepteur membranaire actuellement connu. Cependant, les interactions TLR4-héme ne
suffisent pas a expliquer tous les effets pro-inflammatoires rattachés a I'heéme. De fagon intéressante,
RAGE et TLR4 présentent plusieurs caractéristiques communes (ligands, voie de signalisation) et tous
deux sont considérés comme des PPRs (Pattern recognition receptors). De plus, il a été rapporté que
le C3a, anaphylatoxine issue du clivage du C3, constituait un ligand de haute affinité pour RAGE. Les
effets du C3a ne sont cependant décrits que pour sa liaison au C3aR (C3a receptor) tandis que les
conséquences endothéliales induites par la liaison RAGE/C3a restent inconnues. Nous avons ainsi émis
I’hypothése que le RAGE puisse constituer 'un des liens unissant les acteurs héme-complément-
activation endothéliale.

L’objectif de ce projet était donc de préciser la place du RAGE dans le développement d’endothélites
aigués heme/complément-dépendantes, telles que le SHU atypique et le syndrome catastrophique des
anti-phospholipides que nous avons choisi d’étudier plus spécifiquement du fait d’'un acces privilégié

aux données et échantillons de patients ayant présentés et/ou suivis pour ces pathologies.

Résultats

Caractérisation de la liaison RAGE-héme : RAGE est un récepteur de ’lheme

Etude d’interaction : Deux formes de RAGE ont été utilisées pour I'étude de son interaction avec

I’'heme: une protéine d'origine commerciale (hRAGE-Fc, R&D Systems) ainsi qu'une protéine
recombinante du domaine extracellulaire de RAGE, le VC1C2 (collaboration avec le Dr L. Yatime, UMR
5235, Université de Montpellier), et les domaines purifiés VC1, V et C2. Nous avons utilisé comme
controdle la protéine IgG1 Fc (R&D Systems). La BSA glyquée avec de la CML était utilisée comme ligand
contréle du RAGE.
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Dans un premier temps, nous avons étudié Heme binding
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I'interaction  héme-RAGE en  spectrométrie

1000 —

d'absorbance (collaboration avec le Dr J. Dimitrov,
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et retrouvé des arguments pour |'existence d'une

liaison. Ces résultats étaient corroborés par une

chromatographie d'exclusion stérique réalisée dans 200 300 400 500 600

Time (sec)

le cadre de notre collaboration avec le Dr Yatime. Figure 1 : SPR study of heme and hRAGE binding. Different

concentrations of heme were used (from 40nM to 2500nM).

Dans un deuxiéme temps, nous avons procéder a
une étude d'interaction en SPR, qui confirmait une liaison dose-dépendante héme-hRAGE avec une
affinité de I'ordre du micromolaire (figure 1), alors que I'heme ne liait pas la protéine controle 1gG1-
Fc. L'utilisation de domaines purifiés de RAGE (VC1C2, VC1, V et C2) nous a permis de mettre en
évidence que le site de liaison de I'héme se situait sur le domaine V. Afin de caractériser plus en détail
cette liaison, I'utilisation de différentes protoporphyrines (Zinc(lI)PP, Manganése(lll)PP, Cobalt(l11)PP,
Magnésium(ll)PP) et des molécules contenant du Fer (Fer(lll)phtalocyanine, ferroine) nous a permis de
mettre en évidence que le RAGE semblait interagir avec les molécules contenant du Fer et d'autres

métaux de transition.

Etude sur modele murin : Des souris C57BL/6 invalidées ou non pour RAGE ont été traitées a JO par

injection intrapéritonéale (IP) d’héme (100umol/kg) ou par PBS. A J1, les souris étaient sacrifiées et
différents organes récupérés (reins, coeur, poumons, rate). L'expression de RAGE était étudiée en RTq-
PCR, ainsi que I'expression de marqueurs de l'inflammation au niveau pulmonaire (TNFa, IL186, IL6,
facteur tissulaire), organe exprimant le plus fortement RAGE.

L'injection IP d'héme induisait chez les souris WT une augmentation de I'expression de RAGE, mesurée
en RTg-PCR, dans les reins, le coeur et la rate. En revanche, dans les poumons, organes exprimant le
plus fortement RAGE en condition homéostatique, le niveau d’expression restait stable. Compte tenu
de ces résultats, le tissu pulmonaire était ciblé pour I'analyse des effets pro-inflammatoires de I’heme
et leurs comparaisons entre souris WT et RAGE”. Chez les souris WT, l'injection d'héme
comparativement au PBS, induisait une augmentation de I'expression de TF, d’/IL16 et de TNFa de
respectivement ~4.5, ~2.5, ~2. Leur expression basale aprées injection de PBS n'était pas différente chez
les souris RAGE™ par rapport aux souris WT. Le traitement par I'héme induisait chez les souris RAGE

une augmentation moindre de I'expression d’/L18, TNFa et TF (figure 2).
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Figure 2 : Study by RTqPCR of TNFa, IL18 and TF gene expression in lung of mice WT or RAGE-/-, treated with PBS of heme
(100umoi/kg). n=3-5 per groups.
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Pour comprendre les mécanismes de |'effet protecteur de I'invalidation du RAGE, nous avons choisi
d’étudier deux voies de signalisation activées par I'néme et le RAGE : ERK1/2 et Akt. Le rapport
phospho-ERK: ERK-total était faiblement modifié par l'injection d'héme chez les souris WT (~1,5
augmentation du nombre de plis), alors qu'il diminuait chez les souris RAGE”". Aprés traitement par
I'hnéme, le rapport phospho-ERK : ERK-total chez les souris RAGE”" était en effet ~0,5 fois inférieure a
celui des souris WT. Des résultats similaires étaient observés avec la voie Akt. Chez les souris WT
traitées a I'heme, le rapport phospho-Akt : Akt-total augmentait d'environ 1,1 fois par rapport aux
souris controle, alors que le traitement a I'heme induisait une diminution significative du rapport

phospho-Akt : Akt-total chez les souris RAGE” (~0,29 fois).

Conclusions : Nous avons découvert que le RAGE

hermolysis

était un récepteur de I'heme, et identifié que le -

Free hemea (Fe®')

site de liaison se trouvait sur le domaine V. A oy

L]

I'aide d'un modéle murin invalidé pour le RAGE et
traité +/- par I'néme, nous avons mis en évidence
que i) l'invalidation de RAGE avait un effet
protecteur en cas d’exposition a I'heme, marqué

par une diminution de I'expression de genes de

l'inflammation (IL1B, TNFa) et du facteur

AAGE contribules Lo
hierne-mediated

ERK pro-inflammatory
signaling

tissulaire au niveau pulmonaire, organe

exprimant le plus fortement RAGE, ii) I'heme S Lowar ingrease of
IL1p ard TF THFa, IL1f and TF

activait la phosphorylation des voies ERK1/2 et
Akt via le RAGE.

IlI- Autres résultats

- Modulation de I'expression génique et membranaire du RAGE sous l'influence de I'"héme avec
augmentation significativement plus importante sur les cellules endothéliales glomérulaires
comparativement aux HUVEC et aux HMEC, rendant compte d’un rdle possible de RAGE dans le

tropisme d’organe de certaines maladies vasculaires.

Mise en évidence d’une liaison RAGE-aPL, dans certaines conditions, avec une affinité supérieure a
celle des controles (RAGE-IgG témoins). Mise au point d’'un modéle murin de dysfonction
endothéliale induite par les aPL. Dans ce modele, nous avons observé une diminution des
marqueurs de dysfonction endothéliale (analyse fonctionnelle de la vaso-relaxation artérielle
endothélium-dépendante) chez la souris RAGE”, ce qui pourrait suggérer une implication de ce

récepteur dans la physiopathologie du SAPL.
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Encadrements

Ce projet a été initié dans le cadre d’une thése d’Université (EDBSL, Lille) réalisé entre 2015 et 2018
par le Dr Olivia May, alors CCA dans le service de Néphrologie du CHU de Lille. Olivia a pu dégager
plusieurs mécanismes susceptibles de participer au tropisme endothélial glomérulaire du SHU et a
travaillé sur la liaison RAGE-héme (points |- des résultats cités ci-dessus).

Concernant le modele du SAPL, nous disposons de données préliminaires (point II- des résultats cités
ci-dessus) que nous avons prévu de développer a travers une these d’Université conduite par le Dr
Cécile Yelnik (MCU-PH, Thérapeutique), projet qui sera développé dans les perspectives (détails, p.38).

Financements

- 2018 : Allocation de recherche par I'AIRG (Association pour I'information et la recherche sur les
maladies rénales génétiques), 20 k€ ;

- 2015 : Allocation de recherche de la Société de Néphrologie « « Etude des conséquences
endothéliales de I'interaction C3a/RAGE : Implication du RAGE dans 'acquisition du phénotype
endothélial prothrombotique complément-dépendant », 20 k€.

Valorisation

Manuscrits :

- The receptor for advanced glycation end products is a sensor for cell-free heme. May O, Yatime L, Merle N,
Delguste F, Howsam M, Daugan M, Billamboz M, Ghinet A, Lancel S, Dimitrov JD, Boulanger E, Roumenina L¥,
Frimat M*. in revision in FEBS (IF: 4,8)

- Hemolysis Derived Products Toxicity and Endothelium: Model of the Second Hit. Frimat M, Boudhabhay |,
Roumenina LT. Toxins. 2019 Nov 13;11(11). pii: E660. doi: 10.3390/toxins11110660. Review. (IF: 3,3)

- Endothelium structure and function in kidney health and disease. Jourde-Chiche N, Fakhouri F, Dou L, Belien
J, Burtey S, Frimat M, Jarrot P, Kaplanski G, Le Quintrec M, Pernin V, Rigothier C, Sallée M, Frémeaux-Bacchi
V, Guerrot D and Roumenina L. Nat Rev Nephrol. 2019 Feb;15(2):87-108. doi: 10.1038/s41581-018-0098-z
(IF:14.1)

- Heme Drives Susceptibility of Glomerular Endothelium to Complement Overactivation Due to Inefficient
Upregulation of Heme Oxygenase-1. May O, Merle NS, Grunenwald A, Gnemmi V, Leon J, Payet C, Robe-
Rybkine T, Paule R, Delguste F, Satchell SC, Mathieson PW, Hazzan M, Boulanger E, Dimitrov JD, Fremeaux-
Bacchi V, Frimat M*, Roumenina LT*. Front Immunol. 2018 Dec 20;9:3008 (IF: 6,4).

- Characterization of Renal Injury and Inflammation in an Experimental Model of Intravascular Hemolysis.
Merle NS, Grunenwald A, Figueres ML, (...), Chauvet S, Daugan M, Knockaert S, Robe-Rybkine T, Noe R, May
O, Frimat M, Brinkman N, Gentinetta T, Miescher S, Houillier P, Legros V, Gonnet F, Blanc-Brude OP, Rabant
M, Daniel R, Dimitrov JD, Roumenina LT. Front Immunol. 2018 Mar 1;9:179. doi: 10.3389/fimmu.2018.00179.
eCollection 2018.

- Endothelial cells: source, barrier and target of defensive mediators. Roumenina L, Rayes J, Frimat M and
Fremeaux-Bacchi V. Immunol Rev. 2016 Nov;274(1):307-329 (IF: 10,2)

Communications orales en congrés nationaux et internationaux : 5

Communications affichées en congrés nationaux et internationaux : 2
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Recherche clinique

Parallelement a ces projets conduits au sein du laboratoire, j’ai pu participer a plusieurs travaux de
recherche clinique ciblant plus particulierement des pathologies avec atteintes microvasculaires

rénales.

Pathologies vasculo-rénales au cours de la grossesse

Nous avons réalisé plusieurs travaux ciblant la grossesse et le post-partum. En effet, la grossesse,
méme normale, conduit a de nombreuses adaptations endothéliales (présence d’une endothéliose
glomérulaire, activation du complément, élévation des taux plasmatiques de FvW, augmentation de la
capacité a générer de la thrombine) et ces modifications participent a augmenter |'expression de

certaines pathologies vasculaires en particulier en cas de facteurs de susceptibilité sous-jacents.

1- En 2015, nous avons rapporté une série de 18 patientes ayant présenté une nécrose corticale
rénale du post-partum, tandis méme que cette complication obstétricale avait pratiguement disparu
dans les pays a haut revenu. Toutes les patientes avaient présenté une hémorragie du post-partum
sévere. Une instabilité hémodynamique et une coagulation intravasculaire disséminée étaient
identifiées chez 5 et 11 patients, respectivement. Six mois apres I'accouchement, 8 patientes restaient
dépendantes de la dialyse et aucune n'avait retrouvé une fonction rénale normale. La durée
d'exposition a I'acide tranexamique, un inhibiteur de la fibrinolyse, était significativement plus longue
chez les femmes dont le taux de filtration glomérulaire estimé restait inférieur a 15 ml/min (7,14,8

heures contre 2,9+2,4 heures, p=0,03).

Ce travail a but descriptif a également eu pour volonté de souligner les effets endothéliaux d’'un cumul
d’agression (hypovolémie sévére due a une hémorragie massive, utilisation concomitante de
concentrés de fibrinogéne, CIVD et coagulopathie complexe liée a la grossesse), circonstances dans
lesquelles I'inhibition prolongée de la fibrinolyse pourrait avoir été délétere. Outre de souligner le
caractere multifactoriel (théorie des hits multiples) de ces nécroses corticales rénales, ce travail a
plaidé en faveur d’une utilisation sous forme de bolus de I'acide tranexamique en particulier dans ces
situations cliniques ou l'insuffisance rénale est fréquente (modalités de prescription proposées dans
I’essai WOMAN : Lancet. 2017 May 27;389(10084):2105-2116. doi: 10.1016/50140-6736(17)30638-4.).
Valorisation: “Renal Cortical Necrosis in Postpartum Hemorrhage: A Case Series. Frimat M, Decambron M, Lebas

C, Moktefi A, Lemaitre L, Gnemmi V, Sautenet B, Glowacki F, Subtil D, Jourdain M, Rigouzzo A, Brocheriou I, Halimi
JM, Rondeau E, Noel C, Provét F, Hertig A. Am J Kidney Dis. 2016 Jan 16. pii: S0272-6386(15)01496-1. (IF :6,3)”

2- Nous avons également caractérisé dans le cadre d’un travail rétrospectif et monocentrique

notre population de patientes greffées rénales présentant une ou plusieurs grossesses évolutives au
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cours de leur suivi. Les grossesses en transplantation rénale sont plus risquées, en particulier en
termes d’évenements vasculo-rénales (prééclampsie = 37%, RR = 7 par rapport a une population
générale américaine). Elles sont ainsi encadrées de recommandations, parmi lesquelles I'adaptation
des posologies d’anticalcineurines (ACN) a leurs résiduels sériques qui diminuent per-partum sans
preuve cependant d’une baisse d’efficacité thérapeutique. Nous avons étudié les caractéristiques et le
devenir de 34 grossesses au cours desquelles les posologies d’ACN n’ont pas été modifiées. Nous avons
confirmé dans ce contexte une diminution des tacrolémies et ciclosporinémies résiduelles moyennes
de 48 et 55% (nadir : 30 semaines d’aménorrhée, SA). Aucun rejet aigu n’était observé per-partum.
Une allo-immunisation anti-HLA était identifiée chez 6 patientes (23%) a 1 an et 15 (55%) a 4 ans, de
type Donor Specific Antigen dans respectivement 1 et 3 cas. Huit patientes (30%) avaient une
dysfonction du greffon a 2 ans, rattachée a un processus immunologique, a une toxicité des ACN ou
sans cause identifiée chez respectivement 2, 2 et 4 d’entre elles. Hypertension artérielle gravidique et
pré-éclampsie survenaient chez 13 (38%) et 6 (18%) des patientes. Le poids de naissance moyen était
de 2447 grammes (500-3650) et le terme moyen de 35.6 (£3.7) SA. Une prématurité et une
hypotrophie étaient rapportées dans 44% et 46% des cas.

Ce travail suggere que l'absence de majoration per-partum de la posologie des ACN n’est pas
pourvoyeuse de rejet aigu ou de dysfonction chronique du greffon, et le taux de complications vasculo-
rénales apparait plus bas que dans la littérature. Nous souhaiterions maintenant comparer notre
population a celle de patientes greffées rénales avec grossesses évolutives chez qui les posologies
d’ACN n’ont pas été modifiées.

Valorisation en cours: « Renal and obstetrical outcomes of pregnancy in kidney transplant under calcineurin
inhibitors. R. Lenain, J. Perche, F. Glowacki, P. Subtil, F. Provot, P. Deruelle, C. Samaille, M. Hazzan, M. Frimat »

3- Par ailleurs, dans la continuité de ces travaux, je suis référente pour le CHU de Lille du registre
CRISTEL (registre franco-belge) qui a pour but de recueillir de fagon sécurisée les données relatives aux
grossesses (planifiées, non planifiées, aboutissant ou n’aboutissant pas) survenant chez des patientes

transplantées d’un organe solide.

Microangiopathies Thrombotiques

Le CHU de Lille est centre de compétence des microangiopathies thrombotiques (MAT) sous la tutelle
locale du Dr Frangois Provot. Dans ce contexte, notre service est particulierement sensibilisé a ces

pathologies.

1- En 2017, j’ai participé a un travail, conduit par le Pr Julien Zuber (H6pital Necker, AP-HP),

évaluant I'impact d’une prophylaxie par eculizumab en transplantation rénale. En effet, le syndrome
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hémolytique et urémique atypique (SHUa) est depuis longtemps associé a des taux élevés de récidive
post-transplantation et de perte du greffon. Fin 2011, |'utilisation d'une prophylaxie hautement
individualisée basée sur le blocage du complément pour prévenir les récidives du SHUa apres
transplantation a été recommandée a I'échelle nationale. Notre objectif était d'évaluer I'impact de
cette stratégie sur le pronostic des transplantations rénales. Pour ce faire, une étude multicentrique a
été menée a partir du registre national des SHUa. Tous les patients adultes atteints de SHUa ayant
bénéficié d’'une analyse du complément et d’une transplantation rénale depuis le ler janvier 2007
étaient inscrits. Au total, 126 transplantations rénales réalisées chez 116 patients ont été inclus et 43
(34%) ont été marquée par une récidive de SHUa. 52 transplantations rénales, dont 39 a haut risque
de récidive, ont été réalisées sous couverture d’une prophylaxie par l'eculizumab. Cette stratégie
thérapeutique a été indépendamment associée a un risque moins élevé de récidive (HR=0,06 ;
p<0,0001) et a une survie plus longue des greffons (HR=0,195 ; p=0,04).

Cette étude soutient ainsi |'utilisation de la prophylaxie par eculizumab sur la base d'une stratification
du risque en pré-greffe. Il est intéressant de noter qu’en paralléle de la mise en ceuvre de cette
stratégie, la proportion de greffes a fortement augmenté chez les patients en insuffisance ranale
chronique terminale liée a un SHUa, de 46,2 a 72,3 % entre 2012 et 2016.

Valorisation: “The use of highly individualized complement blockade revolutionized the posttransplant clinical

outcomes and renal epidemiology of atypical HUS. Zuber J, Frimat M, Caillard S, Kamar N, Gatault P, (...), Rondeau
E, Le Quintrec M, Frémeaux Bacchi V. J Am Soc Nephrol. 2019 Oct 1. pii: ASN.2019040331. (IF : 8, 6)”

2- Nous poursuivons avec le Dr Viviane Gnemmi (anatomopathologie, CHU Lille) un travail de
corrélation anatomo-clinique ciblant I'activation du complément dans les MAT sur rein natif.
Brievement, si de nombreuses causes peuvent étre a |'origine de MAT rénales, l'identification
d’anomalies de la régulation du complément souligne le réle central de ce systéme. En 'absence
d’études spécifiques, I'analyse d’'immunomarquages témoignant de I'activation du complément sur la
biopsie rénale n’est que rarement incluse dans la démarche diagnostique et thérapeutique. Les
résultats d’un travail préliminaire réalisé au CHU de Rouen (données non publiées) démontrent que
des dépots artériolo-glomérulaires de C4d et C5b-9 sont fréquents lors des MAT, et les différences
observées pourraient témoigner des mécanismes physiopathologiques en jeu, variables selon
I’étiologie sous-jacente. L'objectif de ce travail est d’étudier, sur une large cohorte de patients atteints
de MAT sur rein natif, la présence de témoins histologiques de I'activation du complément par ses
différentes voies, et d’analyser ces dépots en fonction de la présentation anatomo-clinique et de
I’étiologie retenue. Il s’agit d’une étude multicentrique (Lille, Rouen, Tenon), rétrospective, incluant
les patients diagnostiqués avec une MAT sur rein natif entre 2005 et 2018 avec une réserve tissulaire
paraffinée disponible. Les données clinico-biologiques ont été recueillies au temps de la biopsie rénale
et jusqu’au dernier suivi disponible. En plus de I’étude en microscopie optique, des immunomarquages

anti C3, C4, Clq, C4d et C5b-9 ont été réalisés. Une analyse semi-quantitative des lésions élémentaires
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histologiques, de l'intensité et de la disposition des dépobts a été réalisée de maniere centralisée en

aveugle par rapport aux données cliniques.

Nous espérons ainsi apporter un éclairage sur l'intérét potentiel de I'étude de I'activation du

complément sur la biopsie rénale pour orienter le bilan diagnostique et la thérapeutique des MAT sur

rein natif.

Ces travaux ont pu étre réalisés grace aux étudiants activement impliqués dans ces différents

projets (cf. activités d’encadrement, p.28) et avec I'aide de différentes collaborations développées ces

derniéres années parmi lesquelles les plus actives sont avec :

1-

Le service d’anatomopathologie rénale du CHU de Lille (Dr V Gnemmi, Dr JB Gibier, Pr MC
Coppin). Les données issues des biopsies rénales de nos patients constituent souvent un point
de départ ou de d’enrichissement de nos travaux de recherche clinique ou fondamentale et a
ce titre, les échanges avec nos collégues en anatomopathologie rénale sont trés fréquents ;
L’équipe « complément et maladies » (INSERM UMRS872) avec les Dr Roumenina et Dr
Véronique Frémeaux-Bacchi au Centre de Recherche des Cordeliers. Dans les suites de ma
thése d’Université, nous avons continué de travailler en étroite collaboration. Actuellement,
nos champs de recherche communs ciblent plus spécifiqguement I’héme dans le cadre d’un
projet développé dans les perspectives (détails, p.38) ;

L’équipe « Fibrose, senescence et cancer » (CNRS - UMR-S 1277 Inserm) avec les Pr Glowacki
et Dr Cauffiez a Lille. Cette collaboration s’est développée dans le cadre du projet relatif a
I'implication de RAGE dans le vieillissement rénal ;

Le groupe de travail national Rein-Endothelium (French Renal ENDothelial Society). Depuis
2016, nous avons développé, en collaboration avec plusieurs équipes travaillant sur
I’endothélium et les maladies rénales, un réseau national de chercheurs (Bordeaux, Lille,
Marseille, Montpellier, Nantes, Paris, Rouen) ayant pour thématiques communes la cellule
endothéliale agressée ou activée par différents agents (complément, immunité, héme,
anomalies génétiques, toxines urémiques, etc.) au cours de maladies rénales (MAT, maladie
rénale chronique, maladies de systeme, etc.). Nos différentes équipes ont développé des
approches méthodologiques variées, et I'intérét de ce groupe est notamment de les mettre

en commun et de croiser nos thématiques.
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Activité d'encadrement

Activités d’encadrement au sein de I’équipe de recherche

Mes activités d’encadrement au sein de I’équipe du Pr Boulanger (U995 puis U1167) s’inscrivent dans
le cadre des projets, déja détaillés précédemment, étudiant I'implication de RAGE dansle
vieillissement rénal et vasculaire accéléré (axe 1) ou dans I'activation endothéliale complément/heme-

dépendante (axe 2).

Depuis novembre 2014, j’ai ainsi encadré deux étudiants en Master 1, trois étudiants en Masters 2 (+
1 co-encadrement dans la filiere STAPS), et j’ai participé ou participe actuellement a ’encadrement de

deux theses d’Université (dont 'une soutenue en octobre 2018).

Projets et étudiants encadrés :

Axe 1 : Implication de RAGE dans le vieillissement rénal et vasculaire accéléré

Master2

- Valentine Quersin (Interne Néphrologie)
Encadrement 100% 2014-2015
Financement : Année recherche.
EDBSL, Université de Lille. « Modifications fonctionnelles, structurelles et
moléculaires rénales induites par les produits de la glycation alimentaire »
Note : 16/20

- Cécile Lemoine (Interne Néphrologie)
Encadrement 100%
Financement : bourse de la Société frangaise de Néphrologie.
M2 Biologie du vieillissement, Université Paris Diderot. « Effets des produits de
glycation avancée sur le vieillissement endothélial rénal »
Note : 15/20

2015-2016

Axe 2: Implication du RAGE dans I'activation endothéliale complément/heme-dépendante

Master 1

- Cécile Lemoine (Interne Néphrologie) 07-2015
Encadrement 100%
EDBSL, Université de Lille. « Blocage du RAGE endothélial au cours du SAPL ».

- Marie Gilbert (Interne Néphrologie)
Encadrement 100%
EDBSL, Université de Lille. « Implication du RAGE dans I’activation du complément
et I'acquisition d’un phénotype endothélial prothrombotique induits par
hémolyse »

07-2016
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Master2
- Timothée Laboux (Interne Néphrologie) 2019-2020
Encadrement 50% (co-encadrement avec le Dr MAANAOUI, CCA Néphrologie)
Financement : Année recherche.
EDBSL, Université de Lille. « Role des glycosaminoglycanes du glycocalyx
endothélial glomérulaire dans la physiopathologie du syndrome hémolytique et
urémique atypique »
Note : 16/20
These d’Université
- Olivia May (CCA Néphrologie)
Encadrement 50% 2015-2018
Codirection : Pr Boulanger, U995 Lille et Dr Roumenina, U872 CRC Paris.
EDBSL, Université de Lille « Etude du tropisme rénal du syndrome hémolytique et
urémique atypique: susceptibilité endothéliale glomérulaire a I'héme et
découverte de RAGE comme un nouveau récepteur de I'héme ».
Soutenue le 30 octobre 2018
- Cécile Yelnik (MCU-PH, ltnedeicme interne) 2019-2022
Encadrement : 50%, codirection avec le Pr Lambert
EDBSL, Université de Lille « Syndrome des anti-phospholipides : Etude des
déterminants de ses variants phénotypiques »

Activités d’encadrement au sein du service de Néphrologie, CHU Lille

En parallele de mes activités au sein de I'équipe de recherche, je participe a I'encadrement
pédagogique des internes et étudiants en formation dans le service de Néphrologie a travers différents

projets.

1. Depuis 2014, j’ai encadré 2 internes pour leur thése d’exercice et 5 pour leur mémoire de DES de

Néphrologie :

Encadrements de Théses de Médecine et de Mémoires de DES de spécialité:

- Olivia May: « Analyse des propriétés de protection contre I'activation du 10.2014
complément et de thrombo-résistance de I'endothélium rénal »

- Juliette Perche : « Evolution des grossesses menées sous anticalcineurines en 012016
transplantation rénale »

- Anne-Sophie Vasseur : « Sténose de I'artére du greffon : a propos de 24 cas » 03.2016

- Anne Grunenwald : « Etude de [l'activation du complément sur cellules 03.2016
endothéliales en conditions hémolytiques »

- Valentine Quersin: « Conséquences rénales d’une alimentation riche en 10.2016
produits de la glycation avancée (AGEs) et implication du RAGE »

- Cécile Lemoine : « Influence des produits issus de la glycation avancée sur le 06.2017
vieillissement endothélial glomérulaire »

- Mehdi Maanaoui : « Caractérisation de la matrice rénale décellularisée en vue 10.2017
d’une recellularisation par cellules IPS »
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2. D’autre part, nous avons accueilli pour la premiére fois cette année une étudiante, Marie Thuaudet,
inscrite dans le parcours « APAS, Activité Physique Adaptée et Santé ». Je I’ai encadré pour son
stage pratique de Master 2 autour d’un projet sur I'activité physique chez les patients pris en
charge en hémodialyse chronique intermittente.

Projet : Les bénéfices de I'activité physique (AP) en dialyse sont maintenant bien connus. Plusieurs
méta-analyses (Mansueto Gomes Neto, 2018 ; Nada Salhab, 2019 ; Chung, 2016) rapportent que
I’exercice intra-dialytique 30 minutes 2 a 3 fois par semaine pendant au moins > 8 semaines
améliore la condition physique, les capacités fonctionnelles et la qualité de vie. Les exercices
aérobies sont le plus souvent pratiqués sur des ergocycles adaptés, dont le co(it d’achat peut
constituer une limite a la mise en place de tels programmes dans les centres de dialyse. Or, des
exercices de renforcement musculaire peuvent aussi étre effectués via des contractions
concentriques et excentriques a I'aide d’halteres, de bandes élastiques épaisses, de sangles de

chevilles lestées ou avec I'intervenant qui exerce une force opposée au mouvement.

Ce projet avait pour but de comparer rétrospectivement deux modalités d’entrainement intra-
dialytique, I'une associant pédalage sur ergocycle et renforcement musculaire (population UDM

SANTELYS), et l'autre proposant uniquement du renforcement musculaire (population UDM et

Centre lourd, CHR). Les

capacités fonctionnelles, o | g g s

fragilité, la qualité de vie ont été — ‘I';;(:' . = ,W e 4) Caractiristiques des dexs: populations

évaluée dans les deux semaines (meétres) 150,8 109.6 (modalités d’entrainement différentes)
;s T Score SF- 354111 328482 B) Evaluation de la satisfaction des patients

précédant I'initiation du - par auto-questionnaire

programme d’APA (02/2020, S- T 07450 TS

2->50). Il était prévu que les i\” P e B

patients inclus soient réévalués i <

au terme de 8 semaines d’APA '3.\” o e :

(05/2020, S9->10). — S

Malheureusement le contexte Rl'

sanitaire n’a pas permis la T : e e “ i

finalisation de ce projet. Le i

mémoire a été soutenu avec les
données de caractérisation initiale des deux populations associées a une évaluation du ressenti du

patient a mi-programme par auto-questionnaire (figure 1).

Ce travail n’a pas pu aboutir dans sa forme prévue mais il est a I'origine d’une collaboration avec la
Faculté des Sciences et des Sports (Dr DAUSSIN, MCU) et I'association SANTELYS et d’un travail
actuel sur un projet d’évaluation de I’APA dans la population MRC que nous espérons pouvoir
concrétiser dans le cadre d’'une these d’Université en cotutelle STAPS-Néphrologie (candidate :
Marie THUAUDET).
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3. Enfin, dans le cadre des stages réalisés en anatomopathologie ouvert aux internes de Néphrologie
depuis 2016 (1/an), nous nous efforgons d’élaborer avec le Dr Viviane GNEMMI (MCU-PH, service

d’anatomopathologie) des projets spécifiques de néphro-pathologie pour chacun des internes

passant sur ce terrain de stage.

Interne Projet Valorisation
Anne Mise au point du marquage HO-1 et Données utilisées dans : May O, Merle NS,
Grunenwald Thrombomoduline sur biopsies Grunenwald A, (...) Gnemmi V, (...), Frimat M*,
(2016) rénales 10.2014 Roumenina LT*. Front Immunol. 2018 Dec
20;9:3008. (IF: 6,4)
Elise Relecture des biopsies rénales de Travail collaboratif avec le Pr FRANCOIS (CHU
Bouderlique patients avec lésions de MAT Rouen) et le Pr BUOB (APHP, Tenon)
(2017) manuscrit en préparation

. L , Données utilisées dans : Bitton L, Vandenbusschd
Nicolas Wayolle  Relecture des biopsies rénales des , .
(2018) atientes avec vascularites a ANCA C, Wayolle N, (...), Frimat M, (...), Gnemmi V.J
P Nephrol. 2020 Jan 8. (IF : 2,7)

Amandine Ydée Mise au point du marquage JM403 Travaux complémentaires en cours
(2019) (Glycocalyx) sur biopsies rénales (M2 Recherche, Timothée Laboux)
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Perspectives de recherche

Objectifs principaux

Mes perspectives de recherche restent centrées sur la thématique « maladies rénales et
endothélium ». S’agissant d’'une thématique large, mes projets continueront de cibler plus
particulierement les microangiopathies thrombotiques, le syndrome des anti-phopholipides et les
vasculopathies liées a l'insuffisance rénale chronique, profitant dans les trois cas d’un acces privilégié
a des données ou échantillons issus de cohortes de patients déja constituées. Nous poursuivrons
I’étude, dans ces modeéles, des mécanismes d’activation endothéliale et d’accélération du
vieillissement vasculaire et rénal en ciblant notamment le réle du RAGE dans ces processus.

Cet objectif est en adéquation avec la restructuration de notre équipe de recherche issue de la récente
révision quinquennale. En effet, depuis janvier 2020, I’équipe du Pr Boulanger a rejoint I'unité INSERM
U1167 dirigé par le Pr Amouyel sur un projet général dédié au vieillissement et a ses mécanismes et
au sein duquel le RAGE tient une place centrale. Les objectifs annoncés de notre équipe, qui
s’enrichissent a l'occasion de cette restructuration de membres spécialisés dans I'étude de la
dysfonction mitochondriale et dans le drug design, se structurent autour des 3 axes suivants :

1- To dissect the metabolic impact of glycation on aging and its influence on inflammaging

2- To study RAGE-Ligand axis in chronic and acute inflammation

3- To develop drug discovery approaches to counteract RAGE activation induced inflammaging

Mes perspectives de recherche actuelles s’inscrivent plus spécifiguement dans I'axe 2. Jinterviendrai
de facon plus indirecte dans les axes 1 et 3 que je vais donc peu détailler.

Brievement, I'axe 1 cible plus particulierement les AGEs et nous bénéficions dans I'équipe de
I’expertise du Pr Tessier et du Dr Howsam pour analyser le processus de glycation. Les AGEs ont tenu
un réle prépondérant dans mon approche initiale a mon arrivée dans le laboratoire (impact des AGEs
dans le vieillissement rénal). Cependant, les travaux conduits en paralléle ont mis en avant I'intérét
d’autres ligands de RAGE susceptibles de favoriser le vieillissement médié par I'inflammation. Parmi
eux, certains tel que I’héme, s’appliquent plus facilement a des modeles d’inflammation aigue et a
I’étude, dans un second temps, des conséquences vasculaires a moyen et long terme de ces processus
aigus.

Ainsi, la place consacrée aux AGEs dans mes projets s’est significativement réduite si ce n’est a travers
nos échanges intergroupes et la collaboration prévue autour de la cohorte INTEGRA. Il s’agit d’une
cohorte qui se développe actuellement au sein du CHU de Lille dans le cadre d’un FHU, projet auquel
je prends part pour la composante néphrologique. Cette cohorte se compose de patients présentant
un diabéete, une obésité ou un syndrome métabolique avec a I'inclusion un interrogatoire détaillé, des
prélevements sériques, plasmatiques, urinaires ainsi que de phanéres (ongles et cheveux). Ce dernier
aspect nous intéresse tout particulierement puisqu’en paralléle de la mise en place de ce FHU, le Pr
Tessier et le Dr Howsam ont pu mettre au point une méthode de quantification des AGEs dans les
ongles a partir de populations de sujets sains ou hémodialysés chroniques plus ou moins diabétiques.
Un projet s’inscrivant dans le cadre d’une étude ancillaire et ayant pour but de corréler au sein de cette
cohorte INTEGRA le niveau de glycation des ongles avec le devenir rénal est en cours d’élaboration.
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Concernant I'axe 3, notre équipe s’est donc enrichie d’experts en chimie analytique et « Drug design »
qui travaillent d’ores et déja, sous la tutelle des Drs Alina Guinet et Christophe Furman au
développement de molécules antagonistes de RAGE. Nous prévoyons de tester ces molécules et
d’étudier ainsi I'impact d’une inhibition pharmacologique de RAGE sur nos différents modeéles
cellulaires et murins.

Axe 2- To study RAGE-Ligand axis in chronic and acute inflammation

Il s’agit de I’axe de travail sur lequel je souhaite concentrer mes projets au sein d’un groupe maintenant
conduit par Steve Lancel (MCU) et comprenant, en plus des étudiants en M2 et en thése, Chantal Fradin
(MCU), le Pr Marc Lambert (PU-PH, Medecine interne), le Pr Raphael Favory (PU-PH, Réanimation) et
le Pr Sébastien Preau (PU-PH Réanimation).

Cet axe de recherche est ou sera notamment alimenté via 4 projets que je vais détailler ci-dessous et
qui auront, a divers degrés, pour but de répondre aux questions suivantes :

- Quels parameétres modulent la liaison de RAGE a ses ligands et avec quelles conséquences
fonctionnelles ?
Le RAGE tend a étre reconnu aujourd’hui comme un PRR (Pattern recognition receptor) a travers
sa capacité a lier différents PAMPs (pathogen associated molecular pattern) et DAMPs (danger
associated molecular pattern). Nous souhaitons étudier les rapports de RAGE avec les autres
récepteurs de I'immunité innée et en particulier les TLRs et définir dans quelles mesures ces
interactions potentielles modulent I'impact en aval sur la signalisation intracellulaire et leurs
conséguences proinflammatoires.

- RAGE est-il un acteur de I’hétérogénéité d’expression phénotypique de certaines pathologies (MAT,
SAPL, choc septique, vieillissement vasculaire)?
Dans le cadre de travaux conduits sur les MAT, nous avons identifié le systeme du complément et
de I'heme-oxygenase comme des acteurs du tropisme endothélial rénal du syndrome hémolytique
et urémique. Nous suspectons que RAGE puisse également étre impliqué dans cette susceptibilité
d’atteinte de certains lits vasculaires et souhaitons I'étudier dans différentes pathologies
d’expression variable.

- Linhibition de RAGE constitue-t-elle une cible thérapeutique potentielle dans des modéles
d’agression endothéliale aigue ?
Prenant en compte I'absence de spécificité connue de la signalisation intracellulaire de RAGE, nous
étudierons si I'inhibition pharmacologique de ce récepteur s’"accompagnera d’une diminution des
marqueurs inflammatoires ou si elle sera compensée par I'action d’autres récepteurs.

A travers ces différentes questions, nous espérons améliorer la compréhension des mécanismes
impliquant RAGE dans [activation endothéliale et, conduisant a travers des processus
inflammatoires et oxydatifs a un vieillissement vasculaire et rénal prématuré.
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Projet 1- Caractérisation des processus de reconnaissance endothéliaux de I’héme et de ses
mécanismes effecteurs

Background : L'heme libéré en cas d’hémolyse intravasculaire constitue, comme nous I'avons vu, une
alarmine proinflammatoire dont la détection par I’endothélium reste encore mal caractérisée. Son seul
récepteur membranaire endothélial connu est le TLR4, cependant des données préliminaires
montrent, dans un modele d’induction d’hémolyse intravasculaire, que I'atteinte rénale ainsi que
I’expression d’une série de geénes liés a I'inflammation et I’activation endothéliale ne sont pas modifiés
chez des souris TLR47, soulignant I'implication potentielle d’autres récepteurs d’héme, notamment au

niveau rénal.

Nous travaillons en collaboration avec le Dr Lubka Roumenina (CRC, Paris) et le Dr Laure Yatime
(Montpelier). Au sein de nos équipes, ont été identifiés deux nouveaux récepteurs membranaires de
I’'héme, en plus du TLR4. Notre objectif est de disséquer les mécanismes moléculaires de la
reconnaissance de I'"héme par ses différents récepteurs membranaires et d’étudier les interactions
entre leurs voies de signalisation et le profil de réponse cellulaire induit (protecteur ou inflammatoire).

Ce projet se décompose ainsi en 4 axes :

(1) identifier le role de chaque récepteur de

s X . Heme sensors: C3, TLR4, RAGE, GP109A
I’'héme (membranaire et plasmatique) sur

; sl 24 Task 1, Pathological outcome of Drugs testing
les conséquences déléteres de la surcharge hemne overlosd hemolysis  |*

en heéme in vivo; (2) caractériser

Clinical relevance

I'implication fonctionnelle de chaque P E——— Drugs testing
, . . reiponde at cellular bevel -
récepteur dans linflammation et |Ia I
réponse au stress au niveau cellulaire; (3) Task3: Mode St interaction with Drugs testing
, . . . N Binding sites
étudier le mode d’interaction de I'heme 1
avec ses récepteurs du complément et de la [ reksomgdesdsn |}

membrane cellulaire ; (4) concevoir et

évaluer I'efficacité thérapeutique de molécules ciblant ces récepteurs.

Dans le cadre de ce projet collaboratif, notre réle a Lille est de caractériser les interactions entre
I’héme et le RAGE.

Travaux en cours et résultats préliminaires :

Partie 1 : Poursuite de la caractérisation de RAGE en tant que récepteur de I’héme

Nous avons montré que I’heme se liait au RAGE et induisait son oligomérisation (article en révision).
Parrallellement a ces travaux, nous avons étudié le complément en tant que systeme effecteur
susceptible d’étre impliqué par cette liaison heme-RAGE. En effet, il a été rapporté que le C33,

anaphylatoxine issue du clivage du C3, constituait un ligand de haute affinité pour ce récepteur (Ruan



et al, 2010). Cette interaction directe n’était cependant clairement décrite qu’en ELISA. En SPR,
I'interaction RAGE-C3a n’était présentée qu’en présence d’oligonucléotides de type CpGA
(oligonucléotides de cytosine-guanine non méthylé riche en ADN A). Nos premiers résultats obtenus
dans le cadre du travail de thése d’Olivia n’ont pas confirmé de liaison directe entre le RAGE immobilisé
(hRAGE) et le C3a ou le Clq, autre protéine du complément décrite pour lier RAGE, et ce méme a forte
concentrations. Aucune liaison n’était non plus mise en évidence avec d’autres protéines du
complément ou avec leurs formes désarginées (C3b, C3a désarginé, C5a, C5a désarginé), tandis qu’il

était bien observé dans les mémes conditions une interaction RAGE-CML (contréle positif, figure 1).

AU C3a on RAGE - C1q on RAGE RU CML on RAGE
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Figure 1: SPR study of RAGE (on the chip) and complement proteins binding. CML was used as positive control.

Par homologie avec les travaux de Ruan et al ol la présence de CpGA était nécessaire a I'interaction
RAGE-C3a et ayant préalablement montré que I’heme liait la fraction C3a de la protéine C3 (Frimat et
al, 2013), nous avons émis I'hypothése que I’'héme puisse potentialiser une liaison RAGE-C3a. Nous
avons confirmé cette hypothése en montant qu’apreés liaison d’héme sur le RAGE immobilisé, plusieurs
protéines du complément, en particulier le Clq, le C3a et sa forme désarginée liaient le complexe
RAGE-héme avec une forte affinité. Le C5a et sa forme désarginée liaient le complexe RAGE-heme avec
une affinité moindre tandis qu’il n’y avait pas de liaison entre ce complexe et le C3b, résultat en faveur
d’une spécificité des liaisons précédentes (figure 2A). De facon intéressante, I’étude des interactions
TLR4-héme-protéines du complément en SPR dans les mémes conditions, montraient des liaisons de

plus faible affinité (figure 2B).

A B
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Figure 2: Study by SPR of interactions between A)RAGE or B)TLR4 and complement proteins in presence of heme
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Nous avons étudié plus spécifiquement la liaison du C3a a RAGE et TLR4 et pu confirmer le caractére
dose-dépendant de ces liaisons en présence d’héme. A concentration de C3a égale, la liaison de cette

protéine a RAGE paraissait plus affine qu’a TLR4 (figure 3).

RU C3a/hRAGE + héme RU C3a/TLR4 +héme

c3a
15ug/ml

['I 0,5ug/ml

Figure 3: SPR study of C3a and A)RAGE or B)TLR4 binding. Different concentrations of C3a were used.

Conclusions : Nos travaux confirment une interaction entre RAGE et plusieurs protéines du
complément, en particulier C1g et C3a, dans des conditions cependant spécifiques puisque la présence
d’héme est nécessaire. Ainsi RAGE pourrait constituer un lien possible entre dérégulation de la voie

alterne du complément et survenue d’une souffrance endothéliale observée dans le SHUa.

De fagon intéressante, les liaisons de ces protéines envers RAGE paraissaient plus affines qu’envers
TLR4. Cela ne présage cependant pas de plus fortes conséquences fonctionnelles et des travaux
complémentaires sont nécessaires pour préciser les rapports entre ces deux récepteurs et les

protéines du complément en particulier en condition hémolytique.

Partie 2. Etude fonctionnelle de la signalisation induite par I'interaction héme-RAGE

Nous travaillons actuellement a la mise au point d’un modele cellulaire invalidé pour le RAGE. Il n’a
pas été possible de le réaliser par siRNA. Nous avons pour objectif d’isoler des cellules endothéliales
rénales (Marelli-Berg et al., Journal of Inmunological Methods, 2000) de souris WT, RAGE 7 (disponible
dans notre animalerie) et TLR4”" (disponible dans I'équipe du Dr Roumenina). Ces cellules seront
stimulées avec différentes doses d’heme et les voies de signalisation seront évaluées par un systeme
de criblage haut débit Proteome Profiler (RandD systems) permettant I’évaluation simultanée de la
phosphorylation de 43 protéines kinases différentes. Cette comparaison nous permettra d’identifier
les voies de signalisation qui découlent directement de TLR4 et celles qui peuvent étre attribuées a
d’autres récepteurs (dont RAGE). Par le profil de phosphorylation des kinases et phosphoprotéines,

nous serons capables de déduire la nature de ces récepteurs (systeme Cystoscope, ClueGo).

Pour valider ces observations in vivo, nous injecterons de I’'héme en intrapéritonéal ou induirons une

hémolyse chez des souris WT et RAGE”". La présence des récepteurs de ’héme (TLR4 et RAGE),
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I’expression de I'HO-1, I'activation du complément sera évaluée dans les différents organes de ces
souris. Nous analyserons le phénotype des cellules endothéliales rénales et des macrophages
spléniques par le méme panel d’étude que pour I'étude in vitro. Nous avons obtenu |'autorisation pour

la conduite de ces expérimentations (APAFiS #15214).

Partie 3. Pertinence clinique du RAGE comme récepteur de I’heme

Le rein est un organe particulierement touché au cours des maladies hémolytiques. Dans le but
d’identifier chez 'homme un réle potentiel du RAGE en situation d’hémolyse, nous avons pour
objectif : 1- de comparer le marquage de RAGE en immunofluorescence ou immunohistochimie entre
du tissu rénal sain (rein sain péri-tumoral ou biopsies de greffons dites «normales/peu modifiées ») et
des biopsies rénales réalisées en situation d’hémolyse aigue et pathologique (MAT en particulier SHU,
drépanocytose) ou situation d’hémolyse chronique et stable (patients porteurs d’une valve
mécanique). Nous correlerons les résultats a la gravité clinico-biologique (marqueurs d’hémolyse
biologique, phénotype clinique) ; 2- de réaliser une extraction d’ARNm a partir de biopsies rénales et
d’analyser I'expression des génes du complément et des protéines identifiées comme dépendantes de

la cascade d’activation découlant de I'interaction RAGE-heme dans les expérimentations précédentes.

Ce projet qui cible en premier lieu ’'héme - ses récepteurs et mécanismes effecteurs - est I'occasion
de préciser le réle de RAGE dans une situation d’agression vasculaire aigue qu’est ’hémolyse et
d’étudier I'impact d’interactions potentielles avec d’autres récepteurs tels que TLR4 (modulation

d’activité ?).
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Projet 2- Syndrome des anti-phospholipides : Etude des déterminants de ses variants
phénotypiques

Ce projet est actuellement conduit par le Dr Cécile Yelnik dans le cadre d’une thése d’Université (2019-

2022) que je co-encadre avec le Pr Lambert.

Background : Le syndrome des anti-phospholipides (SAPL) est une maladie auto-immune caractérisée
par I'association de manifestations cliniques thrombotiques, pouvant toucher tous les territoires
vasculaires (artére, veine, circulation placentaire et microcirculation), avec des marqueurs
immunologiques spécifiques : les anticorps anti-phospholipides (aPL). Trois marqueurs sont
actuellement reconnus dans les critéres internationaux du SAPL : I'anticoagulant circulant lupique (LA),
les anticorps anti-cardiolipine (aCL) et les anticorps anti-béta2 Glycoprotéine | (ab2GPl)) (Miyakis
2006). Les manifestations cliniques observées au cours du SAPL sont trés hétérogenes et de gravité
variable, allant de la thrombose veineuse profonde distale a des tableaux catastrophiques (CAPS)
d’activation diffuse de la coagulation avec thromboses multiples artérielles, veineuses et
microcirculatoires mettant en jeu le pronostic vital. Le traitement actuel repose principalement sur
une anticoagulation efficace prolongée chez I'ensemble des patients. Il apparait que les aPL,
marqueurs biologiques spécifiques du SAPL, ne permettent pas d’expliquer a eux seuls les mécanismes
al'origine de cette diversité clinique. Ainsi, les marqueurs physiopathologiques permettant d’expliquer
I'atteinte préférentiellement veineuse, artérielle, placentaire ou microcirculatoire chez un patient
donné ne sont pas connus, alors que ceux-ci pourraient permettre d’identifier de nouvelles cibles
thérapeutiques afin d’adapter la prise en charge au profil du patient.

L'apparition d’'une dysfonction endothéliale est une des étapes clé de la physiopathologie du SAPL.
Plusieurs récepteurs, comme I'apoER2 ont été impliqués dans I'interaction entre les aPL et la surface
cellulaire, mais il apparait que cette interaction est complexe et qu’elle met en jeu plusieurs récepteurs
et ligands qui ne sont pas encore completement identifiés. Nous émettons I’hypothése que le
récepteur RAGE, a travers une interaction avec les aPL, pourrait avoir un réle significatif dans la
physiopathologie du SAPL et plus particulierement dans ses tableaux microvasculaires disséminés
(CAPS).

L’objectif principal de ce projet est donc de déterminer les mécanismes a l'origine de la grande
variabilité phénotypique observée chez les patients atteints d’'un SAPL, que nous étudierons par
I'intermédiaire de deux approches complémentaires :

- Partie 1: Une analyse en clusters a partir des données cliniques et biologiques issues d’une
large cohorte de patients SAPL, dont I'objectif est d’identifier et caractériser s'il existe des
profils de patients clinico-biologiques homogenes ;

- Partie 2: Une étude des déterminants physiopathologiques a l'origine de la dysfonction
endothéliale induite par les aPL, ciblant plus particulierement le systéme du complément et
un récepteur endothélial - le récepteur aux produits de glycation avancés (RAGE) - tous deux

récemment impliqués comme acteur dans cette maladie.
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Travaux en cours et résultats préliminaires :

Partie 1: Caractérisation d’une cohorte de patients SAPL et recherche d’une corrélation entre
phénotype clinique et profil biologique.

Les patients SAPL sont recrutés a partir d’'une base de données informatisée lilloise. Les autorisations
réglementaires a la constitution de cette cohorte (CPP, CNIL) ont été obtenues par Cécile en Février
2020 (N° : CPP2020-03-024a / 2020-A00239-30 / 20.02.19.62511). Outre le recueil de données
cliniques, il a été mis en place des séro- et plasmathéque constitués d’échantillons de patients SAPL
suivis en consultation (hors événement aigu thrombotique). A ce jour, 270 patients sont inclus dans la
base et environ la moitié d’entre eux a un prélevement en biobanque disponible pour les

expérimentations.

Notre objectif est d’évaluer le profil cytokinique (Kit commerciaux, ThermoFisher) des patients, leur
niveau d’activation du complément (C5b9 soluble, C3a et C5a, Kit commerciaux, InVitrogen) et du
systéme RAGE (RAGE soluble, sSRAGE et esRAGE). Les données seront ensuite analysées en cluster avec

I'aide du département de biostatistique du CHU de Lille (Pr Duhamel, Dr Elodie Drumez).

Valorisation

Yelnik CM, Miranda S, Mékinian A, Lazaro E, Quéméneur T, Provot F, Frimat M, Morell-Dubois S, Le Guern V, Hachulla E,
Costedoat-Chalumeau N, Lambert M Refractory Catastrophic Antiphospholipid Syndrome patients respond inconsistently
to Eculizumab. Blood 2020. IF 16.562

Partie 2 : Implication du RAGE dans I’acquisition du phénotype prothrombotique du SAPL

Cette 2°™ partie du projet se développera autour de 3 approches, I'une en biologie moléculaire visant
a préciser les interactions entre RAGE et les aPL, la 2" et la 3°™ en biologie cellulaire et animale dans

le cadre de I’étude in vitro et in vivo des conséquences fonctionnelles de la liaison RAGE-aPL.

Biologie _moléculaire : nous disposons de N —
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18G Témoins

données préliminaires en SPR montrant, dans
certaines conditions, une liaison RAGE-APL
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controles (figure 1). Nous prévoyons de

compléter cette analyse en augmentant le J
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j a nVier 2020 Figure 1: Etude en SPR de I'affinité de liaison entre RAGE et des I1gG-aPL

(n=5) ou IgG-contréles (donneurs sains, n=4)
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Modeéles cellulaires : Nous prévoyons de travailler avec différentes cellules endothéliales, a savoir

HUVECs en tant que modeéle veineux macrovasculaire (cellules issues de veines de cordons ombilicaux
isolées en routine dans le laboratoire), HMEC et GnEC en tant que modeles microvasculaires (lignées
de cellules microvasculaires issues des capillaires du derme et des glomérules respectivement,
disponibles au laboratoire), et des cellules d’origine artérielle qui seront achetées dans le commerce.

La mise au point de notre modele sera en premier lieu réalisé sur des HUVEC.

Nos cellules seront exposées a des aPL +/- de ’héme en conditions natives ou aprés exposition a des
inhibiteurs de RAGE (incubation 16h) de facon a déterminer si les effets proinflammatoires et
prothrombotiques potentiellement observés sont influencés par RAGE. Nous espérons pouvoir
compléter cette analyse sur un modele cellulaire invalidé pour RAGE, en cours de mise au point au
laboratoire. Différents marqueurs seront étudiés (molécules d’adhérences, marqueurs membranaires
d’activation du complément et de la coagulation, état d’apoptose/nécrose) aprés détachement des

cellules.

Modeéles murins : cette étape sera réalisée +/- parallele de I’'étape 2 en fonction de la disponibilité des

souris RAGE KO. Cécile a pu mettre au point au
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laboratoire lors de son Master 2 un modele murin 0 e . P .
0 ;
de dysfonction endothéliale induite par les aPL.
204
Brievement, des souris C57BL/6 WT ou RAGE” g
2 40
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= 80
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é partir des réSU|tatS pré iminaires de mise au pOint Figure 2: Comparaison de l'effet de Finjection d’immunoglobulines
. L. L. contenant des anticorps antiphospholipides sur la vasorelaxation
dU mOdele IOrS dU MZ) Dans ces Condltlons etaient mésentérique chez les souris RAGE déficientes par rapport aux
, .. . souris sauvages. n=6 souris par groupe. Pourcentage de relaxation de
Observees une dImInUtlon deS maquEUrS de I'anneau aortique pré-contracté a la phényléphrine a des
. - . concentrations croissantes d'acétylcholine. Analyse statistique
dySfonCtlon endOthellaIe (anaWSE fonCtlonne“e de réalisée a partir du calcul des aires sous les courbes de relaxation.
. .. L. *p<0.05; **p<0.01; ***p<0.001, test de Mann-Whitney.
la  vaso-relaxation  artérielle  endothélium-

dépendante) chez la souris RAGE”, suggérant une

possible implication de ce récepteur dans la physiopathologie du SAPL (figure 2, résultats non publiés).

Afin de se rapprocher d’'un modeéle de CAPS, cette injection sera, selon les groupes, suivie d’une
injection intrapéritonéale de PBS (contrble) ou de phénylhydrazine (PHZ), stimulus visant a mimer
I’'hémolyse par lyse des globules rouges. A J1 de l'injection de PHZ, les souris seront sacrifiées apres
anesthésie générale par voie intrapéritonéale. Il s’agit la aussi d’'un modéle murin d’hémolyse validé
et que nous avons pu reproduire au laboratoire durant la thése d’Université d’Olivia May. Nous avons

obtenu I'autorisation pour la conduite de ces expérimentations animales (APAFiS #15214).
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Nous étudierons dans les tissus prélevés I'expression génique et protéique de cytokines
proinflammatoires (TNFa, IL1b, IL6, IL12) et chémokines notamment impliquées dans I'activation
macrophagique (MCP-1, MMP1) ; de marqueurs de stress oxydant (eNOS, SOD, HO1); de marqueurs
de coagulation (Facteur tissulaire, Thrombomoduline) ; de RAGE et de C3. Nous étudierons en
immunohistochimie ou en immunofluorescence selon les tissus, I'expression de RAGE pour rechercher
une modulation de son expression chez les souris WT sous I'effet d’une exposition aux aPL +/- aux
produits issus de I’'hnémolyse. Nous étudierons également des marqueurs d’activation du complément

(C3c, C5b9) a la membrane.

Ce projet a pour objectif de mieux préciser les molécules et voies de signalisations responsables des
différentes manifestations cliniques du SAPL. Le modéle murin permettra en particulier I’étude de
I'atteinte microvasculaire encore mal connue. Nos résultats pourraient permettre de proposer une
prise en charge personnalisée ciblée des patients SAPL en fonction de leur phénotype clinique, en
priorité chez les patients réfractaires au traitement anticoagulant ou cas de mise en cause du
pronostic vital. Ainsi, la présence de clusters de patients dans lesquelles une surexpression du
TNFalpha ou de I'IL-6 seraient observés inciterait a proposer un traitement ciblé sur ces molécules.
Si nous confirmons I'implication du RAGE, nos résultats permettraient d’offrir une nouvelle approche

thérapeutique pour les patients SAPL réfractaires.
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Projet 3- Réle des glycosaminoglycanes du glycocalyx endothélial glomérulaire dans la
physiopathologie du syndrome hémolytique et urémique atypique.

Ce projet s’inscrit dans la continuité de travaux cliniques conduits dans le service autour des
microangiopathies thrombotiques (détails, p.26). Les données présentées ci-dessous sont issus du

travail de Master 2 réalisé en 2020 par Timothée Laboux, interne de Néphrologie.

Background : Je rappelle I'identification fréquente, chez plus de 50% des patients, de mutations des
protéines régulant le complément dans le SHUa. Cependant, leurs pénétrance et expression variables
démontrent qu’elles ne sont qu’un facteur de susceptibilité, suggérant l'intervention d’autres
mécanismes. Parmi les acteurs encore peu caractérisés mais susceptibles de moduler la réponse au
complément a la surface de I’'endothélium figure le glycocalyx. Recouvrant les cellules endothéliales,
cette structure riche en glycosaminoglycanes (GAGs) participe en effet a lier le facteur H, principal
régulateur de la voie alterne du complément, par I'intermédiaire en particulier des héparanes-sulfates
(HS), principal composant du glycocalyx endothélial. Ce projet a ainsi pour objectif de préciser le role
du glycocalyx dans la genese du SHUa, a travers deux approches : 1- |la caractérisation des HS rénaux
au sein de notre cohorte de patients MAT ayant bénéficié d’une biopsie rénale ; 2- mise au point d’un
modele cellulaire endothélial in vitro dans lequel les HS ont été dégradés par méthode enzymatique

(héparinases) avec étude dans ces conditions de marqueurs d’activation du complément et de RAGE.

Travaux en cours et résultats préliminaires :
Partie 1 : Caractérisation des héparanes-sulfates sur des biopsies rénales de patients-MAT

Notre équipe a observé que le SHU était associé a une diminution de la densité des HS du glycocalyx
endothélial glomérulaire et artériolaire rénal sur un travail pilote.

Brievement, les biopsies rénales congelées de 8 patients suivis pour un SHU atypique ont été étudiées
(notées « patients-SHU ») et comparées a 4 biopsies de patients présentant une microangiopathie

thrombotique (MAT) d’autre nature que le SHU (notées « patients-MAT ») ainsi qu’a 4 biopsies

témoins de rein sain péri-tumoral
- R Fig.1: Marquage des Héparanes-Sulfates de I’endothélium glomérulaire
(RSPT)  (recueillies sur piéeces
d’exérese de néphrectomie, référées
comme « patients-RSPT »). Le
marquage des HS du glycocalyx

endothélial glomérulaire et

artériolaire a été mis au point en IF
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littérature. Une lecture semi-quantitative (0 a 3+), en aveugle, par deux opérateurs indépendants dont
un anatomopathologiste (Dr JB Gibier, CHU Lille), était réalisée.

Le SHU était associé a une diminution de la densité des HS endothéliales dans 7 cas sur 8. Ainsi, 5 des
8 patients-SHU présentaient un marquage des HS absent ou faible (0-1+), 2 présentaient un marquage
modéré (2+) et 1 seulement conservait un marquage comparable au contrdle (3+). A l'inverse, le
marquage des HS était préservé dans les groupes témoins : les 4 patients-RSPT présentaient tous un
marquage intense a 3+, et 3 patients-MAT sur 4 présentaient un marquage intense a 3+ (le dernier
présentant un marquage modéré a 2+) (figure 1). La coloration de Perls marquant les ions ferriques
Fe3* servait a mettre en évidence dans le tissu la présence d’héme, produit de dégradation de
I’'hémoglobine libéré dans la circulation en cas d’hémolyse. Sans surprise, le Perls était plus souvent
positif chez les patients SHU récemment hémolytiques (4/6) tandis qu’il était négatif chez les 4 patients
MAT. Le marquage des HS était effacé chez 3 patients SHU-Perls+ contre 1 chez les patients SHU-Perls.
Dans la limite d’un échantillon de petite taille, nous nous sommes interrogés sur I'implication de
I’'hémolyse et de I'héme dans la dégradation des HS observée dans le SHU.

Dans le but de vérifier ces données préliminaires, nous avons identifié a partir de la base de données
d’anatomopathologie 55 patients avec un diagnostic histologique de MAT et pris en charge en
néphrologie a Lille entre 2010 et 2020. Le classement des patients entre le groupe SHU et le groupe
MAT non SHU est en cours selon des critéres préétablis par deux néphrologues (T.Laboux/ M. Frimat)
de facon indépendante. En paralléle, le marquage des HS d’échantillons biopsiques de ces 55 patients
et I’évaluation semi-quantitative de leur densité a été réalisé, a I'aveugle, par deux opérateurs

indépendants (T.Laboux/V.Gnemmi, anatomopathologie rénale, CHU Lille).

Partie 2 : Impact de la dégradation du glycocalyx sur I'activation du complément dans un modéle

cellulaire endothélial in vitro

Prenant en compte les liens décrits du glycocalyx avec le systeme du complément et nos données
préliminaires montrant une moindre densité des HS endothéliales chez les patients-SHU hémolytiques,
nous avons émis I'hypothése que I'altération du glycocalyx endothélial rénal serait impliquée dans
I’activation locale de la voie alterne du complément, favorisant ainsi les poussées de SHUa. Cette
hypothése a été étudié dans le cadre du M2 de Timothée Laboux qui a mis au point un modéle de
dégradation enzymatique des HS du glycocalyx de cellules endothéliales (HUVEC). Il a ensuite étudié :
i/ I'effet de la dégradation du glycocalyx sur la capacité de la cellule endothéliale a activer localement
le complément ; ii/ I'impact d’'une exposition courte a I’'héme sur le glycocalyx endothélial, avec pour
hypothése que I’"héme puisse étre responsable de la diminution de la densité des HS observée dans
nos travaux préliminaires ; iii/ I'impact d’une exposition prolongée a I’héme sur I’expression génique
des enzymes impliquées dans la biosynthése des HS dans le cadre d’une collaboration avec le Pr Fabrice

Allain, expert en glycobiologie (Université Lille).
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Brievement, ce travail a révélé,
en conditions in vitro, qu’'un
endothélium dont les HS avaient
été préalablement dégradées

constituait une surface propice a

I'activation locale du B = i Figure 2: A) Marquage des HS (orange) et du C3b en IF et
B =1 B) Dépit de C3b détectés en cytométrie de flux a la surface
complément. En effet, une i i d’HUVECs exposées a des concentrations croissantes

. , - B ' d’héparinases.
augmentation dose-dépendante

du dépot de C3b était observée

en IF et CMF aprés traitement S5 e T

par héparinases (figure 2).
Apres exposition de courte durée a I’'heme (30 min), nous avons observé une diminution dose-
dépendante du marquage des HS, suggérant un impact de cette molécule sur I'intégrité du glycocalyx.
L'étude des mécanismes en cause sont en cours. De fagon intéressante, une exposition prolongée a
I’'heme (16h) a induit des modifications transcriptionnelles dose-dépendantes des enzymes impliquées
dans la biosynthése des HS, marquées par une diminution d’expression de la C5-Epimérase et une
augmentation de celles de la 6-OST1 et de la 3-OST1, rendant compte d’un profil transcriptomique des
enzymes de biosynthése des HS devenu de type antithrombine sous I'effet de I’"héme. Cet effet dual
de I'heme a déja été décrit, notamment a travers l'induction de I'expression d’héme-oxygenase 1
capable d’effets anti-inflammatoires et anti-oxydants. Nous émettons I’hypothése que I’acquisition
d’un profil antithrombine sous I'effet de I’héme ne soit pas homogene au sein des différents
endothéliums et prévoyons ainsi de les comparer (collaboration Pr Allain). L'absence de survenue d’un
tel profil a la surface de I'endothélium glomérulaire notamment, pourrait participer a expliquer la

susceptibilité rénale observé dans le SHU.

Nous espérons ainsi que 'amélioration des connaissances des facteurs de susceptibilité et de la
physiopathologie du SHUa permettent d’envisager d’éventuelles stratégies préventives et de

nouvelles options thérapeutiques (modulation pharmacologique du glycocalyx).

44



Projet 4- Evaluation fonctionnelle de la microcirculation dans nos modeéles d’étude

Background : Bien que I'atteinte microcirculatoire soit admise comme un élément physiopathologique
majeur au cours de I'inflammation aiglie, son évaluation fonctionnelle reste anecdotique en dehors du
sepsis, contexte dans lequel elle a été le plus étudié. Il a ainsi été décrit dans le choc septique, une
baisse globale de la densité des capillaires, une réduction du nombre de capillaires perfusés et une
hétérogénéité des zones de perfusion. Cette évaluation de la microcirculation a notamment été
réalisée par imagerie sublinguale. Il s’agit d’une technique d’imagerie optique du contenu
microvasculaire utilisée en recherche clinique depuis environ 15 ans qui permet la visualisation des
anomalies de flux dans les microvaisseaux de diamétre inférieur a 100 microns au niveau sublingual.
Dans le sepsis, I'altération de la microcirculation ainsi monitorée a été corrélée a un plus mauvais
pronostic de survie des patients et a permis de démontrer I'absence de concordance systématique
entre I'état de la macro- et la microcirculation. Dans le domaine de la néphrologie, il existe peu de
travaux. Il a été décrit une altération de la microcirculation sublinguale chez les hémodialysés
chroniques comparativement a des volontaires sains. Cette altération était moindre chez des patients
transplantés rénaux (Yeh et al. 2017). L'ultrafiltration per dialytique a été identifié comme un facteur
d’altération de la microcirculation sublinguale indépendamment des parameétres d’évaluation
macrocirculatoire (Meinders et al. 2015; Veenstra et al. 2017). L'impact de cette altération reste
cependant mal défini. Parmi les mécanismes impliqués et également évaluable par les outils d’imagerie
sublinguale, figure I'altération du glycocalyx mise en évidence dans une population de patients
hémodialysés chroniques (Vlahu et al. 2012). Hors contexte septique, ce type d’évaluation de la
microcirculation rénale dans des situations d’agression aigue (vascularite, MAT, etc..) n’a pas été
réalisée.

L’objectif est d’appliquer a nos modeles d’étude cette méthodologie d’évaluation de I'endothélium
dans le but de coupler deux approches complémentaires, I'une fonctionnelle visant a « imager » in vivo
les anomalies de la microcirculation chez I’'homme et I'autre visant a mesurer des biomarqueurs de
I'atteinte de la cellule endothéliale directement dans le sang circulant ou in vitro a la surface de cellules
endothéliales exposées a du sérum de patients. La mise en place de ce projet profitera de I'expérience
du Pr Favory, membre du groupe inflammation de notre équipe de recherche, qui a été formé a la

technique d’imagerie sublinguale ainsi que d’un acceés facilité a plusieurs populations de patients.

Parmi les populations d’intérét identifiées figurent :

1- Les patients pris en charge pour une calciphylaxie :

Ce projet s’inscrirait dans le cadre d’un projet ancillaire rattaché a un PHRC national porté par le Dr
Arnaud LIONET, PH dans notre service, dans lequel je suis intervenue en tant que conseiller scientifique

et dont le financement a été validé fin 2019.

La calciphylaxie est une maladie rare qui provoque des lésions cutanées ischémiques douloureuses
rattachées a des calcifications microvasculaires associées a une thrombose du derme et du tissu

adipeux sous-cutané. L'insuffisance rénale terminale (IRCT) et I'obésité sont deux facteurs de risque
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identifiés et son pronostic est sombre (mortalité a 1 an : 40- 80 %). Les anomalies du métabolisme
phosphocalcique sont mises en avant dans la physiopathologie de la calciphylaxie. Cependant,
I’'hétérogénéité des présentations cliniques, I'absence dans plus de 30% des cas de calcifications
Iésionnelles, les effets partiels des traitements visant cet aspect conduisent a envisager d’autres
acteurs physiopathologiques parmi lesquelles la dysfonction endothéliale et microcirculatoire.
L'objectif de ce PHRC est d’évaluer I'efficacité de la rheophérése en traitement adjuvant de la
calciphylaxie du patient en hémodialyse chronique via une étude prospective randomisée en simple
aveugle. Notre hypothese est que cette technique d’aphérése, en éliminant un spectre défini de
protéines de haut poids moléculaire, et notamment des facteurs impliqués dans l'inflammation
vasculaire et la thrombose (fibrinogene ou le LDL-cholestérol) améliore I'état microcirculatoire

(viscosité, glycocalyx, activation endothéliale).

Dans le cadre d’un projet ancillaire, nous prévoyons d’évaluer par imagerie sublinguale I'impact de la
technique sur I'état de la microcirculation (caractéristiques de perfusion, glycocalyx). Par ailleurs, la
constitution d’une séro- et plasmathéque est prévue et nous permettra d’évaluer le réle de certains
acteurs impliqués dans I'inflammation vasculaire parmi lesquelles le RAGE, dont I'accumulation dans
le tissu adipeux des patients obéses est bien décrit (Hurtado Del Pozo et al. 2019). Dans le cas de la
mise en évidence d’un effet RAGE-dépendant, nous préciserons les mécanismes moléculaires en cause
en ciblant plus spécifiqguement la voie AKT-mTOR que nous avons déja identifiée comme étant
influencée par l'invalidation de RAGE dans nos différents modeles (hémolyse, vieillissement

vasculaire).

Ce projet pourrait donc permettre l'identification d’autres cibles thérapeutiques dans la calciphylaxie

et améliorer la compréhension de ces mécanismes physiopathologiques.

2- Les patients pris en charge pour une microangiopathie thrombotique :

Cette approche complémentaire nous permettra d’enrichir de données in vivo fonctionnelles nos
résultats actuels. Nous envisageons de comparer, a une population témoin appariée pour I'age et le
niveau de fonction rénale, des patients pris en charge pour un SHU au moment de I'épisode aigu et en

dehors, dans le cadre de leur suivi en consultation.

Les résultats issus de ce travail pourraient amener des arguments supplémentaires a l'intérét d’'une

modulation pharmacologique du glycocalyx.
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Abstract

Heme’s interaction with toll-like receptor 4 (TLR4) does not fully explain the pro-inflammatory
properties of this hemoglobin-derived molecule during intravascular hemolysis. The receptor for
advanced glycation end-products (RAGE) shares many features with TLR4 such as common
ligands and pro-inflammatory, -thrombotic and -oxidative signaling pathways, prompting us to
study its involvement as a heme sensor.

Stable RAGE-heme complexes with micromolar affinity were detected as heme-mediated RAGE
oligomerization. The heme binding site was located in the V domain of RAGE. This interaction
was Fe3*-dependent and competitive with carboxymethyllysine, another RAGE ligand. We
confirmed a strong basal gene expression of RAGE in mouse lungs. After intraperitoneal heme
injection, pulmonary TNFa, IL1B and tissue factor gene expression levels increased in WT mice
but were significantly lower in their RAGE”- littermates. This may be related to the lower
activation of ERK1/2 and Akt observed in the lungs of heme-treated, RAGE”- mice.

Overall, heme binds to RAGE with micromolar affinity and could promote pro-inflammatory and
pro-thrombotic signaling in vivo, suggesting that this interaction could be implicated in heme

overload conditions.
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Introduction

Heme is an iron-containing complex involved in fundamental cellular functions, notably as a gas
transporter in red blood cells where it is an essential component of hemoglobin (Hb). The heme
prosthetic group retains the 4 pyrrole rings linked by a -CH group of its precursor protoporphyrin
IX, with the addition, in its center, of an iron ion in a reduced Fe(ll) or oxidized Fe(lll) state [1].
Given the catalytic properties of the iron atom, and to limit oxidation processes, heme is strictly
compartmentalized inside cells but can accumulate in blood during massive intravascular
hemolysis when scavenging detoxification systems are overwhelmed. Free heme triggers
vascular dysfunction, pro-inflammatory and pro-thrombotic effects by inducing nitric oxide
scavenging and production of reactive oxygen species (together with Hb), and also by activating
the complement and coagulation systems [2,3]. Moreover, heme acts as a damage-associated
molecular pattern (DAMP) binding to toll-like receptor 4 (TLR4). Via TLR4, it mediates
inflammatory processes such as the synthesis of pro-inflammatory cytokines,
monocyte/macrophage activation, and mobilization of Weibel Palade bodies from endothelial
cells [4-6]. The deleterious properties of free heme are not, however, fully explained by its
interaction with TLR4, raising questions about the implication of other receptor(s) [7,8].

RAGE is a multi-ligand membrane receptor and member of the immunoglobulin (Ig) superfamily.
It consists of three Ig-like domains, one variable (V) and two constant (C1 and C2) in the
extracellular part, a single-pass transmembrane helix and a short cytosolic tail [9]. Like TLR4,
RAGE plays a major role in immunity, especially through its binding to DAMPs and PAMPs
(pathogen-associated molecular patterns). High mobility group box-1 protein (HMGB-1),
S100A8/A9 heterodimer, SI00A12 and bacterial lipopolysaccharides are common ligands of both
TLR4 and RAGE. Both of these receptors promote the activation of major pro-inflammatory and
pro-oxidative signalling pathways such as nuclear factor kappa B (NF-kB), mitogen-activated
protein kinase (MAPK) or nicotinamide adenine dinucleotide phosphate (NADPH) oxidase [10,11].
Moreover, a synergistic cooperation between RAGE and TLR4 has been proposed as amplifying
the inflammatory response in different endothelial cell or murine models [12,13].

Considering the common characteristics between RAGE and TLR4, and studies linking heme with

other ligands of RAGE [14], we hypothesized that this receptor could interact with heme. Here
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we characterized the binding of heme to RAGE, identified its binding domain and studied the

effects of exposure to heme in a RAGE-KO mouse model.

Results

RAGE is a heme receptor

To test whether heme interacts with human RAGE (hRAGE), we analyzed the binding between
heme and hRAGE-Fc using UV-visible absorbance spectroscopy. The spectra of the hRAGE-heme
complex showed a concentration-dependent increase in the molar extinction coefficient at the
so-called Soret band (~400 nm) in the presence of RAGE, without any shift in the maxima (Figure
1A). This did not reach saturation point, even at an 8-fold molar excess of heme, suggesting that
heme induces RAGE oligomerization.

To further characterize the hRAGE-heme interaction and to possibly determine the stoichiometry
of the complex, we performed size exclusion chromatography (SEC) experiments on a Superdex
75 Increase column. Incubation of hRAGE VC1C2 (corresponding to the domain from residues
Ala23 to Pro323 with a predicted molecular weight of 33 kDa) with a 10-fold molar excess of
heme led to the formation of a novel species eluting much earlier on the SEC column (7.6 mL)
than the VC1C2 domain alone (9.6 mL) (Figure 1B, left side, dark blue and green curves,
respectively). The novel species contained both the VC1C2 domain (as evaluated by SDS-PAGE
analysis of the corresponding fractions, Figure 1B, right side), and the heme molecule (as
assessed by UV absorption at 404 nm of the corresponding fractions, Figure 1B, red curve),
whereas no absorption at 404 nm was observed for the same fractions in the chromatograms
corresponding to either VC1C2 alone or heme alone (Figure 1B, cyan and dotted brown curves,
respectively). As this novel species eluted quite early, almost in the void volume of the column,
the experiment was repeated on a Superose 6 Increase column which enables separation of
much higher molecular weight species. Again, on this column, incubation of VC1C2 with a 20-fold
molar excess of heme led to the formation of higher molecular weight species which contained
both hRAGE and the heme molecule (Figure 1C, left side, dark blue curve). The peak
corresponding to the complex is quite broad with a shoulder on the leading edge, suggesting that
the complex is large and heterogeneous, i.e. a mix of oligomers of various sizes is probably

formed upon binding of heme to RAGE. Incubation of VC1C2 with lower concentrations of heme
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(1- to 10-fold molar excess of heme; Figure 1C) led to the formation of intermediate species of
lower molecular weight (dark arrow heads), indicating that RAGE molecules progressively cluster
upon heme binding until all of the free RAGE has been consumed. For each VC1C2 / heme
mixture analyzed by SEC, we also plotted the molar ratio of heme : VC1C2 in each peak fraction,
by measuring the molar concentrations of both RAGE and heme from their absorbance at 280
and 404 nm, respectively (Figure 1C, right side). For all complexes thus isolated, an average of
two to three molecules of heme were bound to VC1C2. Heme may also possibly bind to
monomeric RAGE, although a large fraction of monomeric VC1C2 remains in the apo- form. In
any case, the width of the SEC peaks indicates that RAGE : heme complexes are highly
heterogeneous and probably exhibit various stoichiometries. These data must therefore be
interpreted with caution and are not presented here as a reflection of the real stoichiometry of
these complexes. The SEC experiments were repeated with shorter fragments of the RAGE
extracellular domain. However, massive precipitation was observed in the samples upon
incubation of heme with either the VC1 (residues Ala23 to Glu231) or V (residues Ala23 to
Tyr118) domains suggesting that heme induces an uncontrolled aggregation of the RAGE

fragments and formation of large, oligomeric species that are no longer soluble.

To provide an independent proof for the interaction of heme and hemozoin (a dark-brown heme
crystal produced by the intraerythrocytic parasite Plasmodium which causes malaria) with RAGE,
both were immobilized on a gelatin-coated surface and probed with biotinylated hRAGE
ectodomain (fragment corresponding to residues Ala23 to Ala345 fused to a C-terminal
biotinylated AviTag sequence). Strong and dose-dependent interactions were observed in both
cases (Figure 2A). The interaction of heme and RAGE was further studied by surface plasmon
resonance (SPR). Heme bound in a concentration-dependent manner to immobilized hRAGE-Fc
(Kd= 7.57x10> M), but not to the Fc fragment alone (Figure 2B, left panel). This result was
confirmed using home-made, recombinant tag-free hRAGE VC1C2, to which heme bound with
even higher affinity (Kd= 6.78x10°® M). This binding was detected even at the very low heme
concentration of 40nM (Figure 2B, right panel).

Taken together, our results suggest that RAGE binds heme and that this interaction induces

receptor oligomerization.
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The V domain of RAGE is the binding site for heme

To localize the heme-binding domain of RAGE, we used recombinant fragments VC1, C2 (residues
Pro232 to Pro323) and V and tested their interaction with heme by SPR (Figure 3A). The C1
domain could not be tested alone because its binding was not stable. We observed that heme
bound directly to both VC1 and V but not C2, meaning that the binding site was on the V domain.
We tested carboxymethyllysine-modified Bovine Serum Albumin (CML-BSA) in the same
conditions and confirmed that CML binds to the V domain [15] (Figure 3B).

To validate that the V domain contains the heme binding site, we performed an absorbance
spectroscopy assay with heme and the recombinant V (Figure 3C) and C2 (Figure 3D) domains.
Concentration-dependent increases in the molar extinction coefficient at the Soret band were
detected for the V domain but not for C2, confirming the results obtained by SPR. Again, the
interaction showed no saturation even at high heme : V domain ratios, suggesting oligomer

formation as observed for the full-length RAGE ectodomain.

RAGE interacts with molecules containing transition metals

To understand the role played by the different structural elements of heme (the pyrrolic
structure and the iron ion), we examined RAGE’s interaction with hematoporphyrin IX (HPIX,
heme without iron), other iron-carrying molecules, and porphyrins containing different transition
metals.

HPIX bound to hRAGE and the V domain-containing constructs (Figure 4A), but with lower affinity
compared with heme (RU ~10 fold lower). The binding of hRAGE VC1C2 to HPIX was also
evaluated with SEC. As shown in Figure 1C (gray curve), no complexes similar to those formed by
VC1C2 and heme were detected upon incubation of VC1C2 with a 10-fold molar excess of HPIX. A
small amount of aggregated protein was detected in the void volume (fractions 14-15 of the gray
curve) probably due to partial precipitation of HPIX upon mixing in the aqueous SEC buffer, the
precipitated HPIX compound being also present in the void volume (Figure 4B, magenta curve).
In any case, most of the VC1C2 protein remained in the monomeric form (peak eluting at 17.5
mL) and uncomplexed (no UV absorption at 600 nm detected in the fractions around 17.5 mL for
the VC1C2:HPIX mix). Thus, no stable complex seems to have been formed between RAGE and

HPIX on the SEC column.
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In a novel finding, we observed that Fe(lll)-phtalocyanine binds directly to RAGE (Figure 4C). A
similar result, but with much lower intensity, was observed for ferroin, namely 1,10-
Phenanthroline iron(ll) sulfate complex. Moreover, protoporphyrins with transition metal ions
other than Fe (Mn(lll)PP, Co(lll)PP) also bound to RAGE, albeit with a lower affinity than heme. A
contrario, Mg(ll)PP, bearing a divalent cation but lacking a transition metal ion, did not interact

with RAGE (Figure 4D).

Heme perturbs the interaction of RAGE with its classical carboxymethyllysine ligand

To find out whether exposure to heme alters the capacity of RAGE to bind to
carboxymethyllysine (CML), its classical ligand, we performed a competition assay by SPR. After
immobilization of hRAGE, heme or buffer was injected. Then, without regeneration, CML-BSA or
control-BSA was introduced to the system. After heme injection, the binding between CML and

RAGE was no longer detected (Figure 4E).

RAGE contributes to heme-mediated pro-inflammatory and pro-thrombotic signaling in the
lungs of mice

As the expression of RAGE is described as being highest in the lungs (Figure 5A-B), we analyzed
RAGE signaling pathways in this organ in WT and RAGE”7" mice, injected or not with heme
(100umol/kg) and sacrificed one day after treatment. We confirmed a strong basal expression of
both the RAGE gene and protein in lungs (data not shown), that was not modified by heme
(Figure 5C). Exposure to heme was confirmed by expression of HO-1, a heme-induced enzyme,
which served as a positive control (Figure 5D), measurement of the exact amount of injected
heme reaching the lungs vs. the high level of endogenous heme being technically impossible.

In WT mice, heme injection induced increased expression of several inflammation mediators, as
compared to PBS injection, respectively ~2.5, ~2 and ~21.9-fold increases for IL18, TNFa and IL6
(Figure 5F). The basal expression of these inflammation mediators after PBS injection was not
different in RAGE”- compared with WT mice. After heme treatment however, /L18 increased
~2.2-fold less in RAGE7" mice than in WT mice (p=0.02). TNFa did not increase in RAGE”~ mice
treated with heme: gene expression was 0.63-fold that of PBS-treated RAGE”" mice. For IL6, no

differences were observed between heme-treated WT and RAGE” mice. The pro-thrombotic
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phenotype was assessed by tissue factor (TF) expression. In WT mice, injection of heme was
associated with a ~4.5-fold increase in TF expression, while only a ~3.3-fold increase was

observed in RAGE”- mice (Figure 5SE).

Heme activates signaling pathways via RAGE, leading to phosphorylation of ERK 1/2 and AKT

To understand the mechanisms of the protective effect of RAGE invalidation, we studied two
pathways activated by heme and RAGE: ERK1/2 and Akt [16—18]. The ratio of phospho-ERK : ERK-
total was weakly modified by the injection of heme in WT mice (~1.5 fold-increase), whereas it
decreased in heme-treated RAGE7- mice compared with control RAGE7”- mice. After heme
treatment, the phospho-ERK : ERK-total ratio in RAGE”- mice was indeed ~0.5 fold lower than in
WT mice (Figure 6A). Similar results were observed with the Akt pathway. In heme-treated WT
mice, the phospho-Akt : Akt-total ratio increased ~1.1-fold compared to control mice, whereas
the heme treatment induced a significant decrease of the ratio of phospho-Akt : Akt-total in

RAGE”- mice (~0.29-fold, Figure 6B).

Discussion

Here we provide the first evidence that heme is a ligand of RAGE and binds within the V domain.
This interaction resulted in formation of RAGE oligomers and perturbed the binding of the
classical RAGE ligand (CML) that interacts within the V domain of RAGE. In vivo, RAGE deficiency
appears to attenuate the pro-inflammatory and pro-thrombotic phenotype induced by

administration of heme.

Heme is a known ligand of TLR4 and we hypothesized that it is also a ligand of RAGE. Biosensor
analyses revealed that heme binds to RAGE with apparent micromolar affinity and that the heme
binding site is localized within the V domain, known to serve as a binding platform for many
ligands of RAGE [19]. Taken together, SEC experiments and SPR results suggest that while the
protoporphyrin core of heme can interact weakly and transiently with RAGE, probably through
hydrophobic contacts with apolar residues on the surface of the receptor, the strength of the
interaction resides mainly in the chelation of the central iron ion [20,21]. Indeed, we found that

two other Fe-containing molecules (Fer(lll)-phtalocyanine and ferroin) both bound to RAGE in
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SPR, as did protoporphyrins containing other transition metals (Mn(lll)PP, Co(lll)PP), while a
porphyrin lacking a transition metal ion (Mg(ll)PP) did not. In addition, the oxidation state of the
central ion appeared to influence the strength of the binding: ferroin, which has an oxidation
state of 2* and not 3*, bound to RAGE but with much lower affinity than heme or Iron(lll)-
phthalocyanine. These findings suggest that characteristics of the central metal ion in the

porphyrins play an important role in the interaction of heme with RAGE.

Our assay revealed competition between heme and CML, the most-studied ligand of RAGE
among the advanced glycation end products (AGE), which also binds to the V domain with an
affinity of Kd~100 uM [15,22]. The binding sites of CML and heme must therefore overlap, at
least partially, on the RAGE surface and the reports that CML binding to RAGE engenders pro-
inflammatory and pro-fibrotic signaling suggests there may also be negative consequences to
heme overload due to hemolysis, rhabdomyolysis, atherosclerosis, etc. Further studies are
needed to identify whether heme shares the same signaling pathway as AGEs and what the
physiological consequences of this competition could be. It has already been shown that heme

does not share the same signaling pathway as LPS upon binding to TLR4 [8,23-25].

The spectral data obtained here indicate that binding of heme to the V domain of RAGE is not
accompanied by changes in the molecular environment. The absence of shifts in the absorbance
maxima suggests that heme likely binds to the surface of the protein. The fact that the binding of
heme to RAGE and its V domain was not saturable, along with the detection of oligomers by SEC,
suggest that this surface-exposed heme stimulates homophilic interactions, as previously
observed for C3 [26]. RAGE is known to form oligomers on the cell surface, potentiated by S100B
and AGEs among others, and oligomerization is a key element for signal transduction [15,27].
Part of RAGE oligomerization occurs via dimerization of the V domain, which serves as an initial
clustering point for RAGE molecules, even in the absence of ligands, and this could be amplified
by association of other domains of RAGE to which ligands are bound, as suggested for S100B or
S100A6 [28,29]. Heme is a very hydrophobic molecule with a tendency to form aggregates, and
heme dimers and higher-order oligomers could thus also serve as bridges between two or more
RAGE molecules. Moreover, we observed that heme aggregates in the form of hemozoin also

interacted with RAGE in vitro. Taken together, our data suggest that heme acts in a similar
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manner to other RAGE ligands: it binds to the V domain, induces RAGE clustering and subsequent

signal transduction, and potentially triggers pro-inflammatory and pro-coagulant cell responses.

Both TNFa and IL1B are known inflammatory mediators, released from macrophages after
stimulation by heme [24,30]. We tested the contribution of RAGE to heme-mediated
inflammation in the lungs, and confirmed previous findings that this organ has a very strong basal
RAGE expression, especially in alveolar type | cells [31,32]. Although the small sample sizes
necessitate caution in interpreting our results, our in vivo experiments show that heme induced
TNFa and IL1B expression and that this induction was smaller in RAGE knock-out mice. Therefore,
RAGE signaling could contribute to local inflammation in the lungs, possibly in concert with TLR4.
Heme also activates the coagulation cascade [3]. Indeed, heme has been shown to trigger tissue
factor expression and coagulation activation on macrophages and perivascular cells in the lungs
of heme-injected mice and heme-exposed human leucocytes ex vivo [33,34]. These processes are
TLR4-dependent [35]. We again found upregulation of tissue factor in the lungs of WT mice
injected with heme in our study. This effect was attenuated in RAGE deficient mice, suggesting a
role for RAGE in combination with TLR4. Our observation of decreased levels of phosphorylated
ERK and AKT in heme-exposed RAGE”" mice could indicate a role for RAGE invalidation in limiting
hemolysis-induced inflammation. Taken together, these findings confirm our hypothesis that
RAGE has a potentially important role in heme sensing in a complex environment, and add
weight to the theory of a pro-inflammatory RAGE-TLR4 loop that has been suggested in different
disease models [36—39]. Testing in single- and double-knockout RAGE”- and TLR4"" cell lines or

mice is now needed to understand the distinct role of each receptor in heme-induced signaling.

In summary, although the effects of free heme are well documented, the molecular sensors of
this small molecule on the cell surface and in plasma remain largely unknown, with only TLR4
described as a membrane receptor. Reducing the inflammatory response and tissue injury in
pathologies associated with heme release requires a better understanding of how cell-free heme
is detected. In a novel finding, we here report that heme is a ligand for RAGE, binding to the V
domain and inducing RAGE oligomerization. /n vivo stimulation of RAGE by heme can result in a
pro-inflammatory and pro-coagulant phenotype in the lungs. This supports the classification of

RAGE as a pattern recognition receptor, as well as propositions that it plays a pathologic role
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beyond those already described for it in diabetes mellitus. These findings also underline the
potential importance of the RAGE-heme interaction in hemolytic diseases and raise the

possibility of it being a therapeutic target to reduce hemolysis-mediated tissue injury.

Materials and Methods

Reagents

The Fe3* form of heme [hemin (ferriprotoporphyrin 1X), designated as heme (Frontier Scientific or
Sigma-Aldrich)], Manganese protoporphyrin IX chloride (MnPPIX or Mn(lll)PP, Frontier Scientific),
Cobalt protoporphyrin IX chloride (CoPPIX or Co(lll)PP, Frontier Scientific) and Magnesium
protoporphyrin IX (MgPPIX or Mg(Il)PP, Frontier Scientific) were dissolved to 10 mM in 50mM
NaOH and 145mM NacCl. Hematoporphyrin IX (HPIX, Sigma-Aldrich) was dissolved to 5 mM in
50mM NaOH and 145mM NacCl. Fe(lll) phthalocyanine chloride (Fe(lll)pht, Sigma-Aldrich) and
1,10-Phenanthroline iron(ll) sulfate complex (designated as ferroin, Sigma Aldrich) were
dissolved to 10mM in H,0. Reagents were stored in the dark and further diluted in appropriate

vehicle solvent just before use.

Carboxymethyllysine-modified Bovine Serum Albumin (CML-BSA) and non-glycated BSA (control-
BSA) were obtained as previously described [40]. After glycation (16h, 37°C), 37-40% of the
lysine moieties were found to be modified, 80-99% of which (on a molar basis) had been
modified to CML. The control-BSA was prepared under the same conditions but glyoxylic acid

was omitted.

Recombinant human RAGE proteins

Different recombinant forms of the extracellular domain of the human RAGE receptor (hRAGE)
were used. A fully glycosylated version of the protein (residues GIn24 to Ala344), produced in the
mouse myeloma cell line NSO as a fusion with the Fc fragment of human IgG1, was purchased
from R&D Systems. This form, denoted hRAGE-Fc, was reconstituted at 100 pug/mL in sterile PBS.
Recombinant Human IgG1l Fc, expressed in the same mouse cell line and reconstituted at
100pg/mL in sterile PBS, was used as a control protein (R&D Systems). Unglycosylated and

shorter versions of hRAGE extracellular domain, devoid of fusion protein, were also expressed
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recombinantly in bacteria as previously described [9]: the VC1C2 domain (residues Ala23 to
Pro323), the VC1 fragment (residues Ala23 to Glu231) and the isolated V (residues Ala23 to
Tyr118) and C2 (residues Pro232 to Pro323) domains. Briefly, all proteins were expressed in E.coli
Shuffle T7 Express cells (New England Biolabs) with a cleavable N-terminal polyhistidine (Hisg)
tag. The proteins were then purified by two-step affinity chromatography on a Nickel column
with removal of the Hisg-tag by cleavage with TEV protease between the two chromatographic
steps. The proteins were further purified using either cation exchange chromatography (V, VC1
and VC1C2 domains) or size exclusion chromatography (C2 domain). All proteins were finally
transferred into a buffer containing 20mM Tris-HCI pH 7.5 and 200mM NaCl, then flash-frozen in
liguid nitrogen and stored at -802C until use. Biotinylated hRAGE ectodomain (residues Ala23 to
Ala345 followed by C-ter AviTag) was expressed recombinantly in bacteria and purified using the
same protocol as for hRAGE VC1C2. The central Lys residue on the C-ter AviTag was then
biotinylated in vitro using home-made recombinant Bir A ligase, at a molar ratio of 1 : 20 as
compared to hRAGE ectodomain, in the presence of 2 mM D-biotin and 5 mM ATP/ MgCl,.
Biotinylation was performed at 18°C for 60 hours. The sample was further purified using cation
exchange chromatography to separate biotinylated RAGE from unreacted sample and D-biotin.
The biotinylation level of the sample was assessed with HABA reagent (Pierce Biotin Quantitation

Kit).

Spectrophotometry absorbance

UV-visible spectroscopic assays for the binding of heme to RAGE protein (hRAGE-Fc from R&D
systems and domains V and C2 alone) were performed in PBS, pH 7.4, with a UNICAM Helios b,
UV-visible spectrophotometer, as previously described [26,41,42]. A stock solution of heme
(10mM), dissolved in 50mM NaOH and 145mM NaCl, was added to the buffer (at concentrations
of 0 to 8uM) containing separate RAGE proteins (1uM). After heme addition, the samples were
homogenized. The absorption spectra of the solutions were then recorded in the wavelength
range from 350 to 650 nm. The absorption spectra of RAGE proteins alone in the range 350-650
nm were also recorded and were found to be similar to the background absorbance of the buffer
alone. For titration of the binding of heme to RAGE proteins, aliquots from a heme stock solution

were added to 1uM solution of hRAGE and domains and to reference cuvette containing PBS
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only. After each addition, samples in the two cuvettes were homogenized at 25°C. Then,
differences in absorption spectra were recorded. The RAGE proteins - heme binding curves were
built by plotting the difference in absorbance (Aheme-RAGE protein —Aheme) at 390

nm versus molar concentrations of heme.

Size exclusion chromatography

Size exclusion chromatography (SEC) experiments to assess the formation of stable complexes
between RAGE and heme were performed at 18°C on either a 24mL Superdex 75 Increase
column or on a 24 mL Superose 6 Increase column (GE Healthcare Life Sciences) connected to an
Akta Purifier system (GE Healthcare Life Sciences), and both equilibrated in a buffer containing
20mM Tris-HCI pH 8.0, 200mM NaCl (SEC buffer). 400ug of hRAGE VC1C2, VC1 or V domains
were incubated for 2h at room temperature in SEC buffer either alone or in the presence of a
molar excess of heme (1 to 20-fold excess) or of HPIX (10-fold molar excess). Elution on the SEC
column was performed in SEC buffer at a flow rate of 0.5 mL/min and fractions of 0.5 mL were
collected during the entire elution. UV absorbance was monitored at 280, 404 and 600 nm. The
mean values of the UV absorbance measured at 280 and 404 nm were collected for each peak
fraction of the chromatograms. Molar concentrations for both VC1C2 and heme were derived
from these values using a molar extinction coefficient at 280 nm of 39 335 M1.cm™ for VC1C2,
and a molar extinction coefficient at 404 nm of 170 000 M-1.cm for heme. For each VC1C2 :
heme mix analyzed by SEC, the average heme : VC1C2 molar ratio in each peak fraction was then

reported as a histogram.

ELISA for the Interaction of biotinylated RAGE with hemin and hemozoin

To test the interaction of hemin (Fronter Scientific) and hemozoin (InvivoGen) with RAGE, an
ELISA approach was applied as previously described [43]. Briefly, plates were coated with 0.25%
gelatin (diluted in PBS) and incubated for 1 h at room temperature. Further, hemin or hemozoin
were immobilized on gelatin. To this end, hemin was diluted in 1:1 (DMSO:water) to 1mM and
hemozoin was diluted to 100 pg/ml in PBS. Solutions thus obtained were applied at 50 ul/well on
two different gelatin-coated plates and 25 ul/well of an aqueous 60 mM EDC solution was added

for cross-linking. After incubation for 2 h at room temperature, in the dark with regular shaking
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of the plates, they were washed 3x with distilled water, followed by incubation with 100 ul/well
of 1 M ethanolamine-HCI (pH 8) for 5 min. After 3x washes, the plates were blocked with 0.25%
Tween 20 in PBS for 1 h at room temperature. Plates were washed again and incubated with
different concentrations of recombinant, C-terminally biotinylated hRAGE ectodomain in PBS,
containing 0.05% Tween 20 (T-PBS) for 1 h at room temperature. After 5 washes with T-PBS, the
plates were incubated for 30 min at RT with streptavidin-HRP diluted 200x in T-PBS. Following 5
washes, the signal was developed with OPD Sigma Fast substrate system. The reaction was

stopped with 2M HCl and the absorbance measured at 492 nm.

Surface plasmon resonance (SPR)

hRAGE-Fc, IgG1 Fc, VC1C2, V, VC1 and C2 domain proteins were immobilized on a CM5 Biacore
sensor chip surface by amine coupling (Biacore) in buffer containing 10mM HEPES (pH 7.4),
150mM NaCl, 3mM EDTA and 0,005% Tween 20. Briefly, the CM5 Biacore chip was activated for
7 minutes using 0.1M N-hydroxysuccinimide (NHS) and 0.4M (N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide (EDC) mixed at 1:1 (v/v) ratio. hRAGE (hRAGE-Fc or VC1C2) (10ug/mL in 10mM
sodium acetate [pH 5.5]), 1gG1 Fc (10ug/mL in 10mM sodium acetate [pH 5]), V (30ug/mL in
10mM sodium acetate [pH 5.5]), VC1 (15pg/mL in 10mM sodium acetate [pH 5.5]), and C2
(15pg/mL in 10mM sodium acetate [pH 3]) domains were directly captured through amine
coupling, and deactivated with 1M ethanolamine-HCl. The coupling density of the surface for
each of the proteins was: hRAGE (6000 response units [Ru]), Fc (3500 Ru), V (4000 Ru), VC1 (3000
Ru) and C2 (2000 Ru) domains. The activated/deactivated surface was used as the blank control.
Real-time biomolecular interaction between porphyrins (heme, MnPPIX, CoPPIX, MgPPIX and
HPIX), iron-containing molecules (Fe(lll)-phtalocyanine and ferroin (Fe(ll)), CML-BSA, control-BSA
and different hRAGE protein fragments were performed at 25°C, pH 7.2 - 7.4. A series of 7
cascade dilutions of heme from 2500 to 40nM were injected for 5 min at a flow rate of 10uL/min.
All surfaces were completely regenerated by a 30s pulse of a solution of 0.5M imidazole after
heme binding or 1M NaCl and 50mM NaOH after other binding of other molecules. Data were

processed using the blank surface as reference and buffer injections as background.
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Evaluation was carried out using BlAevaluation Software (GE Healthcare). The response curves
were obtained by subtraction of the signals over the reference surface from the binding response

to RAGE immobilized surface, by fit of sensorgrams. Affinity was determined by kinetic analysis.

RAGE expression plot

Mouse transcriptomic data - RNASeq data from the GEO GSE74747 study was used to examine
Ager gene expression (Transcript per million) in 9 different mouse tissues.

Human transcriptomic data - GTEx data was used to access to Ager gene expression (Transcript
per million) in different human tissues. The Genotype-Tissue Expression (GTEx) Project was
supported by the Common Fund of the Office of the Director of the National Institutes of Health,
and by NCI, NHGRI, NHLBI, NIDA, NIMH, and NINDS. The data used for the analyses described in
this manuscript were obtained from the GTEx Portal on 01/04/2020 [44].

Animal experimentation

All experiments were conducted in accordance with the recommendations for the care and use
of laboratory animals of the French Ministry of Agriculture and with the approval of Ethics
Committee for animal experimentation (Lille, France, APAFiS #15214). Seven to 10 month old WT
(Janvier Laboratories, Le Genest-St-Isle, France) and RAGE”" (from Pr. A.M. Schmidt, New York
University) C57BI/6 littermate mice (4-5group) were treated with intraperitoneal injection of
300uL of PBS or freshly prepared heme (100umol/kg corresponding to 67.5ug/g body weight) at
day 0, using a protocol adapted from our previous study [45]. At day 1, mice were culled, and
lungs were recovered and conserved in RNAlater (Thermo fisher) for RNA extraction, or frozen in

dry ice for western blot assays.

RTqPCR. RNA extraction from lungs was performed with TRIzol™ Reagent from
Invitrogen™ (Thermo Fisher Scientific). Quality and quantity of RNA were measured by
Nanodrop. RNA integrity was considered acceptable if absorbance ratio A260/280 was > 1.8 and
ratio A260/230 in 1.8 and 2.2 ranges. After standard retrotranscription, amplification of cDNA
was performed with the following probes: RAGE - Mm01134785_g1, IL1 - Mm434228 m1, IL6 -
Mm446190_m1, TNFa - MmO00443258 m1 and Tissue Factor - Mm0438855_m1. Data were

analyzed by QuantStudio™ software. The mean cycle threshold (CT) values for both the target

This article is protected by copyright. All rights reserved



and internal control (ppia) were determined for each sample. The fold change in the target gene,
normalized to ppia and relative to the expression of untreated condition, was calculated as

2-AACT.

Western Blot. Lungs were lysed in RadiolmmunoPrecipitation Assay (RIPA) buffer and 25ug were
deposited on Bolt™ 4-12% pre-casted acrylamide gels (Bis-Tris Plus Gels, 15-well, Invitrogen™
Thermo Fisher Scientific). After 7 minutes transfer by "Trans-Blot Turbo" on the PVDF membrane,
membranes were saturated with BSA 5% for one hour at room temperature. Then, primary
antibodies were incubated overnight at 4°C: anti-ERK1/2 (Cell Signaling 46958, dilution 1/1000),
anti-phosphoERK1/2 (Cell Signaling 4376S, dilution 1/1000), anti-Akt (R&D MAB2055, dilution
1/2500), anti-phosphoAkt (R&D AF887, dilution 1/500). Anti-GAPDH antibody (Santa Cruz
sc32233, dilution 1/500) was incubated during 1h30 at room temperature the day after. After
washing, the secondary antibodies used, incubated 1h30 at room temperature, were either anti-
Rabbit HRP (Cell Signaling HRP 7074S, dilution 1/5000) for ERK, phosphoERK and phospoAkt, or
anti-Mouse HRP (Cell Signaling 7076, dilution 1/5000) for Akt and GAPDH. WB were revealed by

chemiluminescence (ECL BioRad Clarity).

Statistics
Statistical analysis was performed with GraphPad software. Data are presented as mean and
standard deviation (SD). A Mann-Whitney test was used for comparisons. A p-value <0.05 was

considered as significant.
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Figure legends

Fig 1. RAGE is a heme receptor. (A) Absorbance spectrophotometry of heme binding to hRAGE.
The molar ratio of heme:RAGE varies from 0.5 to 8. (B left) SEC analysis of the binding of heme to
hRAGE on a 24 mL Superdex 75 Increase column (GE Healthcare Life Sciences). The samples
injected on the SEC column for the different chromatograms are as follow: VC1C2 alone (green
and cyan curves), 1:10 VC1C2:heme mix (dark blue and red curves), heme alone (orange and
brown dotted curves). All mixes were incubated for 2 hours at room temperature before
injection. The chromatograms display the absorbance at either 280 or 404 nm, as indicated on
the figure. (B right) SDS-PAGE analysis of the peak fractions observed for the different
chromatograms. The fractions analyzed and the corresponding chromatogram at 280 nm are
indicated above the corresponding lane on the gel. H and R correspond to control samples
containing only the heme or hRAGE VC1C2 in SEC buffer, respectively. (C left) SEC analysis of the
binding of heme and HPIX to hRAGE on a 24 mL Superose 6 Increase column (GE Healthcare Life
Sciences). All mixes were incubated 2 hours at room temperature in SEC buffer before injection
on the column. The samples injected on the Superose 6 Increase column for the different
chromatograms are as follow: VC1C2 alone (green curve), 1:20 VC1C2:heme mix (dark blue
curve), 1:10 VC1C2:heme mix (cyan curve), 1:5 VC1C2:heme mix (orange curve), 1:2 VC1C2:heme
mix (magenta curve), 1:1 VC1C2:heme mix (red curve), 1:10 VC1C2:HPIX mix (gray curve). All
chromatograms display the absorbance at 280 nm during elution of the injected samples. Black
arrow heads indicated the different RAGE:heme complexes separated on the column. (C right)
Plot of the average heme to RAGE molar ratio measured in each peak fraction of the various
chromatograms recorded for the different VC1C2:heme mixes analyzed by SEC.

Fig 2. Heme bind to RAGE in a concentration-dependent manner. (A) ELISA study of Interaction
between hemin (red curve) or hemozoin (black curve) and RAGE. (B) SPR study of heme and
hRAGE binding. hRAGE was used as bait protein. Left: SPR study of heme, hRAGE-Fc and IgG1-Fc
binding; Right: different concentrations of heme were used as prey protein (from 40nM to

2500nM).

Fig 3. The V domain of RAGE is the binding site for heme. (A) SPR study of heme (2.5uM) and
RAGE proteins binding. (B) SPR study of CML (400ng/mL) binding to RAGE proteins. (C)
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Absorbance spectrophotometry of heme binding to V domain. The ratio of heme:RAGE varies
from 0.5 to 8. (D) Absorbance spectrophotometry of heme binding to C2 domain. The ratio of
heme:RAGE varies from 0.3 to 2.4.

Fig 4. RAGE interacts with molecules containing transition metals. (A) SPR study of HPIX
(hemoporphyrin, 30uM) and RAGE proteins binding. (B) SEC analysis of the binding of HPIX to hRAGE
on a 24 mlL Superose 6 Increase column. The samples injected on the SEC column for the different
chromatograms are as follow: VC1C2 alone (green and dotted cyan curves), 1:10 VC1C2:HPIX mix (gray
and magenta curves), HPIX alone (orange and brown curves). All mixes were incubated for 2 hours at
room temperature before injection. The chromatograms display the absorbance at either 280 or 600 nm,
as indicated on the figure. (C-D) SPR study of iron molecules (heme, iron(lll)pht and ferroin, 10uM)
and porphyrin (heme, Mn(lll), Co(lll), Mg(ll), 10uM), and hRAGE binding. (E) SPR study of CML

(400ng/mL) was us as prey protein, on hRAGE +/- pre-exposure to 2.5uM of heme.

Fig 5. RAGE contributes to heme-mediated pro-inflammatory and pro-thrombotic signaling in
the lungs of mice. C57BI/6 littermate mice (4-5group) were treated with PBS or heme at day 0
before sacrifice at day 1. (A) Violin plot representing the gene expression of human AGER
expressed in TPM in 54 non-diseased tissue sites across nearly 1000 individuals. The tissues are
median sorted. (B) Comparison of the RAGE expression (AGER gene) in different organs of adult
male C57BL/6 mouse, analysed by RNAseq (GEO accession number: GSE74747). (C) Study by
RTgPCR of RAGE gene expression in lungs of mice WT, treated with heme (100umol/kg
corresponding to 67.5ug/g body weight) or PBS. n=5 per groups. (D) Study by RTqPCR of HO-1
gene expression in lungs of mice WT or RAGE”, treated with PBS of heme (100umol/kg). n=5 per
groups. (D-E) Study by RTqPCR of TF, TNFa, IL18 and IL6 gene expression in lung of mice WT or
RAGE"-, treated with PBS of heme (100pumol/kg). n=5 per groups. Data are presented as mean

and standard deviation (SD). Mann-Whitney test was used for comparisons.

Fig 6. Heme activates signaling pathways via RAGE, leading to phosphorylation of ERK 1/2 and
AKT. (A) ERK1/2 and (B) Akt pathways studied by Western Blot on lung lysates of mice WT (n=4)
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or RAGE”7"(n=3), treated with PBS or heme (100pmol/kg). Molecular weight (MW) is represented
on the left of WB. Histograms under each WB represent quantification of phosphorylated
protein/total protein ratio; expression divided by control condition (PBS). Control gene used was

GAPDH. Data are presented as mean and standard deviation (SD).

This article is protected by copyright. All rights reserved



Fig. 1 febs_15667_f1.pdf

A 0.06 - 0.05 1
Heme:RAGE =
2 0.041
0.5 3
» 0.04 1 — 1 g 0031
<] 2 c
< 4 © 0.02
0.02 - g =
< 0.01 A
<
0.00 l, . — . 0.00
300 400 500 600 700 0
Wavelength (nm)
Absorbance
in mAU
VC1C2:heme 1:10 (**4A) H
1750 1
15004 VC1C2:heme 1:10 (%2°n)
Elution volume: 7.6 ml
50 kDa
12504
40 kDa
1000
30 kDa
750
25 kDa
| VC1G2 alone 1:0 (°A)
500 =lution volume: 8.6 ml
Heme alone 0:1
VC1C2 alone 1:0 (*%4A)
Heme alone 0:10 (**4)
- 2:,g.nmuj|.wmf‘“;ﬁ;f}];Hxﬁpay;memgﬁai
2.0 5.0 10.0 15.0 20.0
Peak fractions Elution volume in mi
11]12|13]14]15|18]17
Absorbance
in mAU o8
Y
VC1C2 alone 1:0 i:
140 VC1C2:heme 1:20 Elution volume: 17.5 ml *
28
120 =8
100
g8
EO
g0 53
VC1C2:heme 1:10 25
60 |
! g8
-
i) i:
VC1C2:HPIX 1:10 ' VCI1C2:heme 1:2 x
/ VL ve1c2:heme 1:1 o
20 / { ._/4/‘\ _“ %g
. \X . . -1
/ This dby copyright. All rights ¥
0 - < £
1.0 5.0 10.0 15.0 20.0

Elution volume in mL

2 4 6 8 10
Heme (pM)
Heme alone
VC1C2:heme mix VC1C2 alone

11 12 13 14 12 12 16

VC1G2:heme 1:20

| VC1G2:heme 1:10

VETC2:Heme 1:2

SEIVEC nEEENERE

17 18 19 20 2 22 23 4 25 26 Z7 28 O 30 31 2 33 34 35
Fractions

R



Fig. 2 febs_15667_f2.pdf

Response (RU)

0.8 r
== Hemin
=== Hemozoin
0.6 F
£
c
N
(2] b
=2 0.4
o
o
0.2
0.0 - - - il -
0.01 0.1 1 10 100 1000

RAGE (pg/ml)

Heme binding Heme binding
300 — 1200 —
1 ’///\\ 4
260 1000 | J Heme
220 e AN 1 A
1 e T hRAGE-Fc ~ 800 T— 2500nM
180 T 2 g I
T / T T 1 / o
140 | $ 600 - -
1 < | I
100 T § 400 |
60 - / o 1/ )
1/ s e
00 1 Fc 2004 /7
-20 i f i f i ihw‘“ f i f “““7 0 f—= S I f — — " ' 40nM
0 100 200 300 400 500 600 0 100 200 300 400 500 600

Time (sec) Time (sec)

This article is protected by copyright. All rights reserved



Fig. 3

Response (RU)

A abs

A abs

febs_15667_f3.pdf

Heme binding
1100 1 N
] vcicz
900 3 //;;// —
™l vl -
500 1 / .
=+ // \l,// - I —
300 4/ _—
100 :E c2
-100 f f f " f f 1
0 100 200 300 400 500
Time (sec)
0.10 - Heme :V
0.5
0.08 = — 1
0.06 — 2
" — 4
0.04 - — 8
0.02
0.00 T 1 —_—
300 400 500 600 700
Wavelength (nm)
0.010 =
Heme : C2
0.3
— 1
0.005 - — 12
— 24
0.000
Wavelength (nm)

B

Response (RU)

A A400 nm Soret

CML binding
-20 i ‘ i ‘ —— —— |
0 100 200 300 400 500
Time (sec)
0.10 7
1
0 2 4 6 8 10
Heme (UM)

This article is protected by copyright. All rights reserved



Response (RU)

Response (RU)

Response (RU)

HIPX binding
120 —
100 RA(? E .
80 ) %
60 - //
20 | n"/,:/'//
20 / |
,/J
0 i i i i i |
0 100 200 300 400 500 600
Time (sec)
Iron molecules binding
1100 :
900 :
il , —___Heme
700 1 yd T
500 .~ Fe(lnpht
01 -
w01 Ferroin
1 / — S
-1Q |
-50 0 50 100 150 200 250 300 350 400 450 500 550 6C
Time (sec)
CML binding
100 —
80 1 o e o )
60 -+ RAGE
a0 | ) e
20 1 |
°T RAGE + Heme
20 1T ~ Tt — o
-40 i} iS—<
0 100 200 300 400

Time (sec)

febs_15667_f4.pdf
B

Absorbance
in mAU
150 VC1C2 alone 1:0 (¥*'A)
~ Elution volume: 17.5 ml
100
50 VC1C2:HPIX 1:10 (*°A)
Elution volume: 8 mi =
VC1C2 alone 1:0 (5°°A)
iF 2 0:10
VC1C2:HPIX 1:10 (*°A)
HPIX alone 0:10 (**°A)
[}
1.0 5.0 10.0 15.0 25.0

Response (RU)

Elution volume in mL

Porphyrin binding

1100 — 7
900 -
] ) Heme
700 / T .
500 ’ ~ Mn()
300 |
wl /. cel)
f—" , Mg(") .
-100 —————————
-50 0 50100 200 300 400 500 600
Time (sec)

opyright. All rights reserved
500



febs_15667_f5.pdf

Gene expression for AGER (ENSG00000204305.13)

35
3.0+ I
2.5+
= ;
=204
[
g 5
(=) 1
E o O ;
=3 i ] ‘]
2154 H ‘ A {\‘ \ i i o .
1 : | TIVy |
1 1)3"1 u i A : s 8 ]
104 ‘ | | 1
1Y Vv TWgme e,
! il . 1mmi i
| b | | \ ] L
1] [ v i (IO
05 s -
8% T T T T T T T T T T T T T T T T T T T E T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
((,,70 6»0 /s@/ //% o@/ “%, G;e/ o, /&Q/ %, /;1//70/ /;;//] eng @/L/r'” % /,;% \9,0/7;9 % 3053% i} S O"/o 4 ;0, 9@@470/)6‘/(,,7‘7/78‘7/7@‘447,% ‘Tz,o@/oo%,] oy ’;@G’s 0@,/5‘4% »6//;9 @ra/ S, s/“a/f/'s/ /)G‘fa/ /]G/"a/ S, G/’r?//] N C{)@for%%
o 2o Py, 00000, 5% s WAV oSy L4 "$0,C,C /V‘If/Y e, s g
%e * %ZU “ o5 (/’/'9/ Cbc‘se%//)]ofo« e, G o ,i% eof)e%\c‘a/)”b ’7@—)’6}”)@6/ %% Sd 4’;& o /'7@/%"9/75+ %, ’/e/ 400/7) 6:2 ?s@?;% ,‘%zée”b(:/)’@/c /7[’@?7*@/@/
% 8 ¢ a&%oso 552 ,} é),% a,%oc% Sy G% fo(z;éf ecol/ % ,,7;/494; f/@/]//h%%a%g %, r'r/%e/
S Dy, %% SO oSy, %0 e i on %%, 0"’3‘"’9@‘? e RACSI
Sop, 2 2 4, ", %6 () o (3 2 S, s Co 1,
LR S Vay, ) 7 % 2 7 O
.} Z o, />°c 5 % 3y 84,/@
e, s %y %, 2
B o s, 7
& o 1.5
. 1000 o
s <
[*]
-— o
g s 1.0 |
2 100 5 2
_ =~ 5
o a5
b7 x
(] ) 0.5
@ 10 w
5 O
<
o £ g0 T T
1 L] T T T T T T PBES Heme
N . L O
RS e I PN
O R SOV R N~
S 3 ©
& 0
D & E
4
d *%
251 < &
o 5
o ‘»
=- 204 8 6_ T
—
'g 15 s
o 151
2 < V4
= 3 ‘6
2 4 104
> ©
o ©
- - £ 2
: 4]
o = IJ-—I
T —— u
0 T T 2 0 T T
WT PBS WT Heme --PBS ---Heme a WT PBS WT Heme -/-PBS -/- Heme
* *
. 41 o 60 -
o« e« g
£ 34 | < 3 R
o 2 c
= » o 401
» @ -
o 2 - O o
o g g
)
o
x x T s
o o x 201
14 . .
e Thig-art pratédrpd by cppyrig rights reservegl
-
- =z =
0 T T L} T T 0 L= T
WT PBS WT Heme -/-PBS -/-Heme WT PBS WT Heme -/-PBS -/-Heme WT PBS WT Heme -/-PBS -/-Heme



Fig. 6 febs_15667_f6.pdf

WT RAGE"

PBS Heme PBS Heme

MW

qa:'us aaananz o wan
o 2 — 1 7D

49 \ 49
e I T ETVE R 1 L oAk

BN e BNY TS - - - e e W
3] W W BN SN W e s v o ow e o9 @ GaroH

1.5
2.0

3
o o
e ] 1 -
2 5
é 1.0 E
w -
o | ¥
E 0.5 5
a Q.
0.0 T T
+/+ PBS +/+ Heme -/-PBS -/-Heme
R WT RAGE™
PBS Heme -/- -/-
MW /- PBS /- Heme
62
r‘ — 62 _. Phospho
A e — — — e e g e AKT

------38 W W S W W www wes @ GAPDH

62 .
|- - -
49

38

62

49

38

2.0

3
(=]
-
E
] °
1.5 |_" 1.0 - p— e
X
<
(-

This qrtifle is grotected by copyright. AErigh

PAKT / AKT 4, fold
P
:

0.0~
0.0 T T
+/+ PBS +/+ Heme --PBS -/-Heme




Journal Pre-proof

Complement activation is a crucial driver of acute kidney injury in rhabdomyolysis

Idris Boudhabhay, Victoria Poillerat, Anne Grunenwald, Carine Torset, Juliette Leon,
Marie V. Daugan, Francesca Lucibello, Khalil El Karoui, Amandine Ydee, Sophie
Chauvet, Patrick Girardie, Steven Sacks, Conrad A. Farrar, Peter Garred, Romain
Berthaud, Moglie Le Quintrec, Marion Rabant, Pascale de Lonlay, Caroline Rambaud,
Viviane Gnemmi, Veronique Fremeaux-Bacchi, Marie Frimat, Lubka T. Roumenina

PII: S0085-2538(20)31244-8
DOI: https://doi.org/10.1016/j.kint.2020.09.033
Reference: KINT 2352

To appearin:  Kidney International

Received Date: 7 May 2020
Revised Date: 1 September 2020
Accepted Date: 25 September 2020

Please cite this article as: Boudhabhay I, Poillerat V, Grunenwald A, Torset C, Leon J,

VSN

dney

INTERNATIONAL

Daugan MV,

Lucibello F, El Karoui K, Ydee A, Chauvet S, Girardie P, Sacks S, Farrar CA, Garred P, Berthaud

R, Le Quintrec M, Rabant M, de Lonlay P, Rambaud C, Gnemmi V, Fremeaux-Bacchi

V, Frimat M,

Roumenina LT, Complement activation is a crucial driver of acute kidney injury in rhabdomyolysis,

Kidney International (2020), doi: https://doi.org/10.1016/j.kint.2020.09.033.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of

record. This version will undergo additional copyediting, typesetting and review before

it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal

disclaimers that apply to the journal pertain.

Copyright © 2020, Published by Elsevier, Inc., on behalf of the International Society of Nephrology.



https://doi.org/10.1016/j.kint.2020.09.033
https://doi.org/10.1016/j.kint.2020.09.033

Complement activation is a crucial driver of acute kidney injury in

rhabdomyolysis

10 human
RIAKI biopsies

Tubular
C3d deposit

% r**ir-'g—'e'.m» Pl

Vascular

\CSb-9 deposits )

& Glycerol induced rhabdomyolysis
\ RIAKI mouse model

WT

c3-/-\

10Q pm

Tubular C3b/iC3b
deposits

.-
=

PBS GLY GLY PBS

C3 knockout reverses

RIAKI transcriptomic
signature

C5aR1 on tubular and
\ interstitial cells

%~ INTERNATIONAL

OFFICIAL JOURNAL OF THE INTERNATIONAL SOCIETY OF NEPHROLOGY

) kidney

Boudhabhay, 2020

Kidney Protection

50- BUN
* *%*
T 40
2 1.
g 301
£ -
< 201 °
: 1
510 e -
0 T T T
PBS GLY C3-/-GLY
BUN
50
*
1T
. < 30- *
+ Hemopexin 3 X
g 204 | °
& 10-..._I_ ...... é .........
0 T T
GLY  Hx/GLY

CONCLUSION: Complement system is
activated in rhabdomyolysis induced acute
kidney injury (RIAKI).

Complement blocking and heme scavenging
are promising therapeutic strategies.
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Abstract:

Rhabdomyolysis is a life-threatening condition @xliby skeletal muscle damage with acute
kidney injury being the main complication dramallicaorsening the prognosis. Specific
treatment for rhabdomyolysis-induced acute kidmgyry is lacking and the mechanisms of
the injury are unclear. To clarify this, we studiatta-kidney complement activation (C3d
and C5b-9 deposits) in tubules and vessels ofgatand mice with rhabdomyolysis-induced
acute kidney injury. The lectin complement pathwaeag found to be activated in the kidney;
likely via an abnormal pattern of Fut2-dependefitfaeosylation, recognized by the pattern
recognition molecule collectin-11 and this procekntea C4-independent, bypass manner.
Concomitantly, myoglobin-derived heme activatedahernative pathway. Complement
deposition and acute kidney injury were attenuatedre-treatment with the heme scavenger
hemopexin. This indicates that complement was at&d/in a unique double-trigger
mechanism, via the alternative and lectin pathwais. direct pathological role of
complement was demonstrated by the preservati&idoéy function in C3 knockout mice
after the induction of rhabdomyolysis. The transtninic signature for rhabdomyolysis-
induced acute kidney injury included a strong imflaatory and apoptotic component, which
were C3/complement-dependent, as they were noredkilizC3 knockout mice. The intra-
kidney macrophage population expressed a complegegisitive phenotype, overexpressing
CD11b and C5aR1. Thus, our results demonstratesatgiathological role of heme and
complement in rhabdomyolysis-induced acute kidm@yry. Hence, heme scavenging and
complement inhibition represent promising therajpesitategies.

Key words: C3 deposition/ complement/ heme/ hemopexin/ lqadithway/ rhabdomyolysis-
induced acute kidney injury/

Translational Statement

Rhabdomyolysis induced acute kidney injury (RIAKAkich is the main complication of this
life-threatening condition is associated with a ppoognosis, mainly due to the lack of
specific treatments. Until recently, understandaigts physiopathology didn’t include any
role for complement activation. We provide here nevidences for complement system
activation in human kidney biopsies with rhabdomygd. We discovered that complement
system activation is mainly induced by both thetire@and the alternative pathways in a
mouse model of RIAKI, attenuated by pre-treatmerithweme-scavenger, hemopexin.
Finally, we demonstrate a direct causal role of cbmplement system, showing that mice
lacking C3 are protected from RIAKI. Actual RIAKkelatment is limited to volume
expansion, forced diuresis and renal replacemeasraply. Therefore, heme scavenging and
complement inhibition represent promising therajgestrategies for these critically ill

patients opening a new field in rhabdomyolysisttresnt, to be explored in the future.



Introduction

Rhabdomyolysis is a life-threatening condition elby skeletal muscle injury and
subsequent release of breakdown products intoithelation. The causes are multiple, but
dominated by trauma (“crush syndrome”), muscle kigogenetic defects, medication or
drug abusé.Acute kidney injury (AKI) is the major complicatioof rhabdomyolysis, seen in
up to 50% of the patienfs® Rhabdomyolysis-induced AKI (RIAKI) occurs in adsjldue to
trauma or intoxication, and in children due to intezl muscle disorders. There is no
specific treatment for RIAKI and patients’ manageis mostly symptomatic. Myoglobin
and its oxygen-carrying moiety heme play a key rale RIAKI through: (i) renal
vasoconstrictiorf; (i) direct injury of proximal tubular cells thrgh oxidative stress, lipid
peroxidatiort, and macrophage activati6#; (i) myoglobin precipitation with uromodulin,
forming pigmented casts in distal tubules. RIAKIsa@nsidered complement-independent,
since no C3c-positive staining was detected inrémal biopsies in the few published case
reports. Nevertheless, complement may be implicat&AKI, since C3 depletion improved
renal function in a rat mod&lComplement is an essential effector of innate imitgt°
However, complement overactivation is implicated diseases affecting kidneys and/or
associated with heme reled$e’? Indeed, cell-free heme activates the alternatathyay™
Moreover, complement is pathogenic in ischemiafeen injury (I/R)***

Here, we demonstrate that complement is activatdRIAKI in mice and patients and
describe the mechanisms, by which it contributat@oAKI.



Results

Complement activation in kidneys of RIAKI patients

Ten biopsies of RIAKI patients were collected. Tinain features of patients (RIAKI 1-
RIAKI 10) are summarized ifable 1.Kidney biopsies revealed a typical pattern of RIAK
characterized by acute tubular necrosis (ATN) aasedt with tubular castd={g. 1A). C3c
staining was negative in the tubules in 8/10 RIAdatients, and in 2 controls: a patient with
AKI (Cr=420 pmol/L) caused by ATN without rhabdomyolysis andan allograft kidney
biopsy from a patient 2 days post-transplantatiosed as example of I/RFi§. 1B).
Nevertheless, C3d staining, regardless of rhabdbmigo etiology, revealed a strong
cytoplasmic and granular staining within the tubutells. C3d staining was tested in 4
patients with ATN. With the exception of one patiainth hypovolemia-associated ATN, C3d
staining was positive in ATN induced by ischemius@s especially in I/R but negative in
other causes such Cisplatin toxiciid. 1C). Vascular C5b-9 staining was detected in big
vessels and on arteriolesig S1A,B) in 6 tested biopsies. We found evidence for
localization of C5b-9 staining together with C3d3i6 casesHig S10), although not in all
vessels, as described in graft rejectidn.

Systemic markers of complement activation wereyareal in the plasma of 13 patients with
rhabdomyolysis (P1-P13Y&ble S1). No patient had auto-immune disease. One pafiE2jt
had chronic kidney disease related to Bardet Bigdtirome and type 2 diabetes mellitus was
present in three patients (P2, P6 and P11). Soldbb-9 (sC5b-9) was increased in only 2
patients one of which, P2, developed septic shacly after admission which could explain
this result. P7 also had inflammatory syndrome, rimitso severe. In P12 the sC5b-9 was
borderline. Plasma P13 corresponds to the patighttopsy RIAKI 9.

Validation of the RIAKI mouse model

We studied the implication of complement in RIAKding a mouse model in C57BL/6 mice
(Fig. S2A). Immediately after glycerol injection (GLY), athice presented with lameness of
the injected limb Fig. S2B. Rhabdomyolysis biomarkers, CK and ASAT, werevaied in
GLY vs PBS mice (p=0.0042 and p<0.0001 respectjy@lig. S20. A dark discoloration of
the urine of GLY mice at 6h was indicative of néroubules and myoglobinurid&ig. S2D).
AKI was evident by the increase in both blood ungeogen (BUN) Fig. S2B) and creatinine
(Cr) (p<0,0001 and p=0,0006 respectively). Likewipeoteinuria increased in GLY mice
(p=0,02), mainly composed of albumin (60kDa barp.( S2H. Tubular damage/injury
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markers Lcn2 (Lipocalin 2, the mouse ortholog ofmlam NGAL) and Havcrl (KIM-1), and
endothelial activation markers P-Selectin (p<0,QQ0E-Selectin (p<0,0001), ICAM-1
(p<0,0001) and VCAM-1 (p<0,0001),Fig. S2G were upregulated in GLY mice.
Lcn2/NGAL staining was intense on tubular cells ®LY mice (Fig. S2H). Likewise,
VCAM-1 staining appeared positive in peri-tubulaptlaries Fig. S2I).

Complement activation occursin the kidney and correlates with RIAKI in mice
Histopathological examination of GLY mice kidneysvealed the same lesions as in
humans, with ATN and tubular castBig. 2A). Staining with anti-C3b/iC3b antibody
revealed the expected weak signal in PBS micehentdbular basement membrane and
Bowman’'s capsulé® However, after glycerol injection, this stainingncieased
dramatically in the tubular lumen and inside theopyasm of tubular cells and at the
basolateral poleFig. 2B, C). No significant difference was found between C¥3dining

in PBS, Glycerol and Cisplatin injected mice. Thtildody does not recognize intact C3,
indicating activation of complement in RIAKI. Comegely, cisplatin-injected mice did not
show an increase in tubular C3b/iC3b deposits. Qiieation of the staining revealed a
linear correlation with AKI markers, assessed byNB(#’=0.64; p<0,0001) and by plasma
creatinine (=0,69; p<0,0001) in GLY miceF{g. 2D).

Complement activation occurslocally in the kidney

We used a C3 western blot of plasma and urine testigate complement system
activation Fig. S3A). In plasma, C3 western blot of GLY mice was sanilo PBS mice,
with no sign of C3 cleavagd-ig. S3Bleft), whereas in urine C3b (recognized doyband)
appeared at 2 hours following GLY injection and monarkedly at 24 hours after GLY
injection (right). The same pattern was observedalin3 tested patients with RIAKI
(R1:CK= 88000 ui/L; Cr=14amol/L, R2: CK=10000ui/L; Cr=163%mol/L; RS3:
CK=17126ui/L; Cr=908mol/L), with no cleavage in plasma but in urirfég; S3Q. The
urine R2 corresponds to biopsy RIAKI5. Moreover,cam 12 tested patients with RIAKI,

C3 was decreased for only one cabable SJ.

Systemic C3 mainly contributes to complement activation in the kidney
Further, we tested if plasma and/or local C3 wamlwved in RIAKI. C3 kidney mRNA

was upregulated in GLY mice compared to PBS (p<@10Qindicating renal production



during RIAKI (Fig. S4A). Moreover, C3d-staining in human and mouse kidnaypeared
cytoplasmic and co-localized with LAMP1, indicatieé intracellular C3, at least in part
with lysosomal localizationHig. S4B, S4Q. To evaluate the role of systemic C3 in
RIAKI, we injected glycerol in HepatoFH-/- mice, wh have a low concentration of
plasma C3 at steady state because of systemic HRldietey and subsequent C3
consumption Kig. S4D)*° C3 kidney mRNA expression was similar in hepatoFI&LY
mice compared to WT-GLY mice (p=0.8), indicatinggstent renal production. However,
hepatoFH-/- GLY mice tended to be protected fromARI (Fig. S4B, with less tubular
injury assessed by Lcn2 expressidig( S4F, and with less C3-deposits in their kidneys
(Fig. S4G) Likewise, WT mice injected with cobra venom fac(@VF) prior to glycerol,
displayed persistent plasma C3 consumption, 24kipgetion Fig. S4H), and nearly no
C3b/iC3b deposits within the kidneys in comparigonmice injected with PBS prior to
glycerol Fig. S41).

The complement system is over-activated through a C4-bypass pathway

In vitro, a dose-dependent increase in C3 actimafimgments was observed on renal
proximal tubular epithelial cells (RPTEC), inculdhtsith increasing dose of myoglobin and
serum Fig. 3A left). No C4 deposits were detecteldig. 3A right). Moreover, C4 was
negative in 9 RIAKI biopsies testeHig. 3B). C1qg staining was mostly negative in tubules of
6/8 RIAKI patients. However, 2 patients had a gtanstaining in scarce tubules (RIAKI 1
and 7), 1 had focal and segmental deposits in giaim&IAKI 4) and 2 had positive staining
of peritubular capillaries (RIAKI 8 and qJig. S5A). Clsstaining was positive in vessels
and capillaries including glomerular ones with vewgak tubular staining in 2/2 RIAKI
patients(Fig. S5B. In mice, Glycerol injection induced an increaggaimerular C1q staining
(Fig. S50Q. Gene expression revealed a decreased C1lsl sigores -0.54 log2 fold-change
(p=0.02) without significant difference for Clr (38 log2 fold-change (p=0.19)).
Furthermore, glycerol injection in C4-/- mice rel®hno protection from RIAKIKig. 3C)
and even enhanced vascular aggression (up-regulafid®-Selectin (p<0,001), E-Selectin
(p<0,001), VCAM-1 (p<0,001), and ICAM-1 (p<0,00Fig. 3D). Tubular injury markers,
Lcn2 and Havcrl were not different in C4-/- GLY miccompared to WT-GLY but
significantly upregulated compared to WT-PBS (Lcp20,02 Havcrl: p=0,04)Fg. 3E).
Finally, C3b/iC3b staining revealed intense tubwaposits in C4-/- mice, similar to WT-
GLY mice, suggesting that complement activatioméependent from C4 in this modélig.
3F).



A C4 by-pass lectin pathway operates in ischemindys through collectin-11/L-fucose
interaction®® Collectin-11 (CL-11) staining increased in mouséAl kidney tubules.
Moreover, CL-11 and C3b/iC3b showed partial colzedion, indicating that complement
was largely deposited at the site of CL-11 bindiRig. 3G). Human renal biopsies, including
those of RIAKI patients, showed CL-11 overexpresso tubular cells, suggesting that this
protein is readily available in the kidnelyig. S6A). CL-11 staining was positive mainly on
proximal tubules identified by their auto-fluorestérush border(Fig. S6B)

Complement dysregulation contributes to C3 deposits

Complement receptor 1-related protein y (Crsydhe only complement regulator on mouse
tubular epithelial cell$® Staining of Crry revealed a linear repartitiortte¢ basolateral pole
of tubular cells in PBS mice, but decreased andl pogarity in GLY mice. This could
amplify complement activation and explain the batshl localization of C3 depositBig.
S7A). Complement Factor H (FH) is a plasma regulattich can bind to the cell membrane
to control alternative pathway. Cfh gene expressias downregulated in GLY kidneysig.
S7B). Kidney tissue from a patient with idiopathic heic syndrome caused by minimal
change disease was FH-low/negative whereas liveioss, a biopsy from a patient with
lupus nephritis and a biopsy from a patient withNAWithout rhabdomyolysis were positive
(Fig. S7Q. In human RIAKI tissue sections, FH staining vpasitive in a small portion of
the proximal tubules, showing an intracellular gdan pattern. Compared to C3d-staining,

only a few of the C3d-positive tubules appeareddédiive Fig. S7D.

Heme overload promotes complement activation.

Numerous C3 deposits did not colocalize with CL-Therefore, alternative pathway could
be triggered independently. As cell-free heme wged-known alternative pathway activator
in hemolysis, we studied if myoglobin-released fneene, reflected by HO-1 up-regulation
in GLY mice (ig. 4A), contribute to complement activation and kidneputy. In vitro,
incubation of renal proximal tubular epithelial Ise{RPTEC) with oxidized heme and
serum, increased C3 depositgy 4B). In vivo, we evaluated the contribution of hemeaby
preventive injection of its natural scavenger, hpexin. The injected hemopexin dose was
the maximal well-tolerated in heme-overloddThe induction of rhabdomyolysis was
efficient since CK and ASAT were not different in.% mice +/- hemopexin. However,
renal function (BUN) improved in hemopexin injectaice (p=0,01) Fig. 4C). No change

in tubular injury markers was observed, but vascutgury markers were markedly
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decreased (P-selectin: p=0,0095; E-Selectin: pZ),VCAM-1: p=0,03 ICAM-1: p=0,06)
(Fig. 4D-E). Finally, C3 deposits significantly decreased (J©®2) (Fig. 4F-G) whereas
renal C3 gene expression was not different from Ghige (p=0,5; not shown).

Tubular cell and macrophage C5aR1 is upregulated in mouse RIAKI

Renal C3aR1 mRNA expression in GLY-injected miceswat different from PBS mice
(p=0,89) Fig. 5A). However, C5aR1 mRNA was markedly upregulatedGinY mice
(p<0,0001) Fig. 5A). Strong staining for C5aR1 was detected in theilies of GLY mice
and in interstitial cellsKig. 5B). To identify those cells, C5aR1 was measured galoid
populations from kidneys by flow cytometry. Eighburs after glycerol injection, there
was an increase in macrophage and neutrophilratfidtn within GLY kidney compared to
PBS (p=0,0152 and p=0,0022 respectivelpig( 5C). At 24 hours, there was no
quantitative difference in neutrophil and macrophaigfiltration, as described. No
difference was detected for C5aR1 expression otroghils in both groups (p=0,18), but
in GLY mice both M1 (CCL2, TN&) and M2 (Arginase 1) markers were co-expressed
(Fig. S8. Indeed, intrarenal macrophages showed phenotgjteration. Expression of
C5aR1 was not different among macrophages expgssiss || HLA (CD45Ly6G
CD68'IAb™; p=0,55) and their proportion did not differ beemePBS and GLY mice.
However, CD45Ly6G CD68'1Ab C5aR1T macrophages increased in GLY mice (p=0,02)
mostly because of the emergence of a peculiar spdption of CD45Ly6G CD68'IAb
C5aR1CD11b" cells (Fig. 5D). CD11b/CD18 is a receptor for C3b/iC3b. Intenegly,
immunofluorescence on frozen kidneys revealed sectelationship between CDI1tells
and C3b/iC3b depositsig. 5E).

C3-/- mice are protected from RI AKI

To explore the causal link between complement alRKR we injected glycerol in C3-/-
mice. C3-/- GLY mice presented the same lamenedbeinjected limb and increase in
CK and ASAT, compared to PBS WT mice (p=0,03 an0,p843 respectively) reaching
the same level as WT-GLY mice (p=0,2 and p=0,5@&r and ASAT). In addition, HO-1
was equally upregulated in WT-GLY and C3-/- GLY miEig. S9A). However, BUN was
significantly lower in C3-/- GLY compared to WT-GL¥Ynice (p=0,002) Kig. 6A),
disrupting the correlation between kidney injurydanuscle injury Fig. 6B). In addition,
C3-/- GLY mice kidneys displayed very light ATN amdre tubular casts (not shown)

following hematoxylin/eosin staining. Even sengtimarkers of tubular injury such as
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Lcn2 and Havcrl were reduced in C3-/- mice, (p=0.68d p=0.0005 respectivelyfi§.
S9B), as well as endothelial activation markers (PeSth: p=0,001; E-selectin: p=0.01;
ICAM-1: p=0;0005; VCAM: p=0,0005)Kig. S90O.

RIAKI in mice is associated with a pro-inflammatory and apoptotic transcriptomic
signature.

Bulk RNA sequencing analysis on kidneys from PB3sus GLY mice revealed 2056
significantly upregulated genes, 1786 significardbwnregulated genes and 16683 genes
without significant difference (difference was caesed significant when p<0,05 and fold
change at least superior to Bid. 6C). Analysis of the 25 most up-regulated and the 25
most down-regulated genes, allowed definition ofrrebdomyolysis transcriptomic
signature [Fig.6D). Interestingly, one of the most upregulated geness
Fucosyltransferase 2 (Fut2) enzyme, responsibletdgging stressed cells with fucosyl
residues, recognized by the lectin pathWwaperforming gene ontology on all significantly
upregulated genes showed the most up-regulatedvpgghinvolved the inflammatory
response (cytokine and chemokines such as Cxcl&l2C&xcl3, Cxcl5, Cxcl14, Cxcll7,
Ccl2, Ccl3, Ccl4, Ccl7, Ccl9, Ccl11, Ccl12, CclXTcl20, 116, 1111, 1124, TNE, members

of the IL1 family, etc), and the cell responsenfiammatory processes (response to biotic
stimulus such as Glutathione S-transferase A-1 geetein phosphorylation and
regulation of intracellular transduction), as wel§ apoptosis (e.g Tribl and Myc).
Classical tubular injury markers Lcn2 (NGAL) and ydel (Kiml) were dramatically
upregulated. The most downregulated pathways &flectnal metabolism (drug metabolic
processing, small molecule processing and lipidaimglism), and intracellular transports
(ion transport and trans-membrane transport suchSB834a3 coding for Sodium-
dependant phosphate transport protein 2C and SLCH2Ae, coding for the NiK*/2CI

cotransporter).

C3 deficiency attenuates the RI AKI signature in mice

C3-/- mice injected with PBS presented a transanpt profile very close to the PBS WT
mice. Strikingly, C3-/- mice injected with glycer@C3-/- GLY) lost the majority of the
RIAKI signature, compared to the WT-GLY micd-ig. 6E). Indeed, inflammatory
pathways were drastically less upregulated thawTrGLY mice and, cellular metabolism
or ion transport were less affected. Lcn2 and Hhweere significantly reduced in C3-/-
mice, confirming the data from the RTQPCRd. 6E, Fig. S9B. Comparison of RIAKI

10



signature genes between WT and C3-/- PBS (WT/@BS), or glycerol (WT/C3-/- GLY)
allowed us to classify them into 3 groups: 1) gemesich are completely normalized in
the C3-/- GLY mice (p-value WT-GLY vs C3-/-GLY<0.@d p-value C3-/- PBS vs WT-
GLY>0.05); 2) genes which are partially normalizedhe C3-/- GLY mice (p-value ‘WT-
GLY vs C3-/-GLY’<0.05 and p-value ‘C3-/- PBS vs W@LY’<0.05); 3) genes which are
not affected by C3 deficiency (p-value ‘WT-GLY v83Z-GLY’>0.05 and p-value ‘C3-/-
PBS vs WT-GLY’>0.05). The completely normalized gsnincluded Fut2 among the
upregulated and a set of down-regulated genes)Megan pathways related to potassium
ion transport and protein dephosphorylation. Phartiarection by C3 deficiency was
achieved for upregulated genes involved in theutallresponse to cytokines (such as:
Ccl12, Cxcll, Fgb, Lcn2, Socs3, Sox9, Sppl, Timadd apoptosis (the same set except
Cxcll but including Fgg and Sfn). Among them CclEgp, Lcn2 and Sox9 belong to the
cellular response to IL-1 pathway. The set of degutated genes, attenuated in C3-/-
mice, were not enriched in any particular pathwaget of genes, including such involved
in the cellular response to hypoxia (Eif4ebpl angcMvere not affected by C3 deficiency.

Discussion

In addition to myoglobin casts and acute tubulacrasis which are common
histology features for rhabdomyolyfscomplement deposits occurred in kidneys of mice
and patients with RIAKI, independent of the rhabgoigsis cause. Complement
activation occurred intrarenally most likely by thectin pathway via a C4-bypassing
mechanism, and by the alternative pathway via hdmtearenal macrophages in RIAKI
became particularly sensitive to complement, overessing C5aR and CD11b. C3-/- mice
were protected from kidney injury, demonstratinglieect pathophysiological link and
placing complement as a potential therapeutic targRIAKI.

We discovered C3d-deposits in the kidneys of p&ievith RIAKI, regardless of
the cause of rhabdomyolysis, demonstrating thatptement activation is a consequence
of a common factor, present during muscle injur§dGtaining was negative in most of the
tested ATN without rhabdomyolysis biopsies, suggegsthat complement activation is not
a consequence of all tubular injuries. Interesying3c staining was negative/weak in
RIAKI biopsies. This can be explained by the ragigavage of iC3b to C3c then to C3d,
since all biopsies were performed more than 24 doafter the initiation of

rhabdomyolysi€® In lupus nephropathy (LN) C3c vs C3d staining \aBo the
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differentiation between active and not-active fINNoteworthy, C3c but not C3d-
immunostaining is performed as routine work-up odnky biopsies and might explain
why C3-deposits have not been described until moRIAKI.

Furthermore, we detected massive C3-deposits imitiese model. C3 cleavage or
consumption did not occur in plasma from the pasiear mice. Thus, complement
activation occurs locally within the kidney, and wletected C3 fragments in urine of
patients and mice. This intrarenal complement atiow could be due to the local
overexpression of C3, as described in lupus ndptiriand in graft rejectior® 2° and/or
mediated by the systemic C3 as in *flFor hemolysis-induced renal injut{. Since
glycerol-injected mice with plasma C3 consumptiétifepato-/- and CVF-treated mice)
were protected from complement activation, the megte was played by the systemic C3.

Complement could be activated in RIAKI by differepathways. In rat RIAKI,
enhanced C1q staining in tubules was detéctedereas here C1q was mainly negative in
RIAKI biopsies and enhanced only in some glomeiulihe mouse model. Renal fibrosis
models revealed increased expression of Clq, Cdd, @ls and classical pathway
activation in the interstitial compartmetit.®> We detected a decrease of Cls and C1r
expression at 24h. Nevertheless, we cannot exchmenvolvement of the classical
pathway in RIAKI, potentially later in time, withhé progression of the fibrotic process as
previously suggestetf. However, C4-/- mice were not protected from RIAKhd C3
deposits, suggesting that classical pathway andh@e a minor role in RIAKI's
complement activation. The alternative pathwaydsponsible, at least in part, for the
observed deposits. Indeed, heme binds C3, actividtesalternative pathway and it
induced complement activation on primary tubulaliscelThis process could be mediated
also by properdif® **Moreover, the injection of heme-scavenger hemapewhich can
be filtered through the glomerular basement mendyrpartially improved kidney function
and vascular aggression, as describdtemopexin decreased C3-deposits, showing a
direct role of heme in the intrarenal complemertivation.

Conventional lectin pathway proceeds through®THut a C4-bypass pathway was
found in post-ischemic tissue, where CL-11 bindsaxmally fucosylating cells and its
associated protease MASP-2 cleaves directly C33to &hd C3&° *' Fucosyltransferase 2
(Fut2) is the enzyme which fucosylates epithelimtase of enhanced inflammatithin
RIAKI, we detected CL-11 staining, partially coldieang with C3b/iC3b and Fut2 was
one of the most up-regulated genes in the transecnie signature. Moreover, Fut2 is

strongly dependent on complement, as it was comlglatormalized in the C3-/- mice,
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suggesting that complement activation, potentialiiggered by heme, creates an
environment that promotes a vicious cycle of furtleetin pathway activation. The RIAKI
is therefore a particular situation, where both alternative and the lectin pathways may
be triggered in the kidney and the alternative wathis not a mere amplification loop.
Moreover, the reduced regulatory capacity of thessted tubular cells in RIAKI that we
found amplifies the complement activation.

To better understand the molecular mechanisms d&KRland the role of
complement, we defined a “RIAKI transcriptomic siguare” in the mouse model. A clear
signature of apoptosis was detected, consistertt thie tubular injury. If there was no
evidence for increase of TNF alpha expression indy>® a strong pro-inflammatory
signature was observed with a high involvement efes for response to cytokines and
cytokine production. This is concordant with thgbthesis that tubular injury observed in
rhabdomyolysis is an inflammatory dised&€® involving infiltrating immune cells,
especially macrophages in glycerol induced RIAKI® ** *>Myoglobin was shown to
modulate the phenotype of the macrophdgidditionally, myoglobin-activated tubular cells
in culture express Ccl2 and Ccl7, potent macrophageruiting factor§.Indeed, significant
upregulation of these and other chemokines andkows were detected, which could
explain the enhanced infiltration of macrophaged aeautrophils. Markers of both M1 and
M2 macrophages were detected as descfibed.

We identified a RIAKI-associated sub-populatiomudcrophages, negative for HLA-II but
expressing strongly C5aR1 and CD11b. This populatill be highly susceptible to
complement overactivation, being responsive to acntvith C3b/iC3b as well as with
Ch5a. Macrophage CD11b/CD18 engagement by directtaconwith heme-activated
platelets triggered macrophage extracellular teamation and kidney injur{y.C3b/iC3b is

a ligand of CD11b/CD18 and since we detected CD1tbHls in close contact with
C3b/iC3b deposits on affected proximal tubulesito,sve hypothesize that macrophage
activation and kidney damage could be mediatedtduhbis direct contact. Moreover, the
overexpression of C5aR1 on tubular cells, togetidr its increase on macrophages could

3. %4 and hemolysid? Evaluation of

contribute to the AKI, as described in renal I/Rui
Cba in urine of human and murine RIAKI could bedential future biomarker, as urine
C5a has been associated with ARInterestingly, we found no tubular C5b-9 deposits i
mice or in humans, contrary to previous report a RIAKI. ° This might reflect an

efficient regulation of C5b-9 at this site, likejue to CD59 overexpression A low
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sensitivity of the C5b-9 staining cannot be exchljddespite the clear detection of C5b-9 in
blood vessels.

To provide direct proof that complement is a meghadf injury in RIAKI, we
induced RIAKI in C3-/- mice. C3-/- mice have alrgaeen described as protected in a
model of mechanical ischemia/reperfust8rRemarkably, C3-/- mice were also protected
from RIAKI, and mostly lost the RIAKI transcriptomisignature, demonstrating the
pathogenic role of C3 and/or downstream complemaetivation in this model. In
particular, the cellular response to cytokines apdptosis pathways appeared to be C3-
dependent. Renal tubular injury and dysfunction evararkedly attenuated in glycerol-
injected mice, deficient in interleukin (IL)8lor NLRP3 inflammasom& Indeed, the
cellular response to the IL1 pathway genes werenatited in C3-/- mice. Complement

overactivation and C5b-9 induce macrophages taseldL-B,*> *’

providing a potential
mechanistic link between complement and the ILtbkipe response pathway. C3-/- mice
were also protected from fibrosis and peritubuéaefaction in a model of unilateral ureteral
obstruction and authors proposed that macrophagjesization could be involved with C3a
induced M1 macrophages responsible in vitro fori@genesis suppressiéh.Therefore,
complement C3 and/or downstream components aretljirpathogenic for tubular cells
and act in cooperation with macrophages to prometal injury. However, specific cell
types where inflammatory and apoptotic pathwayseaatevated cannot be defined by the
bulk RNA sequencing approach. Finally, C5b-9 degosere detected in vessels of patients,
suggesting that endothelial activation could ctwiie to the vascular aggression in RIAKI.
Consistent with this hypothesis, the vascular aggjom observed in the mouse model was
attenuated in the C3-/- injected with glycerol.

These results suggest a benefit for complemenbitiun in RIAKI. C3b is the
central protein of the complement cascade, allowisgown amplification through C3
convertase formation. C3-/- mice protection andslo$ RIAKI transcriptomic signature
suggest the therapeutic potential of C3 inhibitibmdeed, if C5 inhibition is the gold
standard for complement inhibition, there is grogvinterest for C3 targeted therapies in
diseases such as Paroxysmal Nocturnal Hemoglokirmmd many other conditiofi3.

In conclusion, our study demonstrates that comphemetivation, promoted by renal
ischemia and heme overload, plays a key role in KRI& both mice and humans,
independent from the initial cause of muscle dam@berefore, drugs targeting complement
activation and/or heme overload would represenimpimg therapeutics in critically ill

patients.
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Materials and Methods
The complete Materials and Methods are given inp&upent.

Collection of human kidney biopsies, urines and sar

Patients. Kidney biopsies and clinical data from 10 patiewith RIAKI were retrieved.
All biopsies were performed to eliminate an altéirea cause of AKI, or as part of the
autopsy in one patient who died from rhabdomyoly§&AKI 6). All patients gave
informed consent for the use of part of the biopay scientific purposes. Urine was
collected from 3 and plasma from 11 RIAKI patieatsl leftover samples from the routine
diagnostics were used for this study. All procedunere performed according to national
ethical guidelines and were in accordance withDieelaration of Helsinki. Staining was
performed for C3c, C3d, Lamp1l, C4d, C1q, C5b-9)éetih-11>°Factor H and CD31 on the
kidney material Table S2) C3 and sC5b-9 were measured in plasma and wedt#rfobC3

was performed in plasma and urine.

Animal experimentation

C57BL/6 WT, C3-/- and C4-/- and hepatoFH-/- micat the same genetic background were
used for this study. Experimental protocols werpraped by the Charles Darwin ethical
committee (Paris, France) and by the French Mwistf Agriculture (Paris, France),
APAFIS#2148 2019091015099240v1. Rhabdomyolysis wsduced by intramuscular
injection of 7.5ml/kg 50% glycerol.

Transcriptomic analysis.
MRNA was extracted and retrotranscribed in cDNAn&enarkers of kidney injuryT@ble
S3) were analyzed by RTgPCR and RNAseq.

Immunofluorescence (IF) and immunochemistry (IHC) n mice

Frozen kidney sections were used for IF and IHGCsaremarized iTable S1

Complement activation on proximal tubular cells invitro.
RPTEC were exposed to skeletal muscle myoglobioxatized species of heme (heme-ox),
followed by human serum. Staining for C3 fragmewmas analyzed by flow cytometry.

Evaluation of the myeloid infiltrate in mouse kidneys
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Eight or 24h after injection of PBS or glycerol,amiwere sacrificed, and the kidneys were

dilacerated, and cell suspension was stained &sildes inTable S3
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Figure Captions

Figure 1. C3d staining is positive in tubular cellof rhabdomyolysis (RIAKI) kidneys,
independent of its cause. AMasson Trichrome (left) and periodic acid Schifis (right) of
a kidney section showing casts in the tubular lufigand acute tubular necrosis with loss of
the proximal tubule brush border (arrow).C3c staining in kidney sections from patients
with acute tubular necrosis (ATN) caused by hyperoh (left), rhabdomyolysis (RIAKI,
middle) or from a renal allograft (48 hours paatisplant; ischemia-reperfusion, right)C)
C3d staining kidney sections of patients with AT&ised by hypovolemia (left), Cisplatin
toxicity (middle) and kidney allograft at 48 hoursst-transplant (ischemia-reperfusion,
right). RIAKI caused by autoimmune myositis: (RIAK), crush syndrome (RIAKI 2),
strenuous exercise (RIAKI 3), unknown cause (RIAIIsuspicion of Mac Ardle syndrome
(RIAKI 5), LIPN1 deficiency (RIAKI 6), muscle comgssion (RIAKI 7-8), Dengue fever
(RIAKI 9) and sepsis (RIAKI 10)Original magnification x40.

Figure 2. C3b/iC3b tubular deposits correlate withRIAKI severity. A) Hematoxylin-
Eosin staining of paraffin embedded kidneys fromSPfice (left) and GLY mice (right),
original magnification x40. B) CD31 (red) and C3b/iC3b (green) immuno-fluoresceoice
frozen kidneys from PBS mice(left), glycerol-trehtmice (middle) and Cisplatin- injected
mice (CIS, right)original magnification x20. C) Quantification of C3b/iC3b tubular deposits
using Halo© Software (left, ***p< 0,0001, Mann-Whey test) (left).D) Correlation
between C3b/iC3b tubular deposits and blood uréagen (BUN) (f = 0,64; p<0,0001)
(left) and creatinine t£0,69; p<0,0001) (rightBUN: blood urea nitrogen.

Figure 3. Complement system activation in human ananurine RIAKI: implication of
classical and lectin pathway. A)Flow cytometry analysis of C3 deposits (left) and C
deposits (right) on renal proximal tubular epitaktells (RPTEC) incubated with increasing
doses of myoglobin prior to addition of normal hlewlserum.B) C4 staining on paraffin-
embedded kidney in RIAKI (left) compared to lupwephropathy (right) patient€) Kidney
injury measured by blood urea nitrogen (BUN) in Wiice injected with PBS (blue) or
glycerol (GLY) (red) and C4-/- (purple) mice injedt with glycerol (C4-/- GLY).D)
Vascular aggression measured by mRNA expressiéhr®électin and VCAM-1 in WT-PBS
(blue), WT-GLY (red) and C4-/- GLY (purple) mic&) Tubular aggression measured by
Lcn2 (NGAL) and Havcrl (KIM-1) mRNA expression in TAPBS (blue), WT-GLY (red)
and C4-/- GLY (purple) micer) CD31 (red) and C3b/iC3b (green) immunofluorescemte
frozen kidneys from C4-/- mice injected with PBSKCE PBS) (left) and C4-/- mice injected
with glycerol (C4-/- GLY) (right), original magnification x20. G) Representative
immunofluorescence of renal cortex showing C3b/iG@een), CL-11 (purple), a merged
image of C3b/iC3b and CL-11 in WT-PBS (up) and WIIYGdown) mice Kruskall Wallis
test with Dunn’s correction: *p<0,05; **p<0,01; *px0,001; ****p<0.0001.BUN: blood
urea nitrogen

Figure 4. Hemopexin improves kidney function throudp vascular protection and
decreases complement activation in murine RIAKI. A)Kidney mRNA expression of
Heme Oxygenase-1 (HO-1) in GLY and PBS miBg.FACS analysis of C3d deposits on
RPTEC with increasing concentration of Heme (Fe&#))Kidney injury measured by BUN
in GLY mice (red) and WT mice injected with HemopexiV) prior to glycerol (black)D)
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Tubular aggression measured by Lcn2 (NGAL) and H&KdM-1) mRNA expression in
GLY mice (red) and WT mice injected with HemopeXiX) prior to glycerol (black).E)
Vascular aggression measured by mRNA expressidkidimeys of P-Selectin, E-Selectin,
VCAM-1 and ICAM-1 from GLY mice (red) and WT micajected with Hemopexin (IV)
prior to glycerol injection (Hx/GLY) (black)F) Immunofluorescence on frozen kidneys:
C3b/iC3b (green) and CD31 (red) in PBS mice (I€f)Y mice (middle) and Hemopexin-
injected GLY mice (Hx/GLY) (right).G) Quantification of tubular C3 deposits by HALO
Software from GLY (red) and WT mice injected witteddopexin (IV) prior to glycerol
(black). (right).Dotted line represents the mean value of each marker for PBS mice. BUN:
Blood urea nitrogen. RPTEC: renal proximal tubular epithelial cells. Mann-Whitney test
*p<0,05; **p<0,01; ***p<0,001; ****p<0.0001

Figure 5. C5a Receptor 1 is upregulated on tubulacells and on macrophages in kidneys
after glycerol injection. A) Kidney mRNA expression for C3aR1 and C5aR1 in PESe|
and GLY-treated mice (redB) C5aR1 (red) immunofluorescence on frozen kidnegmfr
PBS (left) and GLY (right) mice, white arrows arelicating interstitial stainingeriginal
magnification x20. C) Cell count for macrophages and neutrophils 8 hflafg§ and 24 hours
(right) after PBS (blue) or glycerol (GLY) (red)jéction. D) Flow cytometry on whole
kidneys 24 hours after PBS (up) and glycerol (dowmngction. Gating on macrophages
CD45+ Ly6G- CD68+. Analysis of HLA class Il moleeu(lab), C5aR1 and Cd11b reveals

the emergence of macrophages CbﬁéCSaRf'Cdllt;" E) C3b/iC3b (green) and Cdl1lb
(red) immunofluorescence on frozen kidneys in GLi¢ayoriginal magnification x20.

Figure 6. C3-/- mice are protected from RIAKI. A) Kidney injury (renal function)
measured by BUN in WT-PBS mice (PBS) (blue), WT-Gh\ce (GLY) (red) and C3-/-
GLY mice (left) (green)B) Correlation between BUN and Creatine Kinase in BT¥ mice
(r*=0,56, p=0,0329) and C3-/- GLY mice (non-signifitiafright). C) Volcano plot of WT-
GLY versus WT-PBS mice. Genes with a fold changen@ an adjusted p-value of less than
0,05 (red) are differentially expressed betweentii® groups.D) Heatmap of normalized
counts (RSEM) in each mouse for the top 50 modemihtially expressed genes (25
upregulated and 25 downregulated), defining the KRl8ignature. A row normalization is
applied. (upper panel). Gene ontology analysisabgical pathways modulated in WT-GLY
versus WT-PBS mice (lower paneB) Heat map of normalized counts (RSEM) in each
mouse (n=4 mice/group), for the top 50 most diffiiedly expressed genes (25 upregulated
and 25 downregulated) in the WT-PBS, WT-GLY and/€GLY mice. A row normalization

is applied. (upper panel). on the right columnred are the genes of the RIAKI signature,
which are completely normalized in the C3-/- (pueafor the comparison of WT-GLY vs C3-
/- GLY < 0.05 + a p value for C3-/- PBS vs WT-GLY0=05). In yellow are the genes which
are partially normalized in the C3-/- mice (p vafoe the comparison of WT-GLY vs C3-/-
GLY < 0.05 + a p value for C3-/- PBS vs WT-GLY <08). In green are the genes which are
not affected by C3 deficiency (p value for the camigon of WT-GLY vs C3-/- GLY > 0.05

+ a p value for C3-/- PBS vs WT-GLY > 0.05). Genetotogy analysis of biological
pathways modulated in WT-GLY versus C3-/- GLY mi¢lewer panel) BUN: blood urea
nitrogen
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“ Age Etiology Other medical | Treat Genetic Maximum | Hemo- Creatinine at Delay Basal blood Optic Immuno- C3c
conditions ments | exploration CK level dialysis the biopsy between creatinine microscopy fluorescence deposits
during at (umole/L) diagnosis- | (umole/L)
hospitalizati| diagnost biopsy
on (U/L) ic
1 69 | Auto-immune No na No 461400 No 412 <1 week 88 ATN/ATIN No deposits oN
myositis
2 38 Car accident No No No 2500 Yes 800 <1 week na na na na
(crush
syndrome)
3 21 Strenuous No No yes, negative 10100 No 132 <1 week 96 twimdgks No deposits No
Exercise
4 13 Unknown Atopic na yes, negative 20 000 No 373 > 1 month 40.4 Tiplesi | Focal IgM, Clq Yes
dermatitis and C3
5 41 Suspicion of | Appendicectom| No yes, ongoing 10 000 Yes 1615 (on| <1 week 70 ATN, IgA and C3 Yes
Mac Ardle y, proteinuria dialysis) eosinophilic +++, IgM+,
disease cylinder, kappa+,
mesangial lambda+ in
thickening, no mesangium
fibrosis
6 5 Lpin 1 No No yes, 20 000 No anuria <1 week na ATN na na
deficiency heterozygous (previous
LPIN 1 episode with
mutation 373 pmol/L
c1011C-G et requiring
€.1230C-T dialysis)
7 62 Muscle D2 No No 1200 No 238 <1 month 70.4 ATN+chronic No deposits No
compression| hypertension injuries
8 88 Muscle na No No 1200 No 150 <1 month na ATIN No deposits No
compression
9 63 Sepsis No No No 100 000 Yes 363 <1 month na ATIN/ATN No deposits No
with cylinder
10 | 14 | Dengue fever No no No >100 00 Yeg 674 (on| <1 week na ATN and No deposits No
dialysis) cylinder

Table 1 Clinical and biological characteristics (ATN: &sdubular necrosis, ATIN: acute tubulo-interstitiaphritis, D2: Type 2 Diabetes

Mellitus, na: not available)
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Abstract

Pro-aging effects of endogenous advanced glycation end-products (AGEs) have been
reported, and there is increasing interest in the pro-inflammatory and -fibrotic effects
of their binding to RAGE (the main AGE receptor). The role of dietary AGEs in aging
remains ill-defined, but the predominantly renal accumulation of dietary car-
boxymethyllysine (CML) suggests the kidneys may be particularly affected. We studied
the impact of RAGE invalidation and a CML-enriched diet on renal aging. Two-month-
old male, wild-type (WT) and RAGE~~ C57BI/6 mice were fed a control or a CML-en-
riched diet (200 pg CML/gso0q) for 18 months. Compared to controls, we observed
higher CML levels in the kidneys of both CML WT and CML RAGE ™~ mice, with a pre-
dominantly tubular localization. The CML-rich diet had no significant impact on the
studied renal parameters, whereby only a trend to worsening glomerular sclerosis was
detected. Irrespective of diet, RAGE™~ mice were significantly protected against
nephrosclerosis lesions (hyalinosis, tubular atrophy, fibrosis and glomerular sclerosis)
and renal senile apolipoprotein A-1l (ApoA-Il) amyloidosis (p < 0.001). A positive linear
correlation between sclerosis score and ApoA-ll amyloidosis score (r = 0.92) was
observed. Compared with old WT mice, old RAGE ™~ mice exhibited lower expression
of inflammation markers and activation of AKT, and greater expression of Sod2 and
SIRT1. Overall, nephrosclerosis lesions and senile amyloidosis were significantly
reduced in RAGE ™~ mice, indicating a protective effect of RAGE deletion with respect
to renal aging. This could be due to reduced inflammation and oxidative stress in

RAGE ™~ mice, suggesting RAGE is an important receptor in so-called inflamm-aging.

KEYWORDS
advanced glycation end-products, amyloidosis, chronic kidney disease, nephrosclerosis, receptor
for AGEs, renal aging
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1 | INTRODUCTION

Kidney function declines with age (Bolignano, Mattace-Raso, Sij-
brands, & Zoccali, 2014; Glassock, Warnock, & Delanaye, 2017),
resulting in elderly people being particularly susceptible to develop-
ing chronic kidney disease (CKD). The prevalence of CKD—defined
as a glomerular filtration rate (GFR) inferior to 60 ml/min/1.73 m?>—
was thus more than 30% in a European cohort of patients over
70 years old (Ebert et al., 2016; Glassock et al., 2017). Nonspecific
morphologic changes are associated with aging kidneys and desig-
nated by the generic term “nephrosclerosis.” Histologically, this is
characterized by nephron loss, global glomerulosclerosis (GS > 10%),
arteriosclerosis, tubular atrophy, and interstitial fibrosis (>5%) (Denic,
Glassock, & Rule, 2016; O'Sullivan, Hughes, & Ferenbach, 2017).

Consequent to the rapid growth in the proportion of elderly people
throughout the world (“European Commission: The 2015 ageing report.
Eur Econ 3:424,” European Commission, 2015; GA, Atlanta, 2013), an
increase in the number of CKD diagnoses would appear to be inevitable.
However, more than a third of people exhibit no change in GFR with
age (Bolignano et al., 2014; Lindeman, Tobin, & Shock, 1985), suggest-
ing that age-related renal impairment could be preventable. Gender,
ethnicity, genetic factors, and comorbidities are known to influence
renal outcomes (Choudhury & Levi, 2011; Smyth, Duffy, Maxwell, &
McKnight, 2014), but other factors remain to be clarified.

The impact of advanced glycation end-products (AGEs) on CKD,
especially through binding to their main receptor RAGE (receptor for
AGEs), has received significant research attention (Clarke, Dordevic,
Tan, Ryan, & Coughlan, 2016; Stinghen, Massy, Vlassara, Striker, &
Boullier, 2016). The AGEs form a heterogeneous group of molecules
resulting from permanent binding of reducing sugars to a range of
amino-compounds. Their endogenous formation occurs under various
conditions such as hyperglycemia and oxidative stress, but also
aging. Their presence is moreover clearly identified in foods: Daily
intake of Ne-carboxymethyllysine (CML, the most studied AGE) can
be as high as 252 pg/kg body weight in a typical European diet (Tes-
sier & Birlouez-Aragon, 2012). Evidence has recently accumulated
incriminating the endogenous AGE/RAGE axis in age-related dis-
eases. RAGE is a multiligand, transmembrane receptor activating
major pro-inflammatory and pro-oxidative signaling pathways. Its
expression in numerous cell types increases with aging and patholog-
ical conditions such as diabetes, but a role for this receptor has been
postulated in the premature dysfunction of several organs, even in
the absence of diabetes (Frimat et al., 2017; Ramasamy, Shekhtman,
& Schmidt, 2016). The impact of chronic exposure to dietary AGEs
on aging remains poorly studied, however.

Considering the preferential accumulation of CML in the kidneys
under a CML-enriched diet (Li et al., 2015; Tessier et al., 2016) and
studies linking dietary AGEs and kidney damage (Feng et al., 2007,
Zheng et al., 2002), we hypothesized that kidneys are target organs
for accelerated aging induced by AGE/RAGE interactions. In order to
study this question, histologic markers of renal aging were analyzed
in 2-month-old male wild-type (WT) and RAGE™~ C57Bl/6 mice fed

a control or a CML-enriched diet over 18 months.

2 | RESULTS

2.1 | Prolonged intake of a CML-enriched diet
results in renal accumulation of glycation products

A diffuse antibody-mediated CML staining was observed in the kidneys
of all WT mice but was more intense in mice fed a CML-enriched diet
compared with control mice. CML staining predominated in the proxi-
mal tubular cells and along the internal wall of arteries. We found simi-
lar results in the kidneys of RAGE™~ mice suggesting that CML
accumulation from the CML-enriched diet is governed by RAGE-inde-
pendent mechanisms (Figure 1a). These results were confirmed using
liquid chromatography with tandem mass spectrometric (HPLC-MS/
MS) detection in kidney samples. The mean levels of free CML were
higher among the mice fed the CML-enriched diet, both in WT
(0.05 £+ 0.02 and 0.45 + 0.2 umol/g of dry matter for control and CML
diet, respectively: p = 0.15) and RAGE™" mice (0.03 = 0.02 and
0.85 + 0.3 umol/g of dry matter for control and CML diet, respectively:
p < 0.01). These differences between groups were also observed for
protein-bound CML (275 %145 and
1,331 + 740 pmol/mol lysine for control and CML WT mice, respec-
tively: p = 0.07; 190 £ 47 and 1,486 + 947 pumol/mol lysine for control
and CML RAGE ™" mice, respectively: p < 0.05), thereby suggesting a

concentrations  of

RAGE-independent mechanism of CML formation (Figure 1b-c).

2.2 | Prolonged intake of a CML-enriched diet does
not significantly affect renal aging

Prior to assessing the effects of a CML-enriched diet and RAGE
invalidation on renal aging, we first ensured that weight, glycaemia,
cholesterolemia, and triglyceridemia were comparable between mice
fed the control and CML-enriched diets. None of the WT or RAGE™
~ mice became diabetic, dyslipidemic, or obese under the influence
of a CML-enriched diet (Supporting Information Table S1). Renal
parameters were then studied, and lesions of arteriolar hyalinosis,
tubular atrophy, interstitial fibrosis, and GS (histological markers of
nephrosclerosis, Figure 2a) were all assessed “blind.”.

Renal weight, plasma creatinine, and urea were not statistically
different between control and CML groups, in either WT or RAGE™
~ mice (data not shown). We analyzed the expression of Kim-1 and
Ngal as sensitive markers of kidney injury associated with CKD pro-
gression in humans (Alderson et al., 2016): The expression of these
genes was also unaffected by the CML-rich diet (Supporting Informa-
tion Figure Sla-b).

The assessment of nephrosclerosis markers at 20 months of age
gave similar results: The CML-rich diet had no significant effect on
arteriolar hyalinosis, tubular atrophy, or fibrosis score (Supporting
Information Figure Sic-e). There was a minor worsening of GS under
the influence of the CML-rich diet in WT mice (Supporting Informa-
tion Figure S1f-h): Only 6.5% glomeruli lacked any sign of sclerosis
in CML WT mice against 31%, 61% and 67% in control WT, control
RAGE™~ and CML RAGE™", respectively; the median GS score and

percentage of global GS—the end-stage of glomerular lesion—also
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FIGURE 1 CML accumulation in the kidneys of WT and RAGE ™'~ mice was diet-dependant. (a) Representative localization of protein-bound
CML studied by IHC on kidney sections showed that mice fed a CML-enriched diet exhibited predominantly tubular staining. From left to
right: low magnification, high magnification on proximal tubules, arterioles and glomeruli. (b-c) Quantification by HPLC-MS/MS of (b) free and
(c) protein-bound CML in kidneys. *p < 0.05, **p < 0.01, Kruskal-Wallis test
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followed this trend (CML WT>control WT>control and CML RAGE™
7). These differences were not significant, however, in contrast to
the results observed when we compared WT with RAGE™™ mice. In
order to analyze the impact of the RAGE invalidation on renal aging,
we thus focused on differences between WT and RAGE™~ mice,
irrespective of diet.

2.3 | RAGE knockout mice are protected against
nephrosclerosis lesions

All mice had hyaline deposits on the arteriole walls (10% to 48% of
studied vessels), but the median percentage of vessels with hyaline

glomerulosclerosis (asterisks) (x400). (b)
Kidney arteriolar hyalinosis determined by
PAS staining in WT and RAGE ™~ mice and
(c) alteration in endothelium-dependant
relaxation in 11-month-old and 20-month-
old WT and RAGE™~ mice fed a control
diet. Aortic relaxation is expressed as mean
+SEM (n = 5-6 mice in duplicate).

**p < 0.01, ***p < 0.001, unpaired t test
on area under the curve

deposits was higher in WT than in RAGE™~ mice (24% vs. 12%,
respectively, p < 0.001) (Figure 2b). In order to study the evolution
of endothelial function with age, we measured the percentage of
aortic relaxation mediated by different concentrations of acetyl-
choline (Ach) in middle-aged (11-month-old) or old (20-month-old)
WT and RAGE™~ mice. No difference was observed between 11-
month-old WT and RAGE™~ mice (92 + 7 and 91% + 2% of max
relaxation, respectively). At 20 months old, however, WT mice exhib-
ited reduced responsiveness to Ach (55% + 2% of max. relaxation
vs. 11-month-old WT mice, p < 0.001) in contrast to RAGE™~ mice
with conserved endothelial function (95% + 1% of max. relaxation)
(Figure 2c).
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Both tubular atrophy and interstitial fibrosis lesions were also
more present in WT than in RAGE™~ mice. The median percentage
of tubular atrophy was 18% and 14% (p < 0.01), and the median
fibrosis scores were 3 and 1 A.U. (p < 0.001) in WT and RAGE™~
mice, respectively (Figure 3a-b). Fibrosis was identified in renal inter-
stitium of all WT mice, but was often mild to absent in RAGE™~
mice (Figure 3c). The Ngal expression, more specifically associated
with tubulointerstitial damage (Rysz, Gluba-Brzdzka, Franczyk, Jabto-
nowski, & Ciatkowska-Rysz, 2017), was significantly higher in WT
mice (~15.5 * 6.6) than RAGE™~ mice (~6.4 = 5.6, p < 0.05). Com-
paring old WT with old RAGE™~ mice, there was no difference in
the Kim-1 expression (Figure 3d-e).

The median GS score at 20 months of age, calculated after histo-
logical evaluation of sclerosis intensity of 60 glomeruli per mouse,
was higher in WT mice (49.3 A.U.) than in RAGE™~ mice (10 A.U.,
p < 0.001). Only 13% of the glomeruli lacked any sign of sclerosis in
WT mice against 63% in RAGE™~ mice (p < 0.001). The mean per-
centage of global GS (glomeruli with a GS score of 100) was 14.6%
in WT mice, while no global GS was observed in RAGE™~ mice (Fig-
ure 4a-c).

Aging 50f 13

2.4 | RAGE knockout prevents senile amyloidosis

The GS appeared nodular with developing hypertrophic glomeruli.
The mean size of the glomeruli was significantly larger in WT than in
RAGE™~ mice (1.0 = 0.3 and 0.6 + 0.1 A.U., respectively: p < 0.001,
Figure 4d). Birefringence under polarized light, obtained after Congo
Red staining, suggested that this nodular sclerosis was at least partly
caused by amyloidosis. This was confirmed by the presence of serum
amyloid protein (SAP) in immunohistochemistry assays, and the iden-
tification of 5-10 nm fibrils by electron microscopy (Figure 4e-h).
Thus, 8 of the 14 (57%) WT mice were amyloidosis positive against
only 1 of the 13 (8%) RAGE™~ mice (7 of the 9 amyloid mice were
fed the CML-rich diet, Supporting Information Figure S2a).

A positive ApoA-Il protein staining occurred in the same locations
as the amyloid deposits, suggesting an ApoA-Il amyloidosis (AApoA-I)
thought to be related to aging processes in mice (Kitagawa et al,,
2003). The ApoA-ll deposition was mainly localized in glomeruli, with
various intensities according to the glomeruli and individual mice (Fig-
ure 5a). Interstitial AApoA-Il was also observed when the vast majority
of glomeruli showed extensive deposits, suggesting a more advanced
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stage of amyloidosis. Other proteins known to be amyloidogenic were
tested (serum amyloid A, involved in chronic inflammatory diseases,
and peptides p1-40 and p1-42, responsible for amyloid plaques in Alz-
heimer's disease), but none were correlated with the identification of
amyloidosis (data not shown). The WT mice had a median AApoA-II

score significantly higher than RAGE™~ mice which had no or very few

FIGURE 4 Amyloidosis-linked
glomerulosclerosis was largely prevented in
RAGE~/~ mice. Quantification of GS in
paraffin-embedded kidney sections
indicated (a) the GS score (60
glomeruli/mouse) which was used to
determine (b) the percentage of normal
glomeruli (glomeruli with GS score of 0)
and of (c) global GS (glomeruli with a GS
score of 100). (d) Mean glomeruli size (30
glomeruli/mouse). Determination of
amyloidosis-positive lesions in paraffin-
embedded kidney sections after (e) Congo
red staining under nonpolarized light (x
400) and (f) polarized light showing
birefringence (x400), (g)
Immunohistochemistry of Serum Amyloid P
component (SAP, x 400) and (h) electron
microscopy showing the absence in control
WT mouse (left panel, x 1,000) and the
presence in CML WT mouse (right panel, x
1670 low magnification, x 21,560 high
magnification in the frame) of amyloid
fibrils. *p < 0.05, ***p <0.001, Mann-
Whitney test, representative images

deposits (2.5 + 1.3vs. 1.1 + 0.2 A.U,, respectively: p < 0.01; Figure 5b).
A trend also suggested greater AApoA-Il deposition in CML WT than in
control WT mice (1.2 A.U.), but this trend was not observed when
RAGE™~ groups were compared (Supporting Information Figure S2b).
The GS intensity was correlated with AApoA-ll score (r= 0.92,
p < 0.0001, Figure 5c).
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FIGURE 5 AApoA-Il was largely absent
in RAGE™~ mice. AApoA-Il in kidney tissue
sections from 20-month-old WT mice (left
panel) and RAGE ™~ mice (right panel) were
immunostained using an anti-ApoA-Il
antibody (a) green arrowheads, no
deposits; red arrowheads, extensive
deposits (representative image). (b) Scoring
of ApoA-Il amyloid deposits obtained from
IHC and calculated from the grading of
100 glomeruli per mouse, where 1 = no
deposit, 2 = small, 3 = moderate and

4 = extensive deposits. Red dots,
amyloidosis-positive mice; green dots,
amyloidosis-negative mice. (c) Linear
regression analysis between AApoA-Il and
sclerosis scores obtained for all four
conditions, y = 0.036 x + 0.70, r = 0.9223,
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2.5 | RAGE knockout mice exhibited less
inflammation and were better protected against
oxidative stress

Compared to 3-month-old WT mice, the mRNA levels of II-6, Tnf-a
and Vcam-1 increased, respectively, ~15.8-, 10.6- and 4.5-fold in 20-
month WT mice and ~5.6-, 3.4- and 2.1-fold in RAGE™~ mice (Fig-
ure 6a-c). The increase in these markers was significant in old WT
mice but not in old RAGE™~ mice, suggesting a similar pro-inflamma-
tory profile in young WT and old RAGE™~ mice. Expression of the
antioxidant genes, Sod2 (a mitochondrial manganese-dependent
superoxide dismutase), Cat (a peroxide hydrogen detoxifier) and
Hmox (known to increase under influence of oxidative stress and
recently described as ameliorating the oxidative stress-induced
endothelial senescence (Luo et al., 2018)), was also analyzed. While
Cat expression did not change with age or genotype, Sod2 expres-
sion was significantly lower in old WT mice when compared with
young WT (0.56 + 0.1, p < 0.01) and old RAGE™~ mice (0.75 + 0.1,
p < 0.05). An important decrease in Hmox was also observed in both
old WT (0.38 + 0.2) and RAGE™~ (0.49 + 0.1) mice but was only sig-
nificant in the former (p < 0.01) (Figure 6d-f).

As a first step to elucidate the mechanisms underlying this
potential protective effect of RAGE knockout, and in light of our
results on inflammation and oxidation markers, we focused on SIRT1

(associated with longevity and known to decrease with age (Yuan

ApoA-II Amyloidosis score (A.U.) E

T 1

0 20 40 60 80 100
Sclerosis score (A.U.)

ApoA-II Amyloidosis score (A.U.)

RAGE™~

et al.,, 2016)) and the AKT/mTor pathway [involved in kidney disease
(Kajiwara and Masuda, 2016)]. SIRT1 was higher in RAGE™~ than
WT mice (1.6-fold +0.8, p = 0.056, Figure 6g). Conversely, the S6
subunit of the 40S ribosome (pS6RP or $235/236), a mTORC1 activ-
ity indicator and, more significantly, pAkt (5473, a mTORC2 activity
indicator) were lower in old RAGE™~ than WT mice (0.1 + 0.11 and
0.42 + 0.15, respectively, p < 0.05) (Figure 6h-i).

3 | DISCUSSION

Although the small sample sizes necessitate caution in interpreting
our results, we here report that RAGE knockout mice developed sig-
nificantly less nephrosclerosis and senile amyloid lesions than WT
mice, suggesting a key role for this receptor in the renal aging pro-
cess. Prolonged exposure to a CML-enriched diet was associated
with CML accumulation in kidneys, but there was no evident rela-
tionship between these deposits and renal injuries; CML accumula-
tion was RAGE-independent and thus could not explain the
differences between WT and RAGE™~ mice in kidney function/struc-
ture. We found lower levels of inflammation and oxidative stress in
RAGE™~ mice, which may contribute to our proposed protective
effect of RAGE invalidation through modulation of SIRT1 expression
and the AKT/mTOR pathway.

In accordance with other studies, CML accumulated in kidneys of
animals fed a CML-enriched diet (Li et al., 2015; Tessier et al., 2016).
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We confirmed the RAGE-independent nature of this accumulation
(Tessier et al., 2016), and also separately quantified both free/dipep-
tide CML and protein-bound CML. Since dietary CML cannot enter
the circulation in protein-bound form (Alamir et al., 2013), protein-
bound CML must result from endogenous formation. This could be
the consequence of oxidative stress, a condition thought to favor
CML production from dicarbonyl compounds and known to occur in
aging and CKD (Roca, Grossin, Chassagne, Puisieux, & Boulanger,
2014; Stinghen et al., 2016). Thus, ingested CML could activate
other, RAGE-independent oxidative stress pathways, such as the epi-
dermal growth factor receptor pathway (Chen et al., 2010), and/or
participate in protein synthesis as described with noncanonical
amino acids in artificial systems (Calve, Witten, Ocken, & Kinzer-
Ursem, 2016). Surprisingly, we did not observe a significant negative
effect of a CML-enriched diet on nephrosclerosis lesions in compar-
ison with the significant positive impact of RAGE invalidation. Only
GS and ApoAll amyloid deposits were higher (but not significantly
so) in the CML WT versus control WT mice. While there is no pub-
lished study establishing a direct link between AGE accumulation
and renal aging, these results nevertheless seem to run counter to a
body of related evidence. A potential deleterious effect of AGE
accumulation can be inferred from diabetic nephropathy (Choudhury
& Levi, 2011; Vlassara et al., 1994), in which CML deposits are, how-
ever, more pronounced. Moreover, an AGE-rich diet has been associ-
ated with proteinuria and structural changes in the kidneys of rodent
models, whereas an AGE-poor diet induced fewer histological lesions
and conserved renal function (Feng et al., 2007; Zheng et al., 2002).
We hypothesize that any effect of dietary AGEs could be obscured
by the relatively advanced age of our mice. Indeed, the majority of
old control WT mice presented significant lesions of all renal struc-
tures and a third exhibited AApoA-Il, suggesting that aging is impor-
tant in this regard.

Among the age-related renal lesions that we reported, this obser-
vation of a link between nodular GS and AApoA-ll is interesting.
While AApoA-Il is very uncommon in humans, it is described as a
senile renal marker in mice and its prevalence varies according to
genotype (Kitagawa et al., 2003). This age-related susceptibility to
AApoA-Il in mice may be explained by two characteristics of this
protein. First, human ApoA-Il is dimerized while the murine ApoA-Il
is monomeric and hence less stable. Second, ApoA-ll has a higher
methionine content in mice than humans and methionine is an amino
acid known to be prone to oxidation (Gursky, 2014). It has been
shown that the lipid peroxidation of high-density lipoproteins (HDLs,
of which ApoA-ll is a major constituent) induced oxidation of
methionine components (Anantharamaiah et al., 1988); consequently,
the 3D structure of ApoA-ll could change and alter its affinity for
HDLs. With subsequent dissociation from HDLs, ApoA-ll could
unfold until its aggregation and subsequent nucleation, the first step
in amyloid fibrils formation (Wong, Binger, Howlett, & Griffin, 2010).
Promoting oxidation and lipid peroxidation, aging, and RAGE expres-
sion together could thus favor structural changes and the deposition
of ApoA-ll in the kidneys, causing amyloidosis followed by GS. In a
susceptible model such as C57BL6 mice, AApoA-Il appears to be a
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useful marker of aging that is highly reduced when RAGE is
knocked-out, and would further appear to be accelerated by pro-
longed intake of a CML-enriched diet.

Not only AApoA-Il, but all the nephrosclerosis lesions assessed
here were reduced in RAGE™~ mice. The involvement of this recep-
tor has already been reported in different kidney diseases, especially
diabetic nephropathy. Indeed, genetic deletion or pharmacologic
blockage of RAGE was associated with a decrease of renal lesions in
different animal models of diabetes (Kaida et al., 2013; Myint et al.,
2006; Vlassara et al., 1994). Independent of the underlying etiology,
RAGE has been also implicated in CKD and its attendant cardiovas-
cular complications through the formation of AGEs and the promo-
tion of oxidative stress induced by renal failure itself (Stinghen et al.,
2016). Our work here has illustrated that, even in the absence of
prior kidney disease, RAGE could be involved in “normal” renal aging.
The pro-aging mechanisms induced by RAGE are multiple and espe-
cially include the perpetuation of a pro-inflammatory phenotype and
ROS generation; in accordance with this, RAGE™~ mice here pre-
sented less inflammation and were better protected against oxidative
stress. Previous studies have shown that a deficiency in SOD2
results in oxidative stress, interstitial inflammation, and accelerated
renal senescence in a murine model (Rodriguez-lturbe et al., 2007).
Thus, the smaller decrease of Sod2 expression in RAGE™~ mice with
age could suggest enhanced protection against renal aging. Concur-
rently, and in accordance with previous studies showing that knock-
out or inhibition of RAGE prevented CML- or LPS-induced reduction
in SIRT1 expression (Grossin et al., 2015; Huang et al., 2015), SIRT1
expression was here downregulated in old WT compared with old
RAGE™~ mice. Interestingly, reduced renal inflammation and fibrosis
have been reported in genetic or pharmacological boosting of SIRT1
models (Hong et al., 2018; Morigi, Perico, & Benigni, 2018); on the
other hand, its deletion was associated with an aggravation of kidney
injuries such as GS (Chuang et al, 2017). Together, these results
suggest a potentially major role for SIRT1 in renal aging. Moreover,
our observation of decreased levels of phosphorylated AKT and
S6RP in RAGE™~ mice could indicate a role for RAGE invalidation in
a pro-longevity phenotype and renoprotection. Indeed, mTOR inhibi-
tion is the only therapeutic intervention that leads to enhanced
health and life span in all studied models (Johnson, Rabinovitch, &
Kaeberlein, 2013; Weichhart, 2018), and downregulation or inhibi-
tion of mTORC1 prevents GS, glomerular hypertrophy macrophage
infiltration, and other lesions in murine models of diabetic nephropa-
thy (Kajiwara and Masuda, 2016). We thus suggest that the greater
inflammation we observed in old WT mice compared with old
RAGE™~ mice could be the result of AKT- and/or SIRT1-dependant
NF-xB pathway activation (Kane, Shapiro, Stokoe, & Weiss, 1999;
Kauppinen, Suuronen, Ojala, Kaarniranta, & Salminen, 2013).

Taken together, our results point to a role for the RAGE receptor
and its attendant signaling pathways in regulating inflammation, ele-
vation of which is a recognized hallmark of aging (Lopez-Otin,
Blasco, Partridge, Serrano, & Kroemer, 2013) and central to so-called
inflamm-aging (Franceschi et al., 2000). They also suggest that
RAGE™~ mice present a pro-longevity phenotype, as evidenced by



TEISSIER ET AL

10 of 13 Aging

their apparently attenuated renal aging. Further studies, in particular
using tissue culture techniques, will be helpful not only in determin-
ing the mechanisms governing the pathways involved in this pheno-
type, but also in determining the potential utility of RAGE inhibitors
in reducing renal aging in particular, and perhaps other age-related

phenomena.

4 | EXPERIMENTAL PROCEDURES

4.1 | Animal experimentation

All animals were housed in the experimental research department of
Lille University (Agreement number: C59-35010). They were main-
tained at constant temperature and humidity in a room with a 12-hr
light cycle. All experiments were conducted in accordance with insti-
tutional guidelines and French Ministry of Agriculture recommenda-
tions for the care and use of laboratory animals, and with the
approval of the Charles Darwin Ethics Committee for animal experi-
mentation (number #00822.01). The male WT (Janvier Laboratories,
Le Genest-St-Isle, France) and RAGE™~ (from Pr. AM. Schmidt, New
York University) C57BI/6 mice (6-10/group) received either a control
diet incorporating unglycated bovine serum albumin (control-BSA), or
an isocaloric diet enriched with glycated BSA rich in CML (CML-
BSA). Mice were fed ad libitum for 18 months (2 months old at
beginning of protocol). Three- or 11-month-old mice fed control-BSA
were used as controls to analyze baseline renal and endothelial func-
tion. Old 22- to 26-months-old WT and RAGE™~ mice fed a stan-
dard diet were used for western blot analysis.

CML-BSA was prepared as previously (Grossin et al., 2015). After
glycation (16 hr, 37°C), 37%-40% of the lysine moieties were found
to be modified, 80%—-99% of which (on a molar basis) had been mod-
ified to CML. The control-BSA was prepared under the same condi-
tions, but glyoxylic acid was omitted. The control-BSA and CML-BSA
preparations (diluted in water) were added to mouse powdered stan-
dard diet (AO4, Safe, Augy, France) at 200 pg CML/gto0q. The con-
centration of protein, fatty acids, fiber, and carbohydrate did not
differ between control-BSA and CML-BSA diets. A basal concentra-
tion of 17.5 £ 0.7 pg CML/gso0q Was determined in control-BSA diet.
Diets were renewed every 7 days, and remaining food was weighed
to assess mean daily CML intake. Mice were weighed every
3 months. At 20 months, surviving mice (6 control WT, 8 CML WT,
8 control RAGE™~ and 5 CML RAGE™") were culled and blood sam-
ples collected by inferior vena cava puncture. Kidneys were halved
longitudinally and immediately frozen for biochemical and chemical
analyses, or preserved in FAA (Formaldehyde, Alcohol, Acetic acid),
RNA later and glutaraldehyde for electron microscopic analyses.

4.2 | Immunohistochemistry

Four micrometer kidneys sections were deparaffinized and rehy-
drated by successive 3-min washes in xylene then ethanol (100%
and 95%, respectively). Standard procedures were followed up for

antigen retrieval (Target Retrieval Solution, Dako) and blockage steps

(kit Vectastain ABC Elite Peroxydase), except for ApoA-Il. Antigen
retrieval was performed as previously (Kai et al., 2012): briefly, sec-
tions were first treated with proteinase K for 3 min. (Dako, ready-to-
use) followed by an ethylenediaminetetraacetic acid (EDTA) bath
(0.01 M, pHé6 at 121°C for 10 min.) then a formic acid bath (70% for
5 min. at room temp.). Nonspecific fixation sites were blocked with
rabbit or goat serum 5% (Sigma, R1933, G9023), while for ApoA-II
assays, endogenous peroxydases were blocked using a Dual Endoge-
nous Enzyme Block (Dako, $200380) and endogenous biotins with
an Endogenous Avidin/Biotin Blocking Kit (Abcam, ab64212).

Primary antibodies (18 hr, 4°C) were as follows: anti-CML (rabbit
lg; 1:1000; Abcam ab27684), anti-SAP (rabbit lg, Biocare PP132AA),
and anti-ApoA-Il (goat, 2 pg/ml, Santa Cruz sc-23609). Correspond-
ing nonimmune Igs served as negative controls. After incubation
(1 hr, room temp.) with Streptavidin HRP Conjugate (ImmunoRea-
gents, Ba-103-HRPX), sections were stained using DAB Substrate
(Cell Signaling, Kit #8059P) and counterstained using hematoxylin

solution (Sigma Aldrich, GHS316) before mounting under coverslips.

43 | HPLC-MS/MS

A high-pressure liquid chromatography (HPLC)-triple quadrupole
mass spectrometer (MS/MS) was used to quantify CML and lysine by
isotope dilution in kidney extracts (Vantage LC-MS/MS, Thermo-
Fisher Scientific). Frozen kidneys were lyophilized (Alpha 1-2 LD
plus, Bioblock scientific) for 24 hr at —40°C and —0.1 mbar. Twenty
mg of kidney was suspended in 10% trichloroacetic acid (Sigma
Aldrich) for 30 min. on ice. After centrifugation at 21 000 G for
10 min. at 4°C, the supernatant (free CML) and the pellet (protein-
bound CML) were separately incubated in NaBH,4 (83 mM) for 2 hr
at room temp. The reaction was stopped by adding HCI 37% (1:1).
The samples were then incubated at 110°C for 21 hr and a 200l
aliqguot evaporated using a SpeedVac Concentrator (Thermo Scien-
tific). Isotope-labeled internal standards were added to the final vol-
ume of 200ul of aqueous nonafluoropentanoic acid (NFPA, 5 mM,
Sodipro), as follows: CML-d, 0.05 mM (Polypeptide Group) or Lysi-
ne-*>N, 50 mM (Cortecnet). The samples were then filtered through
0.45 um nylon filters (Sodipro). Separation was performed on a
Hypercarb column (100 x 2.1 mm, 5 um particle size; ThermoFisher
Scientific) equipped with a guard column (10 x 2.1 mm, 5 um parti-
cle size). Injection volume was 10ul, column temp. 10°C, and com-
pounds were eluted with a binary mobile phase at 0.2 ml/min:
Mobile phase A was a 10 mM aqueous solution of the ion-pairing
agent NFPA, while mobile phase B was LC-MS grade acetonitrile
(Sigma Aldrich). The elution gradient was as follows: 0-9 min 100%—
75% A; 9-11 min 40% A; 11-13 min 40%-100% A; 13-21 min
100% A. The heated electrospray interface was operated in positive
ionization mode (3,500 V, 250°C, sheath and auxiliary gas flows at
50 and 20 arbitrary units, respectively). The MS/MS transitions moni-
tored were as follows: m/z 205-130 and m/z 207-130 for CML and
CML-d,, and m/z 147-130 and m/z 149-131 for lysine and Lysi-
ne-15N,, respectively. Quantification was performed using the ratio
of responses for the unlabeled molecules and their respective
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isotope-labeled internal standards in a 9-point calibration covering
the concentration ranges 0-0.2 mM (CML) and 0-20 mM (Lysine).

4.4 | Histological analyses

Two sections were stained (3 or 5 um according to purpose, at an
interval of 200 um) from the halves of paraffin-embedded kidneys
retained for histological analyses: by Periodic Acid Schiff (PAS) to
assess GS, tubular atrophy and arteriolar hyalinosis; by Sirius red to
evaluate interstitial fibrosis under polarized light; and by Congo red
to detect amyloid deposits under optical and polarized light. Samples
were labeled without reference to treatment group, and all parame-
ters (defined below) were analyzed “blind” by a qualified anato-
mopathologist and nephrologist using an optical microscope (Leica
DM5500 B).

441 | Definitions

Arteriolar hyalinosis appeared as a pink hyaline material in arteriolar
walls after PAS staining. For each mouse, 25 arterioles (10-15/sec-
tion) were analyzed and described as positive or negative.

Tubular atrophy was defined by an attrition of the brush border
of the tubular epithelium, a reduced tubular size and a thickening of
the tubular basement membrane. For each mouse, 50 tubules (25/
section) were analyzed and described as positive or negative.

Interstitial fibrosis was defined by a red-signal in Sirius red stain-
ing in the cortex (excepting the physiological staining in the border
of the vessels). For each mouse, this parameter was graded thus:
grade 0, no fibrosis; grade 1, at least 1 focal fibrosis lesion; grade 2,
at least 2 focal or fibrosis lesions. The scores attributed by the two
examiners were summed.

Glomerulosclerosis (GS), identified as an increased mesangial
matrix, was assessed on 60 superficial and juxtamedullary glomeruli
(30/section) for each mouse. This parameter was scored between 0%
and 100% (intervals of 10%) for each glomerulus. A GS score was
expressed as the mean for each mouse. Normal glomeruli yielded a
GS score of O while global GS was defined by the maximum possible
score of 100, indicating glomeruli were completely sclerotic.

To assess the size of glomeruli, 6 fields/section were studied for
each mouse. The area of each glomerulus was measured using Ima-
gel.

Amyloidosis was defined by positive Congo red staining. Amyloid
deposits in glomeruli were graded thus: grade 1, no deposit; grade 2,
small amount; grade 3, moderate amount; grade 4, extensive depos-
its. An amyloidosis score was adapted from the literature and repre-
sented the mean score of a section for 100 glomeruli analyzed (Luo
et al., 2015).

4.5 | Endothelial dysfunction: aortic reactivity

Aortic ring relaxation was investigated in 11- and 20-month-old WT
and RAGE™~ mice fed the control diet. Aortic ring responsiveness
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was tested as previously (Grossin et al., 2015) in an automated dual
small-vessel myograph (ADInstruments, Chalgrove, UK). Briefly, aor-
tas were contracted by adding 3 x 10 M phenylephrine (Sigma) to
standard Krebs solution in an organ bath (37°C, 5% CO, in O,).
Once the contraction phase had stabilized, the endothelium-depen-
dent relaxation (EDR) was tested by the cumulative addition of
acetylcholine (ACh, 107° x 10™* M; Sigma). Relaxation responses
were expressed as a percentage of the maximal phenylephrine-in-

duced contraction.

4.6 | RT-gPCR

RNA extraction from half-kidneys was performed with a commercial
kit (Qiagen). ARN was quantified by spectrophotometry at 260 nm
(Biotech Spec-nano, Shimadzu Biotech) and quality analyzed by RNA
Standard Sens kit (BIO-RAD). For RT-qPCR, amplification of cDNA
was performed with the following probe mixes (ThermoFisher): Kim-
1 (MmO00506686), Ngal (Mm01324470), lI-6 (Mm00446190_m1),
Tnfa  (Mm00443258_m1), Vcam-1 (Mm01320970_m1), Sod2
(Mm01313000_m1), Cat (Mm00437992_m1), and Hmox
(Mm00516005_m1). The mean cycle threshold (CT) values for both
the target and internal control (Ppia, Mm02342430_g1) were deter-
mined for each sample. The fold change in the target gene, normal-
ized to Ppia and relative to the expression of WT mice fed the

control diet, was calculated as 2724¢T,

4.7 | Western blot

Kidney tissues were homogenized in RIPA buffer in the presence of
protease and phosphatase inhibitors in 1.5% p-mercaptoethanol
using a precellys homogenizer. After centrifugation (19,000 g for
10 min at 4°C), supernatants were collected for protein analysis. Pro-
tein concentration was determined by the Bradford method (Bio-Rad
protein assay dye, Bio-Rad): 20 pug of protein was separated using
bolt 4%-12% Bis-Tris plus (Invitrogen) gels, or NUPAGE 7% Tris-
Acetate gels (ThermoFisher) for larger molecular weights and was
transferred to a polyvinylidene difluoride membrane (Bio-Rad).
Nonspecific binding sites were blocked for 1 hr at 20°C with 5%
milk or BSA, according to the antibody, in Tris-buffered Saline with
0.05% Tween 20 (TBS-T). Membranes were incubated with anti-
SIRT1 (ab7343, Abcam, 1:900), anti-FoxO3A (12829, Cell Signaling,
1:1000), anti-pFoxO3A (Ser253, Ab47287, Abcam, 1:750), anti-S6RP
(2317, Cell Signaling, 1:1000), anti-pS6RP (Ser235/236, 4858, Cell
Signaling, 1:2000), anti-Akt (4691, Cell Signaling, 1:1000), anti-pAkt
(Serd73, 9271, Cell Signaling 1:1000), or anti-Actin (A2066, Sigma
Aldrich, 1:2000) overnight at 4°C followed by washing and incuba-
tion with horseradish peroxidase- (HRP-) conjugated anti-rabbit
(7074, Cell Signaling, 1:5000) or anti-mouse (7076, Cell Signaling,
1:2000). After washing, chemiluminescent reaction was induced
using Clarity Western ECL Substrate (Bio-Rad) and detection per-
formed using a Fusion FX Spectra imager (Vilber). Bands were
normalized to Actin levels using Image).
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4.8 | Biologic parameters

Cholesterol, triglycerides, urea, and fasting glucose serum levels were
measured with a biochemistry analyzer VetTest® (IDEXX laboratory)
according to manufacturer's instructions. Serum creatinine levels
were measured by an enzymatic colorimetric assay with an autoana-
lyzer (COBAS 8000 modular analyzer series; kits #CREP2-
05168589190).

4.9 | Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0 (La Jolla,
CA, USA). A Kruskal-Wallis test followed by a Dunn's multiple com-
parison test was applied for multiple comparisons; otherwise, a two-
tailed, unpaired t test was performed for samples with n~10 and a
Mann-Whitney test was performed for smaller samples. A p-value <
0.05 was considered as significant in either case (@ = 0.05).
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Atypical hemolytic uremic syndrome (aHUS) is a severe disease characterized by
microvascular endothelial cell (EC) lesions leading to thrombi formation, mechanical
hemolysis and organ failure, predominantly renal. Complement system overactivation
is a hallmark of aHUS. To investigate this selective susceptibility of the microvascular
renal endothelium to complement attack and thrombotic microangiopathic lesions, we
compared complement and cyto-protection markers on EC, from different vascular beds,
in in vitro and in vivo models as well as in patients. No difference was observed for
complement deposits or expression of complement and coagulation regulators between
macrovascular and microvascular EC, either at resting state or after inflammatory
challenge. After prolonged exposure to hemolysis-derived heme, higher C3 deposits
were found on glomerular EC, in vitro and in vivo, compared with other EC in culture and
in mice organs (liver, skin, brain, lungs and heart). This could be explained by a reduced
complement regulation capacity due to weaker binding of Factor H and inefficient
upregulation of thrombomodulin (TM). Microvascular EC also failed to upregulate the
cytoprotective heme-degrading enzyme heme-oxygenase 1 (HO-1), normally induced by
hemolysis products. Only HUVEC (Human Umbilical Vein EC) developed adaptation to
heme, which was lost after inhibition of HO-1 activity. Interestingly, the expression of KLF2
and KLF4—known transcription factors of TM, also described as possible transcription
modulators of HO-1- was weaker in micro than macrovascular EC under hemolytic
conditions. Our results show that the microvascular EC, and especially glomerular EC,
fail to adapt to the stress imposed by hemolysis and acquire a pro-coagulant and
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Heme and Glomerular Thrombotic Microangiopathy

complement-activating phenotype. Together, these findings indicate that the vulnerability
of glomerular EC to hemolysis is a key factor in aHUS, amplifying complement
overactivation and thrombotic microangiopathic lesions.

Keywords: atypical hemolytic uremic syndrome, complement system, endothelial cells, heme, heme oxygenase-1,

thrombomodulin

INTRODUCTION

The atypical hemolytic uremic syndrome (aHUS) is a rare,
kidney-predominant, thrombotic microangiopathy (TMA)
associated with the formation of fibrin-platelet clots in
microvessels which trigger mechanical hemolysis (1). A
dysregulated complement alternative pathway (AP) plays a
key role in aHUS, as suggested by genetic abnormalities in AP
proteins found in up to 60% of patients (2, 3) and the efficacy of
anti-C5 therapy (4). Although the complement overactivation is
systemic, a particular renal tropism of the TMA lesions exists,
and injury of others organs is unusual in aHUS (5-10% of
patients) (2, 5).

This susceptibility of renal endothelial cells (EC) to
complement overactivation remains poorly understood. Despite
the morphologic and functional differences between glomerular
EC and other microvascular EC, no major differences were
observed in the basal expression of complement regulators or
complement component C3 deposits in resting state (6-10). The
high expression of complement proteins in kidneys could explain
the greater susceptibility of glomerular EC to complement attack.
The EC-derived C3 and Factor B are, however, present at lower
concentrations in kidney compared to the liver-derived C3 and
FB in blood, to which endothelium is exposed in vivo. Additional
factors are necessary to fully explain the vulnerability of the
glomerular endothelium to complement-mediated injury and
TMA in aHUS.

Cell-free hemoglobin and heme, released during hemolysis,
are potent promoters of pro-inflammatory and pro-oxidant
effects (11-13) and can induce EC phenotypical changes,
affording them complement activating properties (8, 14,
15). Under hemolytic conditions EC also up-regulate the
cytoprotective heme-degrading enzyme heme oxygenase 1
(HO-1) (15), and this overexpression was associated with
increased resistance to complement activation in HUVEC (16).
Nevertheless, the implication of HO-1 in the protection of
glomerular endothelium has not, to our knowledge, been studied.

We here show that endothelial heterogeneity is apparent
under hemolytic conditions: the microvascular EC, and
particularly the glomerular EC, become vulnerable to injury
through differences in their C3 regulation and heme degradation
compared with macrovascular EC. These results might explain,
at least in part, the renal tropism of complement-mediated TMA
lesions in aHUS.

MATERIALS AND METHODS

Reagents
The oxidized form of heme (hemin, ferriprotoporphyrin
IX), designated as heme, (Sigma or Frontier Scientific) and

Sn(IV) mesoporphyrin IX (SnMPIX) (Frontier Scientific) were
suspended at 10mM in 50mM NaOH, 145mM NaCl, and
therafter diluted in the appropriate vehicle (medium for culture
cells, PBS for animal experimentation).

Animal Experimentation

All experiments were conducted in accordance with the
recommendations for care and use of laboratory animals of the
French Ministry of Agriculture and with the approval of the
Charles Darwin Ethics Committee for animal experimentation
(Paris, France) number APAFIS#3764-201601121739330v3.
Six to eight-week-old female C57Bl/6 mice from Charles
River Laboratories (L Arbresle, France) were treated with
intraperitoneal injection of 200 wL phosphate buffer saline (PBS,
Dulbeco) or freshly prepared heme (40 wmol/kg corresponding
to 27 pg/g body weight) at day 0 and 1. At day 2 mice were culled
and the organs were then recovered: kidneys, lungs, heart and
skin (1 cm?®) were preserved directly in plastic molds containing
optimal cutting temperature (OCT) compound, placed on dry
ice and frozen. Brains were otherwise frozen in isopentane at
—70°C to preserve the tissue architecture before being placed in
OCT and frozen.

Immunohistochemistry (IHC) and

Immunofluorescence (IF)

Frozen organs sections (6 jum) were fixed in acetone. The primary
antibodies were: Heme Oxygenase-1 (HO-1; rabbit anti-mouse,
Abcam Ab13243, 5pg/ml), C3b/iC3b (rat anti-mouse, Hycult
biotech, HM1065, 1pg/ml), Thrombomodulin (TM; rabbit
anti-mouse, R&D systems, MAB3894, 20 ug/ml), CD31 (rat
anti-mouse, Abcam Ab7388, 2 ug/mL), von Willebrand Factor
(VWF; sheep anti-mouse, Abcam, Ab11713, 1/100). Staining was
revealed by goat anti-rabbit AF647 (Thermoscientific, A21244,
5png/mL) or goat anti-rat AF555 (Thermoscientific, A21434,
5ug/mL). Slides were scanned by Nanozoomer (Hamamatsu)
and AxioScan (Zeiss) for IHC and IF, respectively.

Endothelial Cells Assays

Cells Culture

Human umbilical vein endothelial cells (HUVEC—a model
of macrovascular EC), a human dermal EC line (HMEC—a
microvascular EC model), conditionally immortalized (GENC)
and human primary (HRGEC) glomerular EC were compared.
HUVEC (n = 7 donors) were obtained from CHU Lille (France),
HMEC were from ATCC (17) (US), GENC were from Dr. Satchell
(Bristol, UK) (18) and HRGEC (n = 3) were from iCelltis
(Toulouse, France). Cells were cultured as previously described
(9, 10, 18): briefly, the growth medium was M199 20% fetal calf
serum and 20% EGM2-MV (Lonza) for HUVEC, and EGM2-
MYV for the other cell types. HUVEC and HRGEC were used for
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experiments until passage 4, HMEC between passages 2-7 and
GENC between passages 23 and 30. Cells were exposed to heme
at indicated doses overnight or for 30 min in serum-free medium
OPTI (Thermo Fisher), or overnight to the pro-inflammatory
cytokines TNFa and IFNy (PeproTech) at 10ng/ml and 103
U/ml in complete medium, respectively. Alternatively, HUVEC
were exposed to heme or SnMPIX overnight before being re-
challenged, or not, with 50 wM of heme. Dead cells were removed
by washing. Normal human serum (NHS) was used as a source of
complement.

Flow Cytometry

Cells were washed, detached, labeled and analyzed by flow
cytometry (BD LSR II), and the data assessed using FCS
Express software (De Novo software). Antibodies were diluted
in PBA (PBS, BSA 0.5%, Azide 0.1%): anti-C3c (Quidel, A205,
10 wg/ml), anti-FH (antiFH#1, Quidel, A229, 55 ug/ml), anti-
MCP-PE (Bio Rad, MCA2113, 10 pg/ml), anti-DAF (Bio Rad,
MCA1614, 10 pg/ml). Staining was revealed by goat anti-mouse
IgG PE (Beckman Coulter, IM0551). Cell viability was followed
by annexin V-APC/DAPI staining (BD Bioscience).

RTqPCR

RNA extraction from cells was performed with a Qiagen
kit. Quality and quantity of RNA were measured by an
Agilent 2100 Bioanalyzer (Agilent Techonologies). RNA
Integrity Number was considered acceptable if >9. After
standard RT-PCR, amplification of cDNA was proceeded with
following probes: actin-4332645, TM-hs00264920-s1, HO-1-
hs01110250_m1, KLF2-Hs00360439_g1, KLF4-Hs00358836_m1,
NRF2-Hs00975961_gl1, BACHI1-Hs00230917_ml. Data were
analyzed by SDS2.3 and RQ manager software. The mean cycle
threshold (CT) values for both the target and internal control
(B-actin) were determined for each sample. The fold change
in the target gene, normalized to B-actin and relative to the
expression of untreated HUVEC, was calculated as 2-AACT
(19).

Western Blot (WB)

Cells were lysed in RadiolmmunoPrecipitation Assay (RIPA)
buffer and deposited at 10pg/ml on 10% pre-casted gels
(Life Technology). After transfer, the HO-1 and actin were
probed by a rat anti-human HO-1 IgG2b (R&D systems,
MAB3776, 2ug/ml) and a rabbit anti-actin (Sigma Aldrich,
A2066, 1/10000). Secondary antibodies were goat anti-rat I1gG-
HRP (R&D systems, HAF005, 1/5000) and goat anti-rabbit IgG-
HRP (Santa Cruz Technology, sc-2004, 1/10000). Blots were
revealed by chemiluminescence (Super Signal West, Extended
Duration Substrate, Thermoscientific myECL).

Study of C3b Cleavage

To study the contribution of TM to the cleavage of C3b by
Factor I (FI) in the presence of Factor H (FH) as a cofactor,
purified C3b (Calbiochem), diluted in Tris buffer (10 mM, NaCl
40 mM, pH7.4) at 20 pg/ml (300 1), was incubated with human
albumin (CSL Behring, 10 pg/ml), TM (R&D Systems, 10 jug/ml,
10 pl), or without protein for 10 min on ice. FH (20 pg/ml, 10

1) was added on ice for 10 min. Each sample was separated into
4 tubes, and 4 pl of FI (10 pg/ml) was added per tube. DT T-Blue
Reducing sample buffer (13 L) was added at t = 0, 30 s, 2 min or
10 min to stop cleavage of C3b. Samples were denatured, resolved
on a 10% gel and transferred onto a nitrocellulose membrane.
The antibodies used for visualization by WB were an anti-C3
polyclonal goat antiserum (Merck Millipore, 204869, 1/5000)
and a goat anti-rabbit antibody IgG-HRP (Santa Cruz, sc-2004,
1/5000).

Patients’ Kidney Biopsies

Biopsies from two aHUS patients - P1 carrying C3 p.R161W [C3
gain of function (9)] and P2, having homozygous FH mutation
p-C564F (FH deficiency)—were retrieved from the archive of the
Pathology Institute of CHU Lille, France. P1 had a hemolytic
anemia and histological analysis described typical lesions of
glomerular and arteriolar TMA. Hemolysis was corrected at the
moment of P2 biopsy, which reported predominant chronic
TMA lesions, characterized by vessel wall thickening and
thrombotic occlusion of many arterioles. Perls’ Prussian blue
staining identified hemosiderin deposits. Immunohistochemical
analysis for HO-1 (rabbit anti-HO-1, Abcam) was performed
on deparaffinized slides using Ventana XT autostainer (Ventana
Medical systems). Immunofluorescence with rabbit anti-C3c
(Dako) was performed on frozen slides. Secondary antibodies
were coupled to Fluorescein IsoThioCyanate—FITC (Sigma
Aldrich). A normal protocol, kidney allograft biopsy performed
3 months after transplant was used as a negative control and
biopsies of two patients with chronic hemolysis (hemolysis
associated with prosthetic heart valve) were used as positive
controls for hemosiderin detection and tubular staining of
HO-1 (20). Whole slides were scanned or analyzed by an
Olympus microscope (Life Sciences Solutions) or Nanozoomer
(Hamamatsu).

Statistics

Statistical analysis was performed with R software (21). The
ggplot2 package (22) was used for graphical representations.
Data are presented as medians and interquartile ranges. After a
Kruskal-Wallis test, a Dunn’s test was used for multiple pairwise
comparisons. A p-value <0.05 was considered significant.

RESULTS

Heme-Induced C3 Fragment Deposition

With a Particular Renal Tropism in vivo
We performed a comparative analysis of the deposition of C3
activation fragments in mouse organs under control conditions
(injection of PBS) and after administration of heme using IF
(Figure 1) and IHC (Supplementary Figure 1). No structural
differences were detected in the kidneys or livers of heme-
injected mice (Periodic Acid Schiff (PAS) and hematoxylin,
eosin, saffron (HES) staining), in agreement with previous
observations (13).

IHC staining for C3 activation fragments revealed
minimal/absent staining in the three tested organs: kidney,
heart and liver of PBS-injected mice. In heme-injected mice,
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FIGURE 1 | Heme-induced complement C3 fragment deposition with a particular renal tropism in vivo. (A-F) C3b/iC3b staining (red), wWF staining (green) and
colocalization vVWF—C3b of frozen kidney x15 (A), heart x15 (B}, liver x8 (C) brain x8 (D), skin x15 (E), and lung x5 (F); sections of mice treated with PBS (negative
control, upper panel) or heme (lower panel) studied by immunofluorescence. Representative images of 3 independent experiments with 3 or 5 mice per group.

significant deposits were observed in kidney glomeruli,
while only minimal effects were observed in heart or liver
using this technique (Supplementary Figures 1A-C). We
also studied the C3 fragment deposition using the more
sensitive IF method. C3 staining was detected in kidneys
of PBS-injected mice, located along the tubular basement
membrane and in the Bowman’s capsule (Figure1A); it
was minimal/absent in heart, liver, brain, skin and lungs
of these mice (Figures1B-F). In the presence of heme,

strong C3b/iC3b staining was detected in kidneys (Figure 1A,
Supplementary Figure 1D) contrary to heart and brain
(Figures 1B,D). To a lesser extent, deposits were also revealed
in liver, skin and lungs (Figures 1C,E,F). In the heme-exposed
kidneys themselves, C3 fragment deposits were observed in
vessels, intra-glomeruli, along the tubular basement membrane
and in the Bowman’s capsule. C3 deposits were detected on the
glomerular EC, as seen by double staining for C3b/iC3b and
VWF (Supplementary Figure 1D).
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Long-Term Exposure to Heme Rendered
Glomerular Endothelial Cells Susceptible

to Complement Activation in vitro

We then tested whether the particular susceptibility of the
glomerular endothelium to C3 activation fragment deposition
could be reproduced in vitro, using cultured human EC from
different vascular beds (Figure2A). We compared human
primary (HRGEC) and conditionally immortalized (GENC)
glomerular cells with HUVEC (as a macrovascular EC model)
and human microvascular EC line (HMEC), for their capacity
to activate complement after exposure to heme. In accordance
with the in vivo data, C3 deposits were significantly higher
on glomerular EC (GENC and HRGEC) than on HUVEC and
HMEC (p < 0.05). Overnight exposure to 50,.M heme increased
C3 deposition on average ~2.6 fold on HUVEC, ~4 fold on
HMEC, ~7.5 fold on GENC and ~6 fold on HRGEC compared
with the baseline. No significant difference was observed in terms
of C3 fragment deposition at resting state on the tested EC
(Figures 2B,C).

Others TMA-related stimuli were tested, such as exposure to
pro-inflammatory cytokines TNFa and IFNy (deemed pertinent
as the primary trigger for aHUS could be an infection) or brief
exposure (30 min) to heme [since hemolysis has been proposed as
a secondary hit for aHUS (8)]. In both cases HUVEC and GENC
showed a similar response profile, with increased C3 fragment
deposition from NHS, but without significant difference between
the cell types in either the resting state or in the 30 min heme-
exposed cells, while GENC had lower levels of C3 deposition
compared to HUVEC after activation by the pro-inflammatory
cytokines (p < 0.0001) (Figure 2D).

The Increase of C3 Deposition on
Glomerular EC Correlates With a Weaker
FH Binding

Most cells adapt over the long term to resist to heme overload.
Therefore, we compared the binding/expression of complement
regulators after overnight exposure to heme (Figure 3). We
detected a heme-concentration-dependent increase of FH
binding from NHS, significantly higher on HUVEC, compared
with the glomerular EC (p < 0.05) (Figures3A,B). The
expression of MCP and DAF did not differ among the four tested
EC types at resting state (Supplementary Figures 2A,B), while
under hemolytic conditions MCP decreased to a similar level for
the four cell types and DAF displayed a heterogeneous behavior
(Figures 3C,D).

TM Is Inefficiently Upregulated on
Heme-Exposed Microvascular EC in vivo

and in vitro

The susceptibility of microvasculature to TMA could be
related not only to lower resistance to complement but
also to inefficient thromboresistance or regulation of the
coagulation cascade. TM is a key factor in reducing blood
coagulation, but may serve also as complement regulator
(23). Here, TM accelerated the cleavage of C3b to iC3b by

FI, leading to the appearance of the w43 fragment at 30s
with a time-dependent increase; this band was invisible in
the presence of albumin (irrelevant protein) or buffer at
30s, appearing later (2min) with a time-dependent increase
(Figure 4A).

In vitro, the expression of TM did not differ among the four
tested EC types at resting state (Supplementary Figure 3). After
prolonged exposure to heme, TM gene expression (Figure 4B)
increased in HUVEC (gene expression ~6.1 fold at 50 puM
heme, compared to baseline), while it was significantly lower
in HMEC, GENC, and HRGEC (p < 0.05) compared with
HUVEC. The TM level was also evaluated in different organs
of heme-injected mice (Figure 4C). No difference was detected
in glomeruli (strong basal staining) nor in heart or brain
of heme- vs. PBS-injected mice. In contrast, a tendency
toward an increase of TM was detected in skin, and a
significant 18-fold increase of TM staining was found in the
large vessels of the livers from heme-injected mice compared
with PBS controls (p < 0.05). Surprisingly, an over 30-fold
decrease of TM was seen in the lungs’ microvasculature of
heme-injected mice compared with controls (p < 0.0001)
(Figure 4C).

Heme Oxygenase-1 (HO-1) Is Inefficiently
Upregulated on Microvascular and
Particularly on Glomerular Endothelium by

Heme in vitro and in vivo

The susceptibility of the kidney to TMA lesions could be also
related to a reduced resistance to oxidative stress and inefficient
heme-degradation. HO-1 is the major heme-degrading enzyme
and its expression is inducible after cell stress (15).

In mice, at basal condition (PBS), HO-1 staining was negative
in the kidney (Figure 5A) as well as in others studied organs
(Figures 5B-F). After heme injection, HO-1 staining was intense
in the proximal tubules, but remained negative in glomeruli
(Figure 5A, Supplementary Figures 4A,B). The same results
were observed by IHC. Only minimal HO-1 staining was detected
in some cases in heme-exposed glomeruli, corresponding to
the glomerular epithelial cells and not endothelial cells in
agreement with previous reports for human glomeruli (24); HO-
1 expression was not detected in the brains of the heme-treated
mice either. HO-1 labeling was positive in heart, liver, skin
and lungs of heme-treated animals (Figures 5B-F), and visual
colocalization with blood vessels was observed. In the skin, the
HO-1 expression was particularly strong in the vessels of the hair
follicles.

In vitro, heme-treatment induced ~92.3 fold increased
HO-1 gene expression on HUVEC, compared to baseline
(Figure 6C).This increase was weaker in the other cell types: ~5.9
fold on HMEC (p < 0.05), ~26.6 fold on GENC (p < 0.05)
and ~17 fold on HRGEC (p < 0.05). HO-1 protein expression
level in HUVEC, and to a lesser extent HMEC, increased with
increasing heme concentration (Figures 6A,B—note that HMEC
are derived from cells isolated from human foreskins and lack
hair follicles). Meanwhile, HO-1 expression on both glomerular
EC types was only weakly detected.
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FIGURE 2 | Influence of heme and cytokines on C3 fragment deposits on cultured human EC. (A) Experimental settings of figures (B-D) study by flow cytometry of
C8b/iC3b deposition on cultured human EC (HUVEC, HMEC, GENC, HREGC), pretreated with medium only, TNFa/IFNy overnight, or 50 1M of heme (30 min or
overnight) before incubation with 33% NHS diluted in M199 culture medium and non-enzymatic detachment. (B) C3b/iC3b fragment deposits on resting EC (gray
histograms) or EC treated overnight with 50 uM of heme (red histograms). Isotype control IgG1 appears as a black histogram (Iso). Representative histograms of 3
independent experiments. (C) Quantification of C3b/iC3b fragments deposition on the four EC types, studied as a function of the dose of heme overnight (n = 3-5).
(D) Quantification of C3b/iC3b fragments deposition on HUVEC and GENC pretreated with medium only, TNFa/IFNy overnight, or 50 uM of heme (30 min) (n = 3-5).
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HO-1 Is Inefficiently Upregulated in

Patients’ Glomerular Endothelium

In kidney biopsies of patients with hemolysis—aHUS or
with prosthetic cardiac valve—IHC with anti-HO-1 revealed
a tubular staining proportional to the degree of hemolysis
observed by hemosiderin deposition by Perls’ Prussian blue
staining (Figure 6D). Glomerular endothelium HO-1 staining
was negative (Figure 6E). No hemosiderin deposition, HO-
1 mesangial or tubular stainings were detected in negative

controls. It should be noted that all biopsies, even negative
controls, displayed non-specific staining due to capture
of the antibody by erythrocytes. Positive staining was
nevertheless detected on podocytes, in agreement with
previous observations (25). Similar to the mouse results,
weak positive C3 staining was detected in some glomeruli
of cardiac valve patients, while intense deposits were
observed in the patients with complement abnormalities
(Figure 6F).

Frontiers in Immunology | www.frontiersin.org

December 2018 | Volume 9 | Article 3008


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

May et al. Heme and Glomerular Thrombotic Microangiopathy

A B E3HUVEC
ESHMEC
i i i i B G 15] EIGENC
MW 0 30" 2' 10 0 30" 2 10 0 30" 2 10 C3 fragments '% # HRGEC
150 K=,
100 — o bt i <«— o’ (110kDa) =
80 = 510
| - B(75kDa) 7 |
¢ a67 (67kDa) 3 M
50 - <5 /A -
e <— 43(43kDa) ; T
— - N,
Buffer Albumin Thrombomodulin B g il el B il

0 125 25 50
Heme, pM

Kidney Heart Liver

PBS
Heme
R o5 0.0
&
g 0.06 [——]
s 010 0.05
= —_— — 0.04 P —
= oos aie
0.00 0.00 0.00
P8BS Heme P8BS Heme PBS Heme
Brain Skin
PBS
Heme

0.003 0.0100 03
0
& 0.0075
o 0002 == 0.2
&
< 0.0050
8
“

0.001 0.1
= 0.0025
=

0.000 0.0000 0.0

PBS Home PBS Heme PBS Heme

FIGURE 4 | Influence of heme on the TM expression in vitro on cultured human EC and in mice. (A) Functional activity of TM as complement regulator, studied using
purified protein by western blot. C3b is composed of 2 chains, « and B, visible by WB as 2 bands. The a chain is cleaved by Fl to give two new bands: a67 and a43.
The intensity of these bands reflects the level of C3b conversion to iC3b. Incubation of C3b with FH and Fl led to cleavage of C3b to iC3b in a time-dependent
manner. Addition of TM accelerates the cleavage of C3b compared to albumin and buffer controls. (B,C) HUVEC, HMEC, GENC, and HRGEC were incubated with
increasing concentrations of heme overnight and mRNA was extracted. Gene expression of (B) TM was measured by RTgPCR, (n = 3). (C) TM staining (in red) was
studied by IF in frozen kidney (x15), heart (x15), liver (x8), brain (x8), skin (x15), and lung (x5) sections of mice treated with PBS (negative control) or heme.
Representative images of 5 mice per group. Lower panels: quantification of TM staining in organs sections of PBS (white) and heme-injected mice (gray).
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FIGURE 5 | Comparison of HO-1 expression in different organs after heme injection in mice. (A-F) vVWF (green) staining, HO-1 (red) staining and colocalization on
frozen kidney (x15), heart (x15) liver (x8), brain (x8), skin (x15), and lung (x15) sections of mice, injected with PBS (upper panel) or heme (lower panel), studied by IF.

Representative results of 3 independent experiments with 3 or 5 mice per group.

HO-1

>
e

Glomerular EC Fail to Accommodate a
Second Challenge With Heme and Show
Enhanced C3 Deposition

The HO-1 up-regulation is accompanied by accommodation
and a gain in complement resistance in HUVEC (16). We
here compared the C3 deposition on the four EC types after
incubation overnight with different doses of heme (to induce
HO-1 upregulation), followed by a second challenge with 50 uM
of heme for 30 min and exposure to serum (Figure 7A). The

30 min heme-exposure caused about a 2-fold increase of the C3
deposition on EC not receiving heme overnight (not shown).
Exposure to heme overnight followed by 50 M heme for
30 min produced a dose-dependent decrease in C3 deposition
on HUVEC, but an increase on glomerular EC (Figure 7B).
C3 deposits decreased by ~50% on HUVEC, while they
significantly increased by ~8 fold on GENC and ~3 fold on
HRGEC (p < 0.05) compared with HUVEC. HMEC showed
an intermediate phenotype with C3 deposition comparable to
baseline.
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carrying complement mutations were tested.
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To find out to what extent this protective effect in HUVEC
was HO-1 dependent, the HO-1 expression was induced by
pre-incubation with another porphyrin of similar structure to
heme (SnMPIX) but which blocks its activity (26-28). Overnight
exposure of the cells to SHMPIX caused HO-1 expression, albeit
2-3 fold weaker than that induced by exposure to heme, and
no increase of C3 deposition (data not shown). After a second
challenge with heme, no protective effect against complement
of the pre-incubation with SnMPIX was detected at any of the
tested doses (up to 50 wM), contrary to heme which produced a
protective effect after cells were exposed at 12.5 M heme (p <
0.05) (Figure 7C).

TM and HO-1 Expression May Be Parallel
Phenomena, Dependent on the
Transcription Activity of KLF2 and KLF4

HO-1 expression is mainly dependent of the transcription factors
NRF2 and BACH]I, but no major differences were found for their
expression between the four EC types (Figures 7D,E), except
for a slightly lower expression of NRF2 at resting state for the
glomerular HRGEC (p < 0.05).

We then studied transcription factors KLF2 and KLF4 because
they control the expression of TM (29), and KLF4 could also
modulate HO-1 expression (30). For KLF2, a strong dose-
dependent effect was noted in HUVEC with ~9.8-fold increase
compared with untreated cells after exposure to 50 wM of heme
(Figure 7F). The increase in the other cell types was lower
compared to HUVEC, with only ~2, ~3.3, and ~3.8-fold after
exposure to 50 uM heme for HMEC, GENC, and HRGEC,
respectively. Strong KLF4 gene expression was also observed with
increases in heme concentration (Figure 7G). Exposure to 50 uM
heme induced ~25-fold increase of KLF4 level in HUVEC,
but only ~1.26, ~1.1, and ~1.48-fold in the microvascular
HMEC, GENC, and HRGEC, respectively. These results may be
explained, at least in part, by the shared profile of TM and HO-1
expressions in microvascular EC.

DISCUSSION

In this study, we discovered a dichotomy in the phenotypic
adaptation to hemolysis of macro-
endothelium. Macrovascular EC adapted to heme-overload
by up-regulating the heme-degrading HO-1 and the coagulation
and complement regulator TM, as well as exhibiting enhanced
binding of the complement regulator FH. On the contrary,
the microvascular EC, and in particular glomerular EC, were
less efficient at each of these processes (Figure8A), which
resulted in a susceptibility of glomerular endothelium to heme-
driven complement overactivation. These observations may
help to explain the microvascular and renal tropism of the
complement-mediated TMA lesions of aHUS (Figure 8B).

The tropism of TMA lesions for small vessels is a defining
feature of this group of syndromes, but the mechanisms remain
poorly described. Our results and data from the literature suggest
that resting microvascular EC express similar or even higher
levels of complement regulators and TM (6, 31, 32), failing thus to

vs. microvascular

explain their susceptibility to TMA lesions. It is well-established
that the presence of shiga toxin in typical HUS, complement
abnormalities in aHUS, or ADAMTS13 deficiency in thrombotic
thrombocytopenic purpura (TTP) are necessary but not sufficient
in themselves to trigger TMA (1, 33). Inflammatory insult is
a frequently described TMA-trigger. Nevertheless, our results
showed that inflammatory mediators increased complement
activation and decreased TM expression in both micro- and
macrovasular EC, in accordance with previous studies (6, 33—
35). Secondary hits are needed to overcome the tolerable EC
stress and to promote overt endothelial injury and disease
manifestation. Since hemolysis is a hallmark of TMA, it is
tempting to speculate that oxidative stress and cell activation will
be particularly noxious for the microvessels, in the kidney as well
as other organs, amplifying cell damage, complement activation
and thrombosis, contrary to macrovessels.

Hemolysis alone also does not induce renal TMA lesions
(13) but may present a secondary challenge in the presence
of deregulated complement, as in the case of aHUS (7, 8);
indeed, heme activates complement AP directly in serum
and this contributes to the C3 deposits found on EC (8,
11, 36-39). In support of this hypothesis, injection of heme
resulted in a marked renal C3 deposition in mice, localized
predominantly in the glomeruli, and similar to what has been
observed for intravascular hemolysis and injection of cell-free
hemoglobin (39). In contrast to kidneys, our examination of the
heart, liver, brain, skin and lungs showed them to be largely
unaffected by injection of heme, or to have exhibited only
small increases in C3 deposits after injection (summary in the
Supplementary Table 1). In agreement with these in vivo data,
overnight exposure to heme induced stronger C3 deposition
on glomerular EC compared with the macrovascular (HUVEC)
and microvascular (HMEC) cell models. Together, these in
vivo and in vitro observations point toward a vulnerability
of the glomerular endothelium to complement deposition in
the presence of heme. However, the inefficient adaptation to
hemolysis in terms of HO-1 expression and TM up-regulation
was also observed in other microvascular EC, both in vitro and in
vivo, while only glomerular EC were subject to deposition of very
high levels of C3 activation fragments upon exposure to heme.

These particularly elevated complement deposits in kidneys
and glomerular cells may be explained by reduced binding
of FH, the main regulator of the AP of complement (3),
which is the most frequently affected among aHUS patients
[genetic or acquired abnormalities found in >40% of patients
(2, 40, 41)]. Moreover, we confirmed that FH is assisted
by TM in the inactivation of C3b (23, 42, 43) and that
the lower level of TM can further aggravate the inefficient
complement regulation. The underlying mechanism(s) behind
this reduced FH binding require further investigation, but the
combination of decreased FH binding to glomerular EC under
hemolytic conditions with FH mutations or autoantibodies
could contribute to the susceptibility of glomerular EC to TMA
lesions. Interestingly, a recent study also showed that renin, an
enzyme produced specifically in the kidney, could cleave C3
and exacerbate the complement activation (44). The hemolysis-
mediated complement activation could be an additional key
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FIGURE 8 | explain the microvascular/glomerular cell susceptibility of TMA lesions. Our results suggest that hemolysis is a key factor in the vulnerability of the
glomerular EC complement overactivation and TMA. The glomerular EC have a weaker capacity to adapt to hemolysis and to up-regulate cytoprotective and
stress-response genes, such as HO-1 and TM, compared to EC from other organs. This could be related to the lower levels of the transcription factors KLF2 and
KLF4. The inefficient degradation of heme due to the lack of HO-1 will result in stronger heme-mediated complement activation on the endothelium. The weaker
expression of TM will on the one hand contribute to the pro-coagulant phenotype of the EC, and on the other hand contribute to inefficient degradation of the
anaphylatoxins C3a and Cba and assist FH and Fl in degradation of C3b. Finally, FH will bind less to heme-exposed glomerular EC compared to EC of other organs.
This will be further exacerbated in case of complement overactivation, as in aHUS, leading to EC suffering and TMA.

element in this vicious circle, linking renin secretion, vascular
damage and renal failure. Thus, the C3 deposits described in
aHUS kidney biopsies, which are generally considered non-
specific (45, 46), could reflect the complement activation due
to hemolysis and deregulated complement, this last condition
explaining why the C3 deposits are greater in aHUS patients than
in cases of isolated hemolysis (cardiac valve).

The cells’ capacity to express HO-1, to degrade heme and then
detoxify it to cytoprotective metabolites biliverdin and CO, plays
a key role in vascular protection (15, 47). In vitro studies have
shown heme-mediated HO-1 expression in HUVEC (48, 49),
and there is clear evidence for endothelial HO-1 expression in
large vessels of patients with sickle cell disease (50), as well as
in animal models of hemolysis or other stress inducers (51-55).
In contrast, we found only HO-1 upregulation to be minimal
or absent in glomerular EC (in vitro or in vivo), in aHUS
and hemolytic patients, as well as in heme-injected mice. This
observation is in agreement with published images of aHUS
and under other hemolytic conditions (20, 24, 25, 56, 57)
and indicates that glomerular endothelium does not have the
capacity to efficiently up-regulate HO-1 in presence of heme.
HO-1 production is, however, indispensable to the glomerular
protection, as suggested by reported early damages of glomeruli
in case of HO-1deficiency in murine model or in human (47, 58,
59). Mesangial proliferation and thickening of the capillary wall
in accordance with endothelial swelling and detachment were
indeed described in a HO-1 deficient young boy. This early aspect
of mesangioproliferative glomerulonephritis was confirmed from
sequential kidney samples (at 2, 5 and 6 year-old), while tubulo-
interstitial damages advanced more progressively. This could
to be related to the fact that the production of HO-1 within
kidneys would be mainly tubular, while in the glomeruli the
major HO-1 source would be the infiltrating macrophages, not
the intrinsic glomerular cells (60). Further studies are needed
to extend our knowledge on the different ways, that the EC
from different vascular beds manage heme homeostasis, based
on their specific ability to accumulate it, to transport it within
the cell by FLVCRI, to express ferritin, store iron and to
produce reactive oxygen species. Some of these parameters have
been studied for HUVEC and HMEC, especially in the context
of deficiency of the heme transporter FLVCRIa, but data on
glomerular EC are lacking (61). Moreover, a recent study in
the context of leukemia demonstrated that C3a and C5a trigger
phosphorylation of MAPK, followed by downregulation of HO-1
expression in malignant cells (62). If such phenomenon operates
in HO-1 expressing endothelium, complement activation by
intravascular hemolysis and heme release may weaken the
endothelial resistance. In such context, inhibitors of MAPK
(such as SB203580) will result in upregulation of HO-1 and

enhance resistance to hemolysis-derived products as well as to
complement.

A protective role of HO-1 against immune complexes-
mediated complement overactivation has also been described on
HUVEC (16). Here, our results demonstrated a complement-
protective effect of pre-incubation with heme in HUVEC. Ideally,
this phenomenon should be confirmed after HO-1 silencing. In
contrast, the glomerular EC showed a marked increase in C3
deposition. These results, together with the loss of this protective
effect upon HO-1 inhibition in HUVEC, suggest that HO-1
activity for heme degradation contributes to protection against
complement activation in this cell type—a phenomenon which is
not operational in the glomerular endothelium. It is important
to note that glomerular EC were able to upregulate HO-1
after incubation with a very potent inducer, such as CoPPIX
(data not shown), suggesting that the machinery needed for its
synthesis is present and can be triggered after potent stimulation.
Nevertheless, induction of massive hemolysis in vivo was not
strong enough to mediate HO-1 staining in glomerular EC,
contrary to tubuli and podocytes [(13) and data not shown].
Our in vivo experiments also showed that the brain endothelium
failed to upregulate HO-1 after heme injection, but this was
not associated with concomitant deposition of C3 fragments.
Sartain et al. recently demonstrated that brain microvascular
EC express higher levels of complement regulators, compared
to glomerular EC, and had a better capacity for suppressing
the alternative pathway in vitro (32). These findings may help
to explain the occurrence of lower levels of cerebral vessels
complement deposits and the fact that in aHUS, as well as in
shiga toxin HUS, brain manifestations were found in only a
small fraction of patients (63). On the other hand, the inefficient
upregulation of HO-1 in the brain vasculature may contribute
to the cerebral manifestations of TTP (also a TMA disease).
The possible role of HO-1 expression in TTP pathophysiology
requires further studies.

Interestingly, KLF2 (64, 65), and KLF4 (66), which are known
transcription factors of TM, have also been shown to serve as
modulators of HO-1 expression (30). Therefore, the weaker up-
regulation of TM and HO-1 we observed in microvascular EC
could at least in part be related to differences in transcription
regulation. Consistent with these data, other workers have
reported that KLF2 and KLF4 were not significantly upregulated
in glomeruli of aHUS patients compared with controls (67).

The observed differences in gene expression and phenotype
among the tested EC here confirm the utility of HUVEC
and HMEC as model EC types for macro- and microvascular
endothelial, but highlight unique features and responses to
activation in glomerular EC, which could perhaps be better
modeled by glomerular (primary or cell line) EC in culture. A
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limitation of our work is that, although we observed correlations,
we do not provide direct evidence linking HO-1 and complement
deposits in vitro, for which the knock out/knock in strategy
would have been useful. Also, providing in vivo evidence that
up-regulation of HO-1 could prevent complement activation and
TMA lesions in a mouse model of aHUS was outside the scope of
this study.

In conclusion, we have shown that when compared with
macrovascular EC, microvascular EC, and glomerular EC in
particular, are vulnerable to complement-mediated TMA at
least in part because of their failure to adapt to hemolysis,
to up-regulate cytoprotective and stress-response genes such as
HO-1 and TM, and to bind FH (Figure 8B). We hypothesize
that local, subclinical microthrombosis due to a primary
triggering event (infection, pregnancy) will cause mechanical
hemolysis in the kidney. By amplifying complement activation
and pro-thrombogenic traits, heme will exacerbate endothelial
activation. Once the threshold of tolerance is reached, this
heme-induced endothelial and complement overactivation could
sustain and perpetuate the TMA lesions. Together, our
results indicate that the vulnerability of the glomerular
EC to hemolysis is a key factor, predisposing them to
complement overactivation and TMA, as seen in aHUS. The
heme scavenger protein hemopexin has been efficient in
preventing hemolysis-mediated C3 deposition in kidneys in a
mouse model of intravascular hemolysis and on endothelial
cells in vitro (39), as well as in models of stasis in
sickle cell disease (68) or other hemolytic conditions (69).
Therefore, heme-blocking agents may be explored as novel
therapeutic strategies to prevent microvascular injury in TMA
diseases.
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Renal Cortical Necrosis in Postpartum Hemorrhage:
A Case Series
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Background: Pregnancy-related renal cortical necrosis may lead to end-stage renal disease. Although this
obstetric complication had virtually disappeared in high-income countries, we have noted new cases in France
over the past few years, all following postpartum hemorrhage.

Study Design: Case series.

Setting & Participants: We retrospectively identified 18 patients from 5 French nephrology departments
who developed renal cortical necrosis following postpartum hemorrhage in 2009 to 2013.

Outcomes: Obstetric and renal features, therapeutic measures, and kidney disease outcome were studied.

Results: All patients had a severe postpartum hemorrhage (mean blood loss, 2.6 + 1.1 [SD] L). Hemo-
dynamic instability and disseminated intravascular coagulation were reported in 5 and 11 patients, respec-
tively. All developed rapid onset of acute kidney injury and required hemodialysis. Diagnosis of renal cortical
necrosis was performed 4 to 33 days following delivery. At 6 months postpartum, 8 patients remained dialysis
dependent and none recovered normal kidney function. The length of exposure to tranexamic acid treatment
was significantly more prolonged in women whose estimated glomerular filtration rate remained <15 mL/min/
1.73m?2 (7.1 £ 4.8 vs 2.9 = 2.4 hours; P = 0.03).

Limitations: Retrospective study; small sample size.

Conclusions: In the setting of gravid endothelium, the conjunction of disseminated intravascular coagu-
lation with the life-saving use of procoagulant and antifibrinolytic agents (recently implemented in France in a
postpartum hemorrhage treatment algorithm) may give rise to a risk for uncontrolled clotting in the renal cortex
and hence irreversible partial or diffuse cortical necrosis.

Am J Kidney Dis. 68(1):50-57. © 2016 by the National Kidney Foundation, Inc.
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France.

Pregnancy—related acute kidney injury (AKI) is a
rare complication in high-income countries,
with an estimated incidence from 1.5 to 4.5 per
10,000 deliveries.'” Except for women with pre-
existing hypertension or chronic kidney disease, the
long-term outcome of pregnancy-related AKI is usu-
ally favorable unless renal cortical necrosis (RCN)
occurs.”” RCN is defined as ischemic destruction
of the renal cortex secondary to a prolonged de-
crease in renal arterial perfusion (vascular spasm,

microvascular injury, or intravascular coagulation).’
Obstetric RCN is especially associated with massive
hemorrhage due to placenta previa, abruptio
placentae, postpartum hemorrhage (PPH), or other
severe complications such as amniotic fluid embolism
and septic abortions.”*

The incidence of pregnancy-related RCN is
declining in developing countries, but it remains
relatively high (5.2% and 30% of pregnancy-related
AKI in Eastern India’ and Pakistan,'” respectively).
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However, in high-income countries, there are no
recent reports of obstetric RCN, suggesting that this
syndrome has virtually disappeared. In France, where
most cases were triggered by puerperal sepsis due to
Clostridium perfringens, the adoption in 1975 of the
Veil Law authorizing abortion more or less eradicated
this syndrome. Hence, the report of several cases of
pregnancy-related RCN in Northern France during the
past few years was noteworthy. In the Nord-Pas de
Calais area (4 million inhabitants), only 2 cases of
RCN were noted in 1988 to 2008, as opposed to 9
cases in 2009 to 2013, all of which occurred in the
aftermath of PPH. This observation prompted us to
study French cases of RCN following PPH, with the
aim of describing these new events and highlighting
the potential factors for inferior kidney disease
outcome.

METHODS

Patients and Definitions

This is a retrospective series of 18 French adult cases of ob-
stetric RCN from January 2009 to December 2013. Patient charts
were obtained with help from the French Society of Nephrology
by a call for clinical cases, and this study was approved by the
relevant institutional ethics committee. Patients were included af-
ter informed consent according to the following criteria: (1) diffuse
or patchy RCN, (2) subsequent PPH (estimated blood loss >
500 mL following vaginal birth or > 1,000 mL after caesarean
section), and (3) requiring hemodialysis for 7 or more days.

Diagnosis of RCN was performed either by kidney biopsy or
functional imaging, such as magnetic resonance imaging (MRI),
contrast-enhanced ultrasonography (CEUS), or contrast-enhanced
computed tomography (CECT). No signal intensity in T2- and
gadolinium-enhanced T1-weighted MRI'' or the lack of
enhancement in CEUS'? and CECT"? within the cortex of both
kidneys was considered as RCN. A central review (L.L.) of 12
MRIs was performed to characterize the lesions as diffuse or
patchy: a continuous lack of enhancement along the renal cortex
was defined as a diffuse RCN, whereas it was considered as patchy
if lesions were discontinuous or limited to only part of the kidney.
Gestational hypertension, proteinuria, and preeclampsia were
defined as previously described.'* Hemodynamic instability was
defined as arterial systolic blood pressure < 90 mm Hg and/or use
of vasopressor therapies. Hemolysis was defined as the simulta-
neous measure of haptoglobin level < 0.3 g/L and lactate dehy-
drogenase level > 500 UI/L. Hepatic cytolysis was characterized
by liver test results (serum aspartate and/or alanine aminotrans-
ferase) that were greater than 3 times the standard. Disseminated
intravascular coagulation (DIC) was defined as a high p-dimer
level associated with 1 major criterion (thrombocytopenia < 50 g/L.
or prothrombin time < 50%) or 2 minor criteria (platelet count
ranging from 50-100 X 10°/L and/or prothrombin time from 50%-
100% and/or fibrinogen < 1 g/L). Oliguria and anuria were
defined as urinary volume = 500 or = 50 mL/d, respectively.
From 3 months postpartum, kidney function was evaluated by
estimated glomerular filtration rate using the 4-variable MDRD
(Modification of Diet in Renal Disease) Study equation.

Statistical Analysis

Quantitative variables were expressed as mean * standard de-
viation, and qualitative variables were expressed as percentage.
The normal distribution of quantitative variables was analyzed
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using Shapiro-Wilk test. Characteristics of patients who recovered
partial kidney function (estimated glomerular filtration rate =
15 mL/min/1.73 m? at 6 months postpartum) were compared with
those of patients who did not by %> or Fisher exact test for qual-
itative variables and ¢ test or Mann-Whitney test for quantitative
variables, as appropriate. Results were considered statistically
significant for P < 0.05. All analyses were conducted using SPSS,
version 15.0, statistical software (IBM).

RESULTS

Demographic and Obstetric Data

The main features of the 18 patients with RCN are
detailed in Table 1. Mean age at diagnosis was 33.4
(range, 27-40) years. Eleven (61%) patients were
primiparous and 7 (39%) had a twin pregnancy. The
relevant previous obstetric histories were preeclamp-
sia in patient 4 (P4) and P10 and 3 miscarriages in
P17. None of the patients was known to have a ne-
phropathy or other significant disease, except for P10
and P12, who had uncomplicated type 1 diabetes and
factor XI deficiency, respectively. Gestational hyper-
tension without proteinuria had occurred in 4 patients
(P1, P2, P10, and P12), of whom 2 had required
treatment.

Mean pregnancy term was 37.2 weeks. Labor was
induced in 12 (67%) patients because of term preg-
nancy (n = 4), technical reasons (twin pregnancy or
macrosomia; n = 3), or maternal rescue (sepsis due
to chorioamnionitis, preeclampsia, or HELLP [hemo-
lysis, elevated liver enzymes, low platelet count]
syndrome; n = 5). A caesarean section was performed
in 10 (56%) patients owing to unsuccessful vaginal
delivery in 8 of them. All deliveries were complicated
by severe PPH (blood loss > 1,000 mL) mainly due to
uterine atony (83%) or caused by DIC (P4), abruptio
placentae (P12), and amniotic fluid embolism (P13)
in the remaining cases. Average blood loss was
2.6 L = 1.1 L. At admission to the intensive care unit
(ICU), all patients had thrombocytopenia and 11
(61%) had DIC. Hemolysis and hepatic cytolysis were
noted in 8 of 15 (53%) and 10 of 18 (56%) patients,
respectively. These abnormalities followed delivery,
except in P10, who had HELLP syndrome. Throm-
bocytopenia and hemolysis regressed spontaneously
in 2 to 13 days.

With regard to the PPH treatment, mean volume of
packed red blood cells was 1.45 = 0.9 L and mean
volume of resuscitation fluid was 3.4 = 1.3L as
colloid solution (1.8 = 1.4 L) and/or crystalloid solu-
tion (1.6 = 1.2 L). Fibrinogen concentrates were given
to 15 patients (mean, 5.4 = 2 g). All patients received a
loading dose of tranexamic acid (TXA) of 1 to 4 (mean,
1.8 = 0.9) g, followed in 16 patients by a “maintenance
dose” ranging from 0.5 to 1 g/h over 2 to 16 (mean,
5 £ 4.3) hours. Mean cumulative TXA dose varied
from2to 11 (mean, 5.3 = 2.8) g. In addition, 15 (83%)
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Table 1. Characteristics of the 18 Patients

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Clinical features
Age, y 32 32 31 38 29 30 39 27 35 29 34 35 39 28 34 36 40 33
Gestational age, wk® 37 36 38 18 38 41 41 37 38 37 39 33 41 37 41 41 38 38
Peripartum data
Pregnancy disorders PE PE —  Sepsis — — — — —  HELLP PE — — — — — —
Blood loss, L 3 1.7 1.9 1.3 2.6 1.5 21 4.2 1.7 2.6 2.2 1.8 25 3.5 2.1 1.9 5.6 4.6
Hemodynamic instability - - - + - - - + - - - - + + — + — —
First 24-h urinary volume, L 0.2 0.25 0 0.15 0.3 1.3 0.03 0.5 0.2 0.25 0.3 0.5 0.1 0 0.15 0.1 0 0.03
Laboratory data on ICU admission
Creatinine, mg/dL 1.9 2.6 3.7 25 1.4 2.9 2 1.5 2 3.2 41 1.9 1.8 1.9 21 1.9 3.3 1
Hemoglobin, g/dL 9.5 8.5 6.2 8.9 10.5 8.8 8.7 7.3 7.7 8.9 8.3 9.9 10.5 7.4 7.6 9.2 6.7 9.3
Haptoglobin, g/L <0.07 <0.07 0.72 NA 0.31 128 <01 <0.07 055 <0.07 0.1 283 <02 008 037 1.31 <0.07 <0.07
LDH, Ul/L 2,256 1,856 1,784 4,076 3,526 4,346 NA 2318 2,125 4,726 3,222 659 NA 1,593 2,284 1,570 2,152 1,324
Platelet count, x10%L 39 23 93 48 53 43 75 30 51 58 86 63 79 79 55 37 58 57
Hepatic cytolysis - + + + - + - - + + + - - + - + + -
DIC + + + + - + - + - + + - + + + - - -
Postpartum hemorrhage treatment
Tranexamic acid treatment
Loading dose, g 4 2 1 2 2 4 2 2 1 1 2 15 1 1 1 1 20 2.5°
Maintenance dose, g/h 1 0.5 1 0.5 1 1 1 0.5 0.5 0.5 0.5 0.5 0.5 1 1 1 0 0
Exposure duration, h 7 4 5 16 2 3 8 2 14 2 6 3 7 4 3 4 0 0
Other treatments
Red blood cells, L 21 0.9 0 1.2 1.5 1.2 1.2 21 0.6 1.2 0.9 0 2.4 1.5 2.1 3.6 1.8 1.8
Crystalloid, L 0 1 3 1.5 1.5 0 1 0 4 2 1.5 1 0.5 4 1 25 25 25
Colloid, L 2 2 1 2 4.5 5 2 3.5 1 1.5 3 0 1 0 1 1 1.5 0
Fibrinogen, g 9 6 3 6 6 45 3 7.5 4.5 6 0 0 9 6 0 3 45 3
Invasive procedures L - - H L EA - H - - - - L L/H L/H EA L L
RCN characteristics
Diagnostic tool used MRl  MRI/B  MRI MRI MRl MRl CECT MRI MRI MRl MRI/B MRI MRI/B MRl MRI/B B CEUS/B CEUS
Type D D D D P P P NA NA D D D D D D D P
Kidney disease outcome
Follow-up, mo 36 28 22 34 36 28 55 27 21 12 12 26 16 14 36 21 12 12
Hemodialysis vintage, d 210 62 NR NR NR 7 66 23 NR 17 120 NR NR NR 60 13 46 19
eGFR at 6 mo postpartum DD 22 DD DD DD 38 25 43 DD 48 12 DD DD DD 38 47 22 52
eGFR at last report 24 35 ESRD ESRD ESRD 51 46 70 ESRD 45 18 ESRD ESRD ESRD 46 45 49 74

Note: eGFRs expressed in mL/min/1.73 m2. Conversion factor for serum creatinine in mg/dL to pmol/L, X88.4.
Abbreviations: B, kidney biopsy; CECT, contrast-enhanced computed tomography; CEUS, contrast-enhanced ultrasonography; D, diffuse; DD, dialysis dependence; DIC, disseminated
intravascular coagulation; EA, uterine artery embolization; eGFR, estimated glomerular filtration rate; ESRD, end-stage renal disease; H, hysterectomy; HELLP, hemolysis, elevated liver
enzymes, low platelet count; ICU, intensive care unit; L, uterine artery ligation; LDH, lactate dehydrogenase; MRI, magnetic resonance imaging; NA, not available; NR, no recuperation;
P, patchy; PE, preeclampsia; RCN, renal cortical necrosis.

2Weeks of amenorrhea.

PLoading dose administered twice at an interval of 30 minutes.
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Postpartum Renal Cortical Necrosis

Figure 1.

Histologic analysis of right kidney biopsy performed in patient 2 (13 days after postpartum hemorrhage). (A) Kidney bi-

opsy specimen shows (right) deep cortical extensive necrosis, whereas the superficial cortex is spared from renal cortical necrosis
(hematoxylin-eosin-saffron; original magnification, X100). (B) An area of coagulation necrosis shows ghost outlines of tubules and
glomeruli. Fibrin material is visible within the glomerular capillary lumina (hematoxylin-eosin-saffron; original magnification, X200).

patients were treated with uterotonics and invasive
procedures were required in 11 cases (61%), including
2 uterine artery embolizations, 5 uterine artery liga-
tions, and 4 hysterectomies.

Renal Features

All patients were admitted to the ICU with AKIL.
Anuria and oliguria were reported in 7 (39%) and 10
(56%) of these patients, respectively. One patient (P6)
had preserved urinary output of 1.3 L/d, but a serum
creatinine level increase to 2.9 mg/dL. Mean serum
creatinine level was 2.3 (range, 1-4.1) mg/dL. In
addition to hypovolemia due to massive hemorrhage,
other potential causes of AKI were identified: hemo-
dynamic instability in 5 patients, of whom 2 had a
superimposed amniotic fluid embolism (P13) or septic
shock (P4), and vasopressor therapy was necessary in
2 of the 5 patients (P4 and P8); use of iodinated
contrast medium in 8 patients; nonsteroidal anti-
inflammatory drugs administered in the first 24
hours (P11). Hemodialysis was required for all pa-
tients, 11 of whom (61%) received this treatment in
the first 24 hours because of persistent anuria with or
without fluid overload.

In the setting of severe and persistent kidney fail-
ure, RCN was diagnosed 4 to 33 days postdelivery.
Diagnosis was made via kidney biopsy in 6 (33%)
patients. All had diffuse ischemic necrosis (>50%),
and thrombosis of arterioles and/or glomerular capil-
laries was reported in 5 patients. In addition to ne-
crosis of the cortical parenchyma, 1 patient (P2) also
had identifiable lesions of fibrinoid necrosis in all
arteriolar sections. Five of the 6 patients had
compatible morphologic features on CEUS (n = 1) or
MRI (n = 4), including patient P2, whose histologic
and radiologic features are shown in Figs 1 and 2. In
all other cases, RCN was diagnosed by MRI (n = 10),
CEUS (n=1), or CECT (n=1) only. From a
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radiologic perspective, lesions were described as
diffuse in 11 of 15 (73%) patients.

Kidney Disease Outcome

None of the patients had recovered normal kidney
function at last follow-up (12-55 months); 11 were at
CKD stage 2 (n =2 [11%]), 3 (n =7 [39%]), or 4
(n = 2[11%]),and 7 (39%) had end-stage renal disease
(ESRD). No significant difference was observed in
terms of obstetric characteristics or clinical and bio-
logical features at ICU admission between women with
estimated glomerular filtration rates << 15 mL/min/
1.73 m? at 6 months postpartum and others. In partic-
ular, blood loss volume, hemodynamic parameters,
hemoglobin level, DIC, and hemolysis features were
similar between the groups (Table 2). Although RCN
was more frequently characterized as diffuse (7 of 8
[88%] vs 4 of 7 [57%]), the difference was not statis-
tically significant. One difference emerged relative to
PPH management: in the lower eGFR group, the
duration of the TXA maintenance dose was statistically
longer (7.1 = 4.8 vs 2.9 = 2.4 hours; P = 0.03); mean
loading and cumulative doses were similar (Table 2).

DISCUSSION

Although RCN has virtually disappeared in high-
income countries, this report describes 18 cases that
occurred recently in France, all in the aftermath of
PPH. In addition to describing these new cases of
obstetric RCN, this work brings to light the possible
factors for poor kidney disease outcome.

Diagnosis of RCN was based on either gold-
standard imaging (given their excellent contrast reso-
lution without the toxicity of iodinated contrast, both
the MRI and CEUS examinations are currently
preferred'''*'%) or histologic findings from kidney
biopsy samples. No discrepancy was noted in the 5
women who had both kidney biopsy and MRI or
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Figure2. Magnetic resonance images of patient 2 (14 days after postpartum hemorrhage). (A) Axial T1-weighted image at the level
of the left renal artery. (B) Axial T2-weighted image shows bilateral and diffuse cortical hypointensity. (C, D) Axial gadolinium-enhanced
T1-weighted images at the (C) arterial phase and (D) excretory phase show a bilateral lack of cortical enhancement involving the inner
cortex. At the later phase, capsular rim intensity is visible (arrows). Vascular opacification of the left kidney persists, which could

explain the secondary partial renal recovery in this patient.

CEUS, suggesting that these procedures are similarly
helpful in the diagnosis of RCN. However, imaging
examinations are superior in establishing the diffuse or
patchy nature of RCN lesions and may provide prog-
nostic information.'> Here, diffuse lesions were
frequent among the patients with the worst kidney
disease outcome, but they were not systematically
associated with progression to ESRD, as shown by the
outcome of 4 patients (P2, P10, P15, and P17). It is
possible that early imaging examinations overestimate
the extent of renal lesions, by analogy with myocardial
stunning in ischemic cardiac disease. The best time at
which to assess the prognosis of RCN using imaging
techniques thus remains to be determined.
Unsurprisingly, the outcome of obstetric RCN
appears poor. None of the patients recovered normal
kidney function, and more than one-third (39%)
eventually progressed to ESRD. This unfavorable
outcome is consistent with recent reports, which
describe the rate of progression to ESRD as 30% to
50% of all RCN.”'® Regarding the initial presenta-
tion, our patients shared several features: major
blood loss (average, 2.6 L), oligoanuria (94%) indi-
cating severe hypovolemia, and frequent DIC (61%)
and/or hemolysis (53%), both suggesting an imbal-
ance of endothelial homeostasis. Combined with the
well-known pregnancy-related hypercoagulability
state,'” these factors might all have contributed to
small renal artery constriction or obstruction and so
facilitated the occurrence of RCN. Our study also
questions the possible role of TXA. Prolonged
exposure to this drug was associated here with
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poorer kidney disease outcome, whereas none of the
other factors studied (blood loss volume, hemody-
namic instability, DIC, and nephrotoxic exposition)
appeared to increase the risk for severe RCN. A
synthetic analogue of lysine, TXA inhibits the con-
version of plasminogen to active plasmin, the
enzyme responsible for fibrinolysis. This anti-
fibrinolytic drug is widely prescribed to prevent or
reduce blood loss in various surgical procedures
(cardiac surgery,'® for trauma patients,'” and for
combat injuries™”), and its prophylactic use has also
been proposed for preventing PPH without inducing
AKI or thromboembolic events.”'** Only one ran-
domized controlled trial has studied the use of TXA
to treat PPH, and it did not report an increase of renal
events at the 6-hour point (EXADELI [EXAcyl in
the treatment of DELIvery haemorrhage] study).”
Although some case reports have suggested an as-
sociation between TXA treatment and RCN,>*?°
several studies observed no specific risk for kidney
injury.

However, our patients differed from those in the
main studies. The length of exposure to TXA was
prolonged here, whereas there is generally no
maintenance dose in most trials. Second, the initial
presentation of our patients was obviously more se-
vere: blood loss was 2.6 L on average, PPH man-
agement required a transfer to the ICU for 100% of
patients, and mean resuscitation fluid volume was
3.4 L compared to 5% and ~ 1.5 L in the EXADELI
study. Antepartum or early postpartum complica-
tions were also frequent (preeclampsia/HELLP

Am J Kidney Dis. 2016;68(1):50-57
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Table 2. Clinical Parameters and Management According to eGFR at 6 Months Postpartum

eGFR <15 (n=9) eGFR =15 (n = 9) P
Obstetric parameters
Age, y 33.4 +3.8 33.3+44 0.9
BMI, kg/m? 254 + 3.6 23.2+3.0 0.2
Twin pregnancy 4/9 (44.4) 3/9 (33.3) 0.5
Gestational hypertension 2/9 (22.2) 2/9 (22.2) 0.7
Gestational age, wk* 35.4 6.9 38.9 = 2.1 0.3
Predelivery disorders 3/9 (33.3) 2/9 (22.2) 0.5
Induction of labor 6/9 (66.7) 6/9 (66.7) 0.7
Cesarean delivery 3/9 (33.3) 7/9 (77.8) 0.08
Uterine atony 6/9 (66.7) 9/9 (100) 0.1
Blood loss, L 23+0.7 29*+15 0.6
Hemodynamic instability 3/9 (33.3) 2/9 (22.2) 0.5
Biology
Hemoglobin, g/dL 8.8+15 8.3+0.9 0.5
LDH, Ul/L 2,405 + 1,128 2,572 = 1,264 0.8
Platelet count, x10%L 65.7 = 19.1 48.4 £ 16.4 0.06
Hemolysis 3/7 (42.8) 5/8 (62.5) 0.6
PT, % 56 + 24 64 £ 19 0.4
Hepatic cytolysis 5/9 (55.6) 5/9 (55.6) 0.7
DIC 6/9 (66.7) 5/9 (55.6) 0.5
Renal presentation
First 24-h urinary volume, mL 114 = 105 290 = 409 0.4
Anuria 4/9 (44.4) 3/9 (33.3) 0.5
Early hemodialysis 5/9 (55.6) 6/9 (66.7) 0.5
Creatinine, mg/dL 2.36 = 0.9 2.28 +0.8 0.9
Diffuse cortical necrosis 7/8 (87.5) 4/7 (57.1) 0.3
Therapeutics
Red blood cells, L 1.13+0.8 1.77 = 0.8 0.1
Crystalloid loading, L 19+15 14 +1 0.4
Colloid loading, L 16+1.5 19+15 0.6
Total loading volume, L 3517 3.3+0.9 0.8
Uterotonics 8/9 (88.9) 7/9 (77.8) 0.5
Invasive procedure 5/9 (55.6) 6/9 (66.7) 0.5
lodinated contrast medium exposure 4/9 (44.4) 4/9 (44.4) 0.7
Fibrinogen, g 48 +3.3 42 +22 0.6
Tranexamic acid
Loading dose, g 1.7 =1 1.9+09 0.5
Cumulative dose, g 6.3+28 4.4 +26 0.2
Treatment duration, h 71 +438 29+24 0.03

Note: Values for categorical variables are given as number (percentage); for continuous variables, as mean =+ standard deviation.
eGFRs expressed in mL/min/1.73 m2. Conversion factor for serum creatinine in mg/dL to umol/L, xX88.4.
Abbreviations: BMI, body mass index; DIC, disseminated intravascular coagulation; eGFR, estimated glomerular filtration rate; LDH,

lactate dehydrogenase; PT, prothrombin time.
®Weeks of amenorrhea.

syndrome and hemodynamic instability in 4 and 5
patients, respectively) and more than half developed
DIC. In addition, all patients had AKI, suggested by
the presence of oligoanuria and/or serum creatinine
level increase. Because intravenous TXA is entirely
eliminated by glomerular filtration, it accumulates if
kidney function deteriorates: the half-life of the drug
is thus increased 9-fold, from about 2 hours in
healthy individuals to more than 18 hours in patients
with serum creatinine levels > 5.6 mg/dL
(>500 umol/L).zO The severity of RCN lesions de-
pends on the duration of the cortical ischemia.® An

Am J Kidney Dis. 2016;68(1):50-57

overly prolonged inhibition of fibrinolysis might be
deleterious in a setting that combines several factors
threatening the endothelium: severe hypovolemia due
to massive hemorrhage, concomitant use of fibrinogen
concentrates, DIC, and the complex pregnancy-
related coagulopathy. We should keep in mind that
a gravid endothelium is particularly susceptible, as
shown by Apitz,”” who demonstrated that a single
injection of endotoxin was sufficient to drive a
Shwartzman reaction in kidneys from pregnant rab-
bits. In another experimental work studying glomer-
ular fibrinolytic activity in the rat, the simultaneous
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administration of thrombin and an antifibrinolytic
(aminocaproic acid) was associated with persistent
thrombi, presumably due to inhibition of the action of
plasmin on fibrin.**

The rate of PPH has increased in the past 2 decades
in several high-income countries, where it remains a
major cause of maternal mortality (13% of maternal
deaths).”” This temporal increase seems associated
with the increase in uterine atony.”’' Although the
reasons for this are unclear, the roles of labor
augmentation and prior caesarean section have been
discussed.”” Currently, TXA is the only available
antifibrinolytic drug in clinical practice, and its early
administration for treating PPH resistant to uterotonics
has been recently recommended by an international
expert panel.” Our aim is not to dispute these life-
saving recommendations. Our observations simply
highlight the possible effect of prolonged exposure in
the setting of severe PPH and kidney failure and
suggest that patients receiving a maintenance dose of
TXA should be carefully monitored. The WOMAN
(World Maternal Antifibrinolytic) trial should provide
additional information. This international randomized
trial, which plans to recruit 15,000 women, will
investigate the impact of TXA administration in
women with clinically diagnosed PPH.>* Notably, in
this trial, the maximum dose will be 2 g, correspond-
ing to the dose range that has been shown to inhibit
fibrinolysis and provide hemostatic benefit.*”
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Complement activation by heme as a secondary hit for atypical
hemolytic uremic syndrome
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Atypical hemolytic uremic syndrome (aHUS) is characterized by genetic and acquired
abnormalities of the complement system leading to alternative pathway (AP) overacti-
vation and by glomerular endothelial damage, thrombosis, and mechanical hemolysis.
Mutations per se are not sufficient to induce aHUS, and nonspecific primary triggers are
required for disease manifestation. We investigated whether hemolysis-derived heme
contributes to aHUS pathogenesis. We confirmed that heme activates complement AP
in normal human serum, releasing C3a, C5a, and sC5b9. We demonstrated that heme-
exposed endothelial cells also activate the AP, resulting in cell-bound C3 and C5b9. This
was exacerbated in aHUS by genetic abnormalities associated with AP overactivation.
Heme interacted with C3 close to the thioester bond, induced homophilic C3 complexes,
and promoted formation of an overactive C3/C5 convertase. Heme induced decreased
membrane cofactor protein (MCP) and decay-accelerating factor (DAF) expression on
endothelial cells, giving Factor H (FH) a major role in complement regulation. Finally, heme
promoted a rapid exocytosis of Weibel-Palade bodies, with membrane expression of P-selectin known to bind C3b and trigger the AP,
and the release of the prothrombotic von Willebrand factor. These results strongly suggest that hemolysis-derived heme represents

Key Points

¢ Heme activates complement
alternative pathway in serum
and on endothelial cell
surfaces.

* Heme-induced complement
activation in the presence
of complement mutations
contributes as a secondary hit
to the development of aHUS.

a common secondary hit amplifying endothelial damage and thrombosis in aHUS. (Blood. 2013;122(2):282-292)

Introduction

Atypical hemolytic uremic syndrome (aHUS) is a rare kidney-
predominant thrombotic microangiopathy (TMA) associated with
formation of fibrin-platelet clots in the glomerular microvascu-
lature leading to mechanical hemolysis.' This disease is related to
a dysregulation of the complement alternative pathway (AP), as
shown by the identification of genetic or acquired abnormalities
in AP regulators or activators in more than 60% of patients.’
aHUS has an incomplete penetrance among mutation carriers, and
a triggering event is presumably required for the disease manifes-
tation. This primary hit can be an infection, pregnancy, drug, or other
cell-activating event. Sera from aHUS patients carrying mutations
deposit complement on endothelial cells activated by inflammatory
cytokines,® suggesting continuous aggression on the endothelium.
However, not all infections trigger aHUS in patients. It is frequently
the second pregnancy postpartum period that is associated with the
disease.* Therefore, other factors appear to be necessary to exceed
the threshold of tolerable endothelial stress leading to severe TMA
lesions.

In acute phase TMA, mechanical hemolysis induces the release
of hemoglobin into the bloodstream.” This hemoglobin is readily
oxidized to ferric hemoglobin (methemoglobin) which, in turn,

liberates heme. In physiological conditions, cell-free hemoglobin and
heme are promptly scavenged by haptoglobin and hemopexin,
respectively, which prevent their accumulation and limit their toxicity.®
However, at high concentrations of circulating hemoglobin, as in
hemolytic diseases, these detoxification systems are overwhelmed,’
causing undesirable cell, tissue, and organ injury. The effects of heme
exposure on the vascular system have been widely reported and in-
clude, in particular, heme iron—induced oxidative stress, vascular
inflammation with recruitment of leukocytes, hemolysis,>'* and
thrombosis.'""'* Nevertheless, the participation of hemolysis in the
development of TMA, as in aHUS, is not well studied.

Heme has been shown to activate the complement AP and to
promote the deposition of C3 activation products on erythrocytes, as
in malaria.'>'* Complement AP activation has also been reported
during the acute phase of other hemolytic disorders, such as sickle-cell
disease,'® B thalassemia major,'® and thrombotic thrombocytopenic
purpura,'” but the participation of hemoglobin or its breakdown
products in complement activation has not been investigated.

Here, we studied the effect of heme on complement activation
and endothelial damage in the context of TMA in aHUS and po-
tentially in other hemolysis-related diseases.
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Methods

Reagents

The oxidized form of heme (hemin [ferriprotoporphyrin IX], designated as
heme), hematoporphyrin IX, and hemoglobin were from Sigma. Stock
solutions of 10 mM hemin and hematoporphyrin in 50 mM NaOH and
145 mM NacCl, stored at 4°C in the dark, were diluted just before use in
phosphate-buffered saline (PBS) or M199 medium. All purified complement
proteins and complement immunodepleted sera were from Complement
Technologies. C3 from Calbiochem and Factor B (FB) from Quidel were
also used. Recombinant FB was expressed in HEK293T cells as
described.'® Complement enzyme-linked immunosorbent assay (ELISA)
kits were from Quidel and HyCult.

aHUS patient sera

Serum samples were obtained from healthy blood donors or from aHUS
patients from the French aHUS cohort.'® Approval was obtained from the
Institut National de la Santé et de la Recherche Médicale (INSERM)
institutional review board for these studies. Informed consent was provided
according to the Declaration of Helsinki. Samples harboring six different
mutations have been tested: three C3 mutations>?° (5 patients) and three
Factor H (FH) mutations.’® An AB blood group serum obtained from the
French blood transfusion center Etablissement Frangais du Sang was used
as a common standard in all experiments (normal human serum [NHS]).

Endothelial cell assays

Primary human umbilical vein endothelial cells (HUVECs) and conditionally
immortalized glomerular endothelial cells (GEnCs)lg’21 were cultured as
described previously.? They were incubated with heme and then serum, as
described in the Figure 2, 3 and 6 legends. Cells in 24-well plates were
detached, labeled, and analyzed by flow cytometry (FACSCalibur). Cells
grown in 96-well plates were fixed with paraformaldehyde and analyzed by
ELISA. Each condition was assayed in sixplicate wells (3 wells for the
ELISA and 3 wells treated with crystal violet and analyzed by colorimetry
to normalize the results with cell numbers). For fluorescence microscopy,
HUVECs were grown in endothelial growth medium 2 (EGM2; Lonza) on
gelatin-coated slides, stimulated, then fixed with paraformaldehyde and
labeled as described in the Figure 2C legend. They were then analyzed with
a Zeiss LSM700 confocal microscope, and photographs were processed with
Image J64 software. Cell-free supernatants, centrifuged twice at 350g to
remove residual cells, were assayed for von Willebrand factor (vWF) with
a home-made sandwich ELISA.*

Surface plasmon resonance (SPR). C3, C3b, C3a, C3d, FH, Factor D
(FD), or FB were immobilized on the GLC sensor chips of ProteOn XPR36
equipment according to the manufacturer (BioRad). Six different concen-
trations of heme (starting with 300 nM) or heme-exposed proteins (C3, C3b,
FB, or FH) were injected as analytes.

The C3/C5 convertase formation was followed by consecutive injections of
native C3 (80 pg/mL), then FB (50 pg/mL) with FD (0.1 pg/mL), C3 again,
and C5 (20 pg/mL) last on heme-exposed immobilized C3 and C3b.
Alternatively, C3, C3b, FH, FB, or FB + FD were exposed to heme of different
molar excess, diluted in cascade, and injected on a protein-coated chip.

Absorbance spectroscopy. Absorbance spectra of hemin were recorded
by using a Unicam Helios b UV-vis spectrophotometer, as described pre-
viously.23 Human C3, C3b, or C3a (Calbiochem; CompTech) was diluted to
500 nM in PBS. Aliquots of heme resulting in final concentrations of 0.01 to
20 uM were added to the optical cell-containing proteins and to a reference
optical cell containing PBS only. The absorbance spectra in the wavelength
range of 350 to 700 nm were recorded (300 nm/min).

Size exclusion chromatography. The molecular composition of native
and 10-fold molar excess heme-exposed C3 was analyzed by using the
fast protein liquid chromatography Akta Purifier 10 system with a 30-mL
Superose-6 column equilibrated with PBS. Detection was set at dual
wavelengths: 280 nm for proteins and 400 nm for heme.
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Molecular docking. The atomic coordinates of C3 (PDB 2A73%%) were
used for the molecular docking. HexServer (http://hexserver.loria.fr/) was
used to accommodate the heme molecule to C3, as described previously for
Cl1q.? Criteria for final C3-heme complex selection were based on the total
energy of binding. Visualization was done by PyMol (www.pymol.org).

Results
Heme activates complement AP

Heme induced fluid-phase complement activation in NHS, as shown
by a dose-related increase of C3a, C5a, and sC5b9 levels, measured
by ELISA (Figure 1). Similar levels of C3a, C5a, and C5b9 were
measured in NHS, in NHS—EGTA—Mg”, and in C2-depleted serum.
The latter two conditions allow AP activation only. No activation
was observed in FB-depleted serum, which is deprived of AP
activation. Adding back purified FB restored the heme-induced
complement activation capacity. No complement activation was
observed with an iron-devoid derivative of heme, hematoporphyrin,
under the same conditions (data not shown).

Exposure of endothelial cells to heme results in complement
activation on the cell surface

To mimic the situation of intravascular hemolysis, human endothelial
cells, HUVECs, and GEnCs were pretreated with increasing heme
concentrations, washed, and incubated with NHS. Cell-bound C3
fragments (markers of complement activation) were analyzed by flow
cytometry after cell detachment or by ELISA and immunofluores-
cence on adherent cells. As shown in Figure 2A-C, the level of cell-
bound C3 was minimal on resting cells when compared with the
immunoglobulin G1 isotype control. Exposure to heme resulted in
a concentration-dependent increase of C3 deposits on both HUVECs
and GEnCs detected by flow cytometry (Figure 2A), ELISA
(Figure 2B), and by immunofluorescence microscopy (Figure 2C).
Complement deposits were still observed when heme-treated cells
were submitted to up to 5 washes before the addition of comple-
ment (data not shown), revealing a cell-directed effect of heme.
Complement activation by heme-treated cells occurred via the AP,
since C3 deposits were persistent in the presence of EGTA-Mg2+
and in C2-depleted serum but strikingly diminished in FB-depleted
serum (Figure 2D). The addition of purified FB to the FB-depleted
serum restored C3 fragment deposition. These effects were observed
with both HUVECs (Figure 2D) and GEnCs (data not shown).
Importantly, C5b9 complexes were also detected by flow cytometry
on heme-treated cells (Figure 2E), reflecting the formation of a C5
convertase. Exposure of endothelial cells to heme up to 200 wM for
1 hour did not induce apoptosis and necrosis as measured by
Annexin V and propidium iodide labeling (data not shown).

Complement activation on endothelial cells is exacerbated in
the presence of sera with aHUS-related complement
mutations and aHUS-relevant model conditions

To test whether complement dysregulation or overactivation in sera
induces modification in C3 deposition on heme-exposed endothelial
cells, sera from normal controls or from aHUS patients with pre-
viously described FH mutations (FH-aHUS)'" or C3 mutations
(C3-aHUS)>?° were used. Exacerbation of the C3 deposition was
observed by flow cytometry on GEnCs (Figure 3A) and on
HUVECs (data not shown) in contact with patients’ sera compared
with normal controls (n = 30). C3 deposition on resting cells was
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Figure 1. Heme activates the complement AP in serum. (A-C) Normal or FB-depleted sera was incubated v/v with twofold dilutions of heme in M199 medium, without or
with 10 mM EGTA and 5 mM MgCl,. After a 30-minute incubation at 37°C, the levels of released C3a, C5a, and sC5b9 were measured by ELISA. (D-F) To show the
involvement of the AP, these complement components were measured after a similar incubation of NHS, without or with EGTA-Mg, C2-depleted (dpl) serum, or FB-depleted
serum, reconstituted or not with 150 pg/mL purified FB, with 100 wM heme. Results are expressed as mean * standard deviation (SD) of 2 experiments with triplicate

measurements.

enhanced in sera from about half the patients, although on heme-
exposed cells, it was significantly increased with sera from all of the
patients when compared with 30 normal sera. Immunofluorescence
microscopy observations of heme-exposed HUVECs incubated with
sera from patients with C3 mutations showed increased C3 deposition,
cell retraction, and/or detachment when compared with cells incubated
with normal sera (Figure 3B). C3 deposition was similarly augmented
on heme-treated HUVECs incubated in conditions mimicking aHUS
sera, that is, with FB-depleted serum restored with a recombinant FB
with aHUS gain-of-function mutation D254G'® compared with the
wild-type FB (Figure 3C); in the presence of Fl-depleted (Figure 3D)
or FH-depleted (Figure 3E) sera, as a model for FI and FH deficiency;
or in the presence of blocking anti-FH antibody directed against
the N- and C-termini of FH, as found in patients with autoimmune
aHUS?>2% (Figure 3F).

Heme binds to C3

To find out whether heme activation of AP was a result of its in-
teraction with a particular complement protein, the binding of heme
to C3, FB, FH, and FD was tested by SPR. Strong, specific, and dose-
dependent binding to surface-immobilized C3 (hence C3b like
C3(H,0)*") and 50% less to FH and FB was detected (Figure 4A).
No binding to FD was found. Further, heme was shown to bind the
C3a fragment of C3 in contrast to C3b and C3d (Figure 4B). C3
(H,0), C3b, and C3d were functionally active, since they bound FH
(data not shown), excluding artifacts due to protein alterations.

To further examine the binding of heme to C3 and its fragments,
C3, C3b, and C3a were exposed to heme, and alterations in the

specific electronic configuration of heme were then studied by
absorption spectroscopy. The absorbance spectrum of oxidized
heme showed a AA increase in the molar extinction coefficient at the
Soret band (around 400 nm) in the presence of C3 and C3a and a
4-nm and 8-nm red shift, respectively (Figure 4C). C3b showed
only AA with no red shift. The titration of C3a and C3b with
increasing concentrations of heme resulted in saturable AA (at about
two- to sixfold heme excess), although titration of C3 did not reach
saturation even at 20-fold molar excess of heme, suggesting C3
oligomer formation (Figure 4D).

To gain further insight into the possible location of the heme
binding site(s) in the C3 molecule, molecular docking was per-
formed. HexServer returned 14 top-scored models with total calculated
energy of the system between —397.61 kJ/mol and —306.06 kJ/mol
(Figure 4E). The first binding site (4 models) was located near the
anaphylatoxin (ANA) domain (C3a after cleavage by the C3
convertase). The second site (8 models) was less than 10 A from the
thioester bond (Cys988-GIn991) in the thiol ester-containing
domain (TED) at the interface with macroglobulin domain 2
(MG?2) and macroglobulin domain 8 (MGS8) (Figure 4F). The last
site (2 models) is located in close proximity to the second one at the
interface between the TED and MG2 domains.

Heme binding to C3 favors C3/C3 interactions

The possibility that heme induces homophilic C3 interactions was
assessed by SPR. Heme-exposed C3 injected in the fluid phase was
able to bind in a dose-dependent manner to C3 (Figure 4G), but not
to C3b (data not shown) immobilized on the chip. Heme-exposed
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Figure 2. Complement activation on heme-treated endothelial cells results in cell-bound C3 fragments and C5b9. HUVECs or GEnCs were stimulated with increasing
concentrations of heme in M199 medium for 20 minutes at 37°C. If not stated otherwise, cells washed with PBS with Ca®*/Mg?* (Gibco) were incubated for 30 minutes at 37°C in NHS
diluted 1:4 in M199 medium. (A) Washed cells were detached with PBS, 1% bovine serum albumin, 10 mM EDTA, 0.1% sodium azide, without (HUVECs) or with 5 mg/mL lidocaine
(GENC) to be analyzed by flow cytometry after labeling with anti-C3c monoclonal antibody (mAb) (Quidel) and phycoerythrin-labeled secondary antibody (mean + SD of mean fluorescent
intensities relative to the mAb isotype control (RFI, n = 3). (B) Washed cells were fixed with 4% paraformaldehyde and 2% saccharose for 20 minutes at room temperature for analysis by
cell-ELISA after labeling with biotin—anti-C3c (Quidel) in Tris-buffered saline-bovine serum albumin and peroxidase-extravidin (Sigma) revealed with 3,3',5,5'-tetramethylbenzidine
substrate (Pierce) (mean = SD of triplicate wells from one of 3 similar experiments). (C) HUVECs were fixed with paraformaldehyde as in (B) to be analyzed by confocal microscopy after
labeling with a mouse anti-CD31 mAb and a rabbit anti-C3 Ab revealed with Alexa555 (red)- and Alexa488 (green)-labeled secondary antibodies (Molecular Probes); scale bar, 50 pm.
(D) Heme-exposure, under the experimental conditions used, did not induce cell death. HUVECs were exposed to 100 uM heme, quickly detached with trypsin, stained with Annexin V
and propidium iodide, and analysed by flow cytometry. Apopto-necrotic HUVECs spontaneously detached overnight from a confluent monolayer served as a positive control for Annexin V
and propidium iodide staining. Representative dot plots out of 3 independent experiments are shown. (E) Heme-induced C3 deposition on HUVECSs were measured by flow cytometry with
an anti-C3c mAb, under conditions favoring a fluid phase complement activation (heme added to the cells together with serum, “heme in serum”), direct effect on the cell surface (heme
exposure as in panels [A], [B] and [C], “heme, wash, serum”); or both (cells pre-exposed to heme, then treated with serum with no washing step, “heme, serum”) (mean *+ SD of 3
independent experiments). (F) The presence of uncleaved C3 on the surface of heme-exposed HUVECs were tested by staining with anti-C3a mAb the cells exposed with 100 .M heme
and NHS as in (E). Blue, resting cells; purple, “heme, wash, serum”; green, “heme, serum”; black, unstained cells; red, isotype control IgG1. (G) Acidic wash of the uncovalently bound C3
forms from the heme-exposed cells. HUVECs were exposed to 100 .M heme, washed and incubated with NHS. Subsequently, 3 washes with PBS (purple histogram) or with a pH 2.7
PBS-25 mM Glycine buffer (green line) were performed. The cells were stained with anti-C3c, anti-C3a or anti-iC3b neoepitope antibody (Quidel) and analyzed by flow cytometry. Signal
from unstained cells is presented in black and the isotype control IgG1 is in red; representative histograms of 3 independent experiments. (H) Heme-induced C3 deposition is dependent
on the alternative complement pathway. HUVECs treated as in (A), with or without 100 .M heme, were incubated with 1:4 diluted NHS, with or without 10 mM EDTA or 10 mM EGTA and
5 mM MgCl,, C2-depleted or FB-depleted serum, with and without 150 mg/ml purified FB. C3 deposits were measured, as in (A), by flow cytometry (mean = SD RFI, n = 4). () HUVECs
treated as in (A) were labeled with a mouse anti-C5b-9 mAb kindly provided by Prof Paul Morgan (Cardiff, United Kingdom) (n=3).


http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

From www.bloodjournal.org by guest on September 11, 2016. For personal use only.

286  FRIMAT et al

C3b on the chip did not interact with either C3b or C3 (data not
shown). C3 on the chip, exposed to increasing heme concen-
trations, bound native C3 injected in the fluid phase (first step of
the SPR profile in Figure 5A) in a heme dose-dependent manner.

To assess the stability of heme-induced C3-C3 complexes, the
molecular composition of C3 after exposure to heme was analyzed
by size exclusion chromatography. A fraction of heme-exposed C3
was eluted earlier than native C3, corresponding to homophilic C3
interactions and formation of dimers and higher-order oligomers
(Figure 4H). These oligomers showed stable heme binding, since
some heme, detected by its specific absorbance at 400 nm, co-
eluted with the oligomeric protein detected by the 280-nm
absorbance. Free heme has a low molecular weight and is retained
by the column.

Heme interaction with C3 favors the formation of a
C3/C5 convertase

To explain the observed heme-induced AP activation and in view of
the heme-induced homophilic C3 interaction described eatlier, the
effect of heme on the C3 convertase formation was investigated
by SPR (Figure 5). C3 (Figure 5A) and C3b (Figure 5B) were
immobilized on the sensor chip and exposed to increasing con-
centrations of heme. As in Figure 4, a dose-dependent binding of
heme to C3, but not to C3b, was detected. A fixed amount of C3 was
then injected, which bound strongly to heme-exposed C3 but only
minimally to C3b. Further fixed concentrations of FB and FD were
flowed onto the chip, to form the C3 convertase. A dose-dependent
increase of the signal was detected on heme-exposed C3-coated
flow cells but there was little or no effect on C3b-coated flow cells.
Subsequent injections of fixed concentrations of C3 followed by C5
resulted again in a dose-dependent increase of binding to the heme-
exposed C3 surface. Since a slight heme binding to FB was detected
(as shown in Figure 4A), the effect of heme on the ability of FB
to interact with C3 and to form a C3 convertase was tested. No
difference in the interaction of FB with C3 and C3b in the presence
of FD was detected after FB exposure to up to 10-fold molar excess
of heme (Figure 5C-D).

Heme enhances FH binding to C3 and to endothelial
cell surfaces

Since heme binding to FH was detected in Figure 4A, the influence
of heme on the binding of FH to its C3 and C3b ligands was
studied. Heme-exposed C3 bound FH more strongly compared
with native C3, reaching more than a threefold increase at 10-fold
molar excess of heme (Figure 6A). In contrast, heme-exposed C3b
bound FH similarly to native C3b binding (data not shown). The
increased C3-FH binding was a consequence of C3 exposure to
heme, since FH exposure to up to 10-fold molar excess of heme did
not alter its interaction with C3 and C3b (Figure 6B).

Heme treatment of HUVECs resulted in a dose-dependent in-
crease of FH binding to the cell surface upon incubation with NHS
(Figure 6C). Of note, no FH was detected on HUVECs in the
absence of serum by using a mixture of three anti-FH monoclonal
antibodies (mAbs) (data not shown). In order to test whether FH
bound to heme-treated cells was functionally active and able
to control C3 deposition, cells were incubated with PBS, with
C3-depleted serum (as a source of FH without C3 deposition), or
with FH-depleted serum (allowing C3 deposition with no FH),
followed by a second step of NHS incubation (Figure 6D).
Preincubation with FH contained in the C3-depleted serum resulted
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in a 40% lower C3 deposition than the control preincubated in
PBS. By contrast, preincubation with FH-depleted serum resulted
in 20% higher C3 deposition than with the NHS control. Moreover,
inhibition of FH-mediated control by cell preincubation with an
FH 19-20 construct able to interact with the cell membrane and
to compete with FH® resulted in a dose-dependent decrease of
FH binding and concomitant increase of C3 deposition on the
cell surface (Figure 6E).

Heme decreases the membrane control of complement
activation

Heme-induced complement activation on endothelial cells could be
the result of either defective control or local overactivation or both.
To study the role of complement regulators, expression levels of
CD59, decay-accelerating factor (DAF), and membrane cofactor
protein (MCP) were measured on resting or heme-treated HUVECs
by flow cytometry. As shown in Figure 7A, heme treatment de-
creased the membrane expression of DAF and MCP in a dose-
dependent manner, with no modification of CD59 levels. Heme at
50 uM resulted in about 50% loss of MCP and DAF when com-
pared with untreated cells.

Heme induces the membrane expression of P-selectin on
endothelial cells

P-selectin has been described as a C3b-binding protein, capable of
initiating complement activation.”® Thus, we analyzed the mem-
brane expression of P-selectin on endothelial cells and observed
a time-dependent increase of this expression during heme treatment
(Figure 7B). The rapid expression, in less than 30 minutes, excluded
a de novo synthesis but suggested a mobilization of Weibel-Palade
bodies. Indeed, a secretion of vVWF was observed, as measured by
ELISA, in parallel with P-selectin membrane expression (Figure 7C).

Discussion

We report that heme activates complement in the fluid phase and on
endothelial cells and induces a prothrombotic phenotype by a set of
five probably co-existing mechanisms (summarized in Figure 7D).
Our data allow us to propose a novel hypothesis in which he-
molysis would serve as a secondary hit for aHUS manifestation.
A triggering event preceding the acute phase of aHUS may lead to
formation of an initial thrombus responsible for erythrocyte rupture
and heme release. We suggest that heme amplifies complement
activation and creates a positive feedback loop that sustains and
perpetuates the histologic TMA lesions. Upon exceeding a thresh-
old, this heme-induced complement overactivation becomes
a second hit for the manifestation of a full-blown aHUS. This
may shed new light on aHUS pathogenesis and explain, at least in
part, the incomplete penetrance of the disease, which would
develop only after such an amplification of primary pathogenic
events. First, we found that the presence of heme in NHS is
sufficient to trigger fluid phase complement AP activation with
release of anaphylotoxins C3a and C5a, as well as sC5b9, in
agreement with previous reports.'>*® Heme has a dual role in
complement, activating AP but inhibiting the binding of Clq to its
ligands.>> We investigated the mechanism of AP complement
activation and showed that it results from the interaction of heme
with the C3 molecule, which favors C3 homophilic interactions
and leads to the formation of an active AP C3/C5 convertase.
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Figure 3. C3 deposits on heme-treated endothelial cells are increased with sera from aHUS patients compared with normal sera. Endothelial cells were treated as in
Figure 2A with 100 .M heme and 1:4 dilutions of various sera representing aHUS relevant conditions. (A) Resting or heme-exposed GEnCs were incubated with NHS (n = 30) or
sera from aHUS patients with FH (n = 3) or C3 (n = 5) mutations, and the level of C3 deposition was measured by fluorescence-activated cell sorter. (B) HUVECs were exposed to
100 uM heme and 1:4 dilutions of NHS and sera from two aHUS patients with C3 mutations (P1 and P2) and labeled with anti-CD31 (green) and anti-C3 (red) for

immunofluorescence, as in Figure 2C. Scale bar =

50 wm. (C-E) Heme-exposed HUVECs were treated with normal sera (gray) or different model conditions for aHUS (red). (C) FB-

depleted serum complemented with recombinant FB either wild-type or with aHUS-related mutation D254G, (D) Fl-depleted serum, (E) FH-depleted serum, and (F) normal serum
complemented with blocking anti-FH antibodies against the N-terminus (Ox24, AbD Serotec; blue) or C-terminus (C18, Santa Cruz; red) or nonblocking antibody (Ox23, dashed
line). The isotype control is in black. A representative histogram from 1 of at least 3 independent experiments is presented. Statistical significance, **P < .01, ***P < .001.

Molecular docking revealed that one of the most likely heme-
binding sites on C3 is adjacent to the thioester bond. The insertion
of the redox active heme at this site may favor the thioester bond
hydrolysis and the transition of native C3 to hydrolyzed C3*.
Importantly, hydrolyzed C3* is able to bind FB and form a C3
convertase, contrary to native C3. Therefore, heme-induced gene-
ration of C3* could explain the fluid phase AP activation in heme-

treated serum (Figure 7D, step 1). Heme is known to mediate
protein covalent cross-linking and oligomer formation®' and
indeed induces the formation of C3/C3 complexes. Those are
particularly critical for the formation of a fluid phase C5
convertase, which requires C3b/C3b covalent linkage for an
efficient affinity for C5.3* Iron-devoid heme derivative hemato-
porphyrin did not activate complement, strongly suggesting that
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Figure 4. Binding of heme to C3. SPR analysis of the binding of different concentrations of heme to (A) AP proteins and (B) C3 fragments immobilized on the chip (mean = SD
from 3 experiments on 2 chips). The flow rate was 30 pL/min with N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) running buffer (10 mM HEPES, 150 mM NaCl,
Tween 0.005%; pH 7.3). Each interaction was tested on at least two different chips at least twice per chip. Data were double referenced and analyzed by using ProteOn manager
software. (C) Absorption spectroscopy for the binding of heme at a 10-fold molar excess to C3, C3b, and C3a. Dashed gray line represents the spectrum of heme in PBS and the black
line represents the spectrum of heme in the presence of protein. (D) Dose-dependence of the binding of heme to C3, C3b, and C3a. Heme was added to the protein solution and
incubated for 2 minutes in the dark at 20°C before recording the spectrum. Absorbance differences between protein-bound hemin and hemin at absorbance maxima (A = 395 nm) in
the Soret region (AA) were used to build titration binding curves. (E) Molecular docking of heme to C3: heme (red spheres) in all 14 retrieved models docked to three regions of the
molecule (I, I, and Ill), one being close to the ANA domain (cyan), the second being close to the thioester bond (green) in the TED domain (blue), and the third again being close to the
TED domain. (F) Zoomed in view of the Il cluster with the top-score heme molecule visualized using ball-and-stick art in red. The distance between the thioester bond (green) and
heme is less than 10 A. (G) SPR analysis of the binding of heme-exposed C3 to C3 immobilized on the chip. One experiment of 3 with similar results is presented. No interaction was
detected in the absence of heme, although dose-dependent binding was found with increasing heme concentrations. (H) Size exclusion chromatography of native C3 and heme-
exposed C3. Fast protein liquid chromatography with a Superose 6 column with dual wavelength was used (280 nm for C3, black line; 400 nm for heme, gray dashed line). C3 at
6.4 pM was incubated for 10 minutes on ice with PBS or 64 .M heme, giving 10-fold molar excess adjusted to a final volume of 1 mL and loaded to the column.
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Figure 5. Heme interaction with C3 favors the
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Figure 6. FH binds to heme-treated C3 and is the major serum factor regulating C3 deposition on heme-treated cells. (A) Heme-exposed C3 bound more strongly to
immobilized FH, as measured by SPR but (B) heme-exposed FH bound immobilized C3 in the same manner as did native FH. (C) HUVECs were treated with increasing
doses of heme and 1:4 NHS, detached as in Figure 2A, and labeled with anti-FH mAb Ox23. Results are expressed as RFl mean = SD (n = 3). (D) Resting HUVECs and cells
treated with 100 .M heme for 20 minutes, were sequentially incubated for 30 minutes at 37°C, first with either PBS, FH-depleted serum, or C3-depleted serum (source of FH),
washed, and incubated as a second step with NHS (*P < .05, paired Student t test; n = 3). (E) HUVECs treated with 100 M heme for 20 minutes were incubated with
increasing concentrations of Short Consensus Repeat (SCR) 19-20 FH peptide for 15 minutes at 37°C, then with 1:4 NHS for 30 minutes. (D-E) C3 deposits were analyzed by
flow cytometry and expressed as mean = SD RFI (n = 3).
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Figure 7. Effects of heme treatment of endothelial cells. (A) HUVECs treated with increasing doses of heme for 20 minutes and detached were labeled with anti-CD55,
phycoerythrin-labeled anti-MCP, or anti-CD59 and analyzed by flow cytometry. Results are expressed as the percentage of the initial mean fluorescence intensity measured on
untreated cells (mean = SD; n = 3). (B) HUVECs treated with 100 uM heme for different times were detached at 4°C and labeled with anti—P-selectin (R&D Systems) (mean =
SD; n = 3). (C) Supernatants of cells were tested in a VWF-specific ELISA. Results are expressed as mean * SD of triplicate wells from one of 3 similar experiments. (D)
Schematic view of different nonexclusive mechanisms leading to complement activation on heme-treated cells. (1) Heme intercalates into the C3 molecule (C3*), activates
complement in the fluid phase, and deposits C3b on nearby endothelial cells. (2) This C3b initiates the formation of a cell-bound C3 convertase, favored by the decrease of
DAF and MCP membrane expressions on heme-treated cells, FH remaining as the major AP control protein. (3) Heme induces the mobilization of Weibel-Palade bodies with
the secretion of VWF and the appearance of P-selectin able to bind C3b and to focus the AP amplification cycle. (4) Heme can also bind directly to the cell surface, where it
activates complement as in the fluid phase. (5) Heme induces cell retraction, exposing the subendothelial matrix known to efficiently activate complement.

aHUS probably results in local heme concentration, at the site of
hemolysis and before dilution in the blood flow, much higher
than concentrations measured in the peripheral blood. The
concentration-dependent effects of heme on complement and
endothelium could, at least in part, explain why vascular lesions
are mainly restricted to microvessels in TMA. The 100 uM heme
concentration used in these in vitro experiments, which corresponds
to the destruction of less than 0.05% of bloodstream erythrocytes, '
thus seems physiologically reasonable.

This work is the first demonstration that free heme triggers
complement AP activation on endothelial cells. Although little
or no C3 deposits were observed on resting cells, they reached
significant levels on heme-treated HUVECs and GEnCs. More-
over, cell-bound C5b9 was detected, reflecting the formation of
a CS5 convertase and the release of C5 fragments C5a and C5b9
known to activate endothelial cells and to promote endothelium
permeability.®*

Imbalance between complement activation and regulation may
explain the observed AP activation on endothelial cells (Figure 7D,
step 2). Indeed, a decrease of DAF (CD55) and MCP (CD46)
expression was detected after exposure of HUVECs to heme,
similar to previous observations of downregulated complement
regulators on retinal epithelial cells submitted to brief oxidative
stress.>> DAF and MCP are responsible for the protection of
endothelium against autologous complement attack. Their down-
regulation has been reported on apoptotic and necrotic cells,*® but
we did not detect significant increase of apoptosis with heme under
the experimental conditions used.

In contrast to the decreased expression of MCP and DAF, ex-
posure of endothelial cells to heme resulted in enhancement of FH
binding to the cell membrane. FH thus appears to compensate for the
loss of membrane-bound complement inhibitors DAF and MCP, as
has been described on apoptotic cells.>” Heme-treated cells would
then be particularly sensitive to complement attack in the presence of
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defective FH, as is found in more than 30% of aHUS patients pre-
senting with FH mutations or anti-FH autoantibodies."'**® Indeed,
levels of C3 deposits on heme-treated cells increased in FH-depleted
serum or in the presence of the FH SCR 19-20 fragment known to
compete with FH?® or with anti-FH blocking antibodies.

FH enhanced binding to heme-treated cells could result from FH
interaction with oxidized epitopes on the heme-exposed membrane™
or with heme itself, bound to the lipid bilayer.*** Indeed, a direct
binding of heme to FH was detected by SPR in this study. Heme-
exposed C3 also bound more strongly to FH compared with native
C3. Heme-exposed FH interacted normally with C3 and C3b and,
once bound to the cell membrane, it maintained its functional activity.

Complement activation on endothelial cells could also result from
the expression of P-selectin (Figure 7D, step 3). Indeed, P-selectin has
been identified as a C3b-binding protein, and on cells expressing
P-selectin, this expression alone was sufficient to activate the comple-
ment system marked by C3b deposition, C3a generation, and C5b9
formation.?® We observed that heme treatment of endothelial cells
induced membrane expression of P-selectin concomitantly with the
secretion of VWF. This probably results from iron-induced oxidative
stress, since oxygen radicals were shown to induce exocytosis of
Weibel-Palade bodies and membrane P-selectin.*? The exposure of
P-selectin could thus focus the AP activation on the surface of heme-
challenged endothelial cells. Of note, the main function of P-selectin
is the recruitment of leukocytes expressing its ligand PSGL-1, and
heme treatment could thus favor inflammation at the surface of
endothelial cells. vVWF secretion could recruit platelets and contribute
to a prothrombotic state of heme-exposed endothelial cells. The
overall effects of heme reported here are reminiscent of those of
Shiga toxin, a primary trigger of HUS, which induces P-selectin
expression on endothelial cells, resulting in C3 binding and
alternative pathway activation together with a vWF-mediated
thrombus formation.*?

Heme also binds directly to the cell membrane phospholi-
pids,*** where it could activate complement as in the fluid phase
(Figure 7D, step 4). In addition, the endothelial cell retraction,
which occurs after treatment with heme** and exposes the com-
plement activating subendothelial matrix*® may lead to heme-
dependent C3 deposition on the endothelium (Figure 7D, step 5).
We indeed observed a preferential localization of C3 deposits along
intercellular junctions.

In HUS, we hypothesize that multiple potential triggers such
as viral infection, pregnancy, or drugs lead to initial microthrombi
formation. Erythrocyte fractionation on these microthrombi would
result locally in microvessels in concentrations of heme sufficient to
promote the release of vVWF and the activation of complement and
the release of C5a and C5b9, thus amplifying the initial thrombosis
and inflammation. This amplification would normally be limited by
the homeostatic control of complement and by the cleavage of
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vWF by the 13th member of a disintegrin-like and metalloprotease
with thrombospondin type 1 motif, 13 (ADAMTS-13). Genetic or
antibody-induced alterations of complement proteins in aHUS or
of ADAMTS-13 in HUS would synergize with hemolysis, thus
decreasing the threshold of the initial triggers to overcome
homeostatic control and trigger an explosive endothelial injury
and thrombosis. Moreover, heme-induced complement activation and
endothelial injury may not be restricted to HUS and could contribute
to the pathogenesis of thrombotic events observed in hemolytic
episodes of different etiologies.
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Atypical hemolytic uremic syndrome
(aHUS) is a rare renal thrombotic microan-
giopathy commonly associated with rare
genetic variants in complement system
genes, unique to each patient/family. Here,
we report 14 sporadic aHUS patients car-
rying the same mutation, R139W, in the
complement C3 gene. The clinical presen-
tation was with a rapid progression to
end-stage renal disease (6 of 14) and an
unusually high frequency of cardiac (8 of
14) and/or neurologic (5 of 14) events.
Although resting glomerular endothelial

cells (GEnCs) remained unaffected by
R139W-C3 sera, the incubation of those
sera with GEnC preactivated with pro-
inflammatory stimuli led to increased C3
deposition, C5a release, and procoagu-
lant tissue-factor expression. This func-
tional consequence of R139W-C3 re-
sulted from the formation of a hyperactive
C3 convertase. Mutant C3 showed an
increased affinity for factor B and a re-
duced binding to membrane cofactor pro-
tein (MCP; CD46), but a normal regulation
by factor H (FH). In addition, the fre-

quency of at-risk FH and MCP haplotypes
was significantly higher in the R139W-
aHUS patients, compared with normal
donors or to healthy carriers. These ge-
netic background differences could ex-
plain the R139W-aHUS incomplete pen-
etrance. These results demonstrate that
this C3 mutation, especially when associ-
ated with an at-risk FH and/or MCP haplo-
types, becomes pathogenic following an
inflammatory endothelium-damaging
event. (Blood. 2012;119(18):4182-4191)

Introduction

The atypical hemolytic uremic syndrome (aHUS) is a rare kidney
predominant thrombotic microangiopathy, associated with genetic
abnormalities in the regulators and activators of the alternative
complement pathway.! A complement genetic abnormality has
been identified in > 60% of patients.” Most commonly, they
correspond to rare distinct point mutation variants unique for each
patient/family.? The small number of patients sharing a particular
mutation often precludes investigations on the consequence of each
particular mutation and on the influence of additional factors for the
disease manifestation. Therefore, it is still unclear why aHUS has
incomplete penetrance among the mutation carriers, despite the
clear functional consequences of the mutations. Complement
dysregulation is linked, by as yet not well-understood mechanisms,
to the induction of a procoagulant phenotype on glomerular
endothelial cells (GEnCs). Thrombi are formed in the kidney
microvasculature, resulting in end-stage renal disease (ESRD)
1 year after the first flare in ~ 50% of the cases.!

Complement is an innate immune surveillance system, designed
to fight infections and to handle damaged or apoptotic cells and
debris.* It may be activated by 3 pathways, all leading to the
cleavage of the central component C3 by an enzymatic complex
called a C3 convertase. The C3 convertase of the alternative

pathway, C3bBb, is composed of the active fragments of C3 and
factor B (FB).

To avoid accidental host tissue injury, the complement system is
tightly controlled on self-surfaces by regulators such as factor H
(FH), factor I (FI) and membrane cofactor protein (MCP; CD46).
In aHUS, these regulators are frequently mutated and unable to
efficiently protect the endothelium from complement attack.! C3
mutations were recently discovered in aHUS and only few reports
describe the clinical outcome of such patients.>® Functional
analysis of 9 of these C3 mutations revealed that most of them
result in impaired regulation by MCP and hence in indirect, or
secondary, gain of function of the C3 convertase.” It has also
become evident that aHUS could be associated with an intrinsically
hyperactive C3 convertase. Three such mutations have been
reported in FB.>!? They resulted in the formation of a more potent
C3 convertase, resistant to decay by complement regulators and
leading to enhanced C3 deposition on resting GEnC. A particular
hyperactive C3 convertase, formed with mutated C3, was described
in patients with dense deposit disease because of in frame deletion
of 2 amino acid residues.!! To date, no C3 mutations in aHUS have
been described that are able to directly enhance the function of the
C3 convertase.
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Here, we report the first large series of aHUS patients carrying
the same genetic abnormality in C3, R139W. This is the first
description of a direct gain-of-function mutation in C3 that forms a
hyperactive C3 convertase as well as being resistant to regulation
by MCP, but not by FH. This C3 mutation, especially if associated
with at-risk FH and MCP haplotypes, becomes pathogenic follow-
ing an endothelium-damaging event.

Methods

Patients

Patients were recruited from the French aHUS cohort of patients (n = 343).
Diagnosis of HUS was defined by the simultaneous and acute occurrence of
at least 3 of the following 4 criteria: acute renal failure, microangiopathic
hemolytic anemia, thrombocytopenia, and/or histologic thrombotic microan-
giopathy. Further definitions and the case reports are given in supplemental
Methods (available on the Blood Web site; see the Supplemental Materials
link at the top of the online article). The clinical history of patients P7 and
P9 has been reported previously.'? This study was approved by the Inserm
ethical commission.

Structure analysis

The crystal structures of C3,'* C3b,'* C3b-FH1-4,!> C3bBb,'® C3bB!” and
MCP!'8 are available in Protein Data Bank. Molecular graphic imaging and
analysis were produced using the Pymol and UCSF Chimera package'®
(http://www.cgl.ucsf.edu/chimera/). Protein numbering throughout this study
is according to the sequence of the mature protein, lacking the signal
peptide. Wherever appropriate, the numbering will be according to the gene
sequence (starting with c.) and to the protein with the 22-amino-acid-long
leader peptide (starting with p.).

Endothelial cell assays

Conditionally immortalized GEnCs'%?? (passage 29-35) and third-passage
primary HUVECs were used for this study. Detailed of culturing conditions
are given in supplemental Methods. Briefly, GEnCs and HUVECs, either
resting or stimulated with TNFoa/IFNvy, were exposed to normal human sera
(NHS) from 50 donors or R139W sera or FH-depleted (FH-dpl) serum.
Alternatively, blocking anti-FH (Ox24?') mAb was added to these sera or
anti-MCP (GB24%?). In addition, R139W sera were supplemented with
different concentrations of purified FH (Comptech). Released C3a, C5a,
and sC5b9 were measured in the supernatant using specific ELISAs
(Quidel). Cells were incubated with a mouse anti-human C3c mAb
(Quidel), followed by a secondary anti-mouse IgG-PE or an anti-tissue
factor-PE Ab (BD Pharmingen) and analyzed by flow cytometry as
described in supplemental Methods.

Recombinant C3 production

The R139W mutant C3 was produced from the wild-type (WT) C3 plasmid
as described.> The expression level of the plasmids was compared after
multiple transient transfections using Lipofectamine. The plasmid was
introduced into CHO cells via stable transfection using selection with
G418. The constructs were sequenced in their entirety to confirm that no
additional mutations had been introduced. The synthesis of C3 was assessed
by a sandwich ELISA, using immobilized anti-human C3 Ab for capture
and biotinylated anti-human C3, followed by streptavidin-HRP (Amer-
sham) for detection. The expression levels were similar between WT and
mutant plasmids. Supernatants derived from stable transfected cells contain-
ing recombinant WT and R139W-C3 as well as supernatants of the
mock-transformed cells (SNO), were used to purify C3 by ion exchange
chromatography using DEAE Sepharose (GE Healthcare) and eluted with
0.2M NaCl.

Surface plasmon resonance

The interaction of wild-type and mutant C3 with FH, MCP, and FB was
analyzed using surface plasmon resonance (SPR) technology with Bia-
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core2000 equipment. In the first approach, FH and MCP were coupled to
the CMS5 biosensor chip (GE Healthcare) using standard amide-coupling
technology, according to the manufacturer’s instructions. Purified recombi-
nant wild-type and mutant C3 were used as an analyte at concentrations of
1, 0.5, 0.25, 0.125, and 0.06nM. The flow rate was 10 wL/min in a HEPES
buffer (10mM HEPES, 25mM NaCl, pH 7.4). An empty activated/
deactivated flowcell served as a control.

Alternatively, the anti-C3d Ab (Quidel) was coupled to the 4 flowcells
of the chip. Purified WT and R139W C3 and an equivalent purification
fraction from the SNO were loaded on 3 of the flowcells. No binding was
detected in the case of SNO. WT and R139W C3 were always loaded to
equivalent resonance units. FB was applied as an analyte at 0.06, 0.125,
0.25, 0.5, and InM in 1mM MgCl,-containing HEPES buffer (without
regeneration). The complex was allowed to decay spontaneously before the
next concentration was injected.

Data were analyzed using BIAevaluation software and the RU from the
blank flowcell was subtracted. Kinetic parameters were calculated by fitting
the obtained sensorgrams into 1:1 interaction with a drifting baseline
algorithm to give the lowest x2.

C3 convertase formation

Alternative pathway C3 convertase was assembled on a CMS5 chip by
preprogrammed injections of native and recombinant C3, FB, and FD.
Native and recombinant C3 were mixed to mimic the heterozygous
situation found in patient sera. In each case, 3 different samples were
prepared: (1) purified recombinant WT (10 ng) or R139W C3 (10 ng) or
equivalent volume of SNO plus human C3 purified from plasma (Calbio-
chem; 10 ng), 3 g of FB (Calbiochem) and 0.2 pg of FD (Calbiochem)
were added in 10mM HEPES, 25mM NaCl, ImM MgCl, running buffer to
a final volume of 100 pL; (2) 7 pg of FB and 0.5 pg of FD in 200 pL of
running buffer; and (3) purified recombinant WT (10 ng) or R139W C3
(10 ng) or equivalent volume of SNO with human C3 purified from plasma
(10 ng) in a final volume of 100 wL. Samples were injected as follows:
sample 1, followed by sample 2, then sample 3 and, at the end, sample
2 again, followed by 100 s of running buffer only. Alternatively, ImM NiCl,
was used instead of MgCl, to stabilize the C3 convertase.

Results
Genetic analysis

Mutation screening. Direct sequencing of the C3 gene allowed
identification of 14 patients (4% of the French aHUS cohort and
~ 50% of patients with C3 mutations) carrying the same heterozy-
gous missense mutation: ¢.481C>T (Figure 1A), encoding for
p-R161W substitution if the first Met was counted as 1 (ie, with a
signal peptide of 22 residues, Figure 1B) or R139W of the mature
protein (without the signal peptide). The affected R139 residue is
partially exposed on the surface of C3 MG2 domain (Figure 1C).
This mutation was absent in 550 healthy controls. Most of the
patients and 150 of the normal controls came from the North of
France. Two of the patients carried a second genetic abnormality in
the FH gene (R341H for P9 and F960S for P11, Table 1). No
missense or splice site mutations were present in the genes of FH,
FI, MCP, C3, FB, and thrombomodulin. No complete deletion of
CFHR1/3 was found. Eleven healthy R139W carriers were identi-
fied among 19 healthy individuals from the 6 families available for
screening.

FH and MCP haplotypes analysis. The frequency of FH and
MCP SNPs and haplotypes?® was evaluated in the R139W-aHUS
patients and their relatives and compared with healthy donors
(Table 2). FH (FHrtgrgr) and MCP (MCPggaac) at-risk haplotypes
were significantly higher in R139W-aHUS compared with 190 nor-
mal donors. These 2 haplotypes were also more frequent in
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R139W healthy carrier

(n = 11) vs R139W aHUS

(n=14)

R139W aHUS (n = 14) vs controls

R139W healthy carrier (n = 11) vs controls

c184G>A; c.1204T>C; c.2016A>G; c.2808G>T; Controls

Promoter

Int 95% P

OR

Int 95%

OR

Freq

Int 95% P

OR

Freq

p.Tyr402His p.GIn672GIn  p.Glu936Asp Freq

p.Val62lle

—-322C/T

(n = 275)

CFH

ns

0.04-0.64* .01*

0.15*

0.06
0.07
0.46
0.09

.04

ns

0.11-0.95

0.32

0.16

0.34
0.2

H1

ns
.03*

ns
< .0001*

H2

1.18-13.5*

3.99*

2.63-12.59*

5.75*

ns
<.0001*

0.22
0.

0.13
0.17

H3

ns

ns

0.05-0.18*

0.09*

4

H4

c.4070 T>C
(rs7144)

IVS12+638

IVS9-78
G>A
(rs1962149)

—366
A>G
(r$2796268)

—652
A>G
(r$2796267)

G>A
(rs859705)

(n = 192)

MCP

ns
.03*

.006*

0.11-0.69*
2.1-10.24*

0.27*

0.23
0.59
0.05
0.08

.01*

ns

0.14-0.8*

0.33*

0.31
0.43
0.09
0.06

0.5
0.25
0.12
0.09

A
G

MCP1

3.26*  1.09-9.78*

.0001*

4.64*

MCP2

ns

ns

ns

MCP3

ns

ns

ns

A

MCP4

ns indicates not significant. See Table 1 for expansion of other abbreviations.

*Lines where significant differences were found. H3 haplotype (CFH tgtgt) and MCP2 haplotype (MCP ggaac) were previously identified at-risk haplotypes for aHUS.
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R139W-aHUS, compared with healthy R139W carriers. The pres-
ence of FHrgrgr together with R139W gave a 4-fold higher chance
for disease development compared with R139W alone. Similarly,
the presence of MCPggaac With R139W increased 3-fold the risk
for development of R139W-aHUS. In addition, 69% of R139W-
aHUS were homozygous for the minor TT genotype of the
r$3753394 SNP in the promoter region of FH, while it occurred
only in 6% of normal donors and was not observed in healthy
R139W carriers.

Four of the patients carried homozygous FH risk haplotype
TGTGT and 5 patients homozygous MCP risk haplotype GGAAC
(Table 1). Two of the patients (P2 and P9) carried both risk
haplotypes. If the presence of the FH or MCP at-risk haplotype is
considered as 1 risk copy when in a heterozygous form and as 2 risk
copies when in a homozygous form, the sum of at-risk haplotype
copies in FH and MCP could be estimated in R139W-aHUS and
R139W healthy carriers. We were able to assign the individual
haplotype alleles for 11 patients and 10 healthy carriers. Eighty-two
percent of patients had 2 or more at-risk copies in FH and/or MCP
versus 30% of the healthy carriers.

aHUS presentation

The onset of the R139W-aHUS was in the pediatric population
(under 18 years) in 5 cases and in adults in 9 cases. A triggering
event was suspected in 10 of 14 patients including an infection in
3 of 5 pediatric cases, while the adults < 50 years of age developed
the disease postpartum (3 of 7) or in relation to drugs or toxins (4 of
7). No triggering event was identified in the patients > 50 years of
age (2 of 2). The pediatric cases had nearly equal distribution of
male (2 of 5) and female (3 of 5) patients while in adults 90% of the
patients (8 of 9) were female. Shiga toxin—producing Escherichia
coli were not present in any patient.

Initial clinical symptoms and laboratory test results are detailed
in Table 1. Treatment consisted in plasma therapy in 10 patients:
plasma exchange (30-80 mL/kg per session) or exchange transfu-
sions in one case (P1). Cardiac events were reported in 8 of
14 patients. Echocardiography demonstrated a dilated cardiomyop-
athy with a reduction in left ventricular function in 7 patients. One
patient (P13) died in relation to a cardiovascular event but the
myocardial process was not defined. Heart failure occurred mostly
at the R139W-aHUS onset but 2 patients (P10 and P1) experienced
a delayed cardiomyopathy 2 and 6 months, respectively, after the
hematologic remission. Cardiac function slowly improved with
medical treatment but a left ventricular dysfunction persisted.
Neurologic events occurred in 5 of 14 patients, always during the
acute phase of the illness. Four patients had seizures and one had
brachioplegia. Cranial computed tomographic scans were abnor-
mal in 2 patients, showing diffuse multiple small infarcts. Neuro-
logic manifestations resolved except for one (patient P2), who
developed recurrent seizures requiring chronic therapy. Altogether,
9 of 14 patients developed an ESRD, 6 before 1 year of follow-up.
Seven kidney transplantations were performed in 4 patients. Four
transplanted kidneys were lost after 1 to 23 months because of an
aHUS relapse, one of them under preventive plasma therapy.

Complement component assessment. Low C3 at the acute
phase of the disease was detected in 6 of 9 patients, for whom
samples were available from the acute phase. In contrast, all
screened healthy carriers (samples available for 8 individuals) had
normal C3 levels. No patient had anti-factor H autoantibodies. FH
and FI antigenic levels and MCP expression (assessed by flow
cytometry) were normal in all tested patients.
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Figure 1. Localization of R139W C3 mutation. (A) Position within the C3 gene and the protein primary structure. (B) Representative histogram for the sequencing of a patient,

carrier of R139W. (C) Mapping of R139W on the surface of C3 using Pymol software.

Functional characterization of the R139W mutation

Using R139W-C3-containing sera. The RI139W mutation led to
complement activation on stimulated but not on resting endothelial
cells. Resting, adherent HUVECs or GEnCs were stimulated with
proinflammatory cytokines (TNFa + IFNvy) and then incubated
with sera from 3 patients with R139W-aHUS (P2, 5 and 14),
3 healthy carriers of the mutation from patient P5’s family,
2 mutation-free members from the same family and compared with
50 different healthy donors (normal controls) and FH-depleted
serum (FH-dpl, positive control; Figure 2). Minimal C3 deposition
was observed on resting cells incubated with normal sera, aHUS
patients’ sera and all but 1 healthy carrier’s sera (the second sister
of patient P5-P5.S2; Figure 2A). FH-dpl led to increased deposition
of C3 on the resting cell surface. The high C3 deposition observed
P5.S2 serum, with GEnCs as well as with HUVECs from 5 different
donors, is mainly alternative pathway dependent (persistent in
presence of EGTA-Mg). The screening of FB and FH polymor-
phisms and CFHR1 copy numbers showed no peculiarity in this
subject and, unfortunately, new serum samples were not available
for further analysis. On cytokine-stimulated cells, C3 deposition
from all tested R139W-HUS patients and healthy R139W carriers
was increased, compared with healthy donors and was similar to
the FH-dpl (Figure 2A). In the large family tested, the increase of
C3 deposition perfectly correlated with the presence of the
mutation (as could be seen from the genealogic tree in supplemen-
tal Figure 1). The augmented C3 deposition was accompanied by
increased C3a and C5a release, sC5b-9 formation, and tissue-factor
expression. These effects were observed both using HUVECs
(supplemental Figure 1) and GEnCs (Figure 2A).

The C3 deposition from RI139W serum on stimulated EC was
controlled by FH but not by MCP. To determine whether the
increase in C3 deposition from RI139W serum was caused by
defective regulation of the R139W C3 by FH or by MCP, function
blocking Abs were used (Figure 3A). FH-dpl was used as a control
for defective regulation by FH. If the blocking anti-FH OX24 Ab
was applied to NHS, C3 deposition on resting cells was increased
2-fold compared with NHS and was equivalent to that of the
FH-dpl. The same Ab caused a more than 4-fold increase in C3
deposition when applied to a serum containing R139W-C3. Similar
experiments were performed using blocking anti-MCP GB24 Ab.
Addition of this Ab to NHS caused a 2.5-fold increase in C3
deposition, similar to FH-dpl. When the anti-MCP Ab was applied
to FH-dpl or to R139W serum, the C3 deposition exceeded control
levels by 5-fold and 3-fold, respectively. Addition of purified FH to
sera of R139W-aHUS patient or healthy relatives but carrying the
same mutation resulted in a decreased C3 deposition on activated
GEnC (Figure 3B). The C3 deposition reached levels obtained with
NHS when the FH concentration was doubled.

Using recombinant proteins. The R139W mutation affected C3
interaction with MCP, not with FH. The affected residue R139 is in
close proximity to the FH CCP3 binding site' and to the suggested
MCP CCP3 binding site!® (Figure 4A-B). ELISA (Figure 4C-D)
and SPR (Figure 4E-F) revealed a normal interaction with FH, but
the binding to MCP was decreased. Kinetic analysis indicated a
statistically significant 2-fold decrease in the association rate
(7.11 X 10* Ms™! for the WT vs 2.97 X 10* Ms™! for R139W,
P = .016, n = 4, ¢ test) and no difference in the dissociation rate,
resulting in a 3-fold reduction in the apparent binding affinity
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Figure 2. Complement activation on glomerular endothelial cells, incubated
with sera from R139W-aHUS patients and their healthy relatives. (A) C3
deposition on resting or TNFa/IFNy activated GEnCs in the presence of sera from
50 individual normal donors, FHdpl (4 different lots), R139W-aHUS patients (P2, P5,
and P14), healthy relatives of patient P5 bearing the mutation (5.F indicates father;
and 5.81 and 5.S2, sisters) or mutation-free relatives of patient P5, indicated as
family (5.M indicates mother; and 5.B, brother). C3 depositions (RFI) obtained with
each patient or healthy donor were normalized by the C3 deposition from one normal
human serum on resting cells, considered as a standard and run in each experiment
to obtain the fold increase. Each point is a mean of 3-5 independent experiments.
Statistical significance (***P < .001) was calculated by ANOVA. (B) Levels of C3a,
Cba, and soluble C5b-9, released after incubation of the TNFa/IFNy activated
GEnCs with serum from normal donors (n = 6) or R139W sera (n = 3), were
measured by ELISA. The level of C3a, C5a, or sC5b-9 in the supernatant (one-third
diluted serum) from resting cells was subtracted from the corresponding levels on
activated cells, to obtain the specific amount of C5a and sC5b-9 released because of
complement activation. Results are expressed as fold increase, compared with a
standard normal serum as in panel A. The statistical analysis was a Mann-Whitney
test. (C) Tissue-factor expression on TNFa/IFNy activated or resting GEnCs after
overnight incubation with sera from normal donors (n = 6) or R139W-positive sera
(n = 4). The percentage of TF-positive cells was measured by flow cytometry. The
statistical analysis was the Mann-Whitney test.

(1.57 X 108 M~! for the WT vs 5.15 X 107 Ms~! for R139W,
P = .045,n = 4, t test). No difference was observed for the Kinetic
parameters of the interaction with FH. The decay acceleration
activity of FH was identical for the WT and R139W-C3 (supplemen-
tal Figure 2A). Both C3 forms were cleaved by factor I in presence
of FH as a cofactor, but the cleavage of R139W was slightly
delayed compared with the WT (supplemental Figure 2B).

RI39W is a gain-of-function mutation leading to a hyperactive
C3 convertase. Structural aspects of the formation of the alterna-
tive complement pathway C3 convertase C3bBb have been re-
cently described.'®!'7 R139W mapped far from FB in the closed
structure of C3bB and C3bBb. However, it was in close proximity

DIRECT C3 GAIN OF FUNCTION INaHUS 4187

to the SP domain of FB in the so-called open form of C3bB, which
is capable of binding FD and allows generation of the active
convertase C3bBb (Figure 5A). Therefore, the influence of R139W
on the interaction with FB was analyzed. Both ELISA (Figure 5B)
and SPR (Figure 5C) demonstrated an increased binding of FB to
R139W, specifically, a nearly 2-fold increase in the binding affinity
secondary to enhanced association rate. No difference was ob-
served in dissociation parameters. To determine whether this
increased binding could lead to hyperfunctional C3 convertase, the
formation of the C3 convertase was assessed by SPR. In the
presence of R139W the convertase was more efficient, leading to
increased C3b deposition on the chip (Figure 5D). This phenom-
enon was observed both in the presence of Mg (Figure 5D) and of
Ni ions (not shown).

Discussion

Atypical HUS is a predominant renal thrombotic microangiopa-
thy strongly associated with complement genetic abnormalities.
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Figure 3. Effects of blocking FH and MCP on the regulation of C3 deposition
from WT or R139W sera. (A) GEnCs preactivated with TNFo/IFN+y were incubated for
30 minutes with the standard normal human serum, FHdpl, or R139W sera, in the
presence or absence of blocking mAbs against FH (Ox24) or MCP (GB24). The C3
deposition was evaluated by flow cytometry as in Figure 2A. ***P < .0001, unpaired ttest.
Unless specifically mentioned, the comparison was made with the NHS (the first bar with a
black and white pattern). (B) GEnCs activated with TNFo/IFNy were incubated for
30 minutes with normal human sera, FHdpl, or R139W sera in the presence of increasing
doses of purified FH. C3 deposition in the absence of FH for the FHdpl or R139W-positive
sera (from aHUS patient and healthy carriers) was taken as 100% and each C3 level
percentage, in the presence of different doses of FH, was calculated. The starting FH
concentration was in the normal range for P5, 5.F, and 5.51. The level of C3 deposition
from a normal serum is given as a straight line.
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Figure 4. Interaction of R139W with MCP and FH. R139 position (A) on
the structure of C3b in a complex with FH CCP1-4 or (B) in a model
complex with MCP. R139 is close to CCP3 binding site of both FH and
MCP. Direct binding of recombinant WT or mutant C3 to (C) FH or (D) MCP,
studied by ELISA. FCS-free supernatant, containing recombinant WT or
mutant C3 produced by stably transfected CHO cells, was used as a
source of C3. SNO is the supernatant of cells transfected with a plasmid not
containing the C3 gene. The real-time binding of recombinant WT or
mutant C3 to (E) FH or (F) MCP was studied by SPR, using recombinant
C3 proteins purified from serum-free culture supernatants by DEAE-
Sepharose column.
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Nevertheless, the contributions of the complement system
mutations to the expression of a procoagulant phenotype of the
glomerular endothelium and to the disease manifestation remain
elusive. Here, we report a large series of aHUS patients who
carry the same genetic abnormality, R139W, in the central
complement component C3. This mutation, found in 14 unre-
lated patients, accounted for half of the C3 mutations associated
with aHUS in France. Most of the patients came from the north
of France, but did not share a high level of polymorphisms in the
vicinity of the C3 gene (data not shown). This suggests that, if
there was a founder effect, it was ancient. R139W was not
identified in normal controls, confirming it as a mutation and not
a rare polymorphism. Given the high frequency of this genetic
abnormality, it could be considered as a prototypical aHUS C3
mutation, similar to R1210C in FH.%*

The functional consequences of R139W were analyzed using sera
containing R139W-C3 and recombinant proteins. Incubation of resting
endothelial cells (both HUVECs and GEnCs) with R139W positive sera
did not result in increased C3 deposition, except in one case of a healthy
carrier. These results are in contrast to what we observed previously for
2 mutations in FB, which caused increased C3 deposition even on
resting cells.!® No significant increase in TF expression was observed if
resting GEnCs were cultured with R139W serum, compared with
healthy controls. The fact that the presence of R139W-C3 is tolerated by
healthy endothelium could explain why the disease associated with this
mutation occurs at variable ages, in the majority of the cases after a
triggering event, and has an incomplete penetrance. Atypical HUS flares
are frequently preceded by a triggering event, as in 10 of the 14 patients
reported here. Herein, we observed increased complement deposition on
glomerular endothelial cells exposed to R139W sera, if cells had been
stimulated by proinflammatory cytokines.

All tested R139W containing sera caused increased C3 deposi-
tion compared with normal donors and a perfect correlation was

observed between this C3 deposition and the presence of the
mutation in patient P5’s family. This result was similar to our
model conditions of complement dysregulation, using FH-depleted
serum or blocking FH or MCP with an inhibitory Ab. The enhanced
C3 deposition was accompanied by increased release of C3a, C5a,
and formation of the soluble terminal complement complex C5b9
(sC5b9), indicating that complement activation on the cell surface
proceeded to its final stages. C5a and sC5b9 are known to induce
TF expression on HUVECs.?>26 Stimulated GEnCs on culture with
R139W sera also expressed higher TF levels, compared with the
same cells cultured with normal human sera. Of note, RI39W sera
from patients and healthy carriers resulted in similar levels of
deposited or released complement active fragments and of TF
expression. Thus, we provide experimental evidence that comple-
ment hyperactivation in aHUS is indeed linked to the expression of
a procoagulant phenotype of the GEnCs and therefore participates
in the thrombotic process.

The functional consequences of this mutation were studied at
the molecular level. Positioning of R139 on the structure of C3b in
complex with 3 of its most important ligands revealed that this
residue is in proximity to the binding site for CCP3 of FH,!> the
putative binding site for CCP3 of MCP!'8 and the binding site of the
FB’s serine protease (SP) domain in the open conformations as part
of the C3 proconvertase C3bB. Structural aspects of the C3
convertase formation have been extensively studied.!®!7-27-2 Bind-
ing of FB to C3b induces a dynamic equilibrium between a closed
(loading) and open (activation) form. This conformational change
is accompanied by a reorientation of FB catalytic SP domain,
which comes into contact with the MG2 and the CUB domains of
C3b in the open form. The activation form allows factor D binding
and formation of the active convertase C3bBb. The R139 residue is
far from the FB binding site in the loading form, but the SP domain
comes close to this residue in the active form. Experimental results
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Figure 5. Interaction of R139W with factor B. (A) R139
position on the structures of C3b with FB in closed
(refractory to cleavage by FD) and open (prone to
cleavage by FD) conformations and on the structure of
the C3bBb complex. The « and B chains of C3b are
depicted in blue and green and FB is colored in magenta.
(B) Binding of FB to WT or mutant recombinant C3,
bound to an anti-C3d mAb, coated to the ELISA plate.
Serum-free supernatant was used as a source of recom-
binant C3 molecules. (C) The binding of FB to recombi-
nant WT or R139W C3, bound to an anti-C3d mAb on the
CMS5 biosensor chip, was studied by SPR using Biacore.
Recombinant C3 proteins, purified from serum-free cul-
ture supernatants by DEAE-Sepharose column, were
used. (D) Formation of a C3 convertase on the biosensor
chip by subsequent injection of C3+FB+FD, followed by
an injection of FB+FD. Purified WT or R139W recombi-
nant C3 were mixed with native C3, purified from
plasma. Proteins deposition on the chip was followed
over time. For panels B through D, 1 representative
experiment of 3, performed with 3 independent produc-
tions of C3, is presented.
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here demonstrated a 2-fold increase in the binding of R139W to
FB, because of a faster association rate. Furthermore, mutant C3
formed a hyperactive C3 convertase. These results are in agreement
with the structural data and confirm the importance of the MG2
domain for binding of FB.

This is the first rigorously analyzed case of a direct gain of
function of a C3 mutation. All mutations previously described® are
indirect gain of function, resulting from ineffective regulation by
MCP. Interestingly, the direct binding of R139W C3 to FH and its
decay acceleration activity were undistinguishable from wild-type
C3, both by ELISA and SPR, notwithstanding the close proximity
of the mutated residue to the FH-binding site. The cofactor activity
of FH toward R139W cleavage by factor I was only moderately
decreased, compared with the wild type. The interaction with MCP
was affected by the mutation, causing a strong decrease in binding
(measured by ELISA) and a 3-fold decrease in binding affinity
(studied by SPR), because of a slower association rate. Once
formed, the complex had the same dissociation rate as the WT.
These results demonstrate that the binding sites for FH and MCP
are not identical and do not involve the same contact residues
because R139W differentially influences the interaction with these
2 complement regulators.

0 100 200 300 400 500 600 700
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1000 1500 2000 2500
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The notion that R139W could be regulated by FH but not by
MCP was confirmed by a different approach, using function
blocking anti-FH and anti-MCP Abs in R139W containing serum.
When anti-MCP blocking Ab was applied to R139W sera, C3
deposition was slightly increased, suggesting that in this experimen-
tal set-up MCP does not contribute much to the regulation of C3
deposition. In contrast, anti-FH blocking Ab in R139W sera raised
C3 deposition to the levels observed in the absence of both MCP
and FH. Also, addition of purified FH was able to control the C3
deposition in R139W positive sera in the normal range of healthy
donors. These results confirm the capacity of FH to regulate
R139W C3 and emphasize FH essential role in complement
regulation in sera harboring this mutation.

Although a family history of aHUS was not found in all
14 patients, 11 R139W healthy carriers were identified in 6 families
in which genetic analysis was performed. Two patients carried
additional mutations in FH outside the hotspot region CCP19-20.
To find out whether healthy carriers differed in their genetic
background from the R139W-aHUS patients, the frequency of the
aHUS at-risk haplotypes in FH (FHygrgr) and in MCP (MCPggaac)
were compared. The R139W-aHUS patients had significantly higher
frequency of these at-risk haplotypes compared with healthy controls, as
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previously reported in patients with aHUS.*® In contrast, these frequen-
cies were similar in healthy R139W carriers and in normal donors. The
presence of R139W together with FHygrgr conferred 4-fold higher risk
and with MCPggaac, 3-fold higher risk for development of aHUS,
respectively, compared with R139W alone. Among the R139W-aHUS
patients, 82% had 2 or more at-risk alleles in FH and/or MCP genes,
compared with 30% of the healthy carriers. This clear distinction
between healthy carriers and patients demonstrates the critical role of the
FH and MCP genetic background for the development of aHUS in the
presence of a mutant C3.

The R139W-aHUS had variable disease manifestations and
both severe and milder renal phenotypes were found. Neverthe-
less, the R139W-aHUS was marked by a high frequency of
extrarenal complications (> 60% of the patients). Particularly,
60% of the patients had cardiac events and 35% had neurologic
events either during the acute phase or at distance from the
aHUS episodes. Cardiac symptoms in HUS and aHUS are rarely
mentioned, mostly in isolated case reports. A dilated cardiomy-
opathy (as in our R139W-aHUS patients) has been the most
frequent observation.3!-34 In a series of 64 autopsied HUS cases,
heart involvement was detected in 19 patients.? Only one study
of aHUS pediatric cases reported a high frequency of cardiomy-
opathy, affecting 10 children (43% of the cohort). Nevertheless,
no mutation screening was performed in these 2 patients’
series.’® Cardiac complications have been reported in patients
with a FH mutations leading to haploinsufficiency?*; in 1 of
7 children with autoimmune aHUS37 and in 3 of 45 cases of the
French autoimmune aHUS.’® Further studies are needed to
determine whether there exists a specific association of cardiac
complications with R139W-aHUS. Nevertheless, results suggest
that echocardiographic screening of patients with aHUS should
be performed at admission and during the follow-up because
cardiac complications could be more frequent than reported or
associated with particular forms of aHUS, as is the case here.

Starting from the observation that R139W causes a hyperactiv-
ity of C3 and reduced binding to MCP, a rational therapeutic
strategy could be suggested for these patients. An optimal situation
would be an agent capable of controlling the mutant convertase or
its consequences. We found that the addition of purified FH to the
R139W-C3 of sera was capable of reducing C3 deposition on
activated GEnCs in a dose-dependent manner. Therefore, purified
FH, or FH regulatory domains containing constructs (as the
FH-CR2 hybrid inhibitor TT30%®), could be considered as a
therapeutic option for R139W-aHUS. Experimental assessment for
the susceptibility of a mutant convertase to control by FH should be
considered as a mean to find potential putative responders to
purified FH treatment. Some mutations such as the FB gain of
function'® appear to be resistant to regulation by FH. Independent
of the localization of the mutation, the generation of adverse
products of complement hyperactivation, such as C5a and C5b9,
can be efficiency blocked by eculizumab, a mAb blocking the
cleavage of the complement protein C5. This therapeutic agent has
reduced the magnitude of the thrombotic microangiopathy, restored
kidney function, and improved quality of life in a small number of
aHUS patients.3%40
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In summary, we describe the genotype-phenotype and structure-
function relationships for a frequent direct gain-of-function muta-
tion in C3. The number of patients and healthy carriers with the
R139W form of C3 on different genetic backgrounds indicates that
this mutation, particularly if associated with an at-risk FH and/or
MCP haplotypes, becomes pathogenic in association with an
endothelium-damaging event.
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