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Abréviations 

J’ai choisi dans ce travail de presenter les abréviations de termes anglais et français 

ACD : Accidental Cell Death 

ACLF : Acute on Chronic Liver Failure 

ADH : Alcool Déshydrogénase 

α-GalCer : α-Galactosylceramide 

AIF : Apoptosis Inducing Factor 

AIH : Auto-Immune Hepatitis 

ALAT : Alanine aminotransferase 

ALD : Alcoholic Liver Disease 

ALF : Acute Liver Failure 

ALI : Acute Liver Injury 

APAP : Acetyl-Para-Aminophenol 

APC : Antigen Presentating Cells 

ARH3 : ADP-ribosyl-hydrolase 3   

ASAT : Aspartate aminotransferase 

ASK1 : Apoptosis Signal Related Kinase 

 

BBB : Blood Brain Barrier 

Bid : BH3 Interacting Domain death agonist 

BMECs : Brain Microvascular Endothelial Cells 

 

cFLIP : cellular FLICE like Inhibitory protein 

CHC : Carcinome hépatocellulaire 

cIAP : cellular Inhibitor of Apoptosis Protein 

CMH : Complexe Majeur d’Histocompatibilité 

ConA : Concanavaline A 

CpG : Cytosine-phosphate Guanine 

CYLD : Cylindromatosis  

 

DAI : DNA-dependent activator of IFN regulatory factors 

DAMPs : Damage Associated Molecular Patterns 

DAPK1 : Death Associated Protein Kinase 1 

DC : Dendritic Cells 

DD : Death Domain 
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D-GalN : D-Galactosamine 

DILI : Drug Induced Liver Injury 

DISC : Death Inducing Signaling Complex 

DR : Death Receptor 

 

EGFR : Epithelial Growth factor ; 

ERK : Extracellular Signal-Regulated Kinase 

 

FADD : FAS Associated Death Domain 

FasL : Ligand Fas 

FGF : Fibroblast Growth Factor 

 

GSH : Glutathion Hépatique 

 

HMGB1 : High Mobility Group protein B1 

HSC : Hepatic Stellate Cell 

 

IAP : Inhibitor of Apoptosis Protein 

ID : Intermediate Domain 

IDO : Indoleamine-pyrrole 2,3-dioxygenase 

IFN : Interféron 

IHC : Immunohistochimie 

IKK : Inhibitor of NF-κB Kinase 

IL-1RAcP : IL-1 Receptor Accessory Protein 

ILCs : Innate Lymphoïd Cells 

iNKT : invariant-NKT 

IPS : IFN-  Promoter Stimulator 

IRF : Interferon Regulatory Factor 

IκBα : Inhibitor of κB-alpha  

 

JNK : c-Jun N-terminal Kinase 

 

KC : Kupffer Cells 

KD : Kinase Dead 

KO : Knockout 

 

LB : Lymphocytes B 
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LPC : Liver Parenchymal Cells 

LPS : Lipopolysaccharide 

LSEC : Liver Sinusoidal Endothelial Cells 

LT : Lymphocytes T 

LUBAC : Linear Ubiquitin Chain Assembly Complex 

 

MAPK : Mitogen Activated Kinases 

MDC : Cellules Myéloïdes 

Mda5 : Melanoma differentiation-associate Gene 5 

MHV : Murine Hepatitis Virus 

MLKL : Mixed Lineage Kinase Domain Like 

MOMP : Mitochondrial Outer Membrane Permeabilization 

 

NAFLD : Non-Alcoholic Fat Liver Disease 

NAPQI : N-acétyl-p-benzoquinone imine 

NASH : Non-Alcoholic Steatosis Hepatitis 

NETs : Neutrophil Extracellular Traps 

NF-κB : Nuclear Factor-κB  

NIK : NF-κB Inducing Kinase 

NK : Natural Killer 

NKT : Natural Killer T 

 

PAMPs : Pathogen Associated Molecular Patterns 

PAR : Polymères d’ADP Riboses 

PARG : Poly(ADP-Ribose) Glycohydrolase 

PARP : Poly(ADP-Ribose) Polymerase 

PGAM5 : Phosphoglycerate Mutase Family Member 5 

PP2A : Protein Phosphatase 2A   

Poly(I:C) : Polyinosine-polycytidylique 

PRR : Pattern Recognition Receptor 

 

RAGE : Receptor for Advanced Glycation Endoproducts 

RCD : Regulated Cell Death 

RHIM : RIP Homotypic Interaction Motif 

RIG1 : RNA helicase retinoic acid Inducible Gene I 

RIPK : Receptor Inducing Protein Kinase 

ROCK1 : Rho-associated Coiled-coil containing protein Kinase 1 
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ROS : Reactive Oxygen Species 

 

Smac : Second mitochondrial activator of caspases 

 

TACE : TNF-Converting Enzyme  

TAK1 : TGF-  Activated Kinase 1 

TCR: Récepteurs des cellules T 

TGF : Transforming Growth Factor 

TIR : Toll-IL-1 Receptor 

TLR : Toll Like Receptor 

TNF : Tumor Necrosis Factor 

TNFR : TNF-Receptor 

TRADD : TNFR1-Associated Death Domain  

TRAF2 : TNFR Associated Factor 2 

TRAIL : TNF-Related Apoptosis Inducing Ligand 

TRIF : TIR- domain-containing adapter inducing IFN-  

 

VEGF : Vascular Endothelial Growth Factor 

VHA : Virus de l’Hépatite A 

VHB : Virus de l’Hépatite B 

VHC : Virus de l’Hépatite C 

VHD : Virus de l’Hépatite D 

VHE : Virus de l’Hépatite E 

 

WHO : World Health Organisation 

WT : Wild Type 

 

XIAP : X-linked Inhibitor of Apoptosis 

 

ZO-1 : Zona occludens-1 

 

  



v 
 

  SOMMAIRE 

I. INTRODUCTION .............................................................................................................1 

I.1. Introduction générale sur le foie................................................................................................2 

I.1.1.  Anatomie du foie..............................................................................................................2 

I.1.2.   Rôles du foie ....................................................................................................................2 

I.1.3.   Prévalence et étiologie des maladies hépatiques..............................................................3 

I.1.4.   Physiopathologie ..............................................................................................................4 

I.2.  Immunologie et homéostasie hépatiques..................................................................................6 

I.2.1.   Natures et caractéristiques des cellules hépatiques..........................................................7 

I.2.1.1.  Les cellules de Kupffer ..............................................................................................9 

I.2.1.2. Les cellules dendritiques..........................................................................................10 

I.2.1.3  Les cellules Natural Killer et les Innate Lymphoïd Cells  .......................................10 

I.2.1.4 Les cellules Natural Killer T....................................................................................10 

I.2.1.5.  Les neutrophiles .......................................................................................................11 

I.2.1.6.  Les lymphocytes B et T ............................................................................................12 

I.2.1.7. Les Liver Sinusoidal Endothelial Cells .....................................................................12 

I.2.2. Inflammation et tolérance hépatique ................................................................................13 

I.γ. Mécanismes moléculaires et cellulaires de l’hépatolyse.  ........................................................15 

I.3.1 Différents modes de mort cellulaire................................................................................15 

I.3.2. L’apoptose et la nécroptose, deux voies de mort cellulaire induites par les récepteurs de 

mort. .........................................................................................................................................17 

I.3.2.1 Définitions, caractéristiques et mécanismes de l’apoptose ......................................17 

I.3.2.2 Nécroptose ...............................................................................................................19 

I.3.2.3.  Outils pour l’étude des voies apoptotiques et nécroptotiques  ................................20 

I.3.3. Mort cellulaire et inflammation........................................................................................21 

I.4. Modèles d’hépatites chez la souris  ..........................................................................................22 

I.4.1.  Modèles d’hépatite induit par un hépatotoxique .............................................................22 

I.4.1.1. Hépatite induite par le paracétamol/acétaminophène................................................22 



vi 
 

I.4.1.2. Hépatite induite par le CCl4.......................................................................................23 

I.4.1.2.γ. Hépatite induite par l’alcool ...................................................................................23 

I.4.2.  Modèles d’hépatite immuno- induites .............................................................................24 

I.4.2.1.  Hépatite induite par la Concanavaline A (ConA) ...................................................24 

I.4.2.2. Hépatite induite par les virus de l’hépatite murine (MHV) .......................................25 

I.4.2.3. Hépatite induite par l’injection de LPS et de D-GalN...............................................26 

I.4.2.4. Hépatite induite par l’injection de poly(I:C)  .............................................................26 

I.4.2.5. Hépatite induite par l’α-GalCer .................................................................................27 

I.5. Mécanismes moléculaires de l’hépatolyse induite par les membres de la superfamille du TNF-

α .....................................................................................................................................................28 

I.5.1. Le TNF-α ........................................................................................................................28 

I.5.2.  FasL.................................................................................................................................33 

I.5.3. TRAIL .............................................................................................................................34 

I.6. RIPK1 et PARP1/2 ..................................................................................................................36 

I.6.1.  Travaux antérieurs de l’équipe ........................................................................................36 

I.6.2. Caractéristiques et rôles généraux de la protéine RIPK1................................................36 

I.6.2.1. Caractéristiques moléculaires de RIPK1 .................................................................36 

I.6.2.2. Rôle de RIPK1 dans la survie cellulaire et l’inflammation .....................................37 

I.6.2.3. Rôle de RIPK1 dans la mort cellulaire.  ...................................................................38 

I.6.3. Caractéristiques et rôles généraux des protéines PARP1 et PARP2...............................39 

I.6.3.1. Rôles des protéines PARP1/2 dans la réparation de l’ADN ....................................39 

I.6.3.2. Rôles des protéines PARP1/2 dans l’inflammation .................................................40 

I.6.3.3. Rôles des protéines PARP1/2 dans la mort cellulaire .............................................40 

II. CONTEXTE ET OBJECTIFS .......................................................................................41 

III. RESULTATS....................................................................................................................45 

III.1. ARTICLE I : RIPK1 protège du dommage hépatique induit par le TNF-α au cours de 

l’hépatite. ...................................................................................................................................46 

III.2.  ARTICLE II : RIPK1 protège les hépatocytes de l’apoptose déclenché par le TNF-α 

induit par les cellules de Kupffer dans des modèles d’hépatites dépendant de PAMP  .............66 



vii 
 

III.3. ARTICLE III : RIPK1 protège contre le dommage hépatique induit par l’activation de 

Fas et TRAIL-R2 .......................................................................................................................84 

III.4. ARTICLE IV : La déficience en PARP2 affecte la maturation des iNKT et protège les 

souris du dommage hépatique induit par la Concanavaline A ................................................100 

IV. DISCUSSION GENERALE ET PERSPECTIVES ....................................................119 

V. REFERENCES ..............................................................................................................129 

VI. ANNEXES ......................................................................................................................147 

VI.1.  ANNEXE 1 : Le Toll-like Receptor-2 aggrave l’hépatite aiguë induite par le virus de 

l’hépatite murine.  .....................................................................................................................148 

VI.2. ANNEXE 2 : L’infection par le virus de l’hépatite murine induit l’activation de fonctions 

inflammatoires dans les cellules endothéliales sinusoïdales hépatiques dépendantes du Toll Like 

Receptor 2 pendant l’hépatite aiguë.  .......................................................................................170 

VI.3. ANNEXE 3 : L’invasion cérébrale par le virus de l’hépatite murine dépend d’une 

détérioration des jonctions serrées et de la production d’interféron béta dans les cellules 

endothéliales microvasculaires. ...............................................................................................189 

 



viii 
 

TABLE DES FIGURES 

Figure 1. Représentation du lobule hépatique ..............................................................................2 

Figure 2. L’hépatolyse, un déclencheur de la progression des maladies hépatiques ..................6 

Figure 3. Composition des cellules du foie ....................................................................................7 

Figure 4. Représentation des cellules composant un sinusoïde hépatique ..................................8 

Figure 5. Voies intrinsèque (a) et extrinsèque (b) de l'apoptose ................................................18 

Figure 6. Voies de signalisation conduisant à l’activation de la nécroptose .............................20 

Figure 7. Formation du complexe I suite à l’activation du TNFR1...........................................29 

Figure 8. Schéma représentant les protéines principales formant les complexes I, IIa, IIb ou le 

nécrosome suite à la fixation du TNF-α sur le TNFR1 ..............................................................30 

Figure 9. Domaines et modifications post-traductionnelles de RIPK1 ......................................36 

 

 

TABLE DES TABLEAUX 

Tableau 1. Etiologies, caractéristiques et épidémiologie des hépatites.........................................4 

Tableau 2. Localisation, ligands et caractéristiques des TLR.....................................................14 

Tableau 3. Modes de RCD défini par le comité de mort cellulaire .............................................16 

Tableau 4. Cellules et protéines effectrices de la mort cellulaire et voies de mort cellulaire 

régulées dans les différents modèles d’hépatites murines...........................................................27 

Tableau 5. Etude des protéines impliquées dans la voie NF-κB au cours de l’hépatite  par 

l’utilisation de souris conditionnellement déficientes .................................................................32 

Tableau 6. Quantification et analyse de l’hépatolyse induite chez les souris Ripk1LPC-KO dans 

différents modèles d’hépatites aiguës chez la souris .................................................................125 

file:///G:/6.%20These/2016-10-06%20these-FINAL%20AF.docx%23_Toc463511267
file:///G:/6.%20These/2016-10-06%20these-FINAL%20AF.docx%23_Toc463511268
file:///G:/6.%20These/2016-10-06%20these-FINAL%20AF.docx%23_Toc463511269
file:///G:/6.%20These/2016-10-06%20these-FINAL%20AF.docx%23_Toc463511270
file:///G:/6.%20These/2016-10-06%20these-FINAL%20AF.docx%23_Toc463511271
file:///G:/6.%20These/2016-10-06%20these-FINAL%20AF.docx%23_Toc463511273
file:///G:/6.%20These/2016-10-06%20these-FINAL%20AF.docx%23_Toc463511273
file:///G:/6.%20These/2016-10-06%20these-FINAL%20AF.docx%23_Toc463511274


1 
 

I. INTRODUCTION 
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I.1. Introduction générale sur le foie 

I.1.1.  Anatomie du foie 

   Situé sous le diaphragme, dans la cavité abdominale, le foie est le plus gros organe du corps 

humain et représente 2 % de sa masse totale. Il présente quatre lobes asymétriques et est entouré 

par la capsule de Glisson, un tissu conjonctif qui, contrairement au foie lui-même, est innervé. 

   La vascularisation du foie est particulière et dite mixte. Environ 20-25 % du sang hépatique 

provient du flux de la circulation systémique, via l’artère hépatique. Les 75-80 % restant arrivent 

par la veine porte et transportent  un sang riche en éléments provenant de l’intestin (Malhi et al., 

2010; Robinson et al., 2016). Les sangs veineux et artériel se mélangent au niveau des sinuso ïdes 

hépatiques, formés par les travées d’hépatocytes, jusqu’à atteindre la veine centrolobulaire. Le foie 

est organisé en plusieurs sous-unités répétées, appelées lobules hépatiques (Figure 1). Au niveau 

des sinusoïdes hépatiques, le sang circule avec une faible pression et l’endothélium, qui est 

fenestré, assure une communication directe entre les hépatocytes et le sang, permettant la 

détoxification et l’élimination du matériel indésirable provenant de l’intestin. 

Figure 1. Représentation du lobule hépatique. Abréviations : VP : veine porte, VC : veine centrolobulaire 

(inspiré de Si-Tayeb et al., 2010). 

I.1.2.   Rôles du foie  

   Le foie exerce de nombreux rôles dans : 

- le métabolisme des glucides, des lipides et des protéines, 

- la synthèse de protéines et de la bile, 

- la détoxification et l’élimination de substances indésirables dans la circulation sanguine. 

   Le foie est ainsi considéré comme une glande exocrine par son rôle d’excrétion de la bile vers 

l’intestin mais également comme une glande endocrine par sa fonction de filtration du sang du 

système digestif vers la circulation sanguine (MacSween et al., 1994) .  

Veine  
centrolobulaire 

Sinusoïde 

Hépatocyte 

Canal biliaire 

Veine porte 

Artère 
hépatique 

A B 

VC VP 

Canal biliaire 

Artère hépatique 
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   Les fonctions du foie sont assurées par les cellules parenchymateuses du foie (LPC pour "Liver 

Parenchymal Cells"). Ces cellules, de type épithélial, proviennent d’un précurseur commun: 

l’hépatoblaste qui, à J16 de gestation chez la souris et au bout de 8 semaines de grossesse chez la 

femme va former les hépatocytes et les cholangiocytes (appelés également cellules biliaires). Par 

leur importante capacité métabolique les hépatocytes vont être responsables des rôles présentés ci-

dessus alors que les cholangiocytes vont former les canaux biliaires et assurer la sécrétion de la  

bile vers l’intestin (MacSween et al., 1994). 

I.1.3.   Prévalence et étiologie des maladies hépatiques 

   L’hépatite est définie comme une inflammation aiguë ou chronique du foie, pouvant résulter 

d’un dommage porté au parenchyme hépatique. On distingue trois formes d’hépatites : 

-  L’hépatite aiguë ou fulminante  (ALI pour "Acute Liver Injury" ou ALF pour "Acute 

Liver Failure") qui est une destruction massive du parenchyme hépatique et peut conduire 

à une insuffisance hépatique. Dans 90 % des cas, les patients se rétablissent spontanément. 

Cependant, l’incapacité du foie à assurer ses fonctions peut conduire à des complicat ions 

telle que l’encéphalopathie hépatique qui peut entraîner la mort des individus (Saliba and 

Samuel, 2013). 

- L’hépatique chronique qui se caractérise par une inflammation et une hépatolyse 

continue ou répétée dans le temps. Ses conséquences sont le développement de la fibrose, 

de la cirrhose voire de la survenue d’un carcinome hépatocellulaire (CHC) (Luedde et al., 

2014). 

- L’insuffisance hépatique aiguë sur une maladie chronique du foie  (ACLF pour "Acute 

on Chronic Liver Failure") qui correspond à une mort massive des hépatocytes survenant 

dans un foie présentant une cirrhose ou une fibrose préexistante. L’ACLF s'avère un très 

mauvais pronostic et peut entraîner rapidement la mort des patients (Sarin and Choudhury, 

2016).  

   Majoritairement chroniques, les hépatites représentent un problème de santé publique. Induites 

par une grande diversité de facteurs, elles peuvent être réparties en quatre catégories : infectieuses 

(virales, parasitaires), toxiques (médicamenteuses, alcoolique ou d’autres substances toxiques 

telles que des toxines de champignons), métaboliques ou enfin auto-immunes. Les hépatites sont 

majoritairement virales mais la diminution de la prévalence des hépatites B et C ainsi que 

l’augmentation de l’obésité ont rapidement placé la stéatose-hépatite non induite par l’alcool 

(NASH pour "Non-Alcoholic Steatosis Hepatitis") comme un des facteurs principaux d’hépatite. 

Les caractéristiques ainsi que l’épidémiologie et la prévalence des hépatites sont présentées dans 

le Tableau 1. 
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Tableau 1. Etiologies, caractéristiques et épidémiologie des hépatites.  
Etiologies Causes/caractéristiques  Epidémiologie et prévalence Références 

Virales 

Hépatite A  
VHA, Picornaviridae - sb-ARN, groupe IV 
– Transmission par voie orale 

Hépatite fulminante mais pas chronique. 
Rarement mortelle 

OMS, 2016 
www.who.int 

Hépatite B 
VHB Hepadnaviridae - ds-ADN, groupe 
VII – Transmission par voie sexuelle et/ou 
sanguine. 

Hépatite fulminante mais majoritairement 
chronique : 240 millions de personnes 
chroniquement infectées dans le monde ; 
13 millions en Europe. 

OMS, 2016 
www.who.int ; 
www.euro.who.

int/ 

Hépatite C 
VHC, Flaviviridae - sb-ARN, groupe IV – 
Transmission par voie sexuelle et/ou 
sanguine. 

Hépatite chronique. 150 millions de 
personnes chroniquement infectées dans 
le monde ; 15 millions en Europe. 

OMS, 2016 
www.who.int ; 
www.euro.who.

int/ 

Hépatite D VHD, Deltavirus - sb-ARN, groupe V  
Virus dit satellite, nécessité d’une 
coinfection avec le VHB 

Flodgren et al., 
2000 

Hépatite E 
VHE, Hepeviridae - sb-ARN, groupe IV. 
Transmission par ingestion. 

Hépatite aiguë principalement, chronique 
chez les immunodéprimés : 20 millions 
de personnes infectées et 3 millions 
présentant une hépatite aiguë. 

OMS, 2016 
(http://www.wh

o.int) 

Toxiques 

Alcool  

La stéatose alcoolique est la forme la plus 
sévère. Effets cytotoxiques en partie dus à 
sa métabolisation en acétaldéhyde 
entraînant un stress oxydatif, une 
peroxydation lipidique, un dommage 
mitochondrial et une mort cellulaire.  

Les pathologies liées à la consommation 
d’alcool sont nombreuses : parmi elles, la 
cirrhose et le cancer du foie sont les 
causes majeures de décès.   

Gao and 
Bataller, 2011; 

Rehm et al., 
2009 

Intoxication par 
toxines de 

champignons 

Anatoxines provenant d'Amanita phalloides 
ou Aflatoxin B1 d’Aspergillus- flavus, or A. 
parasiticus. 

Rares - Hépatites fulminantes  El-Serag, 2012; 
Panaro et al., 

2006  

Médicamenteuses 

Principalement provoquées par le 
paracétamol. Sa métabolisation conduit à la 
production de NAPQI, induisant une 
déplétion en glutathion, un stress oxydatif 
et une hépatolyse. 

Hépatite aiguë majoritairement mais 
pouvant conduire à une hépatite 
chronique.  

Ichai and 
Samuel, 2011 

Métaboliques : 

NAFLD/NASH 

Un régime riche en lipides et glucides peut 
conduire à une stéatose du foie.  
NAFLD regroupe l’ensemble des stéatoses 
de forme plus ou moins sévère. 
NASH : inflammation et stéatose du foie 

Hépatite chronique : 
20 % d’individus présentent les 
symptômes d’une stéatose et γ % 
souffrent d’une NASH.  

Iyer et al., 2015  

Auto-immunes (AIH) 

Caractérisées par la présence d’anticorps 
anti-muscle lisse (anti-SMA) et anti-
nucléaires (anti-ANA) (type I) ou des 
anticorps anti-LKM1 ou anti-CYP2D6 
(type II)   

Maladies rares : prévalence de 11-24/105 
personnes et une incidence annuelle de 
0.8-3 /105 personnes.  
Provoque majoritairement une hépatite 
chronique. 

van Gerven et 
al., 2016 

Maladie de Wilson 

Maladie génétique. Absence ou non-
fonctionnalité de la protéine ATP7B 
conduisant à l’accumulation de cuivre au 
niveau du foie provoquant un stress 
oxydatif et la formation de radicaux libres  

Insuffisance hépatique aiguë ou maladie 
hépatique chronique, peut être associée à 
des désordres neurologiques. Maladie 
rare, incidence de 1/30 000-40 000 
habitants 

Bandmann et 
al., 2015; Patil 

et al., 2013  

Hémochromatose 

Maladie génétique. Dans 90 % des cas, 
mutation du gène HFE conduisant à une 
hyperabsorption de fer et l’activation d’un 
processus de fibrose hépatique. 

Cirrhose hépatique. 
Prévalence de 1-4/ 103 personnes mais 
incidence de 10 % chez ces personnes.  

Powell et al., 
2016 

Abréviations : NAFLD : Non Alcoholic Fat Liver disease ; NASH : Non-Alcoholic Steatosis Hepatitis 

I.1.4.   Physiopathologie 

   Quelle que soit l’étiologie de l’hépatite, l’inflammation et l’hépatolyse sont les deux 

composantes principales conduisant au développement de l’hépatite. Ces deux acteurs se trouvent 

étroitement liés et peuvent chacun contribuer à l’amplification de l’autre. Ceci nécessite donc une 

fine régulation.(Ichai and Samuel, 2011) 

   L’hépatolyse peut être induite de manière passive, par un stress physicochimique ou des 

agressions néfastes (c’est le cas au cours des hépatites toxiques) mais aussi de manière active par 

http://www.who.int/
http://www.who.int/
http://www.euro.who.int/
http://www.euro.who.int/
http://www.who.int/
http://www.euro.who.int/
http://www.euro.who.int/
http://www.who.int/
http://www.who.int/
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l’induction de voies de mort cellulaire régulées (RCD pour "regulated cell death") (Luedde et al., 

2014). Au cours des hépatites virales ou auto-immunes, la mort de l’hépatocyte est induite par le 

système immunitaire via une cascade d’interactions protéines/protéines conduisant à une RCD. 

L’augmentation des transaminases alanine-aminotransférase et aspartate-aminotransférase 

(respectivement ALAT et ASAT) reflète la lyse des hépatocytes et est utilisé en test de première 

intention pour diagnostiquer une maladie hépatique. Ces enzymes, essentielles dans le 

métabolisme, sont libérées dans le sang lors de la lyse des cellules. Contrairement aux ASAT qui 

sont exprimées dans plusieurs organes tels que le foie, le cœur, les muscles et les reins, le niveau 

des ALAT sériques reflète plus précisément la lyse des hépatocytes et corrèle avec la gravité de 

l’hépatite (Luedde et al., 2014).  

Quel que soit la cause du dommage, la mort de l’hépatocyte conduit à la libération passive ou à 

l’exposition de molécules intracellulaires regroupées sous le terme de Damage Associated 

Molecular Patterns (DAMPs) et d’alarmines. Ces molécules de nature diverse participent à la 

régulation de l’inflammation et de l’immunité. La réponse immunitaire a tout d’abord un rôle 

hépatoprotecteur par sa contribution dans l’induction d’une réponse anti-infectieuse (antivira le, 

antiparasitaire, ou antimicrobienne), ou dans la réparation tissulaire suite à un dommage et a pour 

but de rétablir l’homéostasie hépatique (Brenner et al., 2013). Cependant, une inflammation 

excessive va avoir des conséquences délétères pouvant conduire à l’induction ou à l'amplificat ion 

de l’hépatolyse et entraîner à court terme des altérations métaboliques (insuffisance hépatique) ou  

une ischémie mais aussi, à plus long terme, conduire à des effets irréversibles tels la fibrose ou le 

développement d’un CHC (Brenner et al., 2013; Luedde et al., 2014).  

   Ainsi, une mauvaise régulation de l’inflammation ou de l’hépatolyse va contribuer au 

développement d'une hépatite chronique via deux mécanismes principaux : d’une part la 

stimulation des cellules étoilées du foie (HSC pour Hepatic Stellate Cell) conduisant à la 

production de matrice extracellulaire, composée notamment de collagène, constituant la fibrose et, 

d’autre part, à l’induction d’une prolifération des hépatocytes. Ces deux mécanismes ont pour but 

de restaurer l’architecture et les fonctions hépatiques. Cependant, une activation des HSC et une 

prolifération des hépatocytes durant plusieurs dizaines d’années peuvent conduire à une 

insuffisance hépatique, par l’incapacité du foie à exercer ses fonctions ou induire le développement 

d’un CHC résultant de la prolifération incontrôlée des hépatocytes (Figure 2).  

Bien que l’hépatite puisse être une des causes du développement d’un CHC, cette pathologie est 

plus fréquemment observée sur des foies atteints de fibrose ou cirrhotiques présentant une  

hépatolyse chronique. Les données sur les modèles animaux ainsi qu’une corrélation entre un taux 

élevé de transaminases et le développement d’un CHC chez les patients atteints d’hépatites 
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chroniques étayent l’idée qu’une mort cellulaire chronique est suffisante pour le développement 

d’un CHC et placent l’hépatolyse comme un déclencheur-clef du développement des maladies 

hépatiques (Luedde et al., 2014). 

 

I.2.   Immunologie et homéostasie hépatiques 

En plus de ses importantes activités métaboliques et de détoxification, le foie est également 

considéré comme un organe immunologique central par sa composition comprenant de 

nombreuses cellules immunitaires qui lui permettent de produire une diversité de molécules 

inflammatoires telles que des cytokines, des chimiokines et des protéines de phase aiguë. 

Constamment exposé à des protéines du « non-soi » dérivées de l’alimentation, du microbiote ou 

provenant de l’environnement, le foie doit instaurer une tolérance immunitaire vis-à-vis de ces 

Figure 2. L’hépatolyse, un déclencheur de la progression des maladies hépatiques.  Quelle que soit 

l’étiologie, une mort massive des hépatocytes va conduire à une hépatite aiguë et provoquer une insuffisance 

hépatique. Une hépatolyse à plus bas bruit mais persistante va activer la prolifération hépatocytaire, 

stimuler les HSCs responsables de la fibrose par une production excessive de collagène et  recruter le 

système immunitaire qui développera alors une réponse inflammatoire. Cette dernière peut également 

contribuer à l’hépatolyse. La somme de ces quatre phénomènes : la mort hépatocytaire, l’inflammation, la 
prolifération des hépatocytes et la production de fibrose vont contribuer au developpement de l’hépatite 
chronique et au développement d’un CHC (inspiré de Luedde et al., 2014). 
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molécules mais également pouvoir induire une réponse immunitaire efficace lors d’infections par 

des pathogènes hépatotropes (virus, parasites, bactéries, etc.) néfastes pour l’individ u. Ce double 

rôle nécessite donc la mise en place de mécanismes finement régulés par les cellules immunita ires 

résidentes du foie.  

I.2.1.   Natures et caractéristiques des cellules hépatiques 

    Majoritairement composé de LPC, et plus particulièrement des hépatocytes qui représentent 70 

à 80 % du volume du foie, celui-ci présente une diversité de cellules immunitaires spécialisées 

(Figure 3). Le système réticulo-endothélial hépatique composé des cellules endothélia les 

sinusoïdales (LSEC pour Liver Sinusoidal Endothelial Cells), des cellules de Kupffer (KC pour 

Kupffer Cells), qui sont les macrophages résidents du foie, et des cellules dendritiques (DC pour 

Dendritic Cells). Ce système assure l’élimination des antigènes et leur présentation aux cellules de  

l’immunité adaptative ainsi que la dégradation de produits et toxines provenant du sang sinusoïda l, 

lesquels peuvent être transférés aux hépatocytes pour être éliminés (Thomson and Knolle, 2010). 

Par ailleurs, le foie est composé de lymphocytes B (LB) et  T (LT), enrichi en lymphocytes NK et 

NKT et présente également une population de lymphocytes appelées Innate Lymphoïd Cells 

(ILCs). Alors que les premiers font partie de l’immunité adaptative, les derniers appartiennent à 

l’immunité innée par leurs capacités inflammatoires et cytolytiques induites rapidement lors d’une 

infection, sans reconnaissance d’un antigène spécifique. Enfin, le foie comporte également des 

HSC et des neutrophiles (Figure 3).  

Figure 3. Composition des cellules du foie (Issu de Racanelli and Rehermann, Hepatology, 2006). 
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   Les cellules non-parenchymateuses sont majoritairement localisées dans les sinuso ïdes 

hépatiques mais on retrouve au sein de l’espace de Disse (qui sépare les hépatocytes des LSEC) 

des HSC et des protéines de matrice extracellulaire (Figure 4). 

   Les cellules des immunités innée et adaptative vont participer à la réponse immunitaire lors d’une 

infection mais le système immunitaire inné agit comme première ligne de défense contre les 

pathogènes et permet au système immunitaire adaptatif de développer une réponse effectr ice 

spécifique et de garder une mémoire immunologique. Son étroite relation avec le tractus gastro -

intestinal explique la forte tolérance des cellules immunitaires vis-à-vis d’éléments étrangers 

provenant de l’environnement. Cependant, la reconnaissance d’éléments pathogènes  tels que les 

Pathogen Associated Molecular Patterns (PAMPs) par les cellules de l’immunité innée va conduire 

à une réponse immunitaire. Ces cellules ont également un rôle important dans la détection d’un 

dommage hépatique via la reconnaissance des DAMPs qui permettent la mise en place de la 

réponse immunitaire innée. Ces cellules vont moduler la réponse inflammatoire et jouer un rôle 

majeur dans la progression des maladies hépatiques, d’une part via la sécrétion de médiateurs 

chimiques tels que les cytokines et les chimiokines permettant la communication entre les cellules 

hépatiques et d’autre part, dans l’expression et/ou la libération de ligands induisant la mort 

cellulaire, dont les membres de la superfamille du Tumor Necrosis Factor (TNF) tels que le TNF-

α, le ligand Fas (FasL/ CD95L ou APO-1L) et le TNF-Related Apoptosis Inducing Ligand 

Figure 4. Représentation des cellules composant un sinusoïde hépatique . 
Les cellules de Kupffer (KC), les Natural Killer T (NKT), les Natural Killer (NK) et les Lymphocytes T sont 

majoritairement retrouvés dans le sinusoïde hépatique qui est délimité par les cellules endothéliales 

sinusoïdales hépatiques (LSECs). Entre les LSECs et les hépatocytes se trouve l’espace de Disse, composé 
de matrice extracellulaire et des cellules étoilées du foie (HSC) (inspiré de Racanelli and Rehermann, 

Hepatology, 2006). 
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(TRAIL) jouent un rôle majeur. La régulation de ces différents effecteurs dans le foie déterminera 

la progression des maladies hépatiques.  

I.2.1.1.  Les cellules de Kupffer 

    Les KC sont les macrophages résidents du foie et représentent 80 % de l’ensemble des 

macrophages de l’individu. Ils exercent des fonctions critiques dans l’homéostasie du foie par leur 

capacité à induire une tolérance hépatique dans des conditions physiologiques, mais également par 

l’initiation d’une réponse inflammatoire en cas d’infection ou de dommages cellulaires. Sujet 

longtemps débattu, il est aujourd’hui admis que les KC se renouvellent à partir d’un précurseur 

résident et non de la moelle osseuse (Tacke and Zimmermann, 2014). Cependant, au cours des 

hépatopathies, des monocytes circulants sont recrutés au niveau du foie et jouent également un 

rôle dans la réponse inflammatoire (Tacke and Zimmermann, 2014). Contrairement à d’autres 

organes où les macrophages sont caractérisés en type M1 (plutôt pro-inflammatoire) ou M2 (plutôt 

anti-inflammatoire), selon la nature des cytokines qu’ils produisent, les KC peuvent exprimer 

simultanément des marqueurs de type M1 et M2, rendant difficile la caractérisation des 

macrophages hépatiques (Tacke and Zimmermann, 2014). Principalement localisés au sein des 

sinusoïdes hépatiques, ils peuvent traverser l’espace de Disse pour se trouver en contact avec les 

hépatocytes. Ils ont donc un rôle majeur dans la réponse immunitaire et dans la tolérance hépatique. 

En effet, comme les DC, ce sont d’importantes cellules présentatrices d’antigènes (APC pour 

"Antigen Presentating Cells") qui possèdent une forte activité de phagocytose permettant 

l’élimination des éléments étrangers à l’individu. De plus, la stimulation des KC par le 

lipopolysaccharide (LPS), un élément de la paroi des bactéries à Gram négatif, conduit à la 

sécrétion d’IL-10, une cytokine anti-inflammatoire, responsable de l’inhibition de l’activation des 

lymphocytes T et de la stimulation des lymphocytes T régulateurs (Heymann and Tacke, 2016). 

Malgré un rôle anti-inflammatoire important pour le maintien de la tolérance hépatique, les KC 

vont également être capables de sécréter rapidement des cytokines et chimiokines pro-

inflammatoires telles que le TNF-α, l’IL-6, l’IL-1 , le CCL2 et le CCL5, suite à la reconnaissance 

de DAMPs ou de PAMPs. Ainsi, elles contribuent au recrutement des cellules immunitaires mais 

peuvent aussi favoriser une activité antimicrobienne et l’activation de la mort des hépatocytes 

infectés (Heymann and Tacke, 2016; Racanelli and Rehermann, 2006; Tacke and Zimmermann, 

2014). De plus la production d’IL-1 , d’IL-12 et d’IL-18 par les KC va permettre de réguler la 

différenciation des cellules NK et promouvoir leur activité cytolytique (Heymann and Tacke, 

2016; Lauwerys et al., 2000). 
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I.2.1.2. Les cellules dendritiques 

   Les DC hépatiques ont une faible capacité de phagocytose mais possèdent des fonctions 

immuno-régulatrices. Comme les KC et les LSECs, les DC hépatiques ont un important rôle 

tolérogénique en conditions physiologiques (Thomson and Knolle, 2010). En effet, en 

comparaison avec les DC dérivées de la rate, les DC du foie produiraient des quantités plus 

importantes d’IL-10 et seraient moins puissants pour activer des LT (Robinson, 2016). Cependant, 

au cours des hépatites chroniques, les DC produisent du TNF-α permettant l’activation des 

lymphocytes T et NK mais auraient également un rôle dans la régénération hépatique (Heymann 

and Tacke, 2016).  

I.2.1.3  Les cellules Natural Killer et les Innate Lymphoïd Cells 

   Chez l’Homme, les cellules NK conventionnelles représentent  la population majoritaire des 

lymphocytes du foie et constituent la sous-population lymphocytaire la plus importante.  

Majoritairement dérivées de la moelle osseuse, les cellules NK sont classées comme des cellules 

de l’immunité innée par l’absence de récepteurs reconnaissant des antigènes spécifiques. Elles ont 

des fonctions cytolytiques principalement induites par l’expression de ligands de mort tels que 

FasL et TRAIL. Elles sont également considérées comme de puissants producteurs d’IFN -γ leur 

permettant d’avoir une forte activité antivirale mais aussi de promouvoir l’inflammation par 

l’induction de chimiokines, telles que CXCL9, et de molécules d’adhésion, favorisant le 

recrutement des LT dans le foie (Gao et al., 2012; Racanelli and Rehermann, 2006). Alors que 

l’IL-10 va inhiber l’activation des cellules NK, l’IL-18 et l’IL-12 vont augmenter leurs capacités 

cytolytiques (Lauwerys et al., 2000). Les cellules NK résidentes du foie sont à distinguer des 

cellules NK conventionnelles par leur origine, leurs fonctions et leurs marqueurs de surface qui se 

rapprochent d’une population lymphoïde récemment identifiée et appelée ILCs (Peng and Tian, 

2015). Ces ILCs auraient de faibles capacités cytolytiques mais sont capables de secréter de l’IFN -

γ et du TNF-α (Heymann and Tacke, 2016).    

I.2.1.4 Les cellules Natural Killer T 

   En comparaison avec d’autres organes, le foie est particulièrement riche en cellules NKT. Ces 

cellules de l’immunité innée sont des LT partageant certaines caractéristiques avec les cellules NK 

(marqueur NK1.1 chez la souris et CD56 chez l’Homme) et jouent un rôle important 

d'immunorégulateur dans différentes conditions inflammatoires telles que dans le cancer, les 

maladies auto-immunes ou infectieuses. Contrairement aux LT, les cellules NKT expriment un 

répertoire restreint de récepteurs T (TCR) qui leur permet de reconnaître des antigènes  lipidiques 

endogènes présentés par le CD1d, une molécule analogue aux protéines du complexe majeur 
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d’histocompatibilité (CMH) de classe 1 (Slauenwhite and Johnston, 2015). Cette reconnaissance 

ainsi que le réarrangement du TCR permet de distinguer deux classes de cellules NKT, d'une part 

les NKT de type I ou NKT invariants (iNKT) qui expriment une chaîne alpha du TCR composée 

du réarrangement Vα14-Jα18 chez la souris et Vα24-Jα18 chez l’Homme associée à une chaîne 

bêta restreinte (V 8.2, V 7 ou V 2 chez la souris et V 11 chez l’Homme) et qui reconnaiss ent 

spécifiquement l’α-galactosylceramide (α-GalCer) présenté par le CD1d. D’autre part, les cellules 

NKT de type II présentent un TCR oligoclonal restreint mais plus varié que les cellules iNKT et 

reconnaissent des lipides présentés par le CD1d autres que l’α-GalCer (Slauenwhite and Johnston, 

2015). La souris et l’Homme présentent quelques différences au niveau de l’immunité innée et 

notamment vis-à-vis des proportions de cellules NK et NKT. En effet, chez la souris les cellules 

NK représentent environ 10 % des cellules immunitaires hépatiques et les cellules NKT 20 à 40 

% avec une forte proportion de cellules iNKT (70 à 80 % des NKT totaux). Chez l’humain, ce 

ratio est inversé et les cellules NKT de type II sont prédominantes parmi les cellules NKT totales 

(Bandyopadhyay et al., 2016; Klugewitz et al., 2004; Robinson et al., 2016). Les rôles des 

lymphocytes NKT dans les hépatopathies résultent majoritairement des expérimentations sur des 

modèles murins mais sont peu connues chez leurs homologues humains (Heymann and Tacke, 

2016). 

Suite à leur activation, les cellules NKT vont être capables de polariser la réponse immunitaire par 

la production rapide d’importantes quantités de cytokines de type  Th1 (TNF-α et IFN-γ), Th2 (IL-

4 et IL-13) et Th17 (IL-17 et IL-23) (Swain, 2008). En parallèle, les cellules NKT vont être 

capables, comme les cellules NK, d’induire la mort des hépatocytes via l’expression et/ou la 

libération de FasL, de TRAIL ainsi que via le système perforine/granzyme (Swain, 2008). Les 

lymphocytes NKT sont impliqués dans de nombreuses maladies hépatiques mais présentent des 

fonctions différentes selon l’étiologie. Ainsi, ils auraient un effet délétère par l’induction d’un 

dommage hépatique dans la NASH ou au cours des hépatites auto-immunes, virales et alcooliques, 

mais un effet protecteur au cours des hépatites induites par un toxique ou un médicament 

(Bandyopadhyay et al., 2016). 

I.2.1.5.  Les neutrophiles 

   Quelle que soit l’étiologie de l’hépatite, les neutrophiles vont être recrutés en réponse au 

dommage hépatique. Ils vont contribuer à l’aggravation du dommage hépatique par la production 

d’espèces réactives à l’oxygène (ROS) et de cytokines pro-inflammatoires telles que l’IL-1  et le 

TNFα (Heymann and Tacke, 2016). Les neutrophiles jouent un rôle important en réponse à 

l’infection par la phagocytose des bactéries et la production de Neutrophil Extracellular Traps 

(NETs). Ces derniers sont composés d’ADN et de nucléosomes permettant de piéger et de tuer les 
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bactéries et les virus, et conduisent à une mort cellulaire appelée NETose ou ETose (traduction 

littérale de NETosis et ETosis). Cependant la formation de NETs peut diminuer le débit sanguin 

du foie, qui peut être la cause d’une ischémie et contribuer au dommage hépatique (Heymann and 

Tacke, 2016).  

I.2.1.6.  Les lymphocytes B et T 

   Contrairement aux lymphocytes NK et NKT, les LB et les LT vont avoir un rôle dans l’immunité 

adaptative face à une infection. Produits à partir de la moelle osseuse, les LB sont peu nombreux 

dans le foie; leur activation et leur différenciation sont déclenchées dans les organes lympho ïdes 

secondaires (Burrows and Cooper, 1997). C’est pourquoi le rôle des LB au niveau du foie et dans 

les maladies hépatiques est peu connu (Racanelli and Rehermann, 2006). 

   Suite à leur différenciation dans le thymus, les LT CD4+ et CD8+ présentent un répertoire varié 

de TCR qui va leur permettre de reconnaître les antigènes présentés par les APC. Les CD8+ ou 

LT cytolytiques reconnaissent des peptides présentés par le CMH de classe I et vont avoir un rôle 

majeur contre la plupart des pathogènes hépatotropes tels que le VHB et le VHC.  Suite à la 

reconnaissance d’un antigène spécifique les LT doivent, pour être pleinement activés, recevoir un 

signal de costimulation. Leurs fonctions effectrices sont réalisées par la sécrétion de cytokines pro-

inflammatoires, telles que l’IFN-γ et le TNF-α, et des mécanismes cytolytiques par la libération 

des molécules perforine/granzyme et l’induction de l’apoptose par l’activation de Fas (Berke, 

1995; Guidotti and Chisari, 1996). Le système réticulo-endothélial et les HSC modulent la réponse 

immunitaire induite par les LT  (Thomson and Knolle, 2010) et au cours des hépatites chroniques 

plusieurs mécanismes conduisant à l’inhibition, l’anergie, voire la mort des LT conventionnels ou 

à l’activation des LT régulateurs ont été observés et démontrés comme contribuant au 

développement des maladies hépatiques (Heymann and Tacke, 2016). 

I.2.1.7. Les Liver Sinusoidal Endothelial Cells 

   Les LSECs sont morphologiquement très différentes des cellules endothéliales classiques et vont 

former un endothélium fenestré dont les espaces vont varier selon la localisation des LSEC au 

niveau du sinusoïde hépatique (DeLeve, 2013). Les LSECs vont présenter une forte activité 

d’endocytose permettant l’élimination des produits indésirables provenant de l’environnement via 

l’expression de différents récepteurs tels que le récepteur au mannose ou "scavenger". Elles vont 

également présenter des antigènes via les molécules des CMH de classe I et II et être aussi efficaces 

que les DC dans l’endocytose et la présentation des antigènes aux cellules immunitaires (Racanelli 

and Rehermann, 2006). 
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I.2.2. Inflammation et tolérance hépatique 

   Le foie est constamment au contact de produits bactériens ou dérivés de l’alimentation qui 

présentent un potentiel inflammatoire. Ces diverses molécules provenant de l’intestin doivent être 

tolérées par le foie mais cette tolérance ne doit pas empêcher le développement d’une réponse 

immunitaire efficace face à une infection par des pathogènes. Le microenvironnement hépatique 

va déterminer la balance entre tolérance et inflammation (Robinson et al., 2016). Le système 

réticulo-endothélial hépatique joue un rôle majeur dans la mise en place de la tolérance 

immunitaire par de nombreux mécanismes tels que : 

a) la prévention de l’activation de la réponse adaptative par la diminution de 

l’expression des molécules de costimulation, nécessaires à la différenciat ion 

efficace des lymphocytes T par les APC (Heymann and Tacke, 2016; Robinson et 

al., 2016), 

b) la sécrétion de prostaglandines qui va promouvoir l’activation des LT régulateurs 

(Heymann and Tacke, 2016; Robinson et al., 2016), 

c) la sécrétion, par le système réticulo-endothélial hépatique ainsi que les LT 

régulateurs, d’IL-10 et de TGF- , de puissants immunosuppresseurs par leurs 

capacités à diminuer l’expression du CMH de classe II sur les LSECs et les DC et 

à réduire l’activation des LT (Groux et al., 1996; Robinson et al., 2016), 

d) l’expression d’indoleamine-pyrrole 2,3-dioxygenase (IDO) et d’arginase qui 

restreint la production d’acides aminés essentiels tel que le tryptophane requis pour 

l’activation des LT (Robinson et al., 2016; Thomson and Knolle, 2010), 

e) l’expression de différentes molécules telle que "Programmed Death Ligand 1" (PD-

L1) induisant la tolérance et l’anergie des LT (Heymann and Tacke, 2016).  

   Cette tolérance hépatique est majeure pour maintenir l’homéostasie hépatique dans des 

conditions physiologiques, cependant le foie doit être capable de promouvoir une rapide réaction 

immunitaire  en réponse à une infection ou à un dommage tissulaire (Heymann and Tacke, 2016). 

Un ensemble de récepteurs de l’immunité innée appelés Pattern Recognition Receptors (PRRs) 

permet la détection des PAMPs et des DAMPs reflétant la présence d’un pathogène ou d’un 

dommage tissulaire. Sont regroupés sous le terme de PAMP un ensemble d’éléments de structure 

bactérienne, parasitaire ou virale, contrairement aux DAMPs qui sont des molécules provenant de 

l’individu lui-même et induites ou libérées lors d’un dommage permettant d’alerter le système 

immunitaire. Dans le foie, "High mobility group protein B1" (HMGB1) et l’IL-33 sont des 

alarmines classiques libérées lors de la mort des hépatocytes. De plus, l’accumulation hépatique 
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d’acide biliaire peut également déclencher la production de cytokines pro-inflammato ires 

(Heymann and Tacke, 2016).  

La reconnaissance des PAMPs et DAMPs par les PRRs va conduire, dans la cellule cible, à 

l’activation de facteurs de transcription communs tels que "Nuclear Factor-κB" (NF-κB), Fos-Jun 

et "Interferon Regulatory Factor" (IRF), conduisant à la production de cytokines et de chimiok ines 

inflammatoires (Silke et al., 2015) qui vont orchestrer la réponse immunitaire et le rétablissement 

de l’homéostasie hépatique. Parmi ces PRRs, les membres de la famille des Toll like receptors 

(TLRs) jouent un rôle clef dans cette reconnaissance et sont constitutivement exprimés par les 

cellules parenchymateuses et non-parenchymateuses hépatiques. Selon la nature des molécules, 

les TLRs et les voies de signalisation impliquées vont être différents et permettre une réponse 

immunitaire adaptée à la cause de l’hépatite (Tableau 2).  

   Une diversité de cytokines et de chimiokines sera sécrétée lors de cette réponse immunitaire et 

agira sur l’ensemble des cellules du foie de manière autocrine ou paracrine tout en étant impliquée 

dans de nombreux processus biologiques tels que la prolifération, l’inflammation, l’immunité, la 

migration, la fibrose, la réparation et l’angiogenèse (Oppenheim, 2001; Vilcek and Feldmann, 

2004). La reconnaissance du danger va conduire à la production de nombreuses cytokines et 

chimiokines. 

Tableau 2. Localisation, ligands et caractéristiques des TLR (adapté de Kesar and Odin, 2014) 

Récepteurs Ligands naturels et caractéristiques  
Localisation et expression 

cellulaire 

TLR1 
Le complexe TLR1/TLR2 reconnaît des 
peptidoglycanes et lipoprotéines bactériens. 

Reconnaissance d’éléments de la paroi des bactéries à 
Gram positif.  

Membranaire 
H, NK, LT, DC, LB 

TLR2 
Membranaire 
H, NK, LT, KC, DC, HSC ; C 

TLR3 ARN double brin 
Intracellulaire 

H, NK, KC, C 

TLR4 
Lipopolysaccharide (paroi des bactéries à Gram 
négatif), DAMPs 

Membranaire 
H, NK, LT, LSEC, KC, DC, HSC, C 

TLR5 Flagelline monomérique 
Membranaire 
H, LT, NK, DC, C 

TLR6 Diacyl lipopeptides 
Membranaire 

H, NK, 

TLR7 ARN simple brin, imidazoquinolines  
Intracellulaire 
H, NK, LB, DC 

TLR8 ARN simple brin, imidazoquinolines  
Intracellulaire 
H, NK, DC 

TLR9 
Motifs non méthylés CpG présents dans l’ADN 
bactérien 

Intracellulaire 

H, NK, LT, KC, LB, HSC 

TLR10 Lipopeptides triacylés 
Membranaire 
NK, LB 

Abréviations : H : hépatocyte, NK : cellule Natural Killer, LT : Lymphocyte T, DC : cellule dendritique, 

LB : lymphocyte B, HSC : cellule étoilée du foie, C : cholangiocyte. 

   La reconnaissance du danger va conduire à la production de nombreuses cytokines et 

chimiokines. La libération des cytokines pro-inflammatoires telles que le TNF-α, l’IFN-γ, l’IL-1 , 
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l’IL-12 et l’IL-18 va promouvoir l’inflammation par l’activation des KC et des lymphocytes NK 

et NKT et la libération des chimiokines telles que les CCL1, CCL2, CCL3, CCL4 et CCL5 

impliquées dans le recrutement des monocytes et lymphocytes au niveau du foie (Ajuebor et al., 

2006; Heymann and Tacke, 2016). En parallèle, une réponse plutôt anti-inflammatoire va être 

induite et principalement régulée par l’IL-10 et le TGF-  qui va moduler la réponse inflammato ire 

dans le but de rétablir l’homéostasie hépatique. De plus, la libération d’IL-4, d’IL-5 et d’IL-13 va 

être induite lors d’infections par des pathogènes extracellulaires ou des parasites mais va être 

également impliquée dans la régénération hépatique (Heymann and Tacke, 2016). Celle-ci passe 

notamment par l’induction d’une réponse pro-fibrotique, via la stimulation des HSCs en 

myofibroblastes et par l’induction de signaux anti-apoptotiques hépatocytaires. Cette réponse va 

être modulée par le TGF- , l’IL-6, le TNF-a, l’IL-4 et l’IL-13 (Robinson et al., 2016). Des facteurs 

de croissance tels que le "Vascular Endothelial Growth Factor" (VEGF), l’"Hepatocyte Growth 

Factor (HGF) ou le "Fibroblast Growth Factor" (FGF) vont également être produits pour contribuer 

à la réparation du parenchyme hépatique (Heymann and Tacke, 2016).  

I.3.  Mécanismes moléculaires et cellulaires de l’hépatolyse.  

I.3.1 Différents modes de mort cellulaire 

   Le mécanisme de mort conduisant à l’hépatolyse peut différer selon l’étiologie de l’hépatite. En 

effet, alors qu’au cours des hépatites métaboliques ou induites par un toxique, la mort de 

l’hépatocyte est directement causée par le toxique lui-même, les cellules immunitaires sont les 

premiers effecteurs conduisant à la mort de l’hépatocyte au cours des hépatites auto-immunes ou 

virales. Cependant, au cours des hépatites induites par un toxique, l’hépatolyse va conduire à la 

libération de facteurs activant le système immunitaire qui peut alors dans un second temps 

participer au dommage du parenchyme hépatique. 

   Depuis 150 ans, la mort cellulaire était décrite en fonction de ses caractéristiques 

morphologiques distinguant ainsi deux types de mort cellulaire : l’apoptose et la nécrose (Ziegler 

and Groscurth, 2004). La nécrose, caractérisée comme une mort « accidentelle », se distingue de 

l’apoptose qui est une mort régulée par la cellule. Cependant, cette dichotomie n’est pas aussi 

simple et l’évolution des techniques biochimiques a permis de découvrir d’autres voies de RCD 

qui, morphologiquement, ressemblent à la nécrose mais ne partagent pas forcément les mêmes 

partenaires protéiques. Aujourd’hui on distingue donc deux types de mort, classées sur le plan 

opérationnel : accidentelle (ACD pour Accidental Cell Death) ou régulée (RCD) (Galluzzi et al., 

2015). L’ACD peut être causée par différents facteurs physiques, chimiques ou mécaniques qui 

conduisent à une mort de la cellule quasi-immédiate et est insensible à une intervention génétique 
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ou pharmacologique puisque ne faisant pas intervenir une machinerie moléculaire spécifique 

(Galluzzi et al., 2015). A l’inverse, les RCD sont aujourd’hui très diverses et ont été référenciées 

par le comité de la mort cellulaire qui a établi une nomenclature regroupant onze formes différentes 

de RCD (Galluzzi et al., 2012) (Tableau 3).  

   Ces RCD présentent très souvent les mêmes caractéristiques morphologiques et vont donc être 

classifiées selon le signal et les protéines effectrices conduisant à la mort de la cellule. L’induction 

des différentes RCD est dépendante de plusieurs critères tels que : le type cellulaire, le contexte 

environnemental de la cellule, son niveau d’énergie métabolique et les différents stimuli reçus par 

la cellule.  

Tableau 3. Modes de RCD défini par le comité de mort cellulaire  (Adapté de Galluzi et al., 2012). 
Mode de mort cellulaire régulé Caractéristiques biochimiques 

Anoïkis 

Sous-expression de l’EGFR 
Inhibition de la signalisation d’ERK1 
Absence d’engagement de l’intégrine 1 
Surexpression de Bim 
Activation des caspases 3, 6, et 7 

Autophagie 
La mort par autophagie correspond en réalité à la mort de la cellule induite par une 
inhibition de l’activation de l’autophagie 

Apoptose intrinsèque dépendante des 
caspases 

Perméabilisation de la membrane externe mitochondriale 
Dissipation du potentiel mitochondrial irréversible 
Libération du cytochrome c 
Activation des caspases 9 et 3 

Apoptose extrinsèque induite par des 
récepteurs de mort 

Induite par l’activation des récepteurs de mort  de la superfamille du TNF 
Activation des caspases 8 et 10 
Activation des caspases 3, 6 et 7 

Apoptose extrinsèque par une 
dépendance de récepteurs 

Dépendance de la signalisation de récepteurs (autres que récepteurs de mort) : 
PP2A, DAPK1 
Activation de la caspase 9 ou des caspases 3, 6 et 7 

Cornification 
Activation de transglutaminases 
Activation de la caspase 14 

Entose 
Activation de Rho-GTPase 
Activation de ROCK1 

Catastrophe mitotique 
Activation de la caspase 2 dans certaines conditions 
Activation de TP53 et TP73 dans certaines conditions 
Arrêt de la mitose 

Necroptose 
Induit par l’activation de récepteurs de mort et  
Activation de RIPK3, MLKL et dans certains cas de RIPK1 

NETose 
Inhibition des caspases 
Activation de la NADPH oxydase 
Libération de NET (dans certaines conditions) 

Parthanatos 

Accumulation de PAR 
Dissipation du potentiel mitochondrial irréversible 
Déplétion de l’ATP et du NADH 
Translocation de AIF au niveau nucléaire par l’intervention des PAR 

Pyroptose 
Activation de la caspase 1 
Activation de la caspase 7 
Sécrétion d’IL-1  et d’IL-18 

Abréviations : EGFR : Epithelial Growth factor ; ERK : Extracellular Signal -Regulated Kinase ; PP2A : Protein 

Phosphatase 2A ; DAPK1 : Death Associated Protein Kinase 1 ; ROCK1 : Rho -associated coiled-coil containing 

protein Kinase 1 ; RIPK : Receptor Interacting Protein Kinase ; MLKL : Mixed Lineage Kinase domain Like ; NET : 
Neutrophil Extracellular Traps ; PAR : Poly-(ADP-ribose). 
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I.3.2. L’apoptose et la nécroptose, deux voies de mort cellulaire induites par les récepteurs 

de mort  

Alors qu’il a été largement décrit que l’activation des récepteurs de mort (DR pour "Death 

Receptor") de la cellule conduisait à l’activation de l’apoptose, il est aujourd’hui reconnu qu’elle 

peut également, sous certaines conditions, activer une autre voie de RCD, la nécroptose (Galluzzi 

et al., 2012). 

I.3.2.1 Définitions, caractéristiques et mécanismes de l’apoptose 

Le terme d’apoptose fut proposé par Kerr en 1972 pour définir l’aspect morphologique 

spécifique de la cellule au cours de sa mort, caractérisée par le bourgeonnement de la membrane, 

le rétrécissement de la cellule, la condensation de la chromatine et la fragmentation nucléaire (Kerr 

et al., 1972). L’apoptose peut être déclenchée par de nombreux stimuli : externes par l’activat ion 

des DR ou internes, par des facteurs de stress, un changement majeur de l’homéostasie cellula ire 

ou un dommage important de l’intégrité de l’ADN (Ziegler and Groscurth, 2004). Ces phénomènes 

conduisent à l’activation d’enzymes intracellulaires appelées caspases, contraction de "cysteine 

dependent aspartate specific protease". Ces enzymes vont provoquer le clivage des protéines 

vitales à l’intégrité de la structure cellulaire : protéines responsables du maintien, de l’organisat ion 

et de l’attachement du cytosquelette ainsi que celles impliquées dans le maintien de l’appareil 

mitotique nucléaire permettant l’intégrité structurale du noyau (Ziegler and Groscurth, 2004).   

Deux voies distinctes régulent l’apoptose : la voie extrinsèque et la voie intrinsèque :  

- La voie extrinsèque est activée par des ligands extracellulaires appartenant principalement 

à la superfamille du TNF, tels que le TNF-α, le FasL et le TRAIL, qui conduisent à la 

formation du complexe IIa appelé également "Death Inducing Signaling Complex" (DISC) 

amenant à l’activation de la caspase 8.  

- La voie intrinsèque peut être activée par différents stimuli de dommage intracellulaire ou 

de signal de stress, convergeant vers une perméabilisation de la membrane externe 

mitochondriale (MOMP pour "Mitochondrial Outer Membrane Permeabilization") et une 

libération du cytochrome c, ce qui conduit à la formation de l’apoptosome par sa liaison 

avec la protéine Apaf1 permettant l’activation de la caspase 9. Cette voie est finement 

régulée par des protéines pro-apoptotiques et anti-apoptotiques appartenant à la famille 

Bcl2. Dans certains types de cellules, dites de type II, tels que les hépatocytes, les DRs 

peuvent conduire à l’activation de la voie intrinsèque par le clivage de la protéine "BH3 

Interacting Domain death agonist" (Bid) par la caspase 8 conduisant à une translocation de 

sa forme active tBid vers la mitochondrie provoquant une MOMP et les évènements décrits 
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ci-dessus. L’engagement de la voie intrinsèque en parallèle de la voie extrinsèque, conduit 

à une amplification du signal pro-apoptotique. Ces deux voies se rejoignent par l'activat ion 

in fine de la caspase 3, ce qui constitue un évènement de non-retour et entraîne la mort de 

la cellule par apoptose (Figure 5).  

Ainsi, l’apoptose est considérée comme une voie dépendante de l’activation des caspases. 

Cependant, il faut distinguer les caspases effectrices de l’apoptose de celles impliquées dans 

l’inflammation. Ainsi, les caspases 2, γ, 7, 8, 9 et 10 agissent chacune à un niveau différent dans 

l’induction de la voie apoptotique alors que les caspases 1, 4, 5, 11 et 12 régulent l’inflammation, 

par exemple par la maturation de certaines cytokines pro-inflammatoires tel que l’IL-1  (Shalini 

et al., 2015). Ceci explique pourquoi certaines voies de mort sont dépendantes des caspases et ne 

sont pas considérées comme apoptotiques (Tableau 3). 

Contrairement à la nécrose, la formation des corps apoptotiques empêche le déversement du 

contenu intracellulaire dans le milieu extracellulaire et évite, en théorie, une inflammation massive 

du tissu. La cellule va exposer des signaux « find me » ou « eat me », par exemple par 

l’externalisation de la phosphatidyl-sérine, sur les corps apoptotiques qui vont permettre leur 

reconnaissance et leur élimination par les cellules voisines. Dans le foie, les HSC et les KC vont 

être majoritairement responsables de la phagocytose des corps apoptotiques (Canbay et al., 2003, 

2004). Cependant si ces corps apoptotiques persistent dans l’environnement, par exemple 

Figure 5. Voies intrinsèque (a) et extrinsèque (b) de l'apoptose. (modifié à partir de Shalini et al., 2015 ) 
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lorsqu’ils sont trop nombreux, la membrane plasmique va se dégrader et entraîner la libération du 

contenu cellulaire et provoquer ce qu’on appelle une nécrose secondaire, conduisant à une 

inflammation du foie. De plus, il a été montré que la phagocytose des corps apoptotiques par les 

KC ou les HSC va entraîner leur activation et la production de TNF-α, de FasL et de TRAIL 

pouvant amplifier la mort des hépatocytes et aggraver l’inflammation du foie (Malhi et al., 2010). 

Bien qu’il fut décrit que la formation des corps apoptotiques empêchait l’activation de 

l’inflammation, il est aujourd’hui admis que l’induction de l’apoptose n’est pas forcément 

synonyme d’absence d’inflammation et contribue donc largement au développement des 

hépatopathies (Malhi et al., 2010).  

I.3.2.2 Nécroptose 

Suite à une infection virale, les cellules sont capables d’induire leur apoptose afin de diminuer 

la réplication et la dissémination du virus. Cependant certains de ces virus ont pu développer des 

stratégies d’évasion via la production de protéines inhibant l’activation des caspases.  L’évolut ion 

a conduit l’hôte à s’adapter à ce mécanisme par le développement d’un autre mode de mort 

cellulaire, la nécroptose (Humphries et al., 2015; Silke et al., 2015). La nécroptose peut également 

être induite par le TNF-α, lorsque les caspases, et plus particulièrement la caspase 8 sont inhibées 

et en présence de molécules appelées Second mitochondrial activator of caspases (Smac) 

mimétiques qui ont la capacité de bloquer les protéines "cellular inhibitor of apoptosis" (cIAP)1 et 

2 et "X-linked Inhibitor of Apoptosis" (XIAP). Depuis, l’utilisation d’inhibiteurs chimiques et de 

souris knockout a permis d’associer la nécroptose à diverses pathologies. Ces observations 

expliquent également l’étroite relation entre l’apoptose et la nécroptose.  

Bien qu’elle soit largement étudiée dans la signalisation du TNF-α, la nécroptose peut être 

activée par différents stimuli tels que l’activation des récepteurs de mort TRAIL et FasL, des TLR3 

et 4, le récepteur des lymphocytes T, la voie des interférons, les stress génotoxique ou oxydatifs 

ou les DAI (pour "DNA-dependent activator of IFN regulatory factors") (Jouan-Lanhouet et al., 

2014a). Selon le stimulus, les effecteurs induisant la nécroptose vont être différents mais converger 

à l’activation des protéines "Receptor Inducing Protein Kinase" (RIPK) 1 et 3 qui suite à leur 

phosphorylation vont former le nécrosome  (appelé également nécroptosome) et activer des 

substrats tels que les protéines "Mixed Lineage Kinase Domain Like" (MLKL) et 

"Phosphoglycerate Mutase Family Member 5" (PGAM5) conduisant à la mort de la cellule (Liu et 

al., 2016). Bien que le rôle de PGAM5 dans l’activation de la nécroptose soit débattu, celui de 

MLKL est largement admis et sa phosphorylation en fait un marqueur de la nécroptose. 

L’activation de MLKL conduit à la formation d’un oligomère qui interagit avec la membrane 

plasmique et conduit à l’influx d’ions Ca2+ et de Na+ dans la cellule, entraînant une augmentat ion 
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de la pression osmotique et la rupture de la membrane (Cai et al., 2014; Chen et al., 2014). Les 

principaux médiateurs et les voies de signalisation conduisant au déclenchement de la nécroptose 

sont présentés dans la Figure 6. Morphologiquement, les cellules nécroptotiques présentent les 

mêmes caractéristiques que les cellules nécrotiques soit un gonflement du cytoplasme et des 

organelles suivi par une rupture de l’intégrité membranaire et la libération du contenu 

cytoplasmique dans le milieu extracellulaire (Vanden Berghe et al., 2015). 

I.3.2.3.  Outils pour l’étude des voies apoptotiques et nécroptotiques 

L’apoptose, définie comme dépendante de la voie des caspases, peut donc être étudiée par 

l’utilisation d’inhibiteurs pan-caspases, tel que le Z-VAD-fmk ou le QVD-OPh ou par une délétion 

des gènes codant pour la caspase 8 ou la caspase 3, les deux caspases effectrices conduisant à 

l’apoptose. L’activation de l’une ou de l’autre peut également être déterminée par l’identificat ion 

de la protéine clivée par western-blot (WB),  ou par immunohistochimie (IHC), ou par un test 

d’activité de ces caspases. 

Due à sa plus récente identification, l’activation de la nécroptose est plus difficile a démontrer 

que l’apoptose mais les outils immunologiques et chimiques s'avèrent de plus en plus nombreux. 

Figure 6. Voies de signalisation conduisant à l’activation de la nécroptose. (Jouan-Lanhouet et al., 

2014)  
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Tout d’abord, la surexpression des protéines RIPK1, RIPKγ ou MLKL ne constitue pas un 

marqueur suffisant pour démontrer l’activation de cette voie. De plus, alors que l’inhibition de la 

mort cellulaire lors de l'emploi des nécrostatines tels que le Nec-1 ou le Nec-1s pouvait être utilisé 

comme un marqueur de la nécroptose, ces inhibiteurs chimiques bloquant l’activité kinase de 

RIPK1 ne sont plus suffisants. Il est aujourd’hui admis que le blocage de la mort cellulaire par 

l’inhibition génétique de RIPKγ et plus particulièrement de MLKL ou le blocage de l’activité de 

RIPKγ peuvent permettre l’identification de la nécroptose. Cependant, aucun inhibiteur n’est 

encore disponible et fonctionnel pour bloquer l’activité kinase de RIPKγ chez la souris. Enfin, il 

a très récemment était mis au point un anticorps reconnaissant la protéine murine MLKL 

phosphorylée qui est considérée comme un marqueur de la nécroptose. 

Cependant, il est important de noter que l’étude des voies de mort cellulaire est complexe, de par 

leur diversité mais également parce que l’inhibition d’une voie de RCD peut ne pas avoir de 

véritable effet protecteur mais conduire à l’activation d’une autre voie de mort cellulaire, dû au 

changement du statut biochimique de la cellule (Galluzzi et al., 2015). L’apoptose et la nécroptose 

partagent plusieurs protéines effectrices et l’inhibition d’une des voies peut donc conduire à 

l’activation de l’autre.  

I.3.3. Mort cellulaire et inflammation.  

Suite à l’hépatolyse, un ensemble de molécules chimiques tels que les DAMPs et les alarmines 

va être libéré dans le microenvironnement et contribuer à l’inflammation. Ces effecteurs vont 

alerter le système immunitaire d’un dommage. HMGB1 et l’IL-33 représentent deux alarmines 

classiques retrouvées au cours d’un dommage hépatique. La HMGB1 est une protéine nucléaire 

qui lors de sa libération dans le milieu extracellulaire va se fixer sur les TLR2 et TLR4 ainsi que 

sur le récepteur "Receptor for advanced glycation endoproducts" (RAGE) (Heymann and Tacke, 

2016). Libérée par les cellules nécrotiques au cours de l’hépatite induite par l’acétaminophène, la 

HMGB1 active le recrutement des neutrophiles et amplifie le dommage hépatique (Huebener et 

al., 2015). L’IL-γγ est une protéine nucléaire, membre de la famille de l’IL-1 et interagit avec un 

récepteur dimérique composé du ST2, spécifique à l’IL-33, et de "l’IL-1 receptor accessory 

protein" (IL-1RAcP). Exprimée au niveau basal par les cellules sinusoïdales hépatiques, l’IL-33 

est produit par les hépatocytes dans certaines étiologies d’hépatite chez la souris et chez l’Homme 

(Arshad et al., 2012) et aurait un effet protecteur au cours de l’hépatite (Noel et al., 2016; Volarevic 

et al., 2012). Ces deux alarmines représentent deux exemples importants de molécules libérées au 

cours d’un dommage hépatique et qui contribue à la modulation de l’inflammation.    
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Après la présentation des différents modèles d’hépatite utilisés chez la souris, les voies de 

signalisation induites par l’activation des récepteurs présents sur l’hépatocyte seront décrites plus 

en détail.  

 

I.4.  Modèles d’hépatites chez la souris  

L’utilisation des modèles d’hépatites animaux, majoritairement sur la souris, ont permis de 

mieux comprendre ces mécanismes de mort cellulaire au cours des maladies hépatiques. Nous 

caractérisons ici le type de modèle d’hépatite en fonction de l’agent induisant l’hépatolyse tel que 

hépatotoxique, métabolique ou dépendant du système immunitaire.  

I.4.1.  Modèles d’hépatite induit par un hépatotoxique 

Chez l’humain, l’ingestion de certains champignons (amanite phalloïde), et l’excès de 

médicament (paracétamol), de certains produits chimiques tels que le tétrachlorure de carbone 

(CCl4) ou la consommation chronique et abusive d’alcool peuvent entraîner une atteinte aiguë ou 

chronique du foie. Ces atteintes sont mimées par plusieurs modèles d’hépatites chez la souris et 

résultent principalement d’un stress oxydatif.  

I.4.1.1. Hépatite induite par le paracétamol/acétaminophène   

Le paracétamol et l’acétaminophène sont composés d’acetyl-para-aminophenol (APAP) dont 

une surdose conduit à une insuffisance hépatique aiguë chez l’Homme et la souris qui peut aller 

jusqu’à la mort (Dargan and Jones, 2002). La souris est le modèle le plus utilisé pour  étudier 

l’effet d’une surdose d’APAP et reproduit la physiopathologie retrouvée chez l’Homme. Dans les 

hépatocytes, l’APAP est principalement métabolisé en une forme non toxique, mais une petite 

fraction se trouve transformée par le cytochrome P450 en N-acetyl-p-benzoquinone imine 

(NAPQI) (Dahlin et al., 1984; Mitchell et al., 1973) qui est détoxifié par la forme réduite du 

glutathion hépatique (GSH). Une forte accumulation de NAPQI entraine donc une diminution de 

la disponibilité du GSH et rend les hépatocytes sensibles au stress oxydatif (Malhi et al., 2010). 

De plus, en l’absence de GSH, le NAPQI va alors interagir avec des protéines mitochondria les, 

conduisant à une déplétion en ATP et un stress oxydatif déclenchant la mort des hépatocytes 

(Kaplowitz et al., 2015). Le rôle de la nécroptose dans la mort des hépatocytes induite par l’APAP 

est également débattu. Tout d’abord, l’observation de la phosphorylation de la MLKL dans le foie 

de patients atteints d’hépatite induite par les médicaments (DILI pour "Drug Induced Liver 

Injury") suggère le rôle de la nécroptose dans l’induction de l’hépatolyse et conduit à l’étude de 

cette voie (Wang et al., 2014). De plus, l’inhibition chimique de l’activité kinase de RIPK1 par les 
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nécrostatines (Dara et al., 2015; Deutsch et al., 2015; Takemoto et al., 2014) et la diminution de 

l’expression de RIPKγ (Ramachandran et al., 2013) ou de RIPK1 (Dara et al., 2015) par des siRNA 

réduisent l’hépatolyse induite par l’APAP chez la souris. Cependant, alors que Deutsch et al. ont 

montré que l’utilisation de souris déficientes en RIPK3 révélait une réduction de l’hépatolyse 

(Deutsch et al., 2015), Dara et al. ont démontré que la délétion génétique de RIPK3 ou MLKL ne 

permettait pas de protéger de l’hépatite induite par l’APAP  (Dara et al., 2015). De plus, la 

déficience en RIPK1 spécifiquement dans les LPC n’était pas suffisante pour inhiber l’hépatolyse 

(Schneider et al., 2016). Des études plus précises sont donc nécessaires pour clarifier le rôle de la 

nécroptose dans ce modèle.   

I.4.1.2. Hépatite induite par le CCl4 

Le tétrachlorure de carbone a largement été utilisé comme solvant industriel conduisant à la 

découverte de ses effets hépatotoxiques et carcinogènes chez l’Homme. L’intoxication au CCl4 est 

aujourd’hui utilisé pour étudier certains effets hépatotoxiques (Weber et al., 2003) et comme 

modèle expérimental de fibrose hépatique (Iredale, 2007). L’ingestion par voie orale chez la souris 

de CCl4 induit une hépatite aiguë ou chronique et s'avère dose-dépendante. La métabolisation du 

CCl4 par les cytochromes conduit à la formation d’un radical trichloromethyl (CCl3), provoquant 

la production d’espèces réactives de l’oxygène (ROS) qui initient une peroxydation lipid ique 

affectant la perméabilité des organelles cellulaires et une mort cellulaire par nécrose (Weber et al., 

2003). Bien que l’hépatolyse soit considérée comme accidentelle (nécrotique), elle induit la 

production de cytokines pro-inflammatoires telles que le TNF-α qui contribue au dommage du 

parenchyme (Sato et al., 2014). 

I.4.1.2.3. Hépatite induite par l’alcool 

Au niveau du foie, l’éthanol est principalement métabolisé en acétaldéhyde par trois systèmes 

enzymatiques : l’alcool déshydrogénase (ADH), les cytochromes (plus particulièrement la 

CYP2E1) et les catalases. L’acétaldéhyde va ensuite être métabolisé dans la mitochondrie en 

acétate par l’aldéhyde déshydrogénase. La métabolisation de l’éthanol va conduire à la formation 

de métabolites réactifs entraînant un stress oxydatif par la formation de ROS, une déplétion du 

GSH mitochondrial, un changement de l’équilibre redox et la mort cellulaire (Beier and McClain, 

2010). La mort des hépatocytes a premièrement été décrite comme apoptotique  (McVicker et al., 

2007; Roychowdhury et al., 2012) et serait en partie induite par le stress oxydatif. Les ligands de 

mort TNF-α et FasL pourraient être également impliqués puisqu'il a été observé qu’ils étaient 

induits au cours des hépatites alcooliques (McVicker et al., 2007) et prennent part à l’hépatolyse 

car des souris déficientes en TNFR1 ou en Fas (CD95/ APO-1) sont protégées du dommage 

hépatique induit par une ingestion chronique d’alcool (Minagawa et al., 2004; Yin et al., 1999). 
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En parallèle de l’apoptose, des études récentes se sont intéressées à l’implication de la nécroptose 

dans l’hépatite induite par l’ingestion d’alcool. Ces travaux ont montré que la délétion génétique 

de RIPK3 conduisait à une réduction de l’hépatolyse (Roychowdhury et al., 2013; Wang et al., 

2016).  

I.4.2.  Modèles d’hépatite immuno-induites 

I.4.2.1.  Hépatite induite par la Concanavaline A (ConA) 

La ConA est une lectine, extraite du haricot Canavalia brasiliensis, qui lie les résidus mannose 

de différentes glycoprotéines. Suite à une injection chez la souris, son affinité pour les sinuso ïdes 

hépatiques conduit à une activation des lymphocytes, des KC et des LSEC entraînant en quelques 

heures la libération massive de cytokines pro-inflammatoires, suivie par un recrutement des 

cellules immunitaires au niveau du foie. L’environnement inflammatoire produit par la ConA 

conduit à une hépatite aiguë avec un pic des ASAT/ALAT vers 10-12 h p.i. (Trautwein et al., 

1998). Développé depuis les années 1990, ce modèle d’hépatite a largement été utilisé pour 

comprendre les mécanismes immunitaires, inflammatoires et de mort des hépatocytes au cours des 

hépatites immuno-induites  (Tiegs et al., 1992). La libération de TNF-α et d’IFN-γ contribue à 

l’hépatolyse puisque leur blocage ou leur absence par l’utilisation de souris knockout protège du 

dommage hépatique (Gantner et al., 1995; Küsters et al., 1997; Mizuhara et al., 1994; Tagawa et 

al., 1997; Watanabe et al., 1996; Wolf et al., 2001). Bien que le rôle du TNF-α dans ce modèle soit 

encore discuté, l’IFN-γ intervient dans l’activation des cellules NKT.  

 Plusieurs travaux montrent que la mort des hépatocytes dans l’hépatite induite par la ConA est 

dépendante des lymphocytes T et plus particulièrement conduite par les cellules NKT (Kaneko et 

al., 2000; Takeda et al., 2000; Tiegs et al., 1992). Ces cellules tueraient les hépatocytes par 

différents mécanismes, à la fois via le système perforine/granzyme B (Arshad et al., 2012; 

Watanabe et al., 1996) mais aussi par la fixation des ligands de mort tels que FasL (Leist et al., 

1996; Seino et al., 1997; Tagawa et al., 1997; Takeda et al., 2000) et TRAIL (Arshad et al., 2012; 

Beraza et al., 2009; Zheng et al., 2004) sur leur récepteurs respectifs, Fas et DR5, présents à la 

surface des hépatocytes. La signalisation conduisant à la mort des hépatocytes dans le modèle 

ConA est encore débattue. L’absence d’observation de cellules apoptotiques (caspase 8 ou γ 

positives), d’activité caspase dans les foies des souris traitées avec la ConA, ainsi que l’absence 

de protection par le prétraitement avec un inhibiteur pan-caspases, ou encore l’utilisation de souris 

conditionnellement déficientes pour la caspase 8 dans les hépatocytes (Caspase8Hepa-KO) (Jouan-

Lanhouet et al., 2012; Künstle et al., 1999; Liedtke et al., 2011), suggèrent que l’hépatolyse serait 

indépendante des caspases et non apoptotique. Bien qu’il soit aujourd’hui admis l’existence de 

différents modes de mort cellulaire (voir précédemment), seule l’apoptose et la nécroptose seraient 
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activées par les récepteurs de mort, suggérant qu’au cours de l’hépatite induite par la ConA 

l’hépatolyse dépendrait de la nécroptose. Dans ce sens, l’utilisation d’un inhibiteur de l’activité de 

RIPK1, le Nec-1, a montré une protection de l’hépatolyse (Jouan-Lanhouet et al., 2012; Zhou et 

al., 2013a). En revanche, les études utilisant des souris RIPK3 KO ont révélé des résultats 

controversés (Deutsch et al., 2015; Kang et al., 2015; Weinlich et al., 2013) et l’une d’entre elle, 

décrivant une réduction de l’hépatolyse induite par la ConA, suggère une contribution de RIPKγ 

dans l’activation des cellules NKT (Kang et al., 2015).  

I.4.2.2. Hépatite induite par les virus de l’hépatite murine (MHV)  

Les virus de l’hépatite murine appartiennent à la famille des coronaviridae et sont responsables 

de désordres hépatiques et neurologiques chez la souris (Virelizier et al., 1975). Le MHV de type 

3 (MHV3) est connu comme le plus virulent puisque son injection chez les souris de souche 

C57BL/6 conduit à une hépatite fulminante, caractérisée par plusieurs plages de nécrose dans le 

parenchyme hépatique 72 h post-injection et la mort des souris dans les 3 à 5 jours post-infect ion 

(Prévost et al., 1975). Comme les souris ne développent pas naturellement une hépatite lors de leur 

inoculation avec le VHB ou le VHC, l’infection par le MHVγ est donc considérée comme un bon 

modèle pour étudier les désordres inflammatoires induits par les virus au cours de l’hépatite aiguë 

(Lamontagne and Dupuy, 1984; Lamontagne et al., 1989). Le MHV3 présente un tropisme pour 

différentes cellules immunitaires et plus particulièrement pour les macrophages péritonéaux et 

hépatiques, les hépatocytes, les LSECs et les HSCs (Godfraind and Coutelier, 1998; Martin et al., 

1994). Afin de comprendre les mécanismes inflammatoires provoqués par le MHV3, différents 

variants atténués ont été produits. Parmi eux, le MHVγ 51.6 n’a pas la capacité de se répliquer 

dans les LSECs et provoque une mort retardée des souris, 5 à 9 jours après son inoculation (Martin 

et al., 1994). Le variant MHV-A59 est beaucoup moins virulent car il induit une hépatite modérée 

et se trouve contrôlé puis rapidement éliminé par le système immunitaire (Jacques et al., 2008).  

Quelle que soit la souche, l’infection par le MHV passe par l’interaction de la protéine virale S 

avec le récepteur cellulaire CEACAM1a permettant son entrée dans la cellule par endocytose ou 

fusion (Godfraind and Coutelier, 1998; Godfraind et al., 1995). De plus, cette interaction serait 

responsable de la formation de larges syncitia qui caractérisent l’effet cytopathique du virus en 

déclenchant la fusion des cellules entre elles (Frana et al., 1985; Sturman et al., 1985), induisant 

leur mort cellulaire par l’activation de l’apoptose (Xu et al., 2014). 

Les macrophages, les LSECs et les lymphocytes NK et NKT sont les principaux contributeurs 

de la réponse anti-virale contre le MHV3 par la libération de cytokines et de chimiokines. 

Cependant, la déplétion en macrophages ainsi que l’inhibition immunologique du TNF-α réduit 

l’hépatolyse, suggérant que la réponse inflammatoire aggrave l’hépatite induite par le MHVγ 

(Schindler et al., 1984; Xu et al., 2014; Yang et al., 2013).  
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I.4.2.3. Hépatite induite par l’injection de LPS et de D-GalN 

L’injection de LPS mène à l’activation du TLR4, présent majoritairement sur la membrane des 

KC et conduit à une libération rapide et massive de cytokines telles que le TNF-α, l’IL-6 et l’IL-

10. L’injection seule de LPS n’est pas suffisante pour induire un dommage hépatique mais une 

dose trop importante peut entraîner la mort des souris par choc septique (Galanos et al., 1979). La 

D-Galactosamine (D-GalN) est un hépatotoxique, métabolisé uniquement par les hépatocytes, qui 

va conduire à une déplétion en uridine et une inhibition de la transcription (Decker and Keppler, 

1974). Dans ce contexte, le TNF-α induit par le LPS va se fixer sur son récepteur TNFR1 présent 

à la surface de l’hépatocyte et conduire à l’activation du complexe II, à l’activation de la caspase 

8 et à l’apoptose des cellules conduisant à un dommage aigu du tissu hépatique quelques heures 

après l’injection (Galanos et al., 1979; Liedtke et al., 2011; Wroblewski et al., 2016). Tout comme 

pour le LPS, les administrations de polyinosine-polycytidylique [poly(I:C)] ou d’ADN cytosine-

phosphate guanine (CpG) qui miment respectivement l’ADN viral et l’ADN  bactérien, conduisent 

à la production de TNF-α qui déclenche une hépatite aiguë lorsque les souris sont traitées avec la 

D-GalN (Dejager and Libert, 2008). 

I.4.2.4. Hépatite induite par l’injection de poly(I:C) 

Le poly(I:C) est un analogue de l’ARN double brin, et s'utilise pour mimer certains mécanismes 

retrouvés au cours d’une infection virale. Il est reconnu par le TLRγ (Alexopoulou et al., 2001) 

ainsi que par les protéines cytoplasmiques "RNA helicase retinoic acid inducible gene I" (RIGI) 

(Yoneyama et al., 2004) et "Melanoma differentiation-associate Gene 5" (Mda5) (Kato et al., 

2006) et va activer un ensemble de cellules immunitaires, tels les macrophages et les cellules NK, 

et induire la production de cytokines parmi lesquelles le TNF-α, l’IFN-γ, l’IL-6 et l’IL-12 ainsi 

que les IFN de type 1 (IFN-α et IFN- ) jouent un rôle clef dans la réponse inflammatoire anti-

virale (Alexopoulou et al., 2001; Dejager and Libert, 2008; Schwabe et al., 2006). L’activation du 

TLR3 par le poly(I:C) active la protéine "Toll-IL-1 receptor (TIR) domain-containing adapter 

inducing IFN- " (TRIF), puis le facteur de transcription IRF3 ainsi que la voie NF-κB, conduisant 

à la production d’IL-12, et de TNF-α (Alexopoulou et al., 2001; Kumar et al., 2008). En parallèle, 

la fixation du poly(I:C) sur les RIG1 et Mda5 active la protéine "IFN-  Promoter Stimulator 1" 

(IPS-1) entraînant la production des IFN-α et  ainsi que d’IL-6 (Kumar et al., 2008). L’inject ion 

de poly(I:C) induit une faible hépatolyse largement aggravée sous la dépendance du TNF-α en 

présence de D-GalN (Dejager and Libert, 2008). 
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I.4.2.5. Hépatite induite par l’α-GalCer 

L’α-GalCer est un glycolipide, initialement isolé de l’éponge marine (Agelas mauritianus), qui 

active spécifiquement les cellules iNKT par sa présentation sur le CD1d (Kawano et al., 1997; 

Natori et al., 1993) et induit une hépatite aiguë absente chez des souris déficientes en cellules NKT 

ou iNKT (Cao et al., 2010; Osman et al., 2000). Suite à l’injection d’α-GalCer, les cellules NKT 

vont rapidement être activées et éliminées par l’induction de leur propre apoptose qui est 

concomitante avec la mort des hépatocytes (Osman et al., 2000; Subramanian et al., 2014). 

L’activation des cellules iNKT est associée à la production rapide de nombreuses cytokines de 

types Th1 et Th2 telles que le TNF-α, l’IFN-γ, l’IL-12, l’IL-2, l’IL-4 et l’IL-6 et à l’activation des 

autres cellules de l’immunité (Biburger and Tiegs, 2005; Van Kaer, 2005). Cette hépatite serait 

dépendante du FasL et du TNF-α mais indépendante de l’IFN-γ, des KC et des cellules NK. En 

effet, le FasL est surexprimé à la surface des lymphocytes NKT activés quelques heures après 

l’injection d’α-GalCer (Subramanian et al., 2014). De plus, son inhibition par des anticorps ainsi 

que celle du TNF-α protègent de l’hépatite (Biburger and Tiegs, 2005; Nakashima et al., 2008). 

Cependant la délétion des KC ou des cellules NK ainsi que le blocage de l’IFN-γ n’interfèrent pas 

dans l’induction de l’hépatolyse induite par l’α-GalCer (Biburger and Tiegs, 2005; Nakashima et 

al., 2008).  Le mode de mort cellulaire a été peu étudié dans ce modèle et bien qu’une corrélation 

entre l’activité caspase γ et l’élévation des transaminases hépatiques sériques ait été observée, le 

prétraitement des souris avec un inhibiteur pan-caspase avant l’injection d’ α-GalCer ne permet 

pas de protéger du dommage hépatique (Biburger and Tiegs, 2005).  

Tableau 4. Cellules et protéines effectrices de la mort cellulaire et voies de mort cellulaire régulées 
dans les différents modèles d’hépatites murines. 

Modèle 
Cellules, métabolites et protéines effectrices 

de la mort cellulaire 
Mort cellulaire Références  

APAP 
Formation NAPQI, déplétion glutathion, 
production de ROS 

Nécrose médié 
par la MOMP 

Necroptose ? 

Dara et al., 2015; Kaplowitz et 
al., 2015 

Alcool 
Déplétion en glutathion, production de ROS 
FasL et TNF-α 

Nécrose médié 
par la MOMP 
Apoptosis 

Necroptose 

McVicker et al., 2007; 
Roychowdhury et al., 2013; 

Wang et al., 2016 

CCl4 CCl4 transformé en CCl3, production de ROS Nécrose Weber, 2003 

ConA 
NKT et KC 

IFN-γ, TNF-α, FasL, TRAIL 

Caspase 
indépendant 
Necroptose ? 

Deutsch, 2015 ; Jouan-

Lanhouet ; 2012, Kang, 2015 ; 
Liedtke, 2011 

MHV3 Virus cytolytique, FasL, TNF-α Apoptose Xu, 2014 ; Yang, 2013 

Alpha-

GalCer 

NKT 

TNF-α, FasL 

Apoptose ? 

Autres ? 
Biburger, 2005 ; Subramanian, 
2014 ; Nakashima, 2008 

PolyIC/D-

GalN 
TLR3, TNF-α  Apoptose ?  Dejager and Libert, 2008 

CpG/D-GalN TLR9, TNF-α  Apoptose ? Dejager and Libert, 2008 

LPS/DGalN 
KC/TLR4 
TNF-α 

Apoptose Dejager, 2008 ; Liedtke, 2011 
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I.5. Mécanismes moléculaires de l’hépatolyse induite par les membres 
de la superfamille du TNF-α 

La superfamille du TNF regroupe 19 membres capables d’activer 29 récepteurs (Aggarwal, 

2003) dont, parmi les plus étudiés, le TNF-α, le FasL et le TRAIL qui sont connus comme étant 

de puissants inducteurs de la mort cellulaire et responsables de l’hépatolyse induite par les cellules 

immunitaires (principalement par les KC et les lymphocytes T CD8+, NK et NKT). Cette mort 

cellulaire survient lors des hépatites auto-immunes, des hépatites virales, mais peut également 

aggraver une hépatite préexistante par l’amplification de l’inflammation et de l’hépatolyse 

(Brenner et al., 2013).  

I.5.1. Le TNF-α  

Le TNF-α a premièrement été décrit comme induisant la nécrose de cellules tumorales mais il a 

depuis été révélé pouvant agir comme une cytokine pro-inflammatoire maitresse avec 

d’importantes fonctions pléiotropiques. Exprimé principalement par les KC et les LT au cours 

d’une infection ou en réponse à des produits bactériens tels que le LPS, le TNF-α est tout d’abord 

produit comme une protéine transmembranaire (tm-TNF) qui peut être libérée sous une forme 

soluble (s-TNF) après clivage par la "TNF-converting enzyme" (TACE) (Black et al., 1997). Le 

TNF-α peut interagir avec deux récepteurs : le TNFR1, constitutivement exprimé dans la plupart 

des tissus, ou le TNFR2 qui est hautement régulé, se trouve à la surface des cellules immunita ires 

et qui est activé uniquement par la forme transmembranaire (Wajant et al., 2003). Le TNFR1 joue 

un rôle prédominant dans le foie (Liedtke and Trautwein, 2012). Finement régulé à différents 

niveaux, la signalisation du TNFR1 est complexe et dépendante de la cellule cible (l’activation au 

niveau de l’hépatocyte ou de la cellule immunitaire n’induira pas les mêmes réponses), du stade 

de la pathologie (avant ou après l’induction de l’hépatolyse par exemple) mais également 

dépendant des autres signaux reçus par la cellule et qui vont influencer son comportement. Ces 

différents facteurs expliquent les effets pléiotropiques du TNF-α qui est capable d’induire la survie 

cellulaire par l’induction de protéines anti-apoptotiques, l’inflammation par l’induction de 

cytokines, chimiokines et de molécules d’adhésion, la prolifération de la cellule ou la mort 

cellulaire par apoptose ou nécroptose. Depuis les dix dernières années, l’utilisation des souris 

conditionnellement déficientes a largement permis de mieux comprendre la signalisation du TNF-

α au niveau hépatique.  

Au niveau de la membrane de l’hépatocyte, l’interaction du TNF-α avec le TNFR1 conduit à la 

formation du complexe I composé des protéines "TNFR1-Associated Death Domain" (TRADD), 

RIPK1 et des E3 ubiquitine ligase "TNFR Associated Factor 2" (TRAF2), "Cellular Inhibitor of 
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Apoptosis Protein" 1 (cIAP1) et 2 (cIAP2). Ces dernières vont ubiquitinyler (par des chaines 

d’ubiquitines liées au niveau de la lysine 6γ [K6γ-linked chain]) plusieurs protéines au niveau de 

ce complexe, tel que RIPK1. Ce réseau de chaines de polyubiquitine régule finement l’assemb lage 

du complexe et permet le recrutement des protéines "Linear Ubiquitin Chain Assembly Complex" 

(LUBAC), "TGF-  Activated Kinase 1" (TAK1) lié à ses protéines adaptatrices TAB1 et TAB2, 

ainsi qu’au recrutement du complexe "Inhibitor of NF-κB kinase" (IKK) composé des protéines 

IKK-α, IKK-  et IKK-γ/NEMO. L’ensemble de ces protéines va permettre l’activation des voies 

"Mitogen Activated Kinases" (MAPK) et NF-κB. Cette dernière est régulée par le complexe IKK 

qui, suite à son activation, phosphoryle la protéine "Inhibitor of κB-alpha" (IκBα), induisant son 

ubiquitinylation et sa dégradation par le protéasome. La protéine IκBα a pour rôle de séquestrer 

l’hétérodimère p50/p65 NF-κB dans le cytoplasme. Son élimination conduit ainsi à la translocat ion 

de NF-κB dans le noyau, lui permettant d’induire de nombreux gènes cibles impliqués dans 

l’inflammation (cytokines et chimiokines) ainsi que dans l’inhibition de l’apoptose, telles les 

protéines "cellular FLICE like Inhibitory protein" (cFLIP [FLICE désigne la caspase 8]) ou Bcl2  

(Liedtke and Trautwein, 2012; Ofengeim and Yuan, 2013; Ting and Bertrand, 2016). Cette 

dynamique va être rapidement réprimée par les déubiquitinylases A20 et "Cylindromatos is" 

(CYLD) (Ting and Bertrand, 2016) (Figure 7).  

 

Figure 7. Formation du complexe I suite à l’activation du TNFR1 (issu de Brenner et al., 2015) 

Dans certaines conditions, le complexe I peut être internalisé et conduire à la formation du 

complexe IIa composé des protéines TRADD, "FAS Associated Death Domain" (FADD) caspase 

8, IIb (appelé également ripoptosome) composé des protéines FADD, caspase 8, cFLIP, RIPK1 et 

RIPK3 ou du nécrosome caractérisé par les protéines RIPK1, RIPK3 et MLKL. La formation des 

complexes IIa et IIb déclenche l’apoptose alors que l’activation du nécrosome va conduire à la 

nécroptose de la cellule. Parallèlement à ces complexes, les protéines TRADD et TRAF2 peuvent 

activer la voie "c-Jun N-terminal kinases" (JNK) menant à l’activation de l’apoptose. Les 
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mécanismes conduisant à la phosphorylation de JNK1 et JNK2, et donc leur activation, sont encore 

peu connus et feraient intervenir les protéines "Apoptosis Signal Related Kinase" (ASK1) et les 

MAPK MKK4 et MKK7 (Liedtke and Trautwein, 2012). L’activation de JNK1 déclencherait la 

dégradation de cFLIP et celle de JNK2 activerait la caspase 8, ces deux voies permetta nt 

l’induction de l’apoptose  (Schwabe and Brenner, 2006) (Figure 8).  

 Dans la majorité des types cellulaires, incluant les hépatocytes, l’activation du TNFR1 entraîne 

la survie de la cellule et les conditions conduisant à l’induction des complexes IIa et IIb sont encore 

débattues. Des études suggèrent qu’une production trop faible de protéines anti-apoptotiques par 

le complexe I favoriserait l’induction de l’hépatolyse (Zhang et al., 2010). Physiologiquement, 

cette faible expression pourrait résulter d’une inhibition de l’activité NF-κB observée dans 

certaines étiologies d’hépatites. Les causes sont encore débattues mais plusieurs études suggèrent 

qu’un haut niveau de ROS pourrait conduire à cette inhibition (Han et al., 2009). En l’absence 

d’activité NF-κB, le TNF-α conduirait à l’activation de la voie JNK qui, lorsqu’elle est persistante , 

favoriserait l’activation de l’apoptose (Schwabe and Brenner, 2006). L’oxydation des 

phosphatases, dans des conditions de stress oxydatif (production de ROS), inhiberait la 

déphosphorylation des protéines JNK conduisant au maintien de son activation et à l’induction de 

l’apoptose (Kamata et al., 2005). Des études in vitro ont permis de montrer que les protéines 

cIAP1/2 ont un rôle majeur dans la survie de la cellule dépendante du TNF-α. En effet, leur 

inhibition par des molécules pharmacologiques telles que les « Smac-mimétic », induit la formation 

du complexe IIb et donc l’apoptose. L’addition d’un inhibiteur pan-caspase ne bloque pas la mort 

de la cellule mais conduit à la formation du nécrosome et une mort nécroptotique. Deux études 

Figure 8. Schéma représentant les protéines principales formant les complexes I, IIa, IIb ou le 

nécrosome suite à la fixation du TNF-α sur le TNFR1 (issu de Pasparakis et Vandenabeele, Nature, 

2015). 
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récentes ont montré que l’inhibition chimique des IAPs par les Smac mimetic ou la délétion 

génétique des protéines cIAP1/2 (souris cIAP1LPC-KO/cIAP2-/-) augmente l’élimination du VHB en 

augmentant la mort des hépatocytes médiée par le TNF-α, démontrant que ces protéines protègent 

de l’hépatolyse tout en contribuant à la persistance de l’infection par le VHB (Ebert et al., 2015a, 

2015b). 

La compréhension de la signalisation du TNF-α permet de comprendre pourquoi son injection, 

n’induit pas la mort des hépatocytes, puisqu'il active préférentiellement la voie NF-κB  (Chaisson 

et al., 2002) et donc la survie de la cellule. Par contre, l’inhibition spécifique de la  transcript ion 

hépatocytaire par la D-GalN sensibilise les hépatocytes à l’apoptose induite par le TNF-α (Decker 

and Keppler, 1974) par le blocage de l’expression des protéines anti-apoptotiques induites par NF-

κB (Maeda et al., 2003). De plus, plusieurs travaux ont montré que la délétion génétique de 

plusieurs effecteurs tels que NEMO, TAK1 ou p65/RelA, spécifiquement dans les LPC, sensibilise 

à l’hépatolyse induite par le TNF-α dans plusieurs modèles d’hépatite aiguë, via une inhibition de 

l’activation de la voie NF-κB (Tableau 5). Cependant,  une simple délétion de NEMO ou de TAK1 

dans les LPC (respectivement NEMOLPC-KO et TAK1LPC-KO) conduit à une hépatolyse spontanée 

suivie d’une stéatohépatite et d’un CHC (Bettermann et al., 2010; Luedde et al., 2007). Ce 

phénotype n’est pas retrouvé chez les souris RelALPC-KO (Geisler et al., 2007) ce qui suggère que 

ces protéines sont impliquées dans d’autres voies que celles conduisant à l’activation de NF-κB. 

Ces observations sont aussi supportées par les travaux d’Inokuchi et al. qui ont montré que TAK1 

avait un important rôle dans la régulation du métabolisme et de l’autophagie et que sa délétion 

génétique conduit à une stéatohépatite suite à une inhibition de l’autophagie (Inokuchi-Shimizu et 

al., 2014). En revanche, toutes ces études mettent en évidence le rôle majeur de la régulation de la 

voie du TNF-α au sein des hépatocytes pour le maintien de l’homéostasie hépatique.  

Lors d’hépatites induites par différents facteurs étiologiques chez l’Homme, des niveaux 

sériques de TNF-α et de la forme soluble du TNFR1 ont été retrouvés positivement corrélés à la 

gravité de la pathologie (Marinos et al., 1995; Nagaki et al., 2000; Tokushige et al., 2000; Trebicka 

et al., 2011). De plus, son inhibition par des anticorps ou génétique a permis de protéger de 

l’hépatolyse, tel qu’observé dans différents modèles d’hépatites dépendantes de l’immunité, 

comme celles induites par la ConA (Gantner et al., 1995; Küsters et al., 1997; Mizuhara et al., 

1994; Seino et al., 1997; Trautwein et al., 1998), par le MHV3 (Xu et al., 2014; Yang et al., 2013), 

par le LPS/D-GalN (Olleros et al., 2010; Wroblewski et al., 2016), par l’α-GalCer (Biburger and 

Tiegs, 2005; Nakashima et al., 2008) ou par le VHB ou le VHC chez des souris humanisées 

(Chyuan et al., 2015; Sekiguchi et al., 2012).  
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Tableau 5. Etude des protéines impliquées dans la voie NF-κB au cours de l’hépatite  par 
l’utilisation de souris conditionnellement déficientes.  

Protéines Déficience Hépatolyse basale 
Hépatolyse induite 

(comparaison avec WT) 
Références 

TNFR1 

LPC-KO Non 
ConA : pas de différence 

TNF-α /D-GalN : protection 
Wroblewski, 2016 

TC-KO Non ConA : pas de différence Wroblewski, 2016 

EC-KO Non ConA : pas de différence Wroblewski, 2016 

MDC-KO Non ConA : protection Wroblewski, 2016 

NEMO/ 

IKK-γ/ 
IKK1 

LPC-KO Hepa-KO 
oui et développement d’un 

CHC à 6-12 mois 

LPS : aggravée 

TNF-α : aggravée  

ConA : aggravée Luedde, 2007 

Beraza, 2007 
Beraza, 2009 
Ehlker, 2014 Mécanismes 

Hépatolyse induite par une inhibition de la voie NF-κB hépatocytaire et diminution de 
l’expression protéines anti-apoptotiques Bcl2 et cFLIP 
Suractivation et prolongement de l’activité JNK  
Hépatolyse induite et spontanée caspase dépendante 
Hépatolyse spontanée partiellement dépendante du TNFR1 et de FADD 

IKK- / 
IKK2 

Hepa-KO Non 

LPS : pas de différence 

TNF-α : pas de différence 

ConA : pas de différence 

 
Maeda, 2005 

Remarques Contrairement aux NEMOLPC-KO pas d’inhibition de la voie NF-κB 

TAK1 LPC-KO 
Oui + CHC et cholestase à 

6 semaines 
LPS : aggravée 

Inokuchi, 2014 

Bettermann, 2010 
Vucur, 2013 

Morioka, 2014 
Mécanismes 

Inhibition de la voie NF-κB 
Hépatolyse induite et spontanée dépendante de la caspase 8 mais indépendante de 

RIPK3 (sauf quand caspase 8 est bloquée) 
Hépatolyse spontanée partiellement dépendante du TNFR1 

RelA /p65 

 
LPC-KO Non 

LPS : aggravée 

TNF-α : aggravée 
Geisler, 2007 

Mécanismes 

Hépatolyse induite par une inhibition de la voie NF-κB hépatocytaire et une diminution  
de l’expression de cFLIP 
Hépatolyse dépendante du stress oxydatif et de l’activation de JNK 

FLIP Hepa-KO Non 
D/GalN : aggravée 
ConA : aggravée 

Schattenberg, 
2011 

Abréviations : LPC : Liver Parenchymal Cells, TC : T-cells ; EC : Endothelial Cells ; MDC : Cellules 

myéloïdes ; Hepa : Hepatocytes. 

Par conséquent, en fonction du microenvironnement inflammatoire hépatique, ces différents 

résultats supportent le rôle du TNF-α dans l’induction ou l’amplification de l’hépatolyse. Bien 

qu’il soit largement admis que, dans des conditions physiologiques, le TNF-α favorise l’induction 

de la survie de l’hépatocyte, son rôle est en revanche débattu dans des conditions d’hépatite, où 

les hépatocytes se situent dans un microenvironnement inflammatoire qui peut conduire à une 

modification dans l’induction des voies de signalisation. De plus, l’activation de la voie NF-κB 

par le TNF-α conduit également à une réponse pro-inflammatoire qui peut donc amplifier 

l’inflammation déjà sous-jacente dans le foie et par conséquent amplifier la destruction du 

parenchyme hépatique. Ainsi, selon la nature des facteurs étiologiques de l’hépatite, le TNF-α 

pourrait être un facteur aggravant de l’hépatolyse, de manière directe sur l’hépatocyte, ou indirecte 

en promouvant l’amplification de l’inflammation.  

Des travaux étayent la première hypothèse en suggérant que le stress oxydatif induirait une 

réduction de l’activation de la voie NF-κB, ainsi qu'une activation soutenue de la voie JNK, 
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lesquels conduiraient mutuellement à l’induction de l’apoptose de l’hépatocyte par le TNF-α (Han 

et al., 2009). De plus, dans le modèle d’hépatite induite par la D-GalN et le LPS, l’absence du 

TNFR1 spécifiquement dans les LPC protège complétement de l’hépatolyse. Dans ce modèle de 

souris TNFR1LPC-KO, le blocage de la transcription conduit à la formation du complexe IIa  par le 

TNF-α et l’apoptose (Wroblewski et al., 2016). Cependant, cette même souche de souris n’est pas 

protégée de l’hépatite à ConA. En revanche, la déficience spécifique du TNFR1 dans les cellules 

myéloïdes (MDC), protège ces souris de l’hépatolyse induite par la ConA (Wroblewski et al., 

2016). Ces données démontrent qu’au cours de l’hépatite induite par la ConA, le TNF-α agirait de 

manière indirecte dans l’induction de l’hépatolyse  en permettant la mise en place d’un 

microenvironnement inflammatoire.  

I.5.2.  FasL  

Le FasL est une protéine transmembranaire qui, suite à son clivage, peut être libéré sous forme 

soluble. Ces deux formes de FasL (membranaire et soluble) peuvent interagir avec le récepteur 

Fas présent à la surface des cellules cibles, conduisant à sa trimérisation et l’induction de 

l’apoptose. Cependant, la forme soluble serait beaucoup moins active que la forme membrana ire 

et nécessiterait donc un certain niveau d’agrégation pour induire un signal (Huang et al., 1999; 

Schneider et al., 1998). Dans le foie, le FasL est principalement exprimé par les lymphocytes T 

cytolytiques, les cellules NK et NKT et régulé positivement au cours de l’hépatite. Des niveaux 

élevés de FasL solubles ont été retrouvés chez des patients atteints d’hépatites virales ou auto-

immunes suggérant son rôle dans la mort des hépatocytes au cours de ces hépatopathies. Le FasL 

interagit avec son récepteur Fas, constitutivement exprimé au niveau des hépatocytes et des LSEC 

(Luedde et al., 2002) et chez la souris, l’injection d’anticorps agonistes de Fas (Ogasawara et al., 

1993), ou de FasL (Huang et al., 1999) a conduit à une mort massive des hépatocytes et des LSEC 

provoquant une hépatite fulminante et une hémorragie, pouvant entraîner, selon la dose injectée, à 

la mort de l'animal. (Huang et al., 1999; Ogasawara et al., 1993; Wanner et al., 1999). Ce modèle 

a largement été utilisé pour étudier les mécanismes de l’hépatolyse induite par Fas au cours de 

l’hépatite.  

L’activation de Fas conduit au recrutement du DISC, composé de FADD, de la caspase 8 et de 

cFLIP, entraînant l’activation de l’auto-protéolyse de la caspase 8. Le niveau de caspase 8 clivée 

ainsi que la force du signal induite par le récepteur Fas va réguler l’activation ou non de l’apoptose. 

En effet, bien que les hépatocytes soient considérés comme des cellules de type II, une forte 

activation du Fas, par exemple via l’utilisation du MegaFasL (un FasL hexamérique), conduit 

directement à l’activation de la voie extrinsèque de l’apoptose et à la mort des cellules, sans une 

amplification par la voie intrinsèque. Par ailleurs, alors que des souris déficientes en Bid sont 
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protégées de l'hépatite induite par l'agoniste de Fas, l’anticorps monoclonal Jo2 (mAb-Jo2), elles 

présentent la même sensibilité que leurs homologues sauvages (WT) suite à une injection du 

MegaFasL, (Schüngel et al., 2009). L’activation de cette voie intrinsèque par cet agoniste serait 

modulée par la protéine XIAP puisque, chez des souris knockout pour Bid, l’ajout d’une déficience 

en XIAP les resensibilise à l’hépatite (Jost et al., 2009). Les membres de la famille Bcl2 vont 

réguler l’activation de l’apoptose par Fas. En effet, une surexpression des protéines Bcl2 

(Lacronique et al., 1996; Rodriguez et al., 1996), Bcl-xL (Kanda et al., 2002) et Mcl-1 (Chen et 

al., 2015) chez la souris va protéger ou retarder l’apoptose hépatocytaire et les dommages dans le 

parenchyme hépatique. De plus, la délétion de MCl-1 spécifiquement dans les hépatocytes conduit 

à une apoptose spontanée, à la formation de fibrose chez des souris âgées de 10 semaines, et les 

sensibilisent à l’hépatite induite par la ConA ou le FasL (Vick et al., 2009). La protéine cFLIP 

aurait également un rôle important dans la régulation de l’apoptose induite par le FasL. En effet, 

les souris conditionnellement déficientes en cFLIP dans les hépatocytes sont plus sensibles à 

l’hépatite dépendante de FasL (Schattenberg et al., 2011). Cette protection serait induite par la 

forme longue de cFLIP (cFLIPL). Ainsi, la régulation de cFLIP au niveau post-transcriptionne l 

conduit à la formation des isoformes cFLIPL, cFLIPS et cFLIPR (chez la souris, seules les formes 

L et R sont exprimées) (Tsuchiya et al., 2015). La similarité entre les protéines cFLIP et la pro-

caspase 8 leur permet d’interagir entre elles. Cependant, l’absence de domaine catalytique au sein 

de la protéine cFLIP en fait donc un inhibiteur de l’apoptose en entrant en compétition avec les 

pro-caspase 8 de la cellule. Toutefois, dans la signalisation du TNF-α, les niveaux d’expression 

des isoformes de cFLIP réguleraient l’activation de l’apoptose. En effet, la forme longue 

préviendrait la formation du complexe IIb alors qu’une surexpression de la forme S et 

potentiellement R faciliterait sa formation (Brenner et al., 2015; Nagaki et al., 2000). Récemment, 

une étude a montré un différentiel dans l’expression de la forme cFLIPL entre les souris de souche 

C57BL/6 et MSM/Ms : ces dernières, résistantes à l’hépatite induite par le FasL, présentaient des 

niveaux de cFLIPL plus élevés que les souris C57BL/6 qui exprimaient plus favorablement la 

forme cFLIPR (Ram et al., 2016). De plus, les souris conditionnellement déficientes en cFLIP dans 

les hépatocytes étaient plus sensibles à l’hépatite dépendante de FasL (Schattenberg et al., 2011).  

I.5.3. TRAIL 

Le TRAIL est principalement exprimé à la surface des cellules de l’immunité innée telles que 

les cellules NK et NKT, les DC et les KC. Cependant, le TRAIL peut être exprimé sur la plupart 

des cellules après une activation par des cytokines pro-inflammatoires telles que le TNF-α et les 

interférons (Saitou et al., 2005). Ce ligand de mort peut interagir avec 5 récepteurs : TRAIL-

R1/DR4, TRAIL-R2/DR5, TRAIL-R3/DcR1, TRAIL-R4/DcR2 et "Osteoprotegerin" (OPG) 
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(LeBlanc and Ashkenazi, 2003). Néanmoins, seuls DR4 et DR5 contiennent un domaine de mort 

(DD pour "Death Domain") et peuvent induire la mort de la cellule. Contrairement à l’Homme, 

seule la forme DR5 est exprimée chez la souris (Wu et al., 1999). Initialement moins étudié que le 

FasL et le TNF-α, TRAIL a gagné de l’intérêt dans les études s’intéressant aux traitements contre 

le cancer. En effet, ce ligand a la particularité de pouvoir induire sélectivement la mort de 

différentes cellules tumorales ou transformées mais pas la plupart des cellules normales telles que 

les hépatocytes. En accord avec ces données, l’injection de TRAIL chez la souris, contrairement à 

un agoniste de Fas, n’induit pas d’hépatolyse (Walczak et al., 1999). Cependant l’infection par le 

VHB in vivo et in vitro sensibilise les hépatocytes à l’apoptose induite par TRAIL (Liang et al., 

2007; Mundt et al., 2003). Cette sensibilité s’expliquerait par une modulation de l’expression des 

protéines impliquées dans la voie de signalisation de TRAIL. En effet, les protéines DR4 et DR5, 

ainsi que TRAIL ont été montrées comme surexprimées dans des conditions inflammatoires et 

d’infections par le VHB ou le VHC (Janssen et al., 2003; Liu et al., 2007; Mundt et al., 2003; 

Saitou et al., 2005). De plus, la protéine virale Hbx, exprimée par le VHB, s’est avérée capable de 

déréguler les voies intracellulaires, notamment par une surexpression des protéines Bax (Liang et 

al., 2007)et A20 (Zhang et al., 2015) et une sous-expression des protéines cIAP et cFLIP, ce qui 

déclencherait une mort dépendante de TRAIL (Shepard and Badley, 2009).  

La présence de TRAIL soluble ainsi que la surexpression de ses récepteurs chez des patients 

infectés par le VHB ou le VHC suggèrent son implication au cours de l’hépatite virale. De même 

au cours de l’hépatite à ConA, les protéines TRAIL et DR5 sont rapidement surexprimées et le 

blocage de la signalisation de TRAIL, par l’utilisation d’un récepteur soluble ou de souris 

déficientes pour TRAIL, permettent de réduire l’hépatolyse induite par la ConA (Arshad et al., 

2012; Zheng et al., 2004)  ou celle induite lors de l’infection par le VHB de souris humanisées 

(Liang et al., 2007). De plus, la réduction de l’hépatolyse suite à une déficience en cellules NKT 

au cours de l’hépatite à ConA peut être restaurée par l’injection de TRAIL recombinante (Arshad 

et al., 2012). Les mécanismes conduisant à une sensibilité des cellules cancéreuses ou transformées 

mais non à celle des cellules primaires, dans des conditions physiologiques, sont peu connues. 

Cependant, ces données montrent que l’environnement pro-inflammatoire induit par le VHB ou le 

VHC ou encore par la ConA permet de promouvoir cette sensibilité. De plus, des études ont montré 

que les souris déficientes en TRAIL étaient protégées de l’hépatite induite par le FasL. TRAIL 

permettrait d’amplifier le signal induit par Fas grâce à l’activation de JNK et Bim (Corazza et al., 

2006). 
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I.6.  RIPK1 et PARP1/2 

I.6.1.  Travaux antérieurs de l’équipe 

En 2012, Jouan-Lanhouet et al. ont montré que dans le modèle d’hépatite à ConA, où 

l’hépatolyse est essentiellement dépendante des récepteurs de mort, le prétraitement des souris 

avec le Nec-1, un inhibiteur de l’activité de RIPK1, ou avec le PJ-γ4, un inhibiteur de l’activité de 

polyADPribolsylation (PAR) des protéines PARP1 et 2, réduisait fortement l’hépatolyse. De plus, 

les auteurs ont montré que ces inhibiteurs chimiques ne semblaient pas inhiber l’environnement 

inflammatoire induit par la ConA puisque aucune différence n’avait été observée entre les groupes 

traités et non traités au niveau de l’induction des gènes et de la libération sérique des cytokines 

inflammatoires tels que le TNF-α, l’IFN-γet l’IL-1  , ni dans l’activation et le recrutement des 

cellules immunitaires au niveau hépatique (Arshad et al., 2015; Jouan-Lanhouet et al., 2012). Ces 

données suggéraient donc que l’activité enzymatique des protéines RIPK1 et PARP1/2 joueraient 

un rôle clef au cours de l’hépatite induite par la ConA. 

I.6.2. Caractéristiques et rôles généraux de la protéine RIPK1 

I.6.2.1. Caractéristiques moléculaires de RIPK1 

La protéine RIPK1 appartient à une famille d’enzymes contenant 7 membres dont le domaine 

kinase (KD) est la signature de cette famille (Zhang et al., 2010). En plus de son domaine kinase 

en N-terminal, RIPK1 présente différents modules, tel qu’un DD en C-terminal, un "RIP 

Homotypic Interaction Motif" (RHIM) et un "Intermediate Domain" (ID) (Figure 9).  

En plus de présenter une activité kinase, RIPK1 va interagir, via ses domaines, avec de 

nombreuses protéines et permettre, selon l’environnement cellulaire, l’activation de la voie NF-

κB par sa fonction d’échafaudage, ou de la mort de la cellule via sa fonction kinase, par l’induction 

de l’apoptose ou de la nécroptose. Au carrefour de plusieurs voies de signalisation conduisant à la 

survie ou à la mort de la cellule, RIPK1 est donc considérée comme une protéine clef du contrôle 

décidant du destin de la cellule. La signalisation induite par RIPK1 doit donc être finement régulée 

Figure 9. Domaines et modifications post-traductionnelles de RIPK1 (issu d' Ofengeim and Yuan, 2013). 
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pour maintenir l’homéostasie tissulaire. La mort des souris Ripk1 knockout 1 à 3 jours après leur 

naissance souligne son importance dans ce maintien et des effets délétères lorsque sa signalisat ion 

est dérégulée. RIPK1 a premièrement été identifiée lors de  l’activation du Fas (Stanger et al., 

1995), par la suite caractérisée comme impliquée dans la signalisation du TNF-α (Hsu et al., 1996) 

et du TRAIL (Chaudhary et al., 1997; Lin et al., 2000), mais également activée par la stimulat ion 

des TLR 3 et 4  (Meylan et al., 2004; Youn et al., 2005). 

I.6.2.2. Rôle de RIPK1 dans la survie cellulaire et l’inflammation 

L’observation de la mort prématurée des souris Ripk1-/- (Kelliher et al., 1998) démontre le rôle 

important de RIPK1 dans la survie cellulaire et le maintien de l’homéostasie qui se fait 

indépendamment de son activité kinase puisque les souris dont l’activité de RIPK1 est inactive  

sont viables jusqu’à l’âge adulte (Berger et al., 2014; Kaiser et al., 2014).  

Principalement étudiée dans la signalisation du TNF-α, de nombreux travaux ont montré que 

l’absence de RIPK1 sensibilise des cellules primaires ou transformées à une mort apoptotique 

induite par le TNF-α. (Dillon et al., 2014; Rickard et al., 2014; Takahashi et al., 2014). Ces quinze 

dernières années ont ainsi fait l’objet de nombreuses publications disséquant le rôle de RIPK1 dans 

la signalisation de la cellule. Ces travaux ont permis de montrer que RIPK1, via sa fonction 

d’échafaudage, est nécessaire à  la survie de la cellule, en partie par l’activation de la voie NF-κB 

canonique, par le recrutement du complexe IKK au niveau du TNFR1, et par la voie non-

canonique, via la stabilisation des protéines cIAP1 et TRAF2 au niveau du récepteur. En effet, 

certains travaux ont montré que l’absence de RIPK1 inhibe le recrutement du complexe IKK au 

niveau du TNFR1 et l’activation de la voie NF-κB (Dillon et al., 2014; Kelliher et al., 1998; 

Vanlangenakker et al., 2011). De plus, des cellules exprimant une protéine mutée de RIPK1 ne 

pouvant être polyubiquitiné sur sa lysine 377 (Ripk1K377R), présentent un défaut d’activation de la 

voie NF-κB et une sensibilité à l’apoptose, toutes deux induites par le TNF-α (Ea et al., 2006). 

Cependant, dans certaines cellules déficientes en RIPK1, bien que le TNF-α déclenche l’apoptose, 

l’absence de RIPK1 n’empêche pas l’activation de la voie NF-κB. Ceci suggère à la fois la 

présence de mécanismes alternatifs permettant l’activation de la voie NF-κB, ainsi qu’un rôle de 

RIPK1 dans la survie des cellules indépendamment de NF-κB. Ces études proposent un rôle 

majeur de RIPK1 dans la stabilisation des protéines cIAP1 et TRAF2 permettant la survie 

cellulaire et une stabilisation de cFLIPL  (Gentle et al., 2011; Wong et al., 2010). De plus, la 

sensibilité des cellules Traf2-/- à l’apoptose induite par le TNF-α (Vince et al., 2009) ainsi que le 

fait que des souris déficientes pour des protéines essentielles à l’activation de la voie NF-κB 

(Tableau 5) meurent au cours de l’embryogenèse contrairement au souris Ripk1-/- qui survivent 

jusqu’à la naissance (Vanden Berghe et al., 2015), corroborent ces résultats. La déficience en 
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RIPK1 conduirait également à l’activation de la voie non-canonique NF-κB induite par une 

surexpression de la protéine " NF-κB Inducing Kinase" (NIK) et un clivage de la sous-unité p100 

de NF-κB en p52 (Gentle et al., 2011). Cependant le rôle de cette voie dans l’induction de la mort 

des cellules n’est pas élucidé puisque la voie NF-κB non canonique est décrite pour induire 

l’expression des mêmes gènes que la voie canonique, soit des gènes anti-inflammatoires et pro-

apoptotiques. Par conséquent, RIPK1 aurait un rôle majeur dans la prévention de l’apoptose 

induite par le TNF-α, via une stabilisation de la protéine FLIP-L, soit par l’activation de la voie 

canonique NF-κB soit par la stabilisation des protéines cIAP1 et TRAF2 (Ting and Bertrand, 

2016).  

In vivo, il a été observé que les souris  Ripk1-/- mourraient suite à une mort cellulaire excessive 

dans de nombreux tissus et notamment lymphoïdes, adipeux et hépatiques ainsi que d’une 

inflammation systémique (Kelliher et al., 1998; Rickard et al., 2014). Cependant, la délétion 

supplémentaire du gène codant pour le Tnf ou le Tnfr1 n’est pas suffisante pour préserver la vie 

des souris Ripk1-/-, suggérant que d’autres facteurs, que le TNF-α, sont impliqués dans la mort des 

cellules déficientes en Ripk1. De plus, l’absence de la caspase 8 ou de RIPKγ ne permet pas 

d’éviter la létalité des nouveau-nés Ripk1-/-. En effet, l’inhibition d’une des deux voies conduit à 

l’activation de l’autre et provoque in fine la mort des souris Ripk1-/-. Seul le blocage de l’apoptose 

et de la nécroptose par la délétion de la caspase 8 et de RIPK3 permet au souris Ripk1-/- de survivre 

jusqu’à l’âge adulte (Dillon et al., 2014; Rickard et al., 2014). Ces mêmes données ont été 

retrouvées chez des souris déficientes en RIPK1 spécifiquement dans les cellules hématopoïét ique 

ou épithéliales de l'intestin ou de la peau, chez lesquels ces cellules présentent, in vivo, une 

apoptose spontanée quelques semaines après la naissance (Dannappel et al., 2014; Rickard et al., 

2014; Takahashi et al., 2014).  

I.6.2.3. Rôle de RIPK1 dans la mort cellulaire.  

RIPK1 joue un rôle central dans le destin de la cellule par sa capacité de contrôle sur la survie  

ou la mort cellulaire. Sous certaines conditions, RIPK1 est également capable d’induire l’apoptose 

ou la nécroptose de la cellule via son activité kinase. Le statut d’ubiquitylation de RIPK1 joue un 

rôle majeur dans ce contrôle en prévenant la formation des complexes IIa et IIb, par l’inhibit ion 

de la voie NF-κB, mais également de manière indépendante de cette voie (Ea et al., 2006; 

O’Donnell et al., 2007). Il a été observé que l’absence des protéines cIAP1 et cIAP2 induisait une 

réduction voire une absence d’ubiquitinylation de RIPK1 conduisant à la formation du complexe 

IIb et à l’activation de l’apoptose dépendant de l’activité kinase de RIPK1, ce qui démontre 

également son rôle dans l’induction de la mort de la cellule (Brenner et al., 2015; Wang et al., 

2008). Ainsi, l’utilisation des « Smac mimétic » permet d’induire une apoptose dépendante de 
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l’activité kinase de RIPK1. En revanche, lorsque les caspases sont bloquées, le complexe IIb se 

dissocie pour former le nécroptosome et induire l’activation de MLKL et la nécroptose de la 

cellule.  

I.6.3. Caractéristiques et rôles généraux des protéines PARP1 et PARP2 

Les poly(ADP-ribose) polymérases (PARP) forment une large famille d’enzymes, composée de 

17 membres partageant un domaine catalytique et un site actif conservé qui constituent la signature 

de la famille (Amé et al., 2004). Ces enzymes sont capables de synthétiser des monomères ou 

polymères d’ADP riboses (PAR) à partir du NAD+, tout en libérant de la nicotinamide et des 

protons. Ces PARs sont synthétisés sur les résidus Glu, Asp et Lys des protéines (Aredia and 

Scovassi, 2014), conduisant au recrutement de partenaires protéiques et à la formation de 

complexes jouant un rôle dans la réparation/réplication de l’ADN et dans la transcription (Aredia 

and Scovassi, 2014). Cette modification post-traductionnelle est transitoire car les poly(ADP-

ribose) glycohydrolase (PARG) et l’ADP-ribosyl-hydrolase 3 (ARH3) assurent la dégradation des 

PAR (De Vos et al., 2012; Lautier et al., 1993).  

L’activation des PARP peut s’effectuer par différents stimuli telles que des cassures simple ou 

double brin ainsi que des structures particulières de l’ADN, des ROS, des agents alkylants, des 

modifications post-traductionnelles ou la voie calcique (Vanden Berghe et al., 2014), conduisant 

à leur implication dans plusieurs processus cellulaires tels que la réparation de l’ADN, 

l’inflammation ou la mort cellulaire (Bai et al., 2012). Les protéines PARP1 et PARP2 (PARP1/2) 

vont partager des partenaires et des fonctions similaires mais également distinctes (Isabelle et al., 

2010; Oliver et al., 2004; Troiani et al., 2011).  

I.6.3.1. Rôles des protéines PARP1/2 dans la réparation de l’ADN 

Parmi les enzymes de cette famille, seules les protéines PARP1/2 vont présenter une activité de 

poly-ADP-rybosylation suite à leur activation causée par un dommage de l’ADN (Amé et al., 

1999; Shieh et al., 1998). Cependant, PARP2 est moins active et contribue à 5-10 % de cette 

activité (Yélamos et al., 2008). C’est pourquoi les rôles de la protéine PARP1 ont été largement 

étudiés et elle joue un rôle clef dans le processus de résolution du dommage de l’ADN (De Vos et 

al., 2012).  

Localisées au niveau nucléaire, l’activation des protéines PARP1/2 par des structures 

particulières ou des cassures doubles ou simples brins de l’ADN conduit à la synthèse de PAR sur 

des partenaires protéiques tels que les histones et des enzymes impliquées dans le remodelage de 

la chromatine, permettant ainsi le recrutement de la machinerie de réparation de l’ADN (De Vos 

et al., 2012). Ainsi, elles jouent un rôle clef dans de nombreux processus de réparation de l’ADN 
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et sont des cibles importantes dans les stratégies thérapeutiques contre le cancer (De Vos et al., 

2012). 

I.6.3.2. Rôles des protéines PARP1/2 dans l’inflammation 

Depuis plus d’une décennie, l’inhib ition des PARP a mis en évidence ses propriétés anti-

inflammatoire (Weltin et al., 1995). Ce rôle a été démontré dans de nombreux modèles de maladies 

inflammatoires de nature et de localisation variées suite à l’utilisation de souris KO et d’inhibiteurs 

chimiques (Bai et al., 2012). Par leur localisation nucléaire et leur interaction avec l’ADN, les 

protéines PARP1/2 joueraient un rôle : 

- dans la maturation des cellules immunitaires, et notamment au cours de la 

recombinaison VDJ et dans la maturation des lymphocytes T,  

- dans les voies de signalisation impliquées dans l’inflammation par l’interac t ion 

avec différents facteurs de transcription tels que NF-κB,  

- dans la régulation de l’expression de cytokines, chimiokines, molécules d’adhésion 

et médiateurs de l’inflammation.  

I.6.3.3. Rôles des protéines PARP1/2 dans la mort cellulaire 

Alors que le blocage de l’activité PARP entraine un délai dans la réparation de l’ADN et la mort 

de la cellule, il a été observé dès les années 80 qu’une activation excessive de PARP , suite à un 

stress génotoxique sévère, pouvait déclencher la mort cellulaire (Berger et al., 1983). Il fut tout 

d’abord suggéré que la suractivation de PARP et donc une activité de parylation excessive 

entrainerait une catastrophe métabolique, induite par une déplétion du NAD+, le substrat de PARP, 

ou une catastrophe énergétique par une réduction des taux d’ATP. En effet, le NAD+ nécessite 4 

molécules d’ATP pour être re-synthétisé. Plusieurs études supportent ces deux hypothèses dans la 

mort induite par PARP. Cependant, plus récemment, un autre mécanisme alternatif a également 

émergé et prend le nom de parthanatos, une mort indépendante de l'activation des caspases. Dans 

certaines conditions, les PAR synthétisées au niveau nucléaire pourraient migrer dans la 

mitochondrie et conduire à la translocation de la protéine "Apoptosis Inducing Factor" (AIF) vers 

le noyau de la cellule. La présence d’AIF au niveau nucléaire entraînerait une condensation et une 

fragmentation de la chromatine donc la mort de la cellule (Virág et al., 2013). 
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II. CONTEXTE ET OBJECTIFS 
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L’objectif de ce travail de thèse était d’étudier le rôle des protéines RIPK1 et PARP1/2 dans le 

déclenchement de l’hépatolyse induite par les cellules de l’immunité innée dans des modèles 

d’hépatites aiguës chez la souris. La mort des hépatocytes est considérée comme l’élément 

déclencheur dans la majorité des maladies hépatiques. Activées suite à un dommage cellulaire ou 

par la reconnaissance d’éléments étrangers à l’organisme, les cellules de l’immunité innée 

induisent rapidement une réponse inflammatoire dans le but de restaurer l’homéostasie hépatique. 

Cependant si cette réponse immunitaire n’est pas efficacement contrôlée et par conséquent devient 

excessive ou chronique, elle contribuera à l’amplification du dommage hépatique.  

Les ligands de mort de la superfamille du TNF-α dont principalement TNF-α, FasL et TRAIL sont 

exprimés et libérés par les cellules immunes ou les cellules épithéliales et sont connus pour induire 

la mort des hépatocytes. L’administration de Concanavaline A (ConA) chez la souris conduit à 

une hépatite aiguë, associée à une inflammation et une hépatolyse induite par les cellules de 

Kupffer et les lymphocytes NKT. Cette mort hépatocytaire est connue pour être dépendante du 

TNF-α, de l’IFN-γ, du FasL et de TRAIL. L’utilisation d’inhibiteurs chimiques : Nec-1 et PJ-34 

bloquant respectivement l’activité kinase de RIPK1 et l’activité de poly(ADP)-ribosylation des 

protéines PARP1/2 ont préalablement été démontrés comme inhibant l’hépatolyse induite suite à 

l’administration de ConA. Mon travail de thèse s’est donc intéressé aux rôles de ces protéines afin 

de mieux connaître leurs fonctions, leurs partenaires protéiques et in fine mieux caractériser les 

mécanismes moléculaires impliqués dans la mort des hépatocytes.  

Rôle de RIPK1 dans la mort des hépatocytes 

La protéine RIPK1 présente une fonction double, puisqu’elle est capable d’induire la mort des 

cellules via son activité kinase mais peut également contribuer à leur survie via le recrutement de 

partenaires protéiques. Ces deux fonctions étant reliées à des domaines structurels différents, nous 

nous sommes donc intéressés d’une part au rôle de l’activité kinase de RIPK1 par l’utilisation de 

Nec-1s, un inhibiteur chimique de RIPK1 plus stable et plus spécifique que Nec-1 et de souris dont 

l’activité kinase est inactive (Ripk1K45A) ; d’autre part à son rôle dans la survie cellulaire par 

l’utilisation de souris conditionnellement déficientes pour RIPK1 dans les cellules 

parenchymateuses hépatiques (LPC) (Ripk1LPC-KO). Ce travail a été réalisé en collaboration avec 

l’équipe du Pr Peter Vandenabeele (Université de Gand, VIB) qui a généré ces souris.  

Dans un premier temps, le rôle de RIPK1 a été étudié dans l’hépatite induite par la ConA. 

L’objectif de ce travail a été : i) d’évaluer la mort hépatocytaire et l’inflammation induite par la 

ConA lorsque RIPK1 était inhibé ou absent, ii) de caractériser la nature de cette mort cellula ire, 

iii) de déterminer les facteurs responsables de la mort des hépatocytes chez les souris Ripk1LPC-KO. 

Ces travaux sont présentés dans un article récemment accepté dans Cell Death and Disease. 
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Les Pathogens Associated Molecular Patterns (PAMPs) sont des motifs qui sont reconnus par les 

cellules de l’immunité innée et déclenchent l’induction d’une réponse inflammatoire, connue pour 

être responsable de complications au cours de la stéatohépatite ou des hépatites alcooliques 

chroniques. Nous nous sommes intéressés, dans un deuxième temps, au rôle de RIPK1 suite à 

l’administration de deux types de PAMPs bactériens : le lipopolysaccharide (LPS) et les motifs 

CpG chez les souris Ripk1LPC-KO. L’objectif de ce travail a été : i) d’évaluer la mort cellulaire et 

l’inflammation dans ces deux modèles, ii) de déterminer la nature de cette mort cellulaire, iii) de 

caractériser le rôle des cellules de Kupffer et du TNF-α, chez les souris Ripk1LPC-KO dans 

l’induction de l’hépatolyse. Ces travaux sont présentés dans un article actuellement en cours de 

révision à Journal of Hepatology. 

Les données cliniques suggèrent le rôle des ligands de mort FasL et TRAIL dans les hépatites auto-

immunes et virales. Au cours de ces hépatites, ces protéines sont exprimées ou libérées sous forme 

soluble majoritairement par les lymphocytes cytotoxiques, NK et NKT. RIPK1 est connu pour 

interagir avec les récepteurs de mort Fas et TRAIL-R2 (DR5). Nous nous sommes intéressés dans 

un troisième temps au rôle de RIPK1 dans la voie de signalisation de ces récepteurs, par 

l’utilisation d’un modèle d’hépatite induite par un agoniste de Fas (mAb-Jo2) ou par la co-

administration d’IFN-γ et de TRAIL recombinantes. Les objectifs étaient : i) de quantifier et 

d’évaluer la nature de l’hépatolyse induite par ces facteurs chez les souris Ripk1LPC-KO, ii) de 

déterminer le rôle du TNF-α dans ces modèles. Ces travaux font l’objet d’un article en cours de 

préparation. 

 

Rôle de PARP1/2 dans l’hépatite induite par la ConA 

En parallèle de ces travaux, nous nous sommes intéressés aux rôles des protéines PARP1/2 dans 

l’hépatite induite par la ConA, en utilisant des souris déficientes pour Parp1 ou Parp2. Ce travail 

a été réalisé en collaboration avec l’équipe du Dr Françoise Dantzer (Université de Strasbourg, 

IREBS, Illkirch) qui nous a fourni ces souris. L’objectif de ce travail a été : i) de quantifier la mort 

des hépatocytes chez ces souris et, ii) de caractériser les populations immunitaires dans le foie, la 

rate, le thymus et la moelle osseuse des souris déficientes en Parp2. Ces travaux font l’objet d’un 

article actuellement soumis dans Journal of Hepatology. 

 

Par ailleurs, au cours de mon doctorat qui s’est effectué en co-direction avec le Prof Lucie 

Lamontagne (Université UQAM, Montréal), j’ai été amenée à réaliser un séjour dans son 



44 
 

laboratoire canadien. Mon implication dans ces travaux de recherche s’est concrétisée dans ma 

participation à des publications listées ci-dessous et jointes en annexe.  

 

- Christian Bleau, Mélanie Burnette, Aveline Filliol, Claire Piquet-Pellorce, Michel 
Samson, and Lucie Lamontagne. “Toll-like Receptor-2 Exacerbates Murine Acute Viral 

Hepatitis.” Immunology 149, no. 2 (October 2016): 204–24. doi:10.1111/imm.12627. 
 

 
- Christian Bleau, Aveline Filliol, Michel Samson, and Lucie Lamontagne. “Mouse 

Hepatitis Virus Infection Induces a Toll-Like Receptor 2-Dependent Activation of 

Inflammatory Functions in Liver Sinusoidal Endothelial Cells during Acute Hepatitis. ” 
Journal of Virology 90, no. 20 (October 15, 2016): 9096–9113. doi:10.1128/JVI.01069-

16. 
 
 

- Christian Bleau, Aveline Filliol, Michel Samson, and Lucie Lamontagne. “Brain Invasion 
by Mouse Hepatitis Virus Depends on Impairment of Tight Junctions and Beta Interferon 

Production in Brain Microvascular Endothelial Cells.” Journal of Virology 89, no. 19 
(October 2015): 9896–9908. doi:10.1128/JVI.01501-15. 
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III.1. ARTICLE I : RIPK1 protège du dommage hépatique induit par le 
TNF-α au cours de l’hépatite. 

 

Aveline Filliol, Claire Piquet-Pellorce, Jacques Le Seyec, Muhammad Farooq, Valentine Genet, 

Catherine Lucas-Clerc, John Bertin, Peter J. Gough, Marie-Thérèse Dimanche-Boitrel, Peter 

Vandenabeele, Mathieu JM Bertrand* and Michel Samson*. 

* These authors contributed equally to this work. 

 

Article accepté dans Cell Death and Disease. 

 

Introduction de l’article. 

La mort des hépatocytes est considérée comme un facteur clef dans le déclenchement et la 

progression des maladies hépatiques. En effet, lorsqu’elle est excessive, l’hépatolyse risque de 

compromettre les fonctions hépatiques et quand elle persiste, elle induit une inflammation et des 

processus de régénération chroniques favorisant le développement de la fibrose et du CHC. Par 

conséquent, l’étude de la mort des hépatocytes dans les hépatopathies et la recherche d’inhibiteurs 

de l’hépatolyse est une des approches thérapeutiques utilisée pour réduire l’évolution des maladies 

hépatiques. Notre équipe s’intéresse aux mécanismes moléculaires et cellulaires impliqués dans le 

processus de mort des hépatocytes par l'utilisation de différents modèles d’hépatite. La tolérance 

des souris face au VHB et au VHC qui déclenche, chez l'Homme, une hépatolyse médiée 

principalement par les lymphocytes cytolytiques CD8+, NK et NKT, conduit à l’utilisation de 

modèles alternatifs d’hépatite immuno- induite. L'hépatite induite par la Concanavaline A permet 

de mimer des caractéristiques présentes au cours des AIH et des hépatites virales et dont 

l’hépatolyse est dépendante des NKT et des ligands de mort tels que TNF-α, FasL et TRAIL. Les 

travaux antérieurs, réalisés par l’équipe du Dr MT Dimanche Boitrel et en collaboration avec  notre 

équipe, ont montré que l’inhibition de l’activité kinase de RIPK1, par l’utilisation de la Nec-1, 

conduisait à une réduction de l’hépatolyse au cours de l’hépatite induite par la ConA, suggérant 

un rôle de RIPK1 dans ce processus de mort.  

Dans ce travail, nous avons caractérisé le rôle de RIPK1 dans le foie au cours de l’hépatite induite 

par la ConA par deux approches : pharmacologique et génétique, via l’utilisation de la Nec-1s, 

décrite comme plus stable et plus spécifique que la Nec-1 et de souris génétiquement modifiées,  

dont l’activité kinase de RIPK1 est inactive (Ripk1K45A) ou conditionnellement déficientes pour 

RIPK1 dans les LPC (Ripk1LPC-KO). L’utilisation de TNF-α recombinant et de l’Etanercept (un 
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anti-TNF-α utilisé en clinique) nous a permis d’étudier l’implication de cette cytokine dans ce 

modèle. 

Plusieurs techniques ont été utilisées pour évaluer le dommage hépatique (niveaux des 

transaminases hépatiques et coloration H&E des coupes de foie), l’inflammation (transcrits 

hépatique et niveaux sériques de cytokines pro-inflammatoire, infiltration cellulaire hépatique, 

mesure de l’activation des cellules immunitaires par FACS) et les voies de signalisation impliquées 

dans la survie via NF-κB et TRAF2 ou dans la mort cellulaire apoptotique et nécroptotique autant 

in vivo et in vitro dans les deux génotypes. 

Cette étude a permis de démontrer que RIPK1 : i) n’est pas indispensable au maintien de 

l’homéostasie du foie, ii) induit la mort des hépatocytes dans l’hépatite à ConA via sa fonction 

kinase, iii) protège les hépatocytes de la mort induite par le TNF-α, indépendamment de sa fonction 

kinase et sans empêcher l’activation du facteur NF-κB mais via la stabilisation de la protéine 

TRAF2. Ces résultats suggèrent que RIPK1 pourrait être une cible thérapeutique pertinente afin 

de bloquer l’hépatolyse au cours des maladies hépatiques mais que la préservation de sa fonction 

d’échafaudage est primordiale à la survie des hépatocytes. 
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RIPK1 protects from TNF-α-mediated liver damage
during hepatitis

Aveline Filliol1,2,3, Claire Piquet-Pellorce1,2,3, Jacques Le Seyec1,2,3, Muhammad Farooq1,2,3, Valentine Genet1,2,3,
Q2

Catherine Lucas-Clerc2,4, John Bertin5, Peter J Gough5, Marie-Thérèse Dimanche-Boitrel1,2,3, Peter Vandenabeele6,7,

Mathieu JM Bertrand6,7,8 and Michel Samson*,1,2,3,8

Cell death of hepatocytes is a prominent characteristic in the pathogenesis of liver disease, while hepatolysis is a starting point of
inflammation in hepatitis and loss of hepatic function. However, the precise molecular mechanisms of hepatocyte cell death, the
role of the cytokines of hepatic microenvironment and the involvement of intracellular kinases, remain unclear. Tumor necrosis
factor alpha (TNF-α) is a key cytokine involved in cell death or survival pathways and the role of RIPK1 has been associated to the
TNF-α-dependent signaling pathway. We took advantage of two different deficient mouse lines, the RIPK1 kinase dead knock-in
mice (Ripk1K45A) and the conditional knockout mice lacking RIPK1 only in liver parenchymal cells (Ripk1LPC-KO), to characterize the
role of RIPK1 and TNF-α in hepatitis induced by concanavalin A (ConA). Our results show that RIPK1 is dispensable for liver
homeostasis under steady-state conditions but in contrast, RIPK1 kinase activity contributes to caspase-independent cell death
induction following ConA injection and RIPK1 also serves as a scaffold, protecting hepatocytes from massive apoptotic cell death
in this model. In the Ripk1LPC-KO mice challenged with ConA, TNF-α triggers apoptosis, responsible for the observed severe
hepatitis. Mechanism potentially involves both TNF-independent canonical NF-κB activation, as well as TNF-dependent, but
canonical NF-κB-independent mechanisms. In conclusion, our results suggest that RIPK1 kinase activity is a pertinent therapeutic
target to protect liver against excessive cell death in liver diseases.
Cell Death and Disease (2016) 7, e�; doi:10.1038/cddis.2016.362; published online xx xxx 2016

Contemporary liver diseases result from chronic conditions,

such as chronic viral hepatitis, nonalcoholic fatty liver hepatitis

(NASH) and alcoholic liver hepatitis.1 The global pandemic of

chronic viral hepatitis (hepatitis B and C virus infections)

affects a significant proportion of the world population,

currently estimated at around 500 million people.2 In parallel,

the prevalence of NASH rises especially in Western countries

because of lifestyle evolution. Untreated, chronic hepatitis

predispose to the development of cirrhosis and hepatocellular

carcinoma (HCC).3 The progression of these diseases is

triggered by hepatocyte death,3,4 and the cell death processes

are starting to emerge. Immune cells, including liver resident

macrophages (Kupffer cells) or infiltrating natural killer (NK)

cells and T cells (natural killer T (NKT) and T lymphocytes),

produce molecules that induce hepatic parenchyma damage.

Immune cells secrete or expressed at their surface tumor

necrosis factor alpha (TNF-α), FAS ligand (FasL) and TNF-

related apoptosis-inducing ligand (TRAIL). These ligands

induce cell death by engaging their respective receptors

(TNFR, Fas and death receptors 4 and 5 (DR4, DR5)) present

at the surface of hepatocytes.5 Receptor interacting protein

kinase 1 (RIPK1) is a key protein regulating signaling

downstream of these DRs, and is best characterized for its

roles downstream of TNFR1.6 Clinical studies have

underlined the crucial role of TNF-α in several liver diseases.

Indeed, serum TNF-α levels increase in patients with

fulminant hepatic failure7 and is correlated with poor

prognostic.8 TNF-α is a master pro-inflammatory cytokine that

binds TNFR1 and TNFR2, but most of its biological activities

have been associated with TNFR1 signaling. Downstream of

TNFR1, RIPK1 functions as a signaling node driving cell

survival as well as caspase-8-dependent apoptosis or RIPK3/

mixed lineage kinase domain-like pseudokinase (MLKL)-

dependent necroptosis.9 These opposed cellular fates are

regulated by two different faces of RIPK1, it functions as a

scaffold to promote cell survival, in part via NF-κB

activation, and as a kinase to induce cell death.6 The

perinatal lethality of RIPK1-deficient mice has long

hampered the in vivo study of the dual faces of RIPK1.10

Recently, the publication of viable and healthy RIPK1
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kinase dead knock-in mice (Ripk1K45A) revealed that only

RIPK1 scaffolding function, and not its kinase activity,

is crucial for homeostasis and viability.11 The generation of

conditional RIPK1-deficient mouse lines also demon-

strated the crucial pro-survival role of RIPK1 in intestinal and

epidermal epithelia and in hematopoietic cells.12–14

RIPK1 functions in the liver, especially under pathological

conditions, have so far remained unclear. The hepatic
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inflammation induced in mice by concanavalin A (ConA)

injection reflects the overall physiopathological conditions

observed in human viral or autoimmune hepatitis.15 In this

model, the combined occurrence of usual cytotoxic effectors

(perforin, granzyme B, TNF-α, FasL and TRAIL) triggers

hepatocyte death and takes part in hepatitis development.16

Indeed, artificial impairment of one effector, or of its cognate

receptor, is sufficient to prevent hepatitis in ConA-challenged

animals.5,17–19 Data suggest implication of RIPK1 kinase

activity in the DR-induced death of hepatocytes in this model.

Indeed, chemical inhibition of RIPK1 seems to protect the

organ from ConA-induced T-cell-mediated injuries.20–22 How-

ever, genetic evidence for the implication of RIPK1 kinase

activity in the death process is still lacking. In addition, whether

RIPK1 also functions as a scaffold maintaining liver home-

ostasis under physiological condition and/or protecting hepa-

tocytes from death under challenged conditions is currently

unknown. Thus, to characterize the role of RIPK1 in hepatitis,

we took advantage of two genetically modified mouse lines,

the RIPK1 kinase dead knock-in mice (Ripk1K45A) and the

conditional knockout mice lacking RIPK1 only in liver

parenchymal cells (Ripk1LPC-KO).

Results

RIPK1 is dispensable for liver homeostasis under steady-

state conditions. In order to evaluate the role of RIPK1 in

liver homeostasis, we generated mice specifically deficient

for RIPK1 in liver parenchymal cell (hepatocytes and

cholangiocytes) (Ripk1LPC-KO) by crossing RIPK1 conditional

mice (Ripk1fl/fl)12 with transgenic mice expressing the Cre

recombinase under the control of the mouse albumin

regulatory elements and α-fetoprotein enhancers (Alfp-

Cre).23,24 Ripk1LPC-KO mice were viable and reached adult-

hood without morphological liver alteration. Western blot and

IHC analyses confirmed RIPK1 expression in the liver

parenchymal cells of the Ripk1fl/fl wild-type (WT) animals

but not of the RipK1LPC-KO littermates (Figures 1a and b).

Monitoring of RipK1LPC-KO mice over a period 9 months did

not revealed occurrence of any obvious abnormality. Even if

liver histology of mature Ripk1LPC-KO mice revealed few

infiltrated immune cells, no inflammation settled. Indeed,

serum transaminase (aspartate amino-transferase (AST) and

alanine amino-transferase (ALT)) levels remained stable and

similar to those of WT littermates (Figure 1c). No changes in

the expression levels of inflammatory cytokines (TNF-α, IFN-γ

and IL-6) were similarly detected (Supplementary Figure 2A).

Finally, Ki67 labeling of liver tissues did not show any

modification in basal cell proliferation rate between the two

genotypes (Figure 1d). Together, these results showed that,

contrary to its role in other tissues,12,13 RIPK1 is dispensable

for proper liver development and homeostasis.

RIPK1 has pro-cell death and anti-apoptotic functions in

hepatocyte during ConA-mediated hepatitis. Next, we

evaluated the role of RIPK1 in liver parenchymal cells under

challenged conditions. We, and others, have previously

reported that ConA injection in mice induces TRAIL-

mediated caspase-independent cell death of hepatocytes,

which can be partially prevented by co-injection of the RIPK1

kinase inhibitor necrostatin-1 (Nec-1), suggestive of necrop-

tosis induction.20 This inhibitor has, however, later been

demonstrated not to be so specific for RIPK1.25,26 We

therefore re-evaluate the implication of RIPK1 enzymatic

activity to ConA-induced hepatocyte death by inhibiting

RIPK1 with Nec-1S, a RIPK1 kinase inhibitor more stable

and specific than Nec-1, and by making use of the RIPK1

kinase dead (Ripk1K45A) mice. Importantly, both approaches

confirmed that RIPK1 kinase activity drives liver injury

induced by ConA, as shown by reduced levels of serum

transaminase in Nec-1S pretreated mice and in Ripk1K45A

mice (Figure 2a).

In order to explore the pro-survival role of RIPK1 in the

ConA-induced acute-hepatitis model, we used the

Ripk1LPC-KO mice that are fully deficient for both RIPK1

scaffold and kinase functions. Although injection of a low dose

(12 mg/kg) of ConA in WT mice provoked a non-lethal

moderate hepatitis, it elicited a fulminant hepatitis in

Ripk1LPC-KO mice leading to 21% lethality (Figure 2b, left). In

both genotypes, the illness induced weight loss because of

poor appetite (Figure 2b, middle) but liver damage were more

pronounced in Ripk1LPC-KO mice, as shown by wider necrotic

areas (Supplementary Figure 1A), higher number of TUNEL-

positive cells (Supplementary Figure 1A) and higher levels of

serum transaminases (Figure 2b,Supplementary Figure 1B).

Cell death in Ripk1LPC-KO mice was apoptosis, as demon-

strated by the important cleaved-caspase-3 staining detected

by histological and western blot analysis (Figures 2c and d).

This active caspase-3 staining was not observed in the WT

littermate. To evaluate the importance of apoptosis in the

fulminant ConA-induced hepatitis observed in Ripk1LPC-KO

mice, we treated mice 1 h before ConA injection with

Q-VD-OPh hydrate (Q-VD-OPh), a pan-caspase inhibitor.

Q-VD-OPh greatly decreased the number of cleaved-

caspase-3-positive cells (Figure 2e) and significantly reduced

hepatolysis, as shown by reduced injured areas in the liver

(Supplementary Figure 1C) and the limited serum levels of

transaminases (Figure 2f,Supplementary Figure 1D). In

conclusion, our results indicated that RIPK1 kinase activity

drives hepatocyte necroptosis following ConA injection but

also serves as a scaffold protecting hepatocytes frommassive

apoptosis in the same model.

RIPK1 limits inflammation in ConA-mediated hepatitis.

The lack of RIPK1 in liver parenchymal cells not only induced

apoptotic cell death but also clearly exacerbated inflamma-

tion in ConA-challenged mice. Indeed, the induced mRNA

levels of the inflammatory cytokines IFN-γ, TNF-α and IL-6

were comparable between the two genotypes 11 h after

ConA injection, but significantly more abundant in the liver of

Ripk1LPC-KO mice 24 h after challenge (Figure 3a). Moreover,

IFN-γ concentrations were significantly higher in the serum of

Ripk1LPC-KO mice at 11 and 24 h post-ConA injection

(Supplementary Figure 2A). Although not statistically sig-

nificant, a similar trend was also observed for TNF-α and IL-6

(Supplementary Figure 2A). In addition, immunolabeling of

liver sections revealed higher hepatic recruitment of

CD45- and CD11b-positive immune cells in Ripk1LPC-KO

individuals (Figure 3b,Supplementary Figure 2B). Sustained
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inflammation in Ripk1LPC-KO mice was also demonstrated by

the fact that hepatic mRNA levels of IL-6, a marker of liver

injury involved in tissue repair, continued to increase at 24 h

post-injection (P.I.) only in these animals (Figure 3a). In line

with this, the number of CD69-positive lymphocytes remained

more elevated in the spleen of Ripk1LPC-KO mice at 24 h,
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reflecting prolonged activation of T lymphocytes promoted

by the inflammatory microenvironment (Supplementary

Figure 2C). Importantly, the occurrence of hepatocyte

apoptosis in the liver of Ripk1LPC-KO mice mostly contributed

to the exacerbation of inflammation in these mice, and only to

a limited extent to the establishment of the initial inflammatory
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microenvironment. Indeed, blocking apoptosis by Q-VD-OPh

did not alter the early (11 h) induction of the hepatic TNF-α

and IFN-γ transcripts (Figure 3c), nor the immune cell

recruitment and activity (Supplementary Figures 3A and B).

Nevertheless, Q-VD-OPh still prevented the 11-h induction of

IL-6 mRNA in Ripk1LPC-KO mice (Figure 3c), probably due to

the fact that IL-6 has a key biological function in the liver

regeneration and repair, and therefore lower hepatic damage

induced less of IL-6 transcription. Together, these observa-

tions suggest that the protective effect of Q-VD-OPh on

ConA-treated Ripk1LPC-KO mice was due to the inhibition of

caspase-mediated cell death and not to a major modification

of the inflammatory microenvironment.

The enhanced sensitivity of Ripk1LPC-KO mice to ConA-

induced hepatitis is mediated by TNF-α-promoted apop-

tosis. Our data demonstrated that, contrary to WT litter-

mates, ConA injection resulted in a fulminant hepatitis in

Ripk1LPC-KO mice, in part caused by the sensitization of

RIPK1-deficient liver parenchymal cells to apoptosis. Pre-

vious in vitro and in vivo studies have reported sensitization

of RIPK1-deficient cells to TNF-mediated apoptosis.27,28

Liver expression of TNF-α, and of its receptors TNFR1/2, is

rapidly induced in the ConA-induced hepatitis model

(Figures 3a and c,Supplementary Figures 2A and 4A). To

investigate the role of TNF-α in the apoptosis of Ripk1LPC-KO

during ConA hepatitis, we neutralized TNF-α by injection of

etanercept (ETA), a TNF-α decoy receptor. TNF-α blockade

greatly protected Ripk1LPC-KO mice from the exacerbated

ConA-induced liver damage, as demonstrated by highly

reduced serum levels of transaminases (Figure 4a,

Supplementary Figure 4B), associated with a decrease of

necrotic area and less apoptotic hepatocytes (Figure 4b). Of

note, ETA also reduced the moderate liver damage in the

similarly challenged WT littermates, indicative of a general

role for TNF-α in the establishment of the ConA-induced

hepatitis model (Figure 4a,Supplementary Figure 4B), as

previously reported.17,29,30 To further assess the in vivo role

of RIPK1 in the TNF-α signaling pathway in hepatocytes,

soluble mTNF-α was injected in WT and Ripk1LPC-KO

littermates. Single mTNF-α injection had no effect on the

liver of WT mice, but induced hepatolysis, already detected

6 h after injection, in Ripk1LPC-KO mice. Hepatolysis was

demonstrated by the analyses of serum transaminases

(Figure 4c,Supplementary Figure 4C), liver infiltrate of

immune cells (data not shown) and necrotic areas

(Figure 4d,Supplementary Figure 4D). Hepatocytes died of

apoptosis, as revealed by cleaved-caspase-3 staining

(Figures 4e and f) and absence of phosphorylated MLKL

immunodetection in the liver lysates (Supplementary

Figure 5), a marker of necroptosis. Together, these

experiments demonstrated that TNF-α contributes to ConA-

induced hepatitis, and is responsible for the apoptosis and

hepatitis severity observed in the Ripk1LPC-KO mice.

RIPK1 protects hepatocytes from ConA-mediated apop-

tosis independently of TNF-α-induced canonical NF-κB

activation. In the TNFR1 signaling pathway, RIPK1 func-

tions as a scaffold protein protecting cells from apoptosis by

activating canonical NF-κB-dependent and -independent

responses.10,12,13,27 Canonical NF-κB activation is known to

induce expression of various pro-survival molecules that

prevent caspase activation. As a consequence, NF-κB

inhibition is often used to sensitize cells to TNF-α-induced

apoptosis.31 The canonical NF-κB-independent pro-survival

function of RIPK1 is on the other hand far less understood,

but suggested to rely on TNF receptor-associated factor 2

(TRAF2) stabilization, which prevents non-canonical NF-κB

activation and caspase-8 processing.12,13,27 We observed

that the nuclear translocation of the p65 NF-κB subunit was

significantly reduced in Ripk1LPC-KO hepatocytes 7 h following

ConA injection, indicative of defective canonical NF-κB

activation (Figure 5a). Accordingly, induction of NF-κB-

target gene transcripts (IKK-γ/NEMO, CXCL1, SAA1 and

CCL20) was repressed in the liver of Ripk1LPC-KO mice

(Figure 5b). The role of RIPK1 in ConA-induced canonical

NF-κB activation was independent of its kinase activity, as no

difference was observed in the Nec-1S treated mice or the

Ripk1K45A mice (Supplementary Figure 6). Surprisingly,

although TNF-α greatly contributed to apoptosis in

RIPK1-deficient hepatocytes during ConA hepatitis

(Figures 4a and b), no defect in p65 nuclear translocation or

NF-κB-dependent gene transcription (SAA1, CXCL1 and

CCL20) was observed in the liver of Ripk1LPC-KO mice 30

min after mTNF-α challenge (Figure 5c,Supplementary

Figure 7). By contrast, TNF-α stimulation led to TRAF2

degradation only in Ripk1LPC-KO animals, supporting a defect

in the canonical NF-κB-independent pro-survival pathway

(Figure 5d).

In contrast to primary hepatocytes isolated from WT mice,

RIPK1-deficient hepatocytes died spontaneously after liver

perfusion. Importantly, the death was prevented by seeding

the cells in presence of ETA or with the pan-caspase

inhibitor z-VAD-fmk (data not shown), demonstrating higher

sensitivity of primary RIPK1-deficient hepatocytes to

TNF-α-induced apoptosis. In line with this, TNF-α also only

induced apoptosis in RIPK1-deficient primary hepatocytes

when ETA was used only for seeding but removed before

TNF-α stimulation, as revealed by active caspase-3 staining

(Figure 6a). Consistent with our in vivo results, TRAF2 levels

were also reduced in primary RIPK1-deficient hepatocytes

stimulated with TNF-α (Figures 6a and b). The fact that

Figure 4 Sensitization of Ripk1LPC-KO mice to ConA-induced hepatitis is triggered by TNF-α-mediated apoptosis. (a) Levels of serum ALT and (b) Pictures of liver tissue
sections, stained by H&E (upper panel) or analyzed by IHC for cleaved-caspase-3 (lower panel), issued from mice in WTand Ripk1LPC-KOmice, 11 h after ConA or PBS challenge
with an eventual pre-treatment with ETA. (c) Levels of serum ALT in WTand Ripk1LPC-KO mice, 2 and 6 h after mTNF-α injection. (d) Pictures of liver tissue sections stained by
H&E and (e) analyzed by IHC for cleaved-caspase-3 (left panel) issued from WTand Ripk1LPC-KO mice, 6 h after mTNF-α injection. Signal quantification of cleaved-caspase-3
(right panel). (f) Western blot analysis of cleaved-caspase-3 and β-actin in protein extracts issued from the liver of WTor Ripk1LPC-KO mice, collected 6 h after mTNF-α injection.
For all graphs, each dot represent an individual and errors bars are expressed as means ±S.E.M. (*, #, $Po0.05; **, ##, $$Po0.01; ***, ###, $$$Po0.001; NS, nonsignificant)
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z-VAD-fmk did not block TRAF2 degradation suggests that

TRAF2 acts upstream of caspase activation (Figures 6a and

b). Finally, we observed that RIPK1 deficiency did not

affect canonical NF-κB activation in primary hepatocytes

stimulated with TNF-α in absence or presence of

z-VAD-fmk, as shown by the kinetics of IκBα phosphorylation
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and degradation and by the induction of CCL20, a

NF-κB-responsive gene (Figures 6c and d). Taken together,

our results suggest that the protective role of RIPK1

against ConA-induced hepatocytes apoptosis may involve

both TNF-independent canonical NF-κB activation, as well

as TNF-dependent, but canonical NF-κB-independent

mechanisms.

Discussion

TNF-α has a key role in the initiation of the inflammatory

response during acute or chronic hepatitis caused by viral

infections, steatosis, autoimmunity, alcohol or acetaminophen

consumptions.4,32 The production of TNF-α by liver Kupffer

cells promotes expression of other cytokines and adhesion

molecules that mediates the recruitment and the activation of

Figure 5 RIPK1 protects hepatocytes from ConA-mediated apoptosis independently of TNF-induced canonical NF-κB activation. (a) Pictures of liver tissue sections,
analyzed by IHC for NF-κB-(p65), issued from WTor Ripk1LPC-KO mice 7 h after ConA or PBS injection. Quantifications of hepatocyte nuclear signals are depicted in the bottom
right inset. (b) Levels of hepatic IKK-γ/NEMO, CXCL1, SAA1 and CCL20 transcripts in WTand Ripk1LPC-KO mice 11 h after ConA injection. (c) Pictures of liver tissue sections
analyzed by IHC for NF-κB-(p65) issued from mice 30 min after mTNF-α injection. (d) Western blot analysis of RIPK1, TRAF2 and β-actin in protein extracts issued from the liver
of WT or Ripk1LPC-KO mice, collected 2 h or 6 h after mTNF-α or PBS injection the star shows a nonspecific band. Errors bars are expressed as means ±S.E.M. (*Po0.05;
**Po0.01; ***Po0.001)
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immune cells involved in hepatocyte death.33,34 A specific pro-

inflammatory context is needed for the induction of hepatolysis

by TNF-α as injection of TNF-α alone in mice is insufficient to

induce hepatitis. Inhibition of transcription by D-galactosamine

or inactivation of canonical NF-κB signaling is often required to

drive TNF-α-mediated hepatocyte apoptosis.35,36 In the ConA

hepatitis mouse model, which mimics human dysimmune

hepatitis, immune cells activated by the lectin rapidly release

TNF-α that is one of the first cytokines detected in the mouse

serum.29 We found that neutralizing TNF-α with ETA reduced

ConA-induced hepatitis, confirming previous studies indicat-

ing that genetic or chemical inactivation of TNF-α or TNFR1

protects ConA-treated animals from hepatitis.17,29,30 Together,

these results underline the key role played by TNF-α in

hepatitis induction. However, a recent publication reported that

TNF-α does not directly induce hepatocyte death in ConA

hepatitis in contrast to the D-GalN/LPSmodel. Indeed, specific

deficiency for TNFR1 in myeloid derived cells (TNFR1MDC-KO),

but not in liver parenchymal cells (TNFR1LPC-KO), protected

mice from ConA hepatitis.37 These results indicate that TNF-α

promotes inflammatory conditions to provoke liver damage in

the ConA model, but that TNF-α is not a direct inductor of

hepatocyte death. In the TNF-α signaling pathway, RIPK1

governs cell fate.6,38 Our work highlights a dual role of RIPK1

during ConA hepatitis. First, and in accordance with previous

studies,20,39 we found that RIPK1 functions as a kinase

inducing cell death. Indeed, inactivation of RIPK1 activity

either by Nec-1S or genetic modification greatly protected

ConA-challenged mice from hepatitis, demonstrating a key

role of RIPK1 kinase activity in ConA-induced hepatocyte

death. Depending on the cellular conditions, the enzymatic

activity of RIPK1 has been reported capable of mediating

apoptosis or necroptosis, a regulated form of necrosis with

RIPK3 and MLKL as core components.40,41We found that WT

mice with ConA-induced liver injuries exhibited only few

caspase-3-positive hepatocytes, and that pan-caspase inhibi-

tion by Q-VD-OPh failed to protect these mice from ConA-

induced hepatitis, supportive of necroptosis induction. Never-

theless, because a switch from apoptosis to necroptosis has

been reported in hepatocytes upon caspases inactivation,42,43

future works using hepatocytes-deficient RIPK3 or MLKLmice

will help ruling out the occurrence of RIPK1 kinase-dependent

apoptosis during ConA hepatitis. Next to its pro-death role,

RIPK1 also appeared as a pro-survival scaffold for hepato-

cytes. In accordance with a recently published article, we

found that RIPK1 is nonessential tomaintain liver homeostasis

under physiological condition.44 Nevertheless, mice with liver

parenchymal cells lacking RIPK1 developed fulminant hepa-

titis associated with hepatocyte apoptosis when low doses of

ConA or TNF-α were administrated. This phenotype partly

contrasts with those observed in mice in which RIPK1

deficiency was limited to intestinal epithelial cells or to

keratinocytes.12,13 In these tissues, spontaneous apoptosis

and inflammation arise, likely due to their direct interaction with

commensal bacteria that trigger de novo TNF-α secretion. The

role of TNF-α as a direct mediator of hepatocyte apoptosis in

Ripk1LPC-KO mice is highlighted by the reduction of ConA

hepatitis by ETA or Q-VD-OPh, the induction of liver apoptosis

by a single injection of TNF-α in Ripk1LPC-KO mice, and the

susceptibility of primary RIPK1-deficient hepatocytes to TNF-

α-induced apoptosis. Activation of the canonical NF-κB path-

way may contribute to the protective role of RIPK1 in

hepatocytes but would not be sufficient, and would occur

independently of TNF-α signaling. Indeed, ConA-induced

hepatitis in Ripk1LPC-KO mice was associated with a partial

defect in NF-κB activation, as shown by reduced nuclear p65

labeling and by the lower expression of NF-κB-dependent

genes. However, hepatitis was also detected despite a

widespread activation of the NF-κB signaling pathway in

hepatocytes of TNF-α-treated Ripk1LPC-KO mice. This may be

explained by the quick destabilization of TRAF2, observed

in vivo and in vitro after TNF-α treatment. Accordingly,

published data described different mechanisms by which

RIPK1 may protect cells from TNF-induced death. In mouse

embryonic fibroblasts lacking RIPK1, TNF-α-induced apopto-

sis is correlated to defective canonical NF-κB activation and

consequent c-FLIP dysregulation.12 Besides, RIPK1 would

contribute to cell survival regardless of canonical NF-κB, by its

capacity to stabilize cIAPs and TRAF2 proteins, precluding

non-canonical NF-κB activation, c-FLIP destabilization and

caspase recruitment.12,13,27,45 Of note, the discrepancy

between the defect, or not, in canonical NF-κB activation

following ConA or TNF-α injection could still be explained by

the amount of circulating TNF-α provided in both systems, or

RIPK1-dependent activation of NF-κB by other stimulus than

TNF. Anyway, our results still show TNF-α-induced apoptosis

in RIPK1-deficient hepatocytes despite the ability of NF-κB to

translocate in nucleus, demonstrating a canonical NF-κB-

independent protective role of RIPK1 in these cells, as

previously reported in other cells.12,13,27,45

Figure 7 proposes a schematic model of TNF-α signaling in

hepatocytes of mice challenged with ConA. The lectin

activates T lymphocytes (LT), Kupffer (KC), NK and

NKT cells, which result in the release by these cells of

cytokines, such as TNF-α and IFN-γ. Activation of NKT cells

induces hepatocyte death mediated by TRAIL/DR5 signaling,

and potentially also by TNFR1, which depends on RIPK1

kinase activity. TNF/TNFR1 binding also induces assembly of

complex I by recruitment of TRADD, RIPK1 and TRAF2

preventing caspase activation and limiting cell death. RIPK1

deficiency induces TRAF2 destabilization upon stimulation

and promotes formation of complex II, caspase-8 activation

and apoptosis induction.

This work underlines the interest to focus studies on RIPK1

in other hepatitis models, and especially in acetaminophen

(APAP) liver toxicity, where the role attributed to RIPK1 is not

yet fully understood. Whereas most studies reveal a protective

role of kinase inhibition by Nec-146–48 or RIPK1 knockdown.49

Schneider et al.50 recently suggest that RIPK1 deletion in

hepatocytes has no effect in this hepatitis model. According to

our demonstrated dual role of RIPK1 in hepatocytes, the

kinase pro-death role of RIPK1 should be dissociated from his

scaffolding pro-survival function in these studies by challen-

ging RIPK1 kinase dead (Ripk1K45A) mice with APAP.

Moreover, our data could explain recent results obtained

with of NEMOLPC-KO mice, which presented spontaneous

hepatocyte death.44,51,52 Surprisingly, apoptosis is strongly

prevented by crossing NEMOLPC-KO mice with RIPK1 kinase

dead mice while poorly with Ripk1LPC-KO.44 As NEMOLPC-KO

mice presented elevated TNF-α in the liver compared with WT
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mice,51 additional RIPK1 deficiency could induce hepatocyte

apoptosis in a TNF-α-dependent manner.

In conclusion, our results underline the protective role of

RIPK1 in dysimmune hepatitis and the risks of potential

defects in the RIPK1 scaffolding function that would

sensitize hepatocyte to the death, risking to worsen hepatitis

and even to the increase of HCC onset. Furthermore, our data

pointed out the importance of studying the potential

relationship between the genetic polymorphism of Ripk1 gene

and the predisposition to more severe liver damage in

hepatic infectious or autoimmune diseases. Finally, our results

support also that RIPK1 kinase activity is a pertinent

therapeutic target to protect liver against excessive cell death

in liver diseases.

Materials and Methods
Animals and treatment protocols. Ripk1LPC-KO mice were generated by
crossing Ripk1fl/fl strain11 with Alfp-Cre transgenic mice having a Cre recombinase
driven by the serum albumin gene promoter completed with albumin and
α-fetoprotein enhancers.21 RIPK1 kinase dead knock-in (Ripk1K45A) mice have been
already described.10 In all experiments, genetically modified mice were system-
atically compared with their littermates. Animals were housed in individually
ventilated cages at the VIB Inflammation Research Center in conventional animal
facilities. All experiments on mice were conducted according to Institutional, National
and European animal regulations. In vivo protocols were approved by the ethics
committee of Ghent University. Homogeneous groups of male and female mice at
7–13 weeks of age were used for each experiment. ConA (C2010 Sigma-Aldrich,
St. Louis, MO, USA) diluted at 3 mg/ml in PBS supplemented with MnCl2 0.31 mM
and CaCl2 0.75 mM, was administered by intravenous (i.v.) injection at a dose of 10
or 12 mg/kg body weight. Q-VD-OPh hydrate (Sigma-Aldrich, SML0063) was
injected in mice via the intraperitoneal (i.p.) route (20 mg/kg and 10 μl/g of body
weight) 1 h before ConA injection. Nec-1 s (Biovision Inc., #2263) was administered
by i.v. injection (6.25 mg/kg and 4 μl/g body weight) 15 min before the ConA
challenge. An i.p. injection was used to deliver ETA (Enbrel, Pfizer) to mice (10 mg/
kg and 10 μl/g body weight) 1 h before ConA injection. Mice were given a single i.v.
injection of murine TNF-α (mTNF-α, Peprotech, 315-01A, 40 μg/ml, at a dose of
10 μg/kg body weight). The control mice received similar volumes of vehicle in each
treatment group. Times of killing are indicated for each experiment.

RNA analysis. Total RNA was extracted, from mice livers tissues using TRIzol
reagent (Invitrogen) and from primary hepatocytes by using the RNeasy mini kit
(Qiagen, #74106). First-strand cDNA was synthesized using the SuperScriptTM II
Reverse Transcriptase (Invitrogen). Real-time quantitative PCR was performed
using the fluorescent dye SYBR Green with the double-strand specific SYBR

®

Green system (Applied Biosystems) and the ABI 7000 Prism sequence detector
(Applied Biosystems) or the CFX384 Touch™ Real-Time PCR Detection System
(Bio-Rad). cDNA was used as template for amplification with specific primer pairs
(Table 1). Each measurement was performed in triplicate. The relative gene
expression was normalized against the 18S gene expression. The control mice in
each treatment group served as a reference for messenger RNA (mRNA)
expression (control mRNA level was arbitrarily set at 1).

Histopathological and biochemical studies. Fragments of mouse
livers were fixed in 4% paraformaldehyde and embedded in paraffin for IHC and
hematoxylin and eosin (H&E), or frozen in isopentane cooled with liquid nitrogen for
immunofluorescence studies. For histopathology, H&E staining of liver tissues was
carried out to investigate liver injury. Serum ALT and AST transaminases was
measured according to the IFCC primary reference procedures using Olympus
AU2700 Autoanalyser

®

(Olympus Optical, Tokyo, Japan).

Immunolocalization in liver tissues. For immunolocalization of cleaved-
caspase-3, RIPK1, NF-κB-p65 and Ki67 in liver tissues, paraffin-embedded mouse
liver sections (4–5 μm) were dried 1 h at 58 °C, followed by antigen retrieval and
incubated with primary antibody (Cell Signaling, 9661S; 3493; Santa Cruz
Biotechnology, sc-372, respectively) in a Ventana automated machine (Ventana
Medical Systems, USA). Revelation of primary antibody was carried out using
horseradish peroxidase (HRP)-conjugated secondary antibody (Dako, USA) and
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Figure 7 Role of RIPK1 in ConA hepatitis model. Schema of cell death pathway
during ConA hepatitis in WT and Ripk1LPC-KO mice. The lectin activates LT, KC, NK
and NKT cells, which result in the release by these cells of cytokines, such as TNF-α
and IFN-γ. Activation of NKT cells induces hepatocyte death mediated by TRAIL/DR5
signaling, and potentially also by TNFR1, which depends on RIPK1 kinase activity.
TNF/TNFR1 binding also induces assembly of complex I by recruitment of TRADD,
RIPK1 and TRAF2 preventing caspase activation and limiting cell death. RIPK1
deficiency induces TRAF2 destabilization upon stimulation and promotes formation of
complex II by caspase-8 and apoptosis induction

Table 1 Sequence of primers used for qPCR

Gene Forward Reverse

Mouse 18S 5′-CGCCGCTAGAGGTGAAATTC-3′ 5′-TTGGCAAATGCTTTCGCTC-3′

Mouse TNF-α 5′-TAGCTCCCAGAAAAGCAAGC-3′ 5′-TTTTCTGGAGGGAGATGTGG-3′

Mouse IL-6 5′-CCGGAGAGGAGACTTCACAG-3′ 5′-CAGAATTGCCATTGCACAAC-3′

Mouse IFN-γ 5′-AGGTCAACAACCCACAGGTC-3′ 5′-ATCAGCAGCGACTCCTTTTC-3′

Mouse-CXCL1 5′-CGCCTATCGCCAATGAGC-3′ 5′-GAACCAAGGGAGCTTCAGG-3′

Mouse TNFR1 5′-CAGAACACCGTGTGTAACTGC-3′ 5′-GCAAGCGGAGGAGGTAGG-3′

Mouse TNFR2 5′-CGCTGGTCTTCGAACTGC-3′ 5′-CAGGAGGACACTTAGCACAGC-3′

SAA1 5′-TGTTCACGAGGCTTTCCAAG-3′ 5′-GTCCTCTGCCGAAGAATTCC-3′

CCL20 5′-TCTGCTCTTCCTTGCTTTGG-3′ 5′-TCACCCAGTTCTGCTTTGG-3′

Mouse-IKK-γ/NEMO 5′-GGTGGAGAGACTGAGCTTGG-3′ 5′-CCTCTAAAGCTTGCCGATCC-3′
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DAB substrate kit (Ventana Medical Systems, #760-124). Slides were then
counterstained with hematoxylin. TUNEL analysis was performed on mouse liver
sections incubated after antigen retrieval with a mix composed of terminal
transferase (Roche, 3333566 011) and digoxigenin-11-UTP (Roche, #1558706)
followed by biotinylated anti-digoxigenin (Sigma, #B7405) and counterstained with
hematoxylin.
For immunolocalization of CD11b and CD45 in liver tissues, cryosections of mouse

liver tissues (8 μm) were successively fixed with paraformaldehyde 4%, treated with
NH4Cl 0.1 M, blocked with 2–4% BSA and incubated with primary antibody (BD
Pharmingen, #552850 and #553079; respectively) at 4 °C overnight. Revelation of
primary antibody was carried out using DyLight 649-conjugated donkey anti-rat IgG
secondary antibody (Jackson ImmunoResearch Laboratories). Nuclei were stained
with Hoechst (Invitrogen, H3570) and F-actin with Phalloïdine FluoProbes-547H
(Interchim, BZ9620). Image analysis and merged were performed with SpotAdvanced
software. Quantification of cleaved-caspase-3 positive-signal was performed with
image analysis software (NIS-Element AR analysis) and measured to cover an area
of 4.3–6 mm2. The quantification hepatocytes with nuclear NF-κB, labeled nuclei
were counted on 3–4 independent fields to cover an area of 3.54–4.72 mm2.Pictures
presented in the figures are issued from animals with ALTor quantified staining values
close to the average obtained for the membership group.

Protein extraction and western blotting. Primary hepatocytes and
mouse liver specimens were lysed in RIPA buffer (50 mM Tris-HCl pH 7.4; 1% Triton
X-100; 25 mM HEPES; 150 mM NaCl; 0,2% SDS; 5 mM MgCl2; 1 mM Na3VO4;
1 mM NaF and proteases inhibitors (Roche, #04 693 132 001)), and liver were
crushed with UltraTurax. After 40 min in ice, samples were centrifuged at 13 000 g.
Proteins from supernatant were assayed with the Bradford method (Bio-Rad).
Proteins were separated by SDS-PAGE and transferred onto nitrocellulose
membrane. Membranes were blocked with non-fat milk or BSA 3–5% in TBS
(20 mM Tris, 137 mM NaCl) during 1–2 h and incubated overnight with primary
antibody anti-cleaved-caspase-3, anti-RIPK1 (Cell Signaling) anti-actin (Sigma
A3854), anti-TRAF2 (Santa Cruz Biotechnology, sc-876), anti-phospho-IκBα
(Cell Signaling, #2859) or anti-IκBα (Santa Cruz Biotechnology, sc-371) at 4 °C,
and then with secondary goat anti-rabbit immunoglobulins/HRP (Dako, P0448).
Protein–antibody complexes were revealed by enhanced chemiluminescence
(Millipore) and ImageQuant LAS-4000 mini imager analysis (GE Healthcare).

Primary hepatocyte isolation and culture. Hepatocytes were isolated
from adult C57BL/6 WT and Ripk1LPC-KO mice by the retrograde perfusion
approach.23 Mice were previously anesthetized by i.p injection of a ketamine
(ImalgeneTM, supplier) and xylazine (RompunTM, supplier) cocktail (60 and 10 mg/
kg of live body weight, respectively) diluted in PBS. After laparotomy, the liver,
perfused through inferior vena cava, was first washed with solution I (8 g/l NaCl,
0.2 g/l KCl, 0.1 g/l Na2HPO4. 12 H2O and 2.38 g/l Hepes, pH 7.6) at a 5.5 ml/min
flow rate for 8–10 min. Then, the perfusion solution I was supplemented with 5 mM
CaCl2.2H2O and 0.01% collagenases (LiberaseTM TM Research Grade, Roche) for
5–7 min. Hepatocytes were harvested after three centrifugations at 90 g for 1 min
and an additional purification of viable cells on a percoll cushion. Cell suspensions,
with over 90% viability, were seeded at a density of 0.1 × 106 cells/cm2 in 24-well
plates, previously coated with collagen type I (BD Biosciences, Le Pont de Claix,
France), in Williams’ E medium supplemented with 10% (vol/vol) fetal calf serum,
2 mM glutamine, 10 IU/ml penicillin, 10 μg/ml streptomycin and 5 μg/ml insulin.
Seeding medium was removed after a 4-h period and replaced by a similar
supplemented Williams’ E medium, without fetal calf serum but with 1 mg/ml bovine
serum albumin, but with 1 μg/ml of ETA and optionally with 10 μM of z-VAD-fmk.
After two or three washes, cells were stimulated with 10 ng/ml of mTNF-α
(Peprotech, 315-01A), and used for RNA or protein extraction. Experimental
protocol was conducted in compliance with French laws and the institution’s
guidelines for animal welfare (agreement of M Samson # A3523840).

Serum cytokine immunoassays by flow cytometry. Murine TNF-α,
IFN-γ and IL-6 cytokines were quantified by bead-based immunoassays according
to the manufacturer protocol, using a filter plate and a vacuum filtration system for
washing steps (BioLegend’s LEGENDPLEX, multi-analyte flow assay kit). Samples
were analyzed on FC500 cytometer (Beckman Coulter).

Immune cells analysis by flow cytometry. Immune cells were prepared
from spleen or liver crushed on a 70 μm filter. Liver immune cells were isolated after
sedimentation and cell fractionation on a 35% Percoll layer. For each organ, red

blood cells were lysed with the ammonium-chloride-potassium (ACK) buffer. To
exclude dead cells from analysis, cell suspensions were labeled for 30 min with
LIVE/DEAD fixable yellow stain (Life Technologies, Q13L34959). Cells were also pre-
incubated with an anti-CD16/32 antibody (BD Pharmingen) to block nonspecific
binding, before the incubation with the appropriate fluorochrome-conjugated
antibodies (BD Pharmingen, eBioscience): anti-CD3-FITC (clone 17A2), anti-
TCRβ-V450 (clone H57-597), anti-CD69-PE (clone H1.2F3), anti-CD19-APC (clone
1D3), anti-NK1.1-PerCP-Cy-5.5 (clone PK136), anti-CD4-PE-Cy7 (clone RM4-5),
anti-CD8-APC-Cy7 (clone 53-6.7), anti-GR1-eFluor450 (clone FB6-8C5) or anti-
CD11b-PE-Cy7 (clone M1/70). The stained cells were analyzed on FACSAria™ II
flow cytometer using BD FACSDiva software (BD Bioscience), and data were
analyzed with the CXP software (Beckman Coulter). Doublet and dead cells were
excluded, respectively, on the basis of forward/side scatter and with the LIVE/DEAD
labeling. The used immuno-phenotyping was as followed: Lymphocyte B (LyB):
CD19+/CD3- cells; Lymphocyte T (LyT): CD3+/TCRVβ+/NK1.1-; NKT cells:
CD3+/ TCRVβ+/NK1.1+; NK cells: CD3-/NK1.1+; granulocytes: GR1+CD11b+.
Lymphoid activation was studied by analyzing the expression of CD69. To calculate
percentage of each immune cell population, we considered as 100% of immune
cells the sum of events of each immune cell population analyzed (sum of LyT, LyB,
NK cells, NKT cells and granulocytes).

Statistical analysis. Data were expressed as means ±S.E.M. for all mice
treated similarly. Kruskal–Wallis one-way analysis of variance (ANOVA) was
performed, and mean differences between experimental groups were assessed
using the non-parametric Mann–Whitney U-test with the GraphPad Prism5 Q14software.
The significance is shown as follows: *Po0.05, **Po0.01, ***Po0.001, WT
versus RIPK1 mice. #Po0.05, ##Po0.01, ###Po0.001, mice treated with ConA, or
TNF-α versus mice treated with PBS. $Po0.05, $$Po0.01, $$$Po0.001 mice
treated with ConA, or TNF-α at an indicated time versus mice treated with ConA, or
TNF-α at another time in same genotype.
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III.2.  ARTICLE II : RIPK1 protège les hépatocytes de l’apoptose déclenché 
par le TNF-α induit par les cellules de Kupffer dans des modèles d’hépatites 

dépendant de PAMP 
 

Aveline Filliol, Claire Piquet-Pellorce, Céline Raguénès-Nicol, Muhammad Farooq, Catherine 

Lucas-Clerc, Peter Vandenabeele, Mathieu JM Bertrand, Jacques Le Seyec and Michel Samson. 

Article actuellement en révision dans Journal of Hepatology. 

 

Introduction de l’article. 

La sensibilité des souris Ripk1LPC-KO à l’hépatite induite par la ConA et le TNF-α (article I) nous a 

conduit à étudier cette protéine dans un autre contexte physiopathologique. Au cours de la 

stéatohépatite non alcoolique (NASH) ou des hépatites alcooliques (ALD) chroniques, les prises 

d’un régime riche en lipides ou glucides ou d’alcool conduisent à une hépatite chronique mais 

aussi à une perméabilisation de la paroi intestinale. Cette dernière conduit à une augmentation de 

la translocation de débris microbiens, regroupés sous le terme de "Pathogen Associated Molecular 

Patterns" (PAMPs), au niveau du foie. La reconnaissance des PAMPs par les "Toll Like Receptors" 

(TLRs), récepteurs de l'immunité innée présents à la surface des cellules immunitaires et 

principalement des cellules de Kupffer (KC), déclenche une réaction inflammatoire qui 

contribuerait à la destruction du parenchyme hépatique au cours des maladies chroniques du foie. 

Ce processus serait impliqué dans le déclenchement de l’ "Acute on Chronic Liver Failure" 

(ACLF) qui est aujourd’hui un domaine d'étude important en hépatologie puisqu'il conduit 

brusquement à une insuffisance hépatique voire la mort des patients. Afin d’étudier le rôle de 

RIPK1 dans la mort des hépatocytes induite par les PAMPs, nous avons dans cette étude utilisée 

la lignée de souris Ripk1LPC-KO, et induit des hépatites par l’injection de deux types différents de 

PAMPs : le LPS et les motifs CpG. Nous avons également étudié le rôle du TNF-α par l’utilisat ion 

de l’Etanercept (inhibiteur du TNF-α) et le rôle des macrophages par l’utilisation de clodronate 

encapsulé dans des liposomes. Le clodronate est une molécule toxique qui, protégée par le 

liposome, va tuer les macrophages systémiques suite à leur phagocytose. Nos résultats ont permis 

de montrer : i) une sensibilité accrue des souris Ripk1LPC-KO aux PAMPs qui induisent une 

hépatolyse aiguë, ii) le rôle important des KC dans l’induction de cette lyse, par leur forte capacité 

à produire du TNF-α et iii) le fait que le TNF-α semble être le seul élément déclencheur de 

l’hépatolyse dans ce modèle. Nos résultats ont permis de montrer le rôle clef de RIPK1 dans la 

protection des hépatocytes contre le TNF-α exprimé par les cellules de KC suite à la 

reconnaissance de PAMPs. 



67 
 

Title:  RIPK1 protects hepatocytes from Kupffer cells-mediated TNF-induced apoptosis in 

models of PAMP-dependent hepatitis 

 

Short title: Protective role of RIPK1 in PAMP-dependent hepatitis 

 
Aveline Filliol1,2,3, Claire Piquet-Pellorce1,2,3, Céline Raguénès-Nicol1,2,3,7, Muhammad 

Farooq1,2,3, Catherine Lucas-Clerc2,4, Peter Vandenabeele5,6, Mathieu JM Bertrand5,6, Jacques Le 
Seyec1,2,3 and Michel Samson1,2,3. 
 
1Institut National de la Santé et de la Recherche Médicale (Inserm), U.1085, Institut de Recherche Santé 
Environnement et Travail (IRSET), F-35043 Rennes, France. 
2Université de Rennes 1, F-35043 Rennes, France. 
3Structure Fédérative BioSit UMS3480 CNRS-US18 Inserm, F-35043 Rennes, France. 
4Service de Biochimie CHU Rennes, Université de Rennes 1; F-35043 Rennes, France. 
5Inflammation Research Center, VIB, Technologiepark 927, Zwijnaarde-Ghent, 9052, Belgium.  
6Department of Biomedical Molecular Biology, Ghent University, Technologiepark 927, Zwijnaarde -Ghent, 9052, 
Belgium.  
7 Centre National de la Recherche Scientifique (CNRS), UMR 6290, Institut de Génétique et Développement de 

Rennes (IGDR), F-35043 Rennes, France.  

 

Financial support: This work was supported by INSERM, the Ministère de l’Education Nationale 
de la Recherche et de la Technologie, the University of Rennes 1, the Région Bretagne, the “Ligue 
contre le cancer, comités du grand Ouest”.  

 
Keywords: Cytokine, Acute Hepatitis, RIP kinase, RIPK1, TNF-α, LPS, CpG, PAMPs, DAMPs. 
 

List of abbreviations: ACLF: Acute on chronic liver failure, AST: aspartate amino-transferase, 
ALT: alanine amino-transferase, Cl2MBP: dichloromethylene bisphosphonate, Cl-Caspase3: 

Cleaved-Caspase3, DAMP: Damage Associated Molecular Pattern, DC: dendritic cells, D-GalN: 
D-Galactosamine, ETA: Etanercept, H&E: hematoxylin and eosin coloration, IHC: 
Immunohistochemistry, i.p: Intraperitoneal, KC: kupffer cells, LPS: lipopolysaccharide, LSEC: 

Liver sinusoïdal endothelial cells, NASH: nonalcoholic fatty liver hepatitis, ODN: 
oligodeoxynucleotide, PAMP: Pathogen associated molecular patterns, p.i.: Post injection, RIPK: 

receptor interacting protein kinase, TLR: toll like receptor, TNF: tumor necrosis factor. 
 
ABSTRACT (212 words) 

Background and aims: The severity of liver diseases is exacerbated by the death of hepatocytes, 
which can be induced by the sensing of Pathogen Associated Molecular Patterns (PAMPs) derived 

from the gut microbiota. The molecular mechanisms regulating these cell death pathways are 
poorly documented. In this study, we investigated the role of RIPK1, a protein known to regulate 
cell fate decisions, in the death of hepatocytes using two in vivo models of PAMP-induced 

hepatitis. Materiels and methods: Hepatitis was induced in mice by independent injections of 
two different bacterial PAMPs: LPS and CpG DNA motifs. The role of RIPK1 was evaluated by 

making use of mice specifically lacking RIPK1 in liver parenchymal cells (RIPK1LPC-KO). 
Administration of lipsome-encapusated Cl2MBP served to investigate the role of Kupffer cells in 
the establishment of the disease. Etanercept, a TNF-decoy receptor, was used to study the 

contribution of TNF-α during LPS-mediated liver injury. Results: Whereas RIPK1 deficiency in 
liver parenchymal cells did not trigger basal hepatolysis, it greatly sensitized to hepatocyte 

apoptosis and liver damage following single injection of LPS or CpG. Importantly, hepatocyte 
death was prevented by macrophage depletion or TNF inhibition. Conclusion: Our data highlight 
the pivotal function of RIPK1 in maintaining liver homeostasis in conditions of macrophage -

induced TNF burst in response to PAMPs sensing. 
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INTRODUCTION 

The liver is constantly exposed to bacterial 
Pathogen Associated Molecular Patterns 
(PAMPs) such as unmethylated CpG DNA 

motifs or lipopolysaccharides (LPS) origina t ing 
from the microbiota of the gastrointestinal tract. 

In physiological condition, the intestinal barrier 
prevents the translocation of large amount of 
bacterial products to the liver [1]. The low 

quantities of products reaching the liver are 
efficiently cleared due to the high immune 

tolerance of the liver, which avoids induction of 
inflammation and harmful response [2]. During 
chronic liver diseases induced by alcohol or fat 

diet exposure, the intestine barrier is damaged 
[3] [4] resulting in an abnormal elevation of 

PAMPs in the liver and impairing liver 
homeostasis [5]. PAMPs increase in the liver is 
one of the most common factor responsible for 

the outbreak of acute hepatitis on chronic liver 
failure background (ACLF for acute on chronic 

liver failure) [6]. According to the European 

Association for the Study of Liver Disease 
(EASL) and the Asian Pacific Association for 

the Study of the Liver (APASL), ACLF is an 
acute deterioration of pre-existing chronic liver 

diseases, and as a consequence, can provoke 
high short-term mortality. Thus, ACLF is, 
today, one of the most challenging fields in 

hepatology [7]. However, the molecular 
mechanisms responsible for the liver failure are 

incompletely understood. 

Due to its anatomical link with the gut, the liver 
plays a key role in the bacterial clearance, which 
explains why ~80% of macrophages are in the 

liver [5] [8]. These liver resident macrophages, 
named Kupffer cells (KC) efficient ly 

phagocytose bacteria and eliminate endotoxins 
in order to avoid systemic bacterial infect ion 
[5]. In addition to phagocytosis, KC are among 

the first cells to initiate the inflammatory 
response through the sensing of microbia l 

products by the toll like receptors (TLRs) 
expressed at their surface or within their 
endosomes [8]. For example CpG and LPS 

respectively activate TLR9 and TLR4. 
Activation of TLRs contributes to ACLF by 

triggering an inflammatory response. Thus, LPS 
has been shown to contribute to cirrhosis, 
autoimmune hepatitis, primary biliary cirrhosis, 

alcoholic and fatty liver diseases both in 

humans and mouse models [9] [10] [11] [5]. 
Among pro-inflammatory cytokines released by 
LPS-activated-KC, TNF-α has emerged as a key 
factor in the inflammatory process, as levels of 
soluble TNF receptors correlate with endotoxin 

influx and liver injury [12] [13]. In mice, LPS 
intraperitoneal administration induces a 
systemic inflammatory response that can lead to 

death by septic shock, without inducing liver 
injury [14]. However, administration of LPS in 

a dietary NASH model or in combination with 
the hepatotoxic D-Galactosamine (D-GalN) in 
mice induces hepatocyte apoptosis in a TNF-α -

dependent manner [15] [16]. D-GalN is 
metabolized into an active metabolite 

exclusively in hepatocytes and inhib its 
transcription by hepatic uridine nucleotide 
depletion [17]. Thus, it has been widely 

described that in the liver, NF-κB or 
transcription inhibition sensitizes hepatocytes 

to TNF-α -mediated apoptosis [18] [16] [19]. 
However, due to the pleiotropic role of TNF-α, 
anti-TNF-α therapeutic strategies in patients 

with alcoholic hepatitis are associated with an 
increased risk of infection and mortality [20] 

[21]. The Receptor Interacting Protein Kinase 1 
(RIPK1) plays key roles in the signaling of 
several death receptors such as TNFR1 by 

deciding the cell fate between survival and 
death [22]. It has been recently reported that 

RIPK1 is implicated in epithelial cell death in 
al dependent 

manner [23]. As its role in the liver is poorly 

understood, we address here the potential role 
of RIPK1 in hepatocyte death induced by 

PAMPs and relayed by TNF-α, taking 
advantage of a knockout mouse line invalidated 
for the RIPK1 expressed in liver parenchymal 

cells (RIPK1LPC-KO).  

  
MATERIAL AND METHODS 

Animals and treatment protocols 

RIPK1LPC-KO mice were generated by crossing 
RIPK1fl/fl strain [23] with Alfp-Cre transgenic 
mice [24]. LPS (Sigma-Aldrich, #L6761) 

diluted at 2 µg/mL in PBS was administrated by 
intraperitoneal (i.p.) route (20 µg/kg body 

weight and 200 µL/20 g). Unmethylated CpG 
oligodeoxynucleotide (ODN) (Invivogen, ODN 
2395) diluted at 3.5 mg/mL in PBS was 

administrated by i.p. route (2 mg/kg body 
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weight and 200 µL/20 g). Etanercept (Pfizer) 
was administrated by i.p. route 1 h before LPS 
injection (10 mg/kg body weight and 200 

µL/20g). Two injections of liposomes-
encapsulated dichloromethylene 

bisphosphonate (Cl2MBP) (see below for the 
preparation) were administrated by i.p. route in 
mice. The first injection was given with 200 

µL/20 g body weight, and the second, 24 h after 
the first, with 100 µL/20 g body weight. Mice 

were administrated with LPS or control (PBS) 
48 h after first injection of liposomes 
encapsulated Cl2MBP and sacrificed 8.5 h after 

LPS injection. In all experiments, genetica lly 
modified mice were systematically compared to 

their littermates. Mature mice at 10-12 weeks of 
age were used for each experiments. Animals 
were housed in individually ventilated cages at 

the VIB Inflammation Research Center (Ghent, 
Belgium) in conventional animal facilities. All 

experiments on mice were conducted according 
to institutional, national and European animal 
regulations. In vivo protocols were approved by 

the ethics committee of Ghent University.  

Genotyping  
Genotyping was routinely performed using 

DNA extracted from tails with Nucleospin 
Tissue kit (Macherey Nagel, #740952), and 
PCR with couple of primers for Alfp-Cre gene. 

Forward and reverse primers sequences were 
GCC TGC ATT ACC GGT CGA TGC AAC 

GA and GTG GCA GAT GGC GCG GCA 
ACA CCA TT, respectively. 

Preparation of liposomes-encapsulated 
Cl2MBP (Lip-Cl2MBP) 

Liposomes-encapsulated Cl2MBP were 
prepared according to Rooijen [25]. In brief, 86 

mg of phosphatidylcholine (Sigma-Aldr ich) 
and 9 mg of cholesterol (Sigma-Aldrich) were 
dissolved in chloroform in a round bottom flask. 

After 4 h on a gentle rotation on a rotary 
evaporator at 37°C and under reduced pressure, 

the thin film formed was resuspended with 10 
mL of PBS, and 1 g of Cl2MBP (Sigma-
Aldrich). After vigorous shaking for 1 min, 

liposomes in the saturated Cl2MBP solution 
were extruded through 1 µm diameter pores, 

followed by centrifugation at 10,000 g for 1 h. 
The Lip-Cl2MBP were washed 3 times with 
PBS with centrifugations at 22,000 g during 30 

min, and resuspended with 4 mL of PBS. The 

size measurement of Lip-Cl2MBP was checked 
by Dynamic Light Scattering (DLS) technology 
(Zeta Sizer Nanoseries, Malvern) and as 

expected, 95 % of the liposome had 1 µm 
diameter. The Lip-Cl2MBP solution was diluted 

by half in PBS just before injection.  

Histopathological and biochemical studies 
Fragments of mouse livers were fixed in 4% 
paraformaldehyde and embedded in paraffin for 

IHC and hematoxylin and eosin (H&E). For 
histopathology, H&E staining of liver tissues 

was carried out to investigate liver injury. 
Serum ALT and AST transaminases were 
measured according to the IFCC primary 

reference procedures using Olympus AU2700 
Autoanalyser® (Olympus Optical, Tokyo, 

Japan). 

Immunolocalization in liver tissues 
For immunolocalization of cleaved caspase-3 in 

liver tissues, paraffin-embedded mouse liver 
sections (5 µm) were dried 1 h at 58°C, 
followed by antigen retrieval and incubated 

with primary antibody (Cell Signaling, 9661S) 
in a Ventana automated instrument (Ventana 
Medical Systems, USA). Revelation of primary 

antibody was carried out using horseradish 
peroxidase (HRP)-conjugated secondary 

antibody (Dako, USA) and DAB substrate kit 
(Ventana, #760-124). Slides were then 
counterstained with hematoxylin. 

TUNEL analysis was performed on paraffin-
embedded mouse liver sections (5 µm), 
incubated after antigen retrieval with a mix, 

composed of terminal transferase (Roche, 
#3333566011) and digoxigenin-11-UTP 

(Roche, #1558706) followed by HRP-anti-
digoxigenin (Ventana, #760-4822). Revelation 
was used according to the manufacturer with the 

Discovery Rhodamine kit (Ventana #760-233) 
followed by nucleus labelling with DAPI. 

All paraffin-embedded mouse liver sections 

were scanned with a digital slide scanner 
(Hamamatsu, Nanozoomer 2.0-RS) and files 
were analysis with the NDP viewer software.  

TNF-α and F4/80 immunofluorescence staining 

were performed on cryosections of mouse liver 
tissues (7 µm). After fixation with 4 % 

paraformaldehyde and NH4Cl treatment, liver 
slides were blocked with 4 % of BSA and then 
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incubated with rabbit-anti-murine TNF-α 
(Abcam, #ab6671) and rat-anti-murine-F4/80 
(eBioscience, #47-4801-80) at 4°C overnight. 

Revelation of primary antibodies was carried 
out using DyLight 649-conjugated anti-Rabbit 

and DyLight 549 anti-rat IgG secondary 
antibodies (Jackson ImmunoResearch 
Laboratories). Nuclei were stained with 

Hoechst (Invitrogen, H3570). Slides were 
observed with a fluorescence microscope 

(Nikon’s Eclipse Ni-E). 

Primary hepatocytes Isolation and culture 
Hepatocytes were isolated from adult C57BL/6 
mice by the retrograde perfusion approach [26]. 

Mice were previously anesthetized by i.p 
injection of a ketamine (ImalgeneTM, supplier) 

and xylazine (RompunTM, supplier) cocktail (60 
and 10 mg/kg of live body weight, respectively) 
diluted in PBS. After laparotomy, the liver, 

perfused through inferior vena cava, was first 
washed with solution I (8 g/L NaCl, 0.2 g/L 

KCl, 0.1 g/L Na2HPO4. 12H2O and 2.38 g/L 
Hepes, pH 7.6) at a 5.5 ml/min flow rate for 8-
10 min.  Then, the perfusion solution I was 

supplemented with 5 mM CaCl2.2H2O and 
0.01% collagenases (LiberaseTM TM Research 

Grade, Roche) for 5-7 minutes. Hepatocytes 
were harvested after 3 centrifugations at 90 g for 
1 min and an additional purification of viable 

cells on a percoll cushion. Cell suspensions, 
with over 90% viability, were seeded at a 

density of 0.1 x 106 cells/cm2 in 24-well plates, 
previously coated with collagen type I (BD 
Biosciences, Le Pont de Claix, France), in 

Williams’ E medium supplemented with 10% 
(vol/vol) fetal calf serum, 2 mM glutamine, 10 

IU/mL penicillin, 10 µg/mL streptomycin and 5 
µg/mL insulin. Seeding medium was removed 
after a 4 h-period and replaced by a similar 

supplemented Williams’ E medium, except that 
fetal calf serum was replaced by 1 mg/mL 

bovine serum albumin, but with 1 µg/mL of 
Etanercept. Experimental protocol was 
conducted in compliance with French laws and 

the institution’s guidelines for animal welfare 
(agreement of M. Samson # A3523840). 

Protein extraction and western blotting  

Mouse liver specimens were lysed in RIPA 
buffer (50 mM Tris-HCl pH 7.4; 1 % Triton X-
100; 25 mM HEPES; 150 mM NaCl; 0,2 % 

SDS; 5 mM MgCl2), complemented with 1 mM 

Na3VO4; 1 mM NaF and proteases inhibitors 
(Roche, #04 693 132 001), using UltraTurax. 
For protein extraction from primary hepatocyte, 

cell cultures were lysed with RIPA 
complemented with proteases and phosphatases 

inhibitors one day after seeding. After 40 min in 
ice, samples were centrifuged at 13,000 g. 
Proteins from supernatant were assayed with the 

Bradford method (BioRad) and then separated 
by SDS-PAGE and transferred onto 

nitrocellulose membrane. Membranes were 
blocked with non-fat milk or BSA 3-5 % in TBS 
(20 mM Tris, 137 mM NaCl) during 1-2 h and 

incubated overnight with primary antibody anti-
cleaved Caspase-3 (Cell Signaling 9661S), anti-

actin (Sigma A3854), anti- TNF-α (Abcam, 
ab6671) or anti-RIPK1 (Cell Signaling, 3493) at 
4°C, and then with secondary goat anti-rabbit 

immunoglobulins/HRP antibody (Dako, 
P0448). Protein-antibody complexes were 

revealed by enhanced chemiluminescence 
(Millipore) and ImageQuant LAS-4000 mini 
imager analysis (GE-Healthcare).  

Serum cytokine immunoassay by flow 

cytometry 
Murine TNF-α, IL-6 and MIP-1α/CCLγ 
cytokines were quantified by bead-based 
immunoassays according to manufacturer 
protocol, using a filter plate and a vacuum 

filtration system for washing steps 
(BioLegend’s LEGENDPLEX, multi-ana lyte 

flow assay kit). Samples were analyzed on a 
LSR Fortessa cytometer (BD Biosciences). 

Statistical analysis 
Data were expressed as means +/- SEM for all 

mice treated similarly. Kruskal–Wallis one-way 
analysis of variance (ANOVA) was performed, 

and mean differences between experimenta l 
groups were assessed using the non-parametric 
Mann–Whitney U-test with the GraphPad 

Prism5 software. The significance is shown as 
follows: * p<0.05, ** p<0.01, *** p<0.001, 

RIPK1fl/fl mice versus RIPK1LPC-KO mice. # 
p<0.05, ## p<0.01, ### p<0.001, mice treated 
with LPS or CpG versus mice treated with PBS. 

 
RESULTS 

Deficiency of RIPK1 in liver parenchymal 
cells sensitizes to liver damage induced by 

unmethylated CpG DNA  
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To investigate the role of RIPK1 in the liver, we 
generated RIPK1LPC-KO mice by crossing 
RIPK1fl/fl with transgenic mice expressing the 

Cre-recombinase under the control of the mouse 
albumin regulatory elements and α-fetoprotein 

enhancers (Alfp-Cre). Western-blot on liver 
lysates and on hepatocytes from primary 
cultures confirmed the expression of RIPK1 in 

liver parenchymal cells in adult RIPK1fl/fl mice 
but not in RIPK1LPC-KO mice (Supplementary 

Fig. 1). Serum transaminases levels (AST and 
ALT) were similar and normal between mature 
RIPK1fl/fl and RIPK1LPC-KO mice suggested that 

deficiency of RIPK1 in steady state does not 
induce hepatolysis (Fig. 1A). Next, we 

evaluated acute effects on the liver of CpG 
DNA administration in RIPK1fl/fl and 
RIPK1LPC-KO mice by monitoring serum levels 

of ALT and AST transaminases, as well as liver 
histology by H&E and TUNEL staining. 

Whereas WT mice did not exhibit increase in 
serum transaminase levels, sera from RIPK1LPC-

KO mice revealed significant increase of ALT 

and AST (Fig. 1A). In line with these results, 
liver sections of RIPK1fl/fl did not reveal any 

damage while necrotic areas associated with 
TUNEL positive cells and cleaved caspase-3 
(Cl-caspase 3) staining, a marker of apoptosis 

induction, were observed in liver sections from 
the RIPK1LPC-KO mice exposed to CpG DNA 

(Fig. 1B).  

Deficiency of RIPK1 in liver parenchyma 
cells strongly sensitizes to LPS-induced liver 
damage 

Next, we analyzed the response of RIPK1LPC-KO 
mice to LPS, another important PAMP involved 

in chronic liver failure. Administration of low 
dose of LPS (0.4 µg/20 g of body weight) did 
not induce liver damage 8.5 h post injection in 

RIPK1fl/fl but resulted in severe induction of 
apoptosis in the liver of RIPK1LPC-KO mice, as 

monitored by serum transaminase levels, H&E 
coloration, TUNEL staining and Cl-caspase 3 
labeling (Fig. 2A and 2B). In order to evaluate 

whether RIPK1 deficiency had any impact on 
the systemic inflammatory response induced by 

LPS, we measured the levels of TNF-α, IL-6 
and MIP-1α/CCLγ in the serum of the injected 
mice. Interestingly, absence of RIPK1 did not 

affect the early (1.5 h p.i.) induction of these 
cytokines, but led to a sustained (8.5 h p.i.) 

expression of TNF-α and MIP-1α/CCLγ at the 

time of apoptosis induction (Fig. 2C). Thus, 
deficiency of RIPK1 in liver parenchymal cells 
does not affect the early TLR4 signaling 

induced by LPS but leads to more extended pro-
inflammatory cytokine expression. 

Depletion of Kupffer cells reduces LPS-

mediated hepatitis in RIPK1LPC-KO  mice 
Kupffer cells are widely involved in LPS-
mediated inflammation [8]. In order to evaluate 

their contribution to the severe liver damage 
induced by LPS in RIPK1LPC-KO mice, we 

depleted the mice of their macrophages by 
treating them for two days with liposome-
encapsulated Cl2MBP (Lip-Cl2MBP), which 

specifically induces macrophage cell death [27]. 
Depletion was confirmed by F4/80 staining of 

liver sections, either with or without LPS 
injection. While LPS challenge led to the 
recruitment of F4/80 positive cells in the liver 

of sham RIPK1LPC-KO mice (controls pretreated 
with vehicle [PBS] in place of Lip-Cl2MBP), 

the labelling was dramatically reduced in the 
liver of LPS challenged animals pretreated with 
Lip-Cl2MBP. This proved the effectiveness of 

the pretreatment defined to deplete the systemic 
macrophages (Fig. 3A). According to the F4/80 

labeling, the early LPS-mediated increased in 
serum levels of CCL3, a cytokine mainly 
produced by macrophages, was significantly 

reduced in mice pretreated with Lip-Cl2MBP 
(Fig. 3B). Interestingly, macrophage depletion 

greatly rescued the liver damage induced by 
LPS in RIPK1LPC-KO mice. Indeed, Lip-Cl2MBP 
pre-treatment massively reduced LPS-induced 

serum transaminase levels (Fig. 3C), which was 
associated with a reduction of necrosis areas, 

TUNEL positive cells as well as apoptotic cells 
(Fig. 3D and 3E). 

TNF-α produced by Kupffer cells mediates 
LPS-induced liver damage in RIPK1LPC-KO  

mice 
Our results demonstrate a key role of Kupffer 

cells during LPS-mediated liver injury in 
RIPK1LPC-KO mice. Macrophages are the main 
source of the TNF-α produced in the body and 

RIPK1 deficient cells such as embryonic 
fibroblasts, thymocytes or keratinocytes [28] 

[29], as well as intestinal organoids [23] are 
reportedly sensitized to TNF-α -mediated 
apoptosis. We therefore speculated that the 

TNF-α, known to be produced mainly by 
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Kupffer cells in response to LPS sensing [30] 
[31] was responsible for the apoptotic death of 
the RIPK1 deficient hepatocytes. In accordance 

with this idea, we found that TNF-α was quickly 
released in RIPK1LPC-KO and RIPK1fl/fl 

littermates following LPS injection (Fig. 2C), 
and that depletion of macrophages reduced by 
more than 90% the serum concentration of 

TNF-α, 1.5 h after LPS administration in 
RIPK1LPC-KO mice (Fig. 4A). In addition, 

cellular staining of TNF-α and F4/80 on liver 
sections of RIPK1LPC-KO mice treated or not 
with Lip-Cl2MBP demonstrated that Kupffer 

cells are the major source of TNF-α produced in 
the liver after LPS challenge (Fig. 4B, orange 

arrows), but it is also expressed by few 
sinusoidal liver cells (Fig. 4B, white arrows). 

As we demonstrated that macrophage depletion 
in RIPK1LPC-KO mice prevented from both a 

TNF-α burst and severe liver damage, we 
investigated the role of TNF-α in our model by 

pre-treating RIPK1LPC-KO mice for 1 h with 
Etanercept, a TNF-α decoy receptor widely 
used clinically in humans, before LPS injection. 

Remarkably, we found that TNF-α blockade 
fully protected RIPK1LPC-KO mice from LPS-

induced liver injury, as demonstrated by the 
dramatic reduction of serum transaminase 
levels (Fig. 5A), the absence of necrotic areas, 

and the reduction of TUNEL and Cl-caspase 3 
positive cells in the livers of RIPK1LPC-KO mice 

(Fig. 5B). Western blot analysis confirmed the 
presence of TNF-α release and Caspase 3 
activation in the livers from WT and RIPK1LPC-

KO mice after LPS injection, which were 
avoided by the Etanercept pre-treatment (Fig. 

5C). 

DISCUSSION 

Hepatocyte death is a key trigger of liver disease 
progression [32]. During chronic hepatitis, 

acute hepatocyte death can occur and causes 
ACLF, and induces quick and high mortality 
rate in patients [7]. One of the main cause is the 

elevation of gut-derived-microbacter ia l 
products in the liver [6]. PAMPs activate TLR 

receptors, expressed at the surface of innate 
immune cells, such as KC, inducing cytokines 
release which promote liver inflammation and 

hepatocyte death, eventually leading to liver 
failure [8]. Elevation of bacterial products in the 

liver can be mimic by LPS or CpG DNA 

injection in mice. In healthy liver, their 
administration induce a quick delivery of 
cytokines without triggering liver injury. 

However, during ACLF, inflammatory context 
of chronic hepatitis sensitizes hepatocytes, and 

elevation of PAMPs in the liver triggers acute 
hepatocyte death and liver failure [9] [5] [10] 
[11]. In many studies, treatment with D-GalN is 

used to study endotoxin mediated liver injury. 
D-GalN leads to uridine depletion that 

sensitizes hepatocyte to LPS-induced apoptosis 
by inhibiting survival proteins transcript ion 
[17]. Here, we shown that in RIPK1LPC-KO mice, 

administration of LPS or DNA-CpG, without 
adding D-GalN, induced a strong acute liver 

injury associated with hepatocyte apoptosis. 
Previously, an identical phenotype was 
observed in conditional or inducible LPC-KO 

mice for NEMO, TAK1 or RelA [33] [34] [19]. 
However, whereas these mice presented 

hepatolysis in steady state, RIPK1 seemed 
dispensable for liver homeostasis. Indeed, 
according to Kondylis et al [33], we showed 

that 10 weeks old RIPK1LPC-KO mice do not 
present basal hepatolysis. LPS treatment 

induced a quick release of cytokines in the 
blood that was not affected by RIPK1 
deficiency in LPC. However, whereas at latter 

time, serum cytokine levels were almost back to 
their basal levels in WT mice, their RIPK1LPC-

KO littermates presented a sustained 
inflammation, which possibly resulted from 
hepatocyte death observed at the same time. As 

KC are important source of cytokine delivery 
after LPS administration, and as it was observed 

that PAMP recognition by KC is a key step in 
the induction of liver injury during chronic 
alcoholic, NASH or acute hepatitis induced by 

D-GalN in mice [35] [36] [37] [10] [38], we 
next investigated the role of KC in LPS-

mediated liver damage in RIPK1LPC-KO mice. 
Liposome-encapsulated Cl2MBP is an effic ient 
method to deplete macrophages and to study the 

role of cytokines induced by LPS stimula t ion 
[27]. Indeed, in contrast to other methods (such 

as gadolinium chloride, silica or dextran 
sulfate), liposomes do not stimulate production 
of cytokines by macrophages [27]. Depletion of 

KC in the liver was associated with a strong 
reduction of hepatolysis in RIPK1LPC-KO mice 

challenged with LPS. Whereas RIPK1 has been 
shown to regulate TLR signaling [39], our data 
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revealed an indirect role of LPS to induce 
hepatocyte death in RIPK1LPC-KO mice. Thus, 
we suggest that, in RIPK1LPC-KO mice, LPS 

activated TLR4, mainly present on KC, which 
induced the release of cytokines deleterious for 

hepatocytes. In accordance with others, we 
found an important reduction of serum TNF-α 
level in mice depleted of macrophages after 

LPS challenge [30] [31], suggesting a 
deleterious role of TNF-α in RIPK1LPC-KO mice. 

Moreover TNF-α release by LPS-activated KC 
has been shown to play a key role during acute 
and chronic liver diseases in different mice 

models, where it was shown to promote fibrosis 
and hepatolysis [15] [16] [40]. In the same way, 

we showed that TNF-α inhibition with 
Etanercept fully protected hepatocytes from the 
apoptosis induced by LPS in RIPK1LPC-KO. The 

low hepatolysis observed after LPS treatment in 
RIPK1LPC-KO mice previously depleted from 

their macrophages can be probably attributed to 
the small detected quantities of TNF-α, which 
may originate from the few surviving 

macrophages which escaped from Lip-Cl2MBP 
pretreatment, and/or from other liver cells such 

as liver sinusoidal endothelial cells.  

Thus, our data showed that physiological TNF-
α quantities mainly produced by KC after LPS 
administration induce hepatocyte apoptosis in 

RIPK1LPC-KO mice. Moreover, TNF-α seemed 
to be the main cell death effector in RIPK1LPC-

KO mice after LPS injection. In the Figure 6, we 
proposed a schematic model on the vital role 
played by RIPK1 to maintain liver homeostasis 

under elevated PAMPs conditions. 

In conclusion, the sensitivity of RIPK1LPC-KO 
mice to PAMPs such as LPS and CpG-DNA, 

could be used as a model to test some TLR 
inhibitors or probiotics and antibiotics which 
are currently investigated to reduce 

inflammatory response induced by high 
bacterial translocation in the liver [5]. 

Moreover, this sensitivity of RIPK1 LPC-KO mice 
to PAMPs highlights the importance of the 
preservation of the RIPK1 function to mainta in 

the liver homeostasis. Thus, analysis of Ripk1 
gene polymorphism or RIPK1 expression could 

be helpful in the management of patients with 
chronic hepatitis and their risk to develop 
ACLF. 
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LEGENDS OF FIGURES 

Figure 1. RIPK1 deficiency sensitized mice to unmethylated CpG DNA motifs. 
(A) Levels of serum ALT and AST in WT and RIPK1LPC-KO mice, 8.5 h after PBS or CpG ODN 
injection (each dot represents an individual and errors bars are expressed as means +/- SEM. (*, # 

p<0.05; **, ## p<0.01; ***, ### p<0.001, ns: non-significant). (B) Pictures of liver tissue sections, 
stained by H&E (upper panel), analyzed by TUNEL (in red) and DAPI (in blue) 

immunofluorescence (middle panel) or analyzed by IHC for cleaved caspase-3 (lower panel), 
issued from WT or RIPK1LPC-KO mice, 8.5 h after CpG ODN challenge. Black arrows show the 
dead cells.  

Figure 2. RIPK1 deficiency sensitized mice to LPS. 
(A) Levels of serum ALT and AST in WT and RIPK1LPC-KO mice, 8.5 h after PBS or LPS injection. 
(B) Pictures of liver tissue sections, stained by H&E (left panel), analyzed by TUNEL (in red) and 

DAPI (in blue) immunofluorescence (middle panel) or analyzed by IHC for cleaved caspase-3 
(right panel), issued from WT and RIPK1LPC-KO mice, 8.5 h after LPS challenge. (C) Levels of 
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serum TNF-α, IL-6 and MIP-1α/CCLγ from WT and RIPK1LPC-KO mice, 1.5 h or 8.5 h after LPS 
injection. On dot plots, each dot represents an individual and errors bars are expressed as means 
+/- SEM. (*, # p<0.05; **, ## p<0.01; ***, ### p<0.001, ns: non-significant).   

Figure 3. Depletion of Kupffer cells reduced LPS mediated hepatitis in RIPK1LPC-KO  mice. 

(A) Pictures of liver tissue sections, analyzed by IHC for F4/80, issued from RIPK1LPC-KO mice 
8.5 h after LPS or PBS injection with an eventual pre-treatment during 48 h with liposomes 

encapsulated Cl2MBP (Lip- Cl2MBP). (B) Serum levels of MIP-1α/CCLγ collected 1.5 h after 
LPS injection and (C) of AST and ALT, collected 8.5 h after LPS injection in RIPK1LPC-KO mice 
pre-treated or not with Lip-Cl2MBP. (D) Pictures of liver tissue sections, stained by H&E (upper 

panel), analyzed by TUNEL (dead cells in red) and DAPI (nuclei in blue) immunofluorescence 
(middle panel) or analyzed by IHC for cleaved caspase-3 (lower panel), issued from RIPK1LPC-KO 

mice, 8.5 h after LPS injection with an eventual pre-treatment with Lip-Cl2MBP. (E) Western-blot 
analysis of -actin and cleaved-caspase 3 in protein extracts issued from the liver of WT or 
RIPK1LPC-KO mice, collected 8.5 h after LPS injection with an eventual pre-treatment with Lip-

Cl2MBP. On dot plots, each dot represents an individual and errors bars are expressed as means 
+/- SEM. (* p<0.05; ** p<0.01; *** p<0.001). 

Figure 4. Kupffer cells induced LPS mediated liver damage in RIPK1 mice in a TNF-

dependent manner. 
(A) Serum levels of TNF-α collected 1.5 h after LPS injection in RIPK1LPC-KO mice pre-treated or 

not with Lip-Cl2MBP. Each dot represents an individual and errors bars are expressed as means 
+/- SEM. (* p<0.05; ** p<0.01; *** p<0.001). (B) TNF-α (red) and F4/80 (green) 
immunofluorescence staining on liver sections from RIPK1LPC-KO mice, collected 8.5 h after LPS 

injection with an eventual pre-treatment with Lip-Cl2MBP. Nuclei were stained by Hoechst (blue). 
White and orange arrows show TNF positive cells, and TNF and F4/80 positive cells, respectively.  

Figure 5. LPS induced TNF mediated liver damage in RIPK1LPC-KO  mice. 

 (A) Levels of serum ALT and AST and (B) pictures of liver tissue sections, stained by H&E (left 
panel), analyzed by TUNEL (dead cells in red) and DAPI (nuclei in blue) immunofluorescence 
(middle panel), or analyzed by IHC for cleaved caspase-3 (right panel), issued from RIPK1LPC-KO 

mice, 8.5 h after PBS or LPS injection with an eventual pre-treatment with Etanercept (ETA) 
injection (each dot represents an individual and errors bars are expressed as means +/- SEM. (*, # 

p<0.05; **, ## p<0.01; ***, ### p<0.001, ns: non-significant). (C) Western-blot analysis of 
RIPK1, -actin, transmembrane (tm) and soluble (s) forms of TNF-α and cleaved-caspase 3 in 
protein extracts issued from the liver of WT or RIPK1LPC-KO mice, collected 8.5 h after LPS 

injection with an eventual pre-treatment with ETA. 

Figure 6. Role of RIPK1 in PAMPs mediated hepatitis.  
During some chronic liver diseases, such as acute on chronic liver failure, different factors such as 

gut permeabilization induce elevated PAMPs translocation in the liver. LPS and CpG are recognize 
respectively by TLR4 and 9 carried by Kupffer cells (KC) which promote inflammatory cytokine 
production such as TNF-α. Transmembrane (tm-) or (s-) soluble TNF can be inhibited by 

Etanercept (ETA), if not, they bind the TNFR1 on hepatocyte and promote recruitment of RIPK1 
under the receptor which plays a protective role by inhibition of caspase activation.  

Supplementary Figure1.  

Western-blot analysis of RIPK1 and -actin, in protein extracts issued (A) from the liver, (B) or 
from primary hepatocyte cultures (PH) of WT or RIPK1LPC-KO mice.  
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III.3. ARTICLE III : RIPK1 protège contre le dommage hépatique induit 

par l’activation de Fas et TRAIL-R2 

 

Aveline Filliol, Claire Piquet-Pellorce, Valentine Genet, Catherine Lucas-Clerc, Peter 

Vandenabeele, Mathieu JM Bertrand, Jacques Le Seyec and Michel Samson. 

 

Article en préparation 

 

Introduction de l’article. 

La mort des hépatocytes est considérée comme un facteur initiateur du déclenchement et de la 

progression des maladies hépatiques. En effet, lorsqu’elle est excessive, l’hépatolyse risque de 

compromettre les fonctions hépatiques et quand elle persiste, elle induit une inflammation et des 

processus de régénération chroniques favorisant le développement de la fibrose et du CHC. Les 

cellules immunitaires jouent un rôle majeur dans l’induction de l’hépatolyse via l’expression et la 

libération de facteurs de mort appartenant à la superfamille du TNF. En effet les données cliniques 

suggèrent un important rôle du TNF-α, de FasL et de TRAIL dans l’induction de la mort des 

hépatocytes. La protéine RIPK1 est capable d’interagir avec plusieurs récepteurs de mort tels que 

le TNFR1, Fas et TRAIL-R2/DR5. Ces ligands de mort sont également impliqués dans 

l’hépatolyse induite par l’administration de Concanavaline A (ConA) chez la souris et nous avons 

précédemment montré, dans l’article I, le rôle de RIPK1 dans la survie des hépatocytes induite par 

le TNF-α dans ce modèle. Cependant, le blocage du TNF-α chez des souris conditionnellement 

déficientes pour RIPK1 dans les cellules parenchymateuses du foie (Ripk1LPC-KO) n’inhibe pas 

totalement la mort des hépatocytes induite par la ConA. Afin d’étudier le rôle de RIPK1 en aval 

des récepteurs du FasL et de TRAIL (respectivement Fas et TRAIL-R2/DR5), nous avons dans ce 

travail étudié l’hépatolyse induite par un agoniste de Fas (mAb-Jo2) ainsi que par une co-

administration d’IFN-γ et de TRAIL recombinantes chez les souris Ripk1LPC-KO. Comme cette 

souche de souris est très sensible à l’hépatolyse induite par le TNF-α, nous avons également vérifié 

l’implication du TNF-α dans ces deux modèles par sa neutralisation via l’administrat ion 

d’Etanercept. Cette étude a permis de montrer que i) l’absence de RIPK1 dans les LPC sensibilise 

les souris à l’hépatite induite par le mAb-Jo2, ii) que l’hépatolyse induite par Fas chez les souirs 

Ripk1LPC-KO est dépendante des caspases et indépendante du TNF-α, iii) la co-administrat ion 

d’IFN-γ et de TRAIL mais pas des cytokines seules induit une mort des hépatocytes uniquement 

chez les souris Ripk1LPC-KO qui est dépendante des caspases et totalement inhibée par le blocage 

du TNF-α.  
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Nos résultats mettent en évidence le rôle protecteur de RIPK1 dans la signalisation du TNF-α et 

suggère que la sensibilité accrue des souris Ripk1LPC-KO à l’hépatite à ConA est dépendante de 

l’activation de Fas. De plus nos données, en association avec ceux de l’article I et II démontrant le 

rôle crucial de RIPK1 dans la signalisation du TNF-α et renforcent l’importance de la préservation 

de la fonction d’échafaudage de RIPK1 dans la survie des hépatocytes au cours des maladies 

hépatiques. 
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ABSTRACT (227 words) 

In liver diseases, hepatocyte death is a starting point of liver disease progression. Immune cells 
play a key role in this process, mainly by activation of the death receptors belonging to the Tumor 

Necrosis Factor (TNF) superfamily. The Receptor Interacting Protein Kinase 1 (RIPK1) is able to 
interact with the death domain of TNFR1, Fas or TRAIL-R2. Scaffold function of RIPK1 is 
involved in the maintenance of hepatocyte survival under TNF signaling. However its role under 

TRAIL and Fas receptors is poorly understood. In this work we used conditional knockout mice 
for RIPK1 in liver parenchymal cells (Ripk1LPC-KO) and studied the role of Fas and TRAIL 

signaling by administration of the Fas-agonist (mAb-Jo2) in mice or by a treatment with 
recombinants INF-γ and TRAIL. As Ripk1LPC-KO mice are highly susceptible from TNF-α-induced 
hepatocyte death, we studied the role of TNF-α in these models by using Etanercept, a TNF-α 

decoy receptor. Our data showed that i) Ripk1LPC-KO mice were susceptible from Fas-mediated 
hepatocyte death, ii) this death was apoptotic and independent of TNF-α signaling, iii) 

recombinants INF-γ and TRAIL co-treatment but not the cytokines alone triggered apoptotic 
hepatocyte death only in Ripk1LPC-KO in a TNF-α dependent manner. As a consequence, our data 
highlight the protective role of RIPK1 under the Fas receptor in mice, and suggest the important 

protective role of RIPK1 in hepatocytes during human liver diseases.  
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INTRODUCTION 

The Receptor Interacting protein kinase 1 
(RIPK1) is a regulator of cellular responses 
induced by the Tumor Necrosis Factor (TNF) 

receptor superfamily such as TNF-α, Fas (or 
Apo1L/CD95L) [1] and TNF-Related 

Apoptosis Inducing Ligand (TRAIL) [2, 3]. 
RIPK1 roles has been actively studied this last 
decade, but mainly for TNFR1 signaling [4]. 

These works highlighted the key role of RIPK1 
as a cell-fate switch engaging cells either in 

survival or death pathways [5, 6]. While the 
scaffold function of RIPK1 promotes cell 
survival through NF-kB activation or TRAF2 

stabilization [7-10], its kinase activity initiates 
apoptotic or necroptotic signaling [5, 11]. 

We and others have recently demonstrated that 

RIPK1 protects hepatocytes from massive death 
during an acute hepatitis experimenta l ly 

induced by the Concanavalin A lectin (ConA) 
[12, 13]. During liver diseases, members of the 
TNF superfamily such as TNF-α, FasL and 
TRAIL are expressed and released by immune 
cells, playing a key role in directly or indirect ly 
triggering hepatocyte death [14, 15]. The ConA 

carbohydrate-binding protein is known to 
induce both activation and recruitment of 

hepatic immune cells such as natural killer T 
(NKT) –cell involved in inflammation and 
hepatocyte death. Thus, depletion of NKT-

lymphocytes or of the invariant-NKT 
subpopulation avoids the liver injury normally 

induced by ConA [16-18]. In this hepatitis 
context, cytokines, such as TNF-α and IFN-γ, 
participate in liver injury by promoting 

favorable inflammatory conditions dependent 
of non-parenchymal cells. Indeed, specific 

deletion of TNFR1 in myeloid-derived cells, but 
not in liver parenchymal cells, protects from 
ConA hepatitis [19], while IFN-γ have been 

shown to promote NKT-activation [20]. 
Besides, TRAIL and FasL, mainly expressed by 

the hepatic NK- and NKT-cells, are most likely 
responsible for the direct induction of 
hepatocyte death since their inhibition or 

deletion prevents ConA-induced liver damage 
[17, 21-25]. 

Since RIPK1 has been described to interact with 

TRAIL-Receptor 2 (TRAIL-R2 or DR5) and 
Fas (or Apo1/CD95), we hypothesized that 

RIPK1 would step in downstream of these two 

receptors during hepatitis. These death 
receptors share some signaling effectors and 
their activation allows the recruitment of the 

death inducing signaling complex (DISC) 
which triggers caspase activation and ultima te ly 

apoptosis [26, 27]. The mouse liver is highly 
sensitive to a single injection of a Fas agonist 
[28] or of FasL [29]. Indeed, it induces 

fulminant hepatitis by triggering acute 
hepatocyte and liver sinusoidal endothelial cell 

(LSEC) death in a dose dependent manner, 
which lead to liver hemorrhages and death of 
the mice [28-30]. In contrast, a single injection 

of TRAIL does not induce hepatolys is. 
However, co-injection of soluble-DR5 or the 

use of TRAIL knockout (KO) mice have been 
shown to protect the animals from liver damage, 
suggesting that inflammatory conditions 

induced by ConA sensitized hepatocytes to 
death induced by TRAIL. 

In this study, we addressed the role of RIPK1 

during FasL or TRAIL signaling by taking 
advantage of conditional mice specifica lly 
deficient in RIPK1 in liver parenchymal cells 

(Ripk1LPC-KO). 

 

MATERIALS AND METHODS 

Animals and treatment protocols 
Ripk1LPC-KO mice were generated by crossing 

Ripk1fl/fl strain [31] with Alfp-Cre transgenic 
mice having a Cre recombinase driven by the 

serum albumin gene promoter completed with 
albumin and α-fetoprotein enhancers [32]. In all 
experiments, genetically modified mice were 

systematically compared to their littermates.  
Homogeneous groups of male and female mice 

at 7 to 13 weeks of age were used for each 
experiment. Mice fasted for 24 h received Fas 
agonist (mAb, Jo2) antibody (BD Pharmingen, 

#554255) via intraperitoneal (i.p.) route at a 
dose of 0.15 mg/kg body weight (10 µL/g body 

weight). Recombinant-murine TRAIL (rm-
TRAIL) (Peprotech, 315-19) was injected in 
intravenous (i.v) route at a dose of 1.5 mg/kg 

body weight (4 µL/g body weight), 2 h after i.v. 
injection of IFN-γ (Peprotech, AF-315-05) at a 

dose of 0,35 mg/kg body weight or of PBS, as 
control. An i.p. injection was used to deliver 
Etanercept (Enbrel, Pfizer) to mice at a dose of 

10 mg/kg body weight (10 µL/g body weight), 
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1 h before mAb-Jo2 or recombinant murine 
IFN-γ (rm-IFN-γ) injection. Mice were 
sacrificed at the indicated time.  

Histopathological and biochemical studies 

Fragments of mouse livers were fixed in 4% 
paraformaldehyde and embedded in paraffin for 

IHC and hematoxylin and eosin (H&E). For 
histopathology, H&E staining of liver tissues 
was carried out to investigate liver injury. 

Serum aspartate and alanine transaminases 
(ALT and AST, respectively) was measured 

according to the IFCC primary reference 
procedures using Olympus AU2700 
Autoanalyser® (Olympus Optical, Tokyo, 

Japan). 

Immunolocalization in liver tissues 
For immunolocalization of cleaved caspase-3 in 

liver tissues, paraffin-embedded mouse liver 
sections (5 µm) were dried 1 h at 58°C, 

followed by antigen retrieval and incubated 
with primary antibody (Cell Signaling, 9661S) 
in a Ventana automated machine (Ventana 

Medical Systems, USA). Revelation of primary 
antibody was carried out using horseradish 
peroxidase (HRP)-conjugated secondary 

antibody (Dako, USA) and DAB substrate kit 
(Ventana, #760-124). Slides were then 

counterstained with hematoxylin. TUNEL 
analysis was performed on paraffin-embedded 
mouse liver sections (5 µm), incubated after 

antigen retrieval with a mix, composed of 
terminal transferase (Roche, #3333566011) and 

digoxigenin-11-UTP (Roche, #1558706) 
followed by HRP-anti-digoxigenin (Ventana, 
#760-4822). Revelation was used according to 

the manufacturer with the Discovery 
Rhodamine kit (Ventana #760-233) followed by 

nucleus labelling with DAPI. 

All paraffin-embedded mouse liver sections 
were scanned with a digital slide scanner 

(Hamamatsu, Nanozoomer 2.0-RS) and files 
were analysis with the NDP viewer software.  

RNA analysis 
Fragments of liver from mice were collected 

after sacrifices and frozen in liquid nitrogen and 
conserved at -80°C. Total RNA was extracted 

from mice livers using TRIzol reagent 
(Invitrogen). First-strand cDNA was 
synthesized using the SuperScriptTM II Reverse 

Transcriptase (Invitrogen). Real- time 

quantitative PCR was performed using the 
fluorescent dye SYBR Green with the double-
strand specific SYBR® Green system (Applied 

Biosystems) and the ABI 7000 Prism sequence 
detector (Applied Biosystems) or the CFX384 

Touch™ Real-Time PCR Detection System 
(Bio-Rad). cDNA was used as template for 
amplification with specific primer pairs (Table 

1). Each measurement was performed in 
triplicate. The relative gene expression was 

normalized against the 18S gene expression. 
The control mice in each treatment group served 
as a reference for messenger RNA (mRNA) 

expression (control mRNA level was arbitrarily 
set at 1). 

Protein extraction and western blotting  

Mouse liver specimens were lysed in RIPA 
buffer (50 mM Tris-HCl pH 7.4; 1 % Triton X-
100; 25 mM HEPES; 150 mM NaCl; 0,2 % 

SDS; 5 mM MgCl2; 1 mM Na3VO4; 1 mM NaF) 
containing proteases inhibitors (Roche, 

#04 693 132 001) using UltraTurax. After 40 
min in ice, samples were centrifuged at 15,000 
g. Proteins from diluted supernatant were 

assayed with the Bradford method (BioRad). 
Proteins were separated by SDS-PAGE and 

transferred onto nitrocellulose membrane. 
Membranes were blocked with non-fat milk in 
TBS (20 mM Tris, 137 mM NaCl) during 1-2 h 

and incubated overnight with primary antibody 
anti-cleaved Caspase-3, anti-RIPK1 (Cell 

Signaling, 3493) anti-actin (Sigma A3854), 
anti-phospho-Thr183/Tyr185-JNK (Cell 
Signaling, 9251), anti-JNK (Calbiochem, 

559304) or anti-TNF-α (Abcam, ab6671)  at 
4°C, and then with secondary goat anti-rabbit 

immunoglobulins/HRP (Dako, P0448). Protein-
antibody complexes were revealed by enhanced 
chemiluminescence (Millipore) and 

ImageQuant LAS-4000 mini imager analysis 
(GE-Healthcare). 

Serum cytokine dosage 

Murine TNF-α was quantified by ELISA 
(Peprotech, 900-M54) or bead-based 
immunoassays according to manufacturer 

protocol, using a filter plate and a vacuum 
filtration system for washing steps 

(BioLegend’s LEGENDPLEX, multi-ana lyte 
flow assay kit). Samples were analyzed on a 
LSR Fortessa cytometer (BD Biosciences). 

Statistical analysis 
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Data were expressed as means +/- SEM for all 
mice treated similarly. Kruskal–Wallis one-way 
analysis of variance (ANOVA) was performed, 

and mean differences between experimenta l 
groups were assessed using the non-parametric 

Mann–Whitney U-test with the GraphPad 
Prism5 software. The significance is shown as 
follows: * p<0.05, ** p<0.01, *** p<0.001, 

Ripk1fl/fl mice versus RIPK1LPC-KO mice. # 
p<0.05, ## p<0.01, ### p<0.001, mice treated 

with ConA, mAb-Jo2, rm-IFN-γ or rm-TRAIL 
versus mice treated with PBS. 

 

RESULTS AND DISCUSSION 

We have previously described the susceptibility 

of conditional RIPK1 deficiency in liver 
parenchymal cells to TNF-α- and ConA-
induced liver injury [13]. Even if the use of 

Etanercept (ETA), a TNF-α decoy receptor, 
significantly reduced liver injury, it did not fully 

protect animals from ConA-hepatitis (Fig. 1A). 
This suggested that other factors may take part 
in the hepatocyte death process, such as FasL 

and/or TRAIL which have been shown to be 
involved during ConA-induced liver injury [17, 

21-25]. Thus, FasL, Fas and DR5 transcripts 
were significantly up-regulated in Ripk1LPC-KO 
mice and their WT littermate (Ripk1fl/fl) after 

ConA treatment. The TRAIL transcripts tend to 
also be induced at a lesser extent, in both WT 

and Ripk1LPC-KO groups but only significantly 
for WT mice (Fig 1B). As Fas activation with 
the Fas-agonist mAb-Jo2 has been shown to 

induce acute liver injury [28], we used this 
hepatitis model to explore the role of RIPK1 

under Fas signaling. While injection of a low 
dose (0,15 mg/kg) of mAb-Jo2 provoked a mild 
hepatitis in WT mice, the same treatment 

elicited more important liver damage in 
Ripk1LPC-KO mice, as shown by higher levels of 

serum transaminases (Fig. 2A) and by the 
increase number of necrotic areas and of 
TUNEL positive cells, 6 h after mAb-Jo2 

injection (Fig. 2B). In this model, it has been 
stated that hepatocytes die by caspase-

dependent apoptotic pathway as demonstrated 
by the resistance of hepatocyte-specific 
caspase-8 deficient mice to Fas agonist induced 

liver injury [33]. Activation of c-Jun N-terminal 
kinases (JNKs) is also known to take part in the 

apoptotic death process of hepatocytes in 

different murine hepatitis models [34], 
including those induced by Fas [35]. Therefore, 
we decided to investigate the apoptosis 

signaling by assessing the rate of cleaved-
caspase-3 and of JNK activation in the livers of 

Ripk1fl/fl and Ripk1LPC-KO mice. As expected, the 
cleaved-caspase-3 labelling of hepatic tissues 
issued from WT mice revealed positive 

hepatocytes around the portal veins. Moreover, 
an activation of JNK1/2 was found 6 h after 

mAb-Jo2 treatment as revealed by their 
enhanced phosphorylation status. However, the 
activation of these both apoptotic markers 

proved to be more important in the Ripk1LPC-KO 
mice (Fig. 2C and Fig. 2D). Altogether, these 

data showed that RIPK1 deficiency in liver 
parenchymal cells sensitized mice to liver injury 
induced by the Fas agonist, which resulted from 

an increasing caspase activation, itself under the 
dependence of JNK activation. The observed 

hepatocyte death was also associated with an 
increase of the liver inflammation, as shown by 
the upregulation of TNF-α, IL-1  and IL-6 

transcripts in Ripk1fl/fl after mAb-Jo2 treatment, 
which were even more substantial in the liver of 

Ripk1LPC-KO mice (Fig. 2E).  

To investigate the protective role of RIPK1 in 
the hepatocyte death process induced by Fas, we 
next evaluated transcription of some genes 

whose proteins are known to be involved in cell 
survival such as A20, the inhibitor of apoptosis 

proteins (IAP) XIAP and cIAP2, and the Bcl-
xL, cFLIP and Bcl2 anti-apoptotic proteins. 
Indeed, hepatocyte specific Bcl-xL KO and A20 

total KO mice developed both liver 
inflammation and injury [36, 37], suggesting 

their important hepatoprotective role. Moreover 
Bcl-xL specific anti-sense oligonucleotides 
have been shown to sensitized mice from Fas-

induced liver injury [38]. Thus, analysis were 
performed in Ripk1fl/fl and Ripk1LPC-KO mice, 6 h 

after mAb-Jo2 injection. Transcription rates of 
XIAP, cIAP2, cFLIP and Bcl-2 were never 
significantly modified after treatment in both 

strain mice (Fig. 3A). In contrast, A20 and Bcl-
xL transcripts were up-regulated in Ripk1fl/fl and 

Ripk1LPC-KO mice. Moreover, A20 mRNA was 
significantly higher in the Ripk1LPC-KO mice 
livers. Although not statistically significant, a 

similar trend was also observed for Bcl-xL (Fig. 
3A). These observations did not support the 

hypothesis that RIPK1 could protect 
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hepatocytes from Fas-induced apoptosis by 
transcriptional upregulation of anti-apoptotic 
pathways. The surprising up-regulation of these 

genes in Ripk1LPC-KO mice after Fas-agonist 
treatment however suggests a RIPK1-

independent induction of a hepatoprotective 
process dedicated to the repair of liver damage. 
Indeed, as IL-6, a well-known cytokine 

involved in the liver repair [1, 39, 40] and that 
was also more upregulated in Fas-agonist 

Ripk1LPC-KO treated mice (Fig. 2E), the 
production of A20 may be stimulated rather for 
liver repair purpose since its role in the 

regenerative response has already been 
suggested [41]. Accordingly, when the 

correlation between the expression levels of IL-
6, A20 and Bcl-xL transcripts with the serum 
transaminase levels in Ripk1fl/fl and Ripk1LPC-KO 

mice was analyzed, it appeared that these 
mRNA were positively and significantly 

correlated with the hepatolysis severity (Fig. 
3B), suggesting that their up-regulation result 
from the induction of liver damage by the Fas-

agonist.  

Although induced by different cues, the 
transcription of the A20 gene is well known to 

also result from TNF-α stimulation. Moreover, 
we observed that TNF-α transcripts were up-
regulated during Fas-agonist-induced-hepatit is 

in both tested murine strains (Fig. 2E). Since we 
previously showed that, unlike their WT 

counterparts, Ripk1LPC-KO mice are susceptible 
to TNF-α-induced liver damage, we next 
investigated the potential contribution played 

by TNF-α during the Fas-agonist induced 
hepatitis. TNF-α could not be detected in the 
serum of challenged Ripk1fl/fl and Ripk1LPC-KO 
mice (data not shown), because their levels were 
below the detection threshold of the ELISA test. 

However, the cytokine could be detected in liver 
extracts by western-blot analysis. Even if the 

used anti-TNF-α antibody has been described as 
being able to recognize both soluble and 
transmembrane TNF-α forms, only its 
transmembrane form was detected in mouse 
livers, with weaker signals in Ripk1LPC-KO 

specimens (Fig. 3A). In parallel, we found that 
TNF-α neutralization by prior ETA injection 
never improved liver injury induced by the Fas-

agonist whatsoever in Ripk1fl/fl or Ripk1LPC-KO 
mice, as assessed by serum transaminase 

releasing (Fig. 3B). Accordingly, liver from 

Ripk1LPC-KO mice which received ETA and the 
mAb-Jo2 displayed large necrosis areas, and a 
large number of cleaved-caspase-3 positive 

cells, similar to those revealed for Ripk1LPC-KO 
mouse livers only receiving the Fas-agonist 

(Fig. 3C). All these data demonstrate that the 
susceptibility of Ripk1LPC-KO mice to Fas-
induced liver injury is TNF-α independent and 
thus strongly suggest the protective role played 
by RIPK1 during the Fas signaling. Apparent 

contradictory data were recently published [12]. 
In this article, authors showed that the in vivo 
Ripk1 knockdown did not affect Fas-induced 

liver injury. This discrepancy may be explained 
by their approach using antisense 

oligonucleotide which reduced but not 
completely abolished the expression of RIPK1. 
Thus, one cannot exclude that remaining RIPK1 

was sufficient to protect hepatocyte from the 
liver injury induced by Fas agonist. Moreover, 

in contrast to our model, Ripk1 knockdown 
affected not only liver parenchymal cells but 
also most probably the immune hepatic 

microenvironment triggered by mAb-Jo2 
injection.  

During ConA hepatitis, TRAIL has been shown 

to contribute in the liver injury process [21, 24], 
but implied mechanisms are not fully 
understood. Indeed, unlike Fas-agonist, in vivo 

treatment with TRAIL never induces 
hepatolysis [42]. Zheng et al. have proposed 

that the microenvironment induced by ConA 
sensitizes hepatocytes to TRAIL-induced cell 
death [24]. As IFN-γ has been shown to be 
implied during ConA hepatitis [43]; [25, 44]  
and since this cytokine also sensitized some 

cells to TRAIL-induced apoptosis [45, 46], we 
decided to investigate the in vivo role of RIPK1 
under TRAIL and IFN-γ stimulation. Whereas 
single injections of TRAIL or IFN-γ did not 
induced hepatolysis in Ripk1fl/fl and Ripk1LPC-KO 

mice, their co-injection was able to trigger 
hepatocyte apoptosis only in Ripk1LPC-KO mice, 
as assessed by the observed moderate levels of 

serum transaminase, and necrotic and cleaved-
caspase 3 positive cells in the liver of these mice 

(Fig. 5A and 5B). However, this hepatolys is 
could be completely prevented by the use of 
ETA. As we previously showed that Ripk1LPC-

KO mice are susceptible to TNF-α induced liver 
injury, this strongly suggested that IFN-γ and 
TRAIL co-stimulation triggered TNF-α release 



91 

 

which in turn induced hepatocyte death due to 
the lack of RIPK1. Accordingly, low levels of 
serum TNF-α were detected 8 h after TRAIL 
injection in Ripk1LPC-KO mice pre-treated with 
IFN-γ (9.2γ ± 2.17 pg/mL). 

Finally, our data showed that RIPK1 in 

hepatocytes is able to limit the hepatic injur ies 
induced by FasL which is independent of TNF-
α. Consequently, this suggested that the 

remaining hepatolysis observed in Ripk1LPC-KO 
mice treated with ETA and ConA (Fig. 1A) was 

most likely dependent of FasL. In order to 
confirm this hypothesis, experiments blocking 
both FasL and TNF-α signaling during ConA 

hepatitis in Ripk1LPC-KO mice would be 
informative. Like for TNF-α, FasL is known to 
be involved in several liver diseases. As a 
consequence, our data consolidate the 
protective role of RIPK1 in dysimmune 

hepatitis and the risks of potential defects in the 
RIPK1 scaffolding function that would sensitize 

hepatocyte to the death, risking to worsen 
hepatitis and even to increase HCC onset. 
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LEGENDS OF FIGURES 

Figure 1. TNF-α inhibition partially protects from ConA-induced liver injuries in Ripk1LPC-

KO mice, role of the FasL and TRAIL signaling. 
(A) Levels of serum ALT, 11 h after ConA or PBS injection in Ripk1LPC-KO mice, eventually pre-
treated with Etanercept. Number of mice for each group: PBS (n=6), ConA (n=10) and 

ETA+ConA (n=5) (B) Levels of hepatic TNF-α, IL-1  and IL-6 transcripts in Ripk1fl/fl or Ripk1LPC-

KO mice treated with ConA or PBS (n=3-5). (*, #p<0.05; **, ## p<0.01; ***, ### p<0.001). 
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Figure 2. RIPK1 sensitizes mice to Fas-mediated liver injuries 
(A) Levels of serum ALT and AST, 6 h after mAb-Jo2 injection in Ripk1fl/fl and Ripk1LPC-KO mice. 
(B) Pictures of liver tissue sections, stained by H&E (upper panel) or analyzed by TUNEL (in red) 

and DAPI (in blue) immunofluorescence (lower panel) issued from Ripk1fl/fl and Ripk1LPC-KO mice, 
6 h after mAb-Jo2 injection. White arrows shown necrotic areas or apoptotic hepatocytes. (C) 

Immunostaining of cleaved-caspase-3 in the livers of Ripk1fl/fl and Ripk1LPC-KO mice, 6 h after 
mAb-Jo2 injection. The graph represents signal quantification of cleaved-caspase-3 measured on 
these livers (each dot represents an individual). (D) Western-blot analysis of cleaved-caspase-3 

and -actin (upper panel) or phosphorylated and total form of JNK1/2 proteins  (lower panel) in 
protein extracts issued from the livers of Ripk1fl/fl and Ripk1LPC-KO mice, collected 6 h after mAb-

Jo2 injection. Studied proteins are respectively indicated on the bottom of the gel. (E) Levels of 
hepatic TNF-α, IL-1  and IL-6 transcripts in Ripk1fl/fl or Ripk1LPC-KO mice 6 h after mAb-Jo2 
injection. Data are expressed ± SEM (*, # p<0.05; **, ## p<0.01; ***, ### p<0.001, ns: non-

significant). 

Figure 3. Up-regulation of pro-survival genes in Ripk1LPC-KO mice after Fas-agonist 
stimulation correlates with liver injury. 

(A) Levels of hepatic A20, XIAP, cIAP2, Bcl-xl, cFLIP and Bcl-2 transcripts in Ripk1fl/fl or 
Ripk1LPC-KO mice 6 h after mAb-Jo2 injection (n=4-7 mice). Data are expressed ± SEM (*, # 
p<0.05; **, ## p<0.01; ***, ### p<0.001, ns: non-significant). (B) Correlation analysis between 

measured serum ALT with levels of hepatic IL-6, A20 or Bcl-xl transcripts in liver tissues of the 
Ripk1fl/fl and Ripk1LPC-KO was performed using Pearson’s and Spearman’s correlation coefficient.  

Figure 4. Liver injury in Ripk1LPC-KO mice is independent of TNF-α 

(A) Western-blot analysis of RIPK1, TNF-α and -actin in protein extracts issued from the livers 
of Ripk1fl/fl and Ripk1LPC-KO mice, collected 3 h or 6 h after mAb-Jo2 injection. Studied proteins 
are respectively indicated on right of the gels (tm-TNF correspond to the transmembrane form). 

(B) Levels of serum ALT and AST and (C) pictures of liver tissue sections, stained by H&E (upper 
panel) or analyzed by IHC for cleaved-caspase-3 (lower panel), issued from Ripk1fl/fl and Ripk1LPC-

KO mice, 6 h after mAb-Jo2 injection. 

Figure 5: Co-injection of IFN-γ and TRAIL promotes liver injury in Ripk1LPC-KO mice in a 
TNF-α dependent manner. 
(A) Levels of serum ALT, 8 h after TRAIL or PBS injection with an eventual pre-treatment with 
IFN-γ and/or ETA in Ripk1fl/fl and Ripk1LPC-KO mice. (B) Pictures of liver tissue sections, stained 
by H&E (upper panel) or analyzed by IHC for cleaved-caspase-3 (lower panel), issued from 

Ripk1fl/fl and Ripk1LPC-KO mice, 8 h after TRAIL injection, pre-treated 2 h before with IFN-γ and 
with an eventual pre-treatment with ETA. White arrows show necrotic areas and apoptotic 

hepatocytes. 

Table 1. Sequence of primers used for qPCR 
Gene Forward Reverse 

Mouse 18S 5′-CGCCGCTAGAGGTGAAATTC-3′ 5′-TTGGCAAATGCTTTCGCTC-3′ 
Mouse TNFα 5′-TAGCTCCCAGAAAAGCAAGC-3′ 5′-TTTTCTGGAGGGAGATGTGG-3′ 
Mouse IL-6 5′-CCGGAGAGGAGACTTCACAG-3’ 5′-CAGAATTGCCATTGCACAAC-3′ 
Mouse IL-1β 5’-GAAGAAGTGCCCATCCTCTG-3’ AGCTCATATGGGTCCGACAG-3’ 
Mouse FasL 5′-GCAGCAGCCCATGAATTACC-3′ 5′-AGATGAAGTGGCACTGCTGTCTAC-3′ 
Mouse Fas 5′-CTCCGAGTTTAAAGCTGAGG-3′ 5′-TGTACTCCTTCCCTTCTGTGC-3′ 
Mouse TRAIL 5′-CCCTGCTTGCAGGTTAAGAG-3′ 5′-GGCCTAAGGTCTTTCCATCC-3′ 
Mouse DR5 5′-TGACGGGGAAGAGGAACTGA-3′ 5′-GGCTTTGACCATTTGGATCT-3′ 
Mouse Bcl-xl 5’- TGGAGTCAGTTTAGTGATGTCGAAG -3’ 5’- AGTTTACTCCATCCCGAAAGAGTTC -3’ 
Mouse cIAP2 5′-TCA GTG ACC TCG TTA TAG GCT T-3′ 5′-TCA CAC ACG TCA AAT GTT GGA A-3′ 
Mouse XIAP 5’-TGGGAAATAGAAATCCTTTTGC-3’  5’-TGG AGAGTTTGTTGAATTTGGG-3’ 
Mouse A20 5′-AAACCAATGGTGATGGAAACTG-3′ 5′-GTTGTCCCATTCGTCATTCC-3′ 
Mouse cFLIP 5′-GGATTACAAGGGATTACACAGGC-3′ 5′-CTGGTACTCCATACACTGGCT-3′ 
Mouse Bcl-2 5’-TTATAAGCTGTCACAGAGGGGCTAC-3’ 5’-GAACTCAAAGAAGGCCACAATCCTC-3’ 
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III.4. ARTICLE IV : La déficience en PARP2 affecte la maturation des iNKT et 

protège les souris du dommage hépatique induit par la Concanavaline A 
 

Aveline Filliol, Claire Piquet-Pellorce, Valentine Genet, Catherine Lucas-Clerc, Françoise 
Dantzer, and Michel Samson. 

 

Article actuellement en soumission dans Journal of Hepatology. 

 

Introduction de l’article. 

Nos observations précédentes montraient que le PJ-γ4 (inhibiteur de l’activité des protéines PARP) 

inhibait l’hépatolyse induite par la Concanavaline A (ConA) (travaux réalisés par l’équipe du Dr 

MT Dimanche Boitrel et en collaboration avec notre équipe). Les protéines PARP sont décrites 

pour jouer un rôle dans l'inflammation et la mort cellulaire, et plus particulièrement la parthanatos. 

Elles sont connues pour activer la mort des cellules suite à une surproduction de poly(ADP)-

ribosylation et donc indépendante de l'activation des caspases. Bien qu’encore mal compris, 

l’hépatolyse induite par la ConA est décrite comme non-apoptotique et suggère donc l'induction 

d'un autre type de mort cellulaire régulée (RCD). De plus, bien que les protéines PARP soient 

également impliquées dans l'induction de l'inflammation et que notre équipe a montré que le PJ-

34 ne semble pas modifier le microenvironnement inflammatoire induit par la ConA, ces 

observations suggèrent donc fortement un rôle de l'activité des protéines PARP dans l'induction 

de la mort hépatocytaire au cours de l'hépatite induite par la ConA.  

Dans cette large famille composée de 17 membres, seul PARP1 et PARP2 ont été identifiées 

comme présentant une activité enzymatique. Nous avons donc choisi d’étudier ces deux protéines 

au cours de l'hépatite à ConA par l’utilisation de souris Parp1 et Parp2 knockout (Parp1-/- et 

Parp2-/- respectivement). Nos résultats ont permis de montrer que l'absence de PARP2 mais pas 

de PARP1 réduisait l'hépatolyse induite par la ConA. L'analyse des populations immunitaires du 

foie, de la rate, du thymus et de la moelle osseuse révèle chez les souris Parp2-/- une déficience 

systémique en cellules NKT invariant (iNKT). Les lymphocytes NKT et plus particulièrement les 

iNKT sont les cellules effectrices conduisant à la mort des hépatocytes au cours de l’hépatite à 

ConA. Nos résultats suggèrent donc que le défaut de maturation des iNKT entraîne sa réduction 

au niveau systémique et donc au niveau du foie conduisant à la réduction de l'hépatolyse induite 

par la ConA et à la diminution de la gravité de l'hépatite. 
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PARP2 deficiency affects invariant-NKT-cell maturation and protects mice from 

Concanavalin A-induced liver injury.  
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Abstract (208 words) 

Background and aims: Excessive or persistent inflammation and hepatocyte death are the key 
triggers of liver diseases. The poly(ADP-ribose) polymerase (PARP) proteins induce cell death 

and inflammation. Chemical inhibition of PARP activity protects against liver injury during 
Concanavalin A (ConA)-induced hepatitis. In this mice model, ConA activates immune cells 
which promote inflammation and induce hepatocyte death, mediated by the activated invariant 

NKT-(iNKT) lymphocyte population. Materials and methods: We analyzed immune cell 
populations in the liver and several lymphoid organs such as spleen, thymus, and bone marrow in 

Parp2 deficient mice to better define the role of PARP proteins in liver immunity and inflammation 
at steady state and during ConA-induced hepatitis. Results: We show that i) the genetic 
inactivation of Parp2, but not Parp1, protected mice from ConA hepatitis without deregulat ing 

cytokine expression and leucocyte recruitment; ii) cellularity was lower in the thymus, but not in 
spleen, liver, or bone marrow of Parp2-/- mice; iii) spleen and liver iNKT lymphocytes, as well as 

thymic T and NKT lymphocytes were reduced in Parp2 knockout mice. Conclusion: Our results 
suggest that the defect of T-lymphocyte maturation in Parp2 knockout mice leads to a systemic 
reduction of iNKT cells, reducing hepatocyte death during ConA-mediated liver damage, thus 

protecting the mice from hepatitis.  
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INTRODUCTION 
Hepatitis can be caused by various insults such 
as alcohol, a high fat diet, food-derived toxins, 

or infections, and is characterized by hepatocyte 
death and inflammation [1]. Acute hepatitis is 

associated with massive hepatolysis which can 
lead to liver failure, whereas in chronic 
hepatitis, unresolved hepatolysis triggers the 

release of Damage Associated Molecular 
Patterns (DAMPs) which promote 

inflammation. This process induces an 
inflammation and cell death amplification loop 
that contributes to the progression of liver 

diseases [1, 2]. Blocking the pro-inflammatory 
hepatocyte death response could be beneficial to 

in treating liver diseases. 

During viral or auto-immune hepatitis, innate 
and adaptive lymphocytes kill hepatocytes 
which present proteins recognized as non-self-

antigens, by the activation of death receptors 
(DR). In mice, Concanavalin A (ConA)-

induced liver injury mimics immune cell-
mediated hepatitis in humans [3] and is 
dependent on innate Natural Killer T (NKT) 

lymphocytes. NKT cells are involved in 
numerous immune responses and are 

particularly abundant in the liver and spleen of 
mice. They have the ability to recognize lipids 
presented by CD1d which allows there 

distinction into two categories of NKT cells. 
Type I or invariant-NKT (iNKT) cells express 

an invariant T-cell receptor α-chain (TCRα; 
Vα14-Jα18) and are able to recognize the α-
Galactosylceramide (α-GalCer) presented by 

CD1d. Type II NKT cells express more diverse 
TCR Vα chains that cannot recognize α-GalCer 

and are characterized as CD4/CD8 double 
negative (DN). The iNKT are the major NKT 
subset in the liver and CD1d-/- (NKT deficient) 

mice as well as Vα14-/- (iNKT deficient) mice 
are protected from ConA-induced hepatitis [3-

6]. ConA activates liver immune cells which 
promote hepatocyte death in two ways. First, 
activated immune cells release large amounts of 

cytokines, such as TNF-α [7, 8], IFN-γ [9, 10], 
and IL-4 [11] which play key roles in the 

hepatocyte death process [3, 8, 12]. Second, 
activated NKT cells, potent producers of IFN- 
γ, kill hepatocytes by activation of the TNF-

superfamily DR [5, 13-15] and the 
perforin/granzyme B system [16]. Our group 

has extensively investigated the mechanisms of 

hepatocyte death during hepatitis. We and 
others have demonstrated a key role for PARP 
proteins in the liver. We have shown that 

inhibition of poly(ADP) ribose polymerase 
(PARP) 1 and 2 activity with the PJ-34-inhib itor 

protects mice from ConA-mediated hepatolys is 
[17, 18]. Mukhopadhyay et al. have shown that 
genetic or chemical inhibition of PARP1 also 

prevents liver inflammation and fibrosis 
induced by the hepatotoxic carbon tetrachlor ide 

(CCl4) or bile duct ligation [19]. PARP1 and 
PARP2 are activated by DNA strand breaks and 
use NAD+ as a substrate to synthetize chains of 

poly(ADPribose) onto various acceptor 
proteins, thereby inducing chromatin 

remodeling and the recruitment of DNA repair 
complexes [20]. In the last decades, PARP1 and 
PARP2 have also been found to play an 

important role in inflammation [21] and cell 
death [22]. In this study, we aimed to better 

define the roles of PARP1 and PARP2 proteins 
in ConA-induced hepatitis using the Parp1 and 
Parp2 knockout mouse models. 

 

MATERIAL AND METHODS 

Animals and treatment protocols 

C57BL/6 Parp1 and Parp2 genetica lly 
modified mice (Parp1-/- and Parp2-/-, 
respectively) were provided by Dr. F. Dantzer 

and generated as described previously [23, 24]. 
Heterozygous mice were crossed to obtain 

knockout and littermate WT mice. Adult male 
and female mice, of 10 to 12 weeks of age, were 
used for each experiment with the ConA model. 

ConA (C2010 Sigma-Aldrich, St. Louis, MO) 
was prepared at 3 mg/mL in PBS supplemented 

with 0.31 mM MnCl2 and 0.75 mM CaCl2 and 
administered by intravenous (i.v.) injection at a 
dose of 10 or 12 mg/kg body weight. For 

histopathological and biochemical studies, mice 
treated with ConA were compared to mice 

which received PBS supplemented with 0.31 
mM MnCl2 and 0.75 mM CaCl2. For all 
phenotypic immune cell analyses, adult (10 to 

12 weeks old) or early adult (five- week-old) 
mice were either not treated, to analyze the 

population at steady state, or treated with ConA. 
Animals were housed in individual cages and 
bred in specific pathogen-free conditions in the 

local animal house facilities. All treatment 
protocols were in accordance with the French 
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laws and the institution’s guidelines for animal 
welfare (agreement of M. Samson # R-2012-
CPP-01). 

Histopathological and biochemical studies 

Mouse liver biopsies were fixed in 4% 
paraformaldehyde and embedded in paraffin for 

IHC and hematoxylin and eosin (H&E) 
staining. For histopathology, H&E staining of 
liver tissues was carried out to investigate liver 

injury. Serum ALT and AST transaminases 
were measured according to the IFCC primary 

reference procedures using an Olympus 
AU2700 Autoanalyser® (Olympus Optical, 
Tokyo, Japan). 

RNA analysis 
Total RNA was extracted from mouse livers 
using TRIzol reagent (Invitrogen). First-strand 

cDNA was synthesized using the SuperScriptTM  
II Reverse Transcriptase (Invitrogen). Real-

time quantitative PCR was performed using the 
fluorescent dye SYBR Green with the double-
strand specific SYBR® Green system (Applied 

Biosystems) and the ABI 7000 Prism sequence 
detector (Applied Biosystems) or the CFX384 
Touch™ Real-Time PCR Detection System 

(Bio-Rad). cDNA was used as template for 
amplification using specific primer pairs (Table 

1). Each measurement was performed in 
triplicate. The relative gene expression was 
normalized against 18S rRNA gene expression. 

The control mice in each treatment group served 
as a reference for messenger RNA (mRNA) 

expression (the control mRNA level was 
arbitrarily set to 1).  

Immune cell analysis by flow cytometry 

Immune cells were prepared from spleen, 
thymus, or liver crushed on a 70 µm filter. Liver 
immune cells were isolated after sedimentat ion 

and cell fractionation on a 35% Percoll layer. 
For each organ, red blood cells were lysed using 

ammonium-chloride-potassium (ACK) buffer. 
Bone marrow immune cells were isolated by 
flushing two femurs with RPMI medium 

(Gibco). The number of immune cells was 
determined by counting in a Malassez counting 

chamber. 

Cell suspensions were labeled for 30 min with 
LIVE/DEAD fixable yellow stain (Life 
technologies, L34959) to exclude dead cells 

from the analysis. Cells were also pre-incubated 

with an anti-CD16/32 antibody (BD 
Pharmingen) to block non-specific binding 
before incubation with the appropriate 

fluorochrome-conjugated antibodies (BD 
Pharmingen, eBioscience): anti-CD3-FITC 

(clone 17A2), anti- TCR -V450 (clone H57-
597), anti-CD69-PE (clone H1.2F3), anti-
CD19-APC or anti-CD19-PE (clone 1D3), anti-

NK1.1-PerCP-Cy-5.5 (clone PK136), anti-
CD4-PE-Cy7 (clone RM4-5), anti-CD8-APC-

Cy7 (clone 53-6.7), anti-GR1-eFluor450 (clone 
FB6-8C5), anti-CD11b-PE-Cy7 (clone M1/70), 
anti-Sca1-PE (clone D7), anti-c-kit-PerCP-

eFluor710 (clone 2B8), anti-Ter119-eFluor780 
(clone Ter119), and empty CD1d tetramer or 

CD1d tetramer loaded with α- 
galactosylceramide (GalCer)-PE (provided by 
Dr. M. Leite de Morales). The stained cells were 

analyzed on a FACSAria™ II flow cytometer 
and data were analyzed using CXP software 

(Beckman Coulter). Doublets and dead cells 
were excluded on the basis of forward/side 
scatter and LIVE/DEAD labeling, respectively. 

The immuno-phenotyping used was as follows: 
B-lymphocytes: CD19+/CD3- cells; T-

lymphocytes: CDγ+/TCRV +/NK1.1-; NKT 
cells: CDγ+/TCRV +/NK1.1+; NK cells: CDγ-
/NK1.1+; and granulocytes: GR1+CD11b+. 

Lymphoid activation was studied by analyzing 
the expression of CD69. We calculated the 

percentage of each immune cell population, by 
considering the sum of events of all immune cell 
populations analyzed (sum of T, NK, NKT, B 

cells and myeloid cells) as 100% of the total 
immune cells. The absolute number in each 

immune cell population was calculated by 
multiplying the percentage of each population 
by the total number of immune cells. 

Statistical analysis 

Data are expressed as the means +/- SEM for all 
mice treated similarly. Kruskal–Wallis one-way 

analysis of variance (ANOVA) was performed, 
and mean differences between experimenta l 
groups were assessed using the non-parametric 

Mann–Whitney U-test using GraphPad Prism5 
software. The significance is shown as follows: 

* p < 0.05, ** p < 0.01, *** p < 0.001 for WT 
versus Parp2-/- or Parp1-/- mice. # p < 0.05, ## 
p < 0.01, ### p < 0.001 for mice treated with 

ConA, versus mice treated with PBS. $ p < 0.05, 
$$ p < 0.01, $$$ p < 0.001 for early adult mice 

versus adult mice. 
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RESULTS 

PARP2 but not PARP1 deficiency protects  
mice from ConA-induced hepatitis 

We investigated the role of PARP1 and PARP2 
proteins in hepatitis using adult knockout mice 

for PARP1 (Parp1-/-) and PARP2 (Parp2-/-) and 
comparing the results to those obtained using 
wild-type mice (WT). We challenged mice with 

ConA to induce hepatitis, or with PBS as a 
control, and evaluated liver damage using 

serum transaminase (ALT and AST) levels and 
hematoxylin coloration. In ConA induced-
hepatitis, the peak of hepatolysis occurs 11 h 

after ConA treatment [12]. Parp1-/- mice 
displayed visibly, but non-significantly, lower 

ALT and AST transaminase levels than WT 
mice at this time point. In contrast, Parp2-/- 
mice were highly protected from ConA-induced 

hepatitis as they had significantly lower (4-fold) 
levels of both AST and ALT than WT mice 

(Fig. 1A). Accordingly, H&E coloration of liver 
slides from Con A-treated WT and Parp2-/- 
mice, revealed fewer areas of necrosis in Parp2 

deficient mice than in WT mice (Fig. 1B). 
Moreover, the absence of PARP2 appeared to 

protect mice from hepatolysis and did not 
simply delay liver injury as serum transaminase 
levels remained significantly lower in Parp2-/- 

mice than in WT mice, even 24 h after ConA 
administration (Fig. 1C). We next evaluated the 

level of inflammation induced by ConA, by 
measuring the mRNA levels of TNF-α, IFN-γ, 
IL-1 , and IL-4, all known to play key roles 

during ConA-induced hepatitis. TNF-α, IFN-γ, 
IL-1 , and IL-4 transcript levels were higher in 

all genotypes after ConA treatment. However, 
we observed no significant differences between 
the IFN-γ or IL-4 mRNA levels in Parp1-/-, 

Parp2-/-, or WT mice, whereas TNF-α transcript 
levels were significantly lower in Parp2-/- mice 

than in the other two mouse strains. In contrast, 
IL-1  mRNA levels were higher in both Parp2-

/- and Parp1-/- mice than in WT mice.   

Parp2-/- mice display a substantial reduction 
in the number of liver iNKT cells 
We performed all further experiments using 

only the Parp2-/- mouse model, as PARP2 
protein deficiency protected mice from ConA-
induced liver damage, whereas that of PARP1 

did not.  ConA induces liver injury in an 

immune cell-dependent manner. Thus we next 
measured the steady-state, basal levels of the 
different liver immune cell subsets in Parp2-/- 

mice of two different ages: early adult (five 
weeks) and adult (10 to 12 weeks) by flow 

cytometry. Cell doublets and dead cells were 
excluded as depicted in Supplementary Figure 1 
and the phenotypic analysis of liver immune 

cells was determined using the gating strategy 
presented in Supplementary Figure 2. 

Parp2-/- mice displayed a similar number of 
liver immune cells as WT mice at the two 
different ages (Fig. 2A). The absolute number 

of total T lymphocytes and the ratio of 
CD4:CD8 T-lymphocytes were also similar in 

the livers of both genotypes (Fig. 2B). We next 
analyzed the NKT-lymphocyte population, 
defined as CDγ, TCRV , and NK1.1 positive 
cells. We used the CD1d tetramer loaded with 
αGalCer to analyze the invariant-NKT (iNKT) 

subset (CDγ+ TCRV + NK1.1+ αGalCer+) and 
the anti-CD4 antibody to study NKT DN cells 
(CDγ+ TCRV + NK1.1+ αGalCer- CD4-). 

Parp2-/- mice displayed a reduction in the 
percentage of total liver NKT cells of two fold 

in five-week-old mice and of 1.5 fold in 10-12-
week-old mice (Fig. 2C). However, PARP2  

deficiency did not impair the increase in the 

percentage of liver NKT cells as the mice aged 
(Fig 2C). We also observed that only the 

percentage of iNKT cells, but not NKT DN 
cells, was significantly lower in the Parp2-/- 

mice at both ages (Fig. 2D). The absolute 

number of liver immune cells was similar 
between both genotypes, whereas the number of 

iNKT cells was lower in Parp2-/- mice. We thus 
aimed to determine which immune cell subsets 
compensated this reduction. The percentage of 

NK-cells (NK1.1+ CD3-) and B-lymphocytes 
(CD19+ CD11b-) were higher in five-week-old 

Parp2-/- mice, but only the percentage of NK-
cells was higher in adult Parp2 -/- mice (Fig. 2E 
and 2F). The liver myeloid compartment, based 

on GR1 and CD11b labelling, also appeared to 
be similar in Parp2-/- and WT mice, regardless 

of age (Fig. 2G). In conclusion, PARP2 
deficiency induced a significant reduction in the 
number of iNKT cells in the liver which was not 

compensated by an increase of all immune cell 
subsets, but by a gain of B and NK-

lymphocytes. 
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PARP2 deficiency does not affect the 
recruitment and activation of immune cells 
during ConA-induced hepatitis. 

We next examined the impact of PARP2 
deficiency on ConA-induced cell recruitment 

and activation. ConA-induced inflammation 
and cell death induced a similarly high level of 
leucocyte recruitment to the liver in mice of 

both genotypes as seen by the large increase in 
the absolute number of liver immune cells 11 h 

after injection, which then decreased with the 
resolution of the hepatitis 24 h after ConA 
treatment (Fig. 3A). We evaluated the NKT-cell 

subset and found a reduction in the number of 
NKT cells in the livers of mice of both 

genotypes upon ConA treatment. However, this 
reduction was 3.7 fold in WT mice, relative to 
untreated mice, but only 1.7 fold in Parp2-/- 

mice, (Fig. 3B). The absence of PARP2 protein 
did not seem to affect the recruitment of other 

leucocyte populations, as T, B, and NK-
lymphocytes, and myeloid cells were similar ly 
recruited for both genotypes 11 h after ConA 

administration (Fig. 3C). Finally, we analyzed 
the early activation marker CD69 on 

lymphocytes and observed that more than 90% 
of T-lymphocytes in both Parp2-/- and WT mice 
were activated after ConA treatment (Fig. 3D).  

Parp2-/- mice have fewer spleen iNKT cells 
than WT mice 
We demonstrated that Parp2-/- mice were 

protected from ConA-hepatitis and had fewer 
hepatic NKT cells, without affecting ConA-
induced inflammation. We next analyzed the 

immune cell subsets in the various lympho id 
compartments such as spleen, bone marrow, and 

thymus. Gating strategies used for splenocyte 
analysis are depicted in Supplementary Figures 
1 and 2. PARP2 deficiency did not affect the 

absolute number of splenocytes in mature mice 
but they were slightly, but not significantly, 

higher in number in early adult mice (Fig 4A). 
We then evaluated the percentage cells in each 
immune cell subset in the spleen. The number 

of T-lymphocytes (CD3+ NK1.1- TCRV +) 
were lower only in early adult Parp2-/- mice 

(Fig. 4B) and was compensated by an increase 
in the number of B-lymphocytes (CD19+ 
CD11b-) (Fig. 4C). Similar to our observations 

in the liver, the spleens of five- and 10-12-
week-old Parp2-/- mice had significantly fewer 

NKT cells than those of WT mice, and only the 

iNKT cells were affected (Fig. 4D). In contrast 
to the liver, the number of spleen NK cells was 
only slightly, but not significantly, higher in 

Parp2 -/- than in WT mice (Fig. 4E).  

Parp2-/- mice have fewer thymus iNKT cells 
than WT mice. 

We next investigated the thymocyte population 
of five-week-old mice to understand the cause 
of the reduction in NKT-cell number in the liver 

and spleen of Parp2-/- mice. The absolute 
number of thymocytes was lower in Parp2-/- 

mice than in WT mice, and was associated with 
a reduction in the absolute number of immature 
CD4/CD8 double positive (DP) and CD4 or 

CD8 simple positive (SP) thymocytes (Fig. 5A 
and 5B). The absolute number of iNKT cells 

(αGalCer+) was also lower in Parp2-/- mice (Fig. 
5C). However, the remaining iNKT cells 
expressed wild-type levels of mature T 

lymphocyte markers such as CDγ and TCRV  
(Fig. 5D). 

Parp2-/- mice have more Ter119+-cells than 
WT mice.  
Finally, we investigated the immune cell 
subsets in the bone marrow (BM) of Parp2-/- 

mice. As observed in the spleen and the liver, 
BM cellularity was similar between Parp2-/- and 

WT adult mice (Fig. 6A). We eliminated 
doublets and dead cells and analyzed BM 
immune cells by flow cytometry to analyze the 

different immune cell subsets, as depicted in 
Supplementary Figure 3.  The absolute numbers 

of the different mature BM cell subsets (CD19+, 
GR1high CD11b+, GR1high CD11b+ and 
CD3+) were similar with slight variations 

between the two genotypes, except for Ter119 
positive cells which were significantly more 

numerous in Parp2-/- mice (Fig. 6B). Similar ly, 
the number of Lin- cells (Ter119- CD19- CD3- 
GR1- CD11b-) was slightly, but not 

significantly higher in the Parp2-/- mice, and 
was associated with a small increase in the 

number of the myeloid progenitor (MP) (Lin-  
ckit+ Sca-) and LSK populations (Lin- ckit+ 
Sca+). 

 
DISCUSSION 

We previously reported that inhibition of PARP 
protein activity with the PJ-34 inhib itor 
protected mice from ConA-induced hepatolys is 

[17, 18]. PARP proteins mediate the activation 
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of various transcription factors, such as NF-κB, 
to promote inflammation in several 
inflammatory diseases, including CCl4 induced 

chronic liver injury. Inactivation or inhibition of 
PARP proteins prevents inflammation- induced 

tissue damage [21]. Inflammation induced by 
ConA plays a key role in the induction of 
hepatolysis [7-11]. However, we previously 

demonstrated that PJ-34 does not inhib it 
inflammation during ConA-induced hepatitis, 

as cytokine release and liver leucocyte 
recruitment occurred efficiently, suggesting a 
more direct role for PARP proteins in the 

induction of hepatocyte death [17, 18]. Here, we 
show that the genetic inactivation of Parp2, but 

not Parp1, protects mice from ConA-induced 
hepatitis without deregulating inflammation, as 
leucocyte recruitment and pro-inflammatory 

cytokine expression were not affected. Analys is 
of liver and spleen immune populations 

revealed a substantial reduction in the 
percentage of iNKT cells, normally enriched in 
both organs [25]. The reduction in the number 

of iNKT in Parp2-/- mice may explain the 
reduced hepatolysis and protection from ConA-

induced hepatitis observed in these mice. 
Indeed, rapid elimination of NKT cells after 
ConA treatment is a marker of NKT-induced 

liver injury following their activation [5]. We 
also observed the elimination of NKT cells after 

ConA treatment in both Parp2-/- and WT mice, 
but as fewer NKT cells were present in the 
untreated Parp2-/- mice relative to WT mice, 

there were fewer NKT cells available to induce 
hepatocyte cell death after ConA treatment in 

these mice. In the liver, the reduction of NKT-
cell number was compensated by an increase in 
the number of NK cells. While this may explain 

the absence of a decrease in the induction of 
IFN-γ expression during ConA-induced 

hepatitis, the increase in NK-cell number was 
not sufficient to restore hepatocyte cell death, as 
ConA-induced liver injury is strictly NKT-

dependent and NK-independent [4, 5]. Our 
study using Parp1 and Parp2 knockout mice 

did not allow us to clarify the effect of the PJ-
34 inhibitor. Moreover, the fact that Parp1-/- 
mice were not protected against ConA-induced 

hepatitis, suggests that PARP2 participates in 
ConA-mediated liver injury, as the two proteins 

share common functions [20, 26]. Parp1 and 
Parp2 double knockout mice are lethal [27]. It 

may be informative to use conditional knockout 
mice to further decipher the role of both proteins 
in the liver. 

We analyzed the thymus and bone marrow of 
Parp2-/- mice to identify the cause of the 

systemic reduction of iNKT cells detected in 
these mice. As previously described, Parp2-/- 
mice displayed an increase of the erythroid 

subset [28], but no T-lymphocyte deregulat ion. 
iNKT cells mature in the thymus and are 

derived from the DP population [29]. In 
agreement with others, we observed a reduction 
in the number of DP-thymocytes in the absence 

of PARP2 protein [24] and revealed a 
substantial reduction in the number of thymic 

iNKT cells. PARP2 deficiency leads to 
inefficient Vα to Jα rearrangement inducing the 
death of DP-thymocytes [24], resulting in a 

decrease in the number of mature SP T-
lymphocytes and iNKT cells. However, only 

iNKT-cell numbers were lower in the liver and 
spleens of adult mice, but not those of 
conventional T-lymphocytes. 

In conclusion, previous phenotypic 
investigations of Parp2-/- mice revealed an 

important role of the PARP2 protein in the 
regulation of lipid metabolism [30], 
erythropoiesis [31], thymopoiesis [24], and 

spermatogenesis [32]. Here, we highlight a new 
phenotype in Parp2-/- mice associated with the 

deregulation of thymopoiesis, resulting in a 
systemic iNKT deficiency, leading to protection 
against ConA-induced liver injury. 
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Table 1. Sequence of primers used for qPCR. 

Gene Forward Reverse 

Mouse 18S 5′-CGCCGCTAGAGGTGAAATTC-γ′ 5′-TTGGCAAATGCTTTCGCTC-γ′ 

Mouse TNFα 5′-TAGCTCCCAGAAAAGCAAGC-γ′ 5′-TTTTCTGGAGGGAGATGTGG-γ′ 

Mouse IFN-γ 5’AGGTCAACAACCCACAGGTCγ’ 5’ATCAGCAGCGACTCCTTTTCγ’ 

Mouse IL-1  5’-GAAGAAGTGCCCATCCTCTG-γ’ 5’-AGCTCATATGGGTCCGACAG-γ’ 

Mouse IL-4 5’-GGCTTCCAAGGTGCTTGG-γ’ 5’-GGACTTGGACTCATTCATGG-γ’ 
 

 
LEGENDS OF FIGURES 

Figure 1: The absence of PARP2 but not PARP1 protects mice from ConA induced-hepatit is .  

(A) Serum levels of serum AST and ALT in WT, Parp1-/-, and Parp2-/- mice, 11 h after PBS (n = 
4 to 6) or ConA injection (n =1 3 for WT, 8 for Parp1-/-, and 24 for Parp2-/-). (B) Representative 
images of H&E stained liver tissue sections, necrosis areas are outlined by the white dotted line. 

(C) Serum levels of ALT of WT or Parp2-/- mice 24 h after ConA treatment. (D) Levels of liver 
TNF-α, IFN-γ, IL-1  and IL-4 transcripts from WT, Parp1-/-, and Parp2-/- mice 11 h after ConA 

administration. Errors bars in the histograms represent + SEM. (* #p < 0.05; ** ## p < 0.01; *** 
### p < 0.001; ns: non-significant).  

Figure 2: PARP2 deficiency results in a decrease in the number of liver iNKT cells. 
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(A) Absolute number of liver immune cells. (B) Absolute number of T lymphocytes (CD3+ 
TCRVb+NK1.1-), CD4-positive cells (in black) and CD8-positive cells (in white). (C) Absolute 
number of NKT cells (CD3+ TCRVb+NK1.1-) in the liver (D) Representative dot plot showing 

NKT subsets in the liver (left panel) and absolute number of liver iNKT cells (corresponding to 
aGalCer+CD4+ and aGalCer+CD4- cells) (middle panel) and liver NKT DN-cells (aGalCer-CD4-

) (right panel). (E) Representative dot plot showing liver NK-cell population (left part) and 
absolute number of liver NK cells (NK1.1+CD3-) (right panel). (F) Absolute number of liver B-
lymphocytes (CD19+CD11b) and (G) myeloid cells (GR1intCD11b+ and GR1highCD11b+). All 

suspensions of liver immune cells from non-treated mice, aged 5 or 10 to 12 weeks, were obtained 
from the livers of WT or Parp2-/- mice. Each dot in the graph represents the number of cells 

recovered from one liver. The line and error bars represent the mean +/- SEM. For the histograms, 
the errors bars represent + SD. (* #p < 0.05; ** ## p < 0.01; *** ### p < 0.001; ns: non-significant).  

Figure 3: PARP2 deficiency does not affect ConA-induced liver-leucocyte recruitment or 
activation. 

(A) Absolute number of liver immune cells from WT or Parp2-/- adult mice, non-treated (Ctl) or 
treated with ConA. Immune cells were isolated 11 or 24 h after ConA treatment. (B) Absolute 

number of NKT-cells from the livers of WT or Parp2-/- mice at steady state (Ctl) or 11 h after 
ConA treatment. (C) Absolute number of lymphocytes: T cells, B cells, and NK cells (upper panel) 
and myeloid cells (lower part) from liver of WT or Parp2-/- mice at steady state or 11 h after ConA 

treatment. (D) Representation of the activation marker (CD69) of T-lymphocytes CD8+ (NK1.1-
TCRVb+CD3+CD8+) in the liver of WT or Parp2-/- mice treated or not with ConA. The line and 

error bars represent the mean + SD (* #p < 0.05; ** ## p < 0.01; *** ### p < 0.001; ns: non-
significant).  

Figure 4: PARP2 deficiency results in a reduction in the number of iNKT cells in the spleen. 
(A) Number of splenocytes of non-treated WT and Parp2-/- mice, aged 5 (early adult mice) or 10 

at 12 weeks (adult mice). (B) Percentage of T lymphocytes (CD3+), TCRVb+NK1.1-), (C) B- 
ymphocytes (CD19+CD11b-), (D) total NKT cells (CD3+TCRVb+NK1.1+) (left panel), and NKT 

subsets: iNKT (NKT, α-GalCer+) (midle panel) and NKT-DN (NKT, α-GalCer- CD4-) (right 
panel), (E) NK cells (CD3-NK1.1+) determined by flow cytometry analysis from spleens of early-
adult or adult WT and Parp2-/- mice. Each dot in the graph represents the number of cells recovered 

from one liver. The lines and error bars represent the mean +/- SEM. (* p <0.05; ** p < 0.01; *** 
p < 0.001; ns: non-significant).  

Figure 5: PARP2 deficiency results in a decreased number of CD4/CD8 DP and SP cells as 
well as iNKT cells. 
(A) Representative staining profiles of CD4 and CD8 single or double positive cells from the 

thymus of non-treated five-week-old WT or Parp2-/- mice. (B) Graph showing total number and 
the number of CD4+CD8+ double positive thymocytes. (C) Representative staining profile of 
αGalCer positive thymocytes. (D) Representation of mature T-cell markers (CDγ and TCRV ) of 
αGalCer positive thymocytes. Each dot in the graph represent the number of cells recovered from 
one liver. The lines and errors bars represent the mean +/- SEM. (* p<0.05; ** p<0.01; *** 

p<0.001; ns: non-significant). 

Figure 6:  Parp2-/- mice display an increased number of Ter119+-cells but not of other mature  
or immature subsets. 
(A) Absolute number of cells recovered from two femurs of WT or Parp2-/- adult (10 at 12 weeks 

old) mice. (B) Absolute cell number for each mature bone marrow immune cells subset: Ter119+, 
CD19+, CD3+, GR1highCD11b+, and GR1intCD11b+. (C) Absolute number of immature Lin- bone 

marrow immune cells (Ter119- CD19- CD3- GR1- CD11b-) (left panel) and the specific MP (Lin-
ckit+Sca-) and LSK (Lin-ckit+Sca+) subsets (right panel). In graph, Each dot in the graph 
represents the number of cells recovered from one liver. The lines and errors bars represent the 

mean +/- SEM. (* p<0.05; ** p<0.01; *** p<0.001; ns: non-significant). 
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Supplementary Figure 1. 
Gating strategy used for each organ (liver, spleen, thymus, and bone marrow) to exclude doublets 
and dead cells before the analysis of each immune cell subsets. A representative gating strategy is 

presented for immune cells recovered from the livers of mice 11 h after ConA treatment. 

Supplementary Figure 2.  
Gating strategy used to analyze lymphocyte subpopulations (NKT, NK, T cells, B cells) and 

myeloid cells in the liver and spleen. The gating strategy for liver immune cells is presented. 

Supplementary Figure 3.  
Gating strategy used to analyze bone marrow immune cell subsets. 
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IV. DISCUSSION GENERALE ET 

PERSPECTIVES 
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Le déclenchement de la mort des hépatocytes au cours des différentes maladies hépatiques induit 

des processus de régénération. Toutefois, si la mort excède la prolifération compensatoire des 

hépatocytes, des mécanismes pro-fibrotiques se mettent en place. Ces mécanismes ont un rôle 

fondamental dans la réparation du tissu mais lorsqu’ils ne sont pas contrôlés et persistent, ils 

favorisent le développement de la fibrose et du CHC. La libération des DAMPs (déclenchés par 

une mort nécrotique, nécroptotique ou une nécrose secondaire), ainsi que la formation des corps 

apoptotiques dans le microenvironnement du foie, contribuent à ces processus par le recrutement 

et l’activation des cellules immunitaires. Ainsi, l’ensemble de ces événements place la mort des 

hépatocytes comme un élément initiateur dans la progression des maladies hépatiques et a conduit 

à la recherche de son inhibition pharmacologique comme une potentielle approche thérapeutique 

(Luedde et al., 2014).  

Que ce soit par son induction directe ou secondaire, la réponse inflammatoire joue un rôle clef 

dans l’induction de l’hépatolyse, principalement par la libération ou l’expression des ligands de 

mort de la superfamille du TNF (dont majoritairement le TNF-α, TRAIL et FasL) sous leur forme 

soluble ou portés par les cellules immunitaires. En effet, de nombreuses données cliniques, chez 

des patients atteints d’hépatites aiguës ou chroniques de diverses étiologies, corrèlent la gravité de 

la pathologie avec les niveaux hépatiques ou sériques de ces ligands ou de leurs récepteurs (cf 

Introduction, section 5). De plus, dans de nombreux modèles hépatiques, une réduction de 

l’hépatolyse et une amélioration de la maladie a été observée lorsque ces facteurs étaient inhibés. 

Plusieurs études se sont donc intéressées à la recherche d’inhibiteurs pour le traitement des 

hépatites. Le TNF-α a été la cible de plusieurs études cliniques, cependant bien que les anti-TNF-

α soient utilisés dans le traitement de plusieurs maladies auto-immunes, leur utilisation au cours 

des AIH, des hépatites virales, de l’ALD, des DILI ou de la NASH a montré d’importants effets 

indésirables et peu d’effets bénéfiques. En effet ces différents travaux ont montré un risque de 

réactivation du VHB ou du VHC, d’augmentation du dommage hépatique, voire de provoquer, de 

manière significativement plus importante, la mort des patients (Boetticher et al., 2008; Coffin et 

al., 2011; Wree et al., 2016).  

D’autres études se sont intéressées à cibler les inducteurs de la mort cellulaire en aval de ces 

récepteurs, tels que les caspases. Plusieurs inhibiteurs pan-caspases ont été testés, tels que l’IDN -

6556 (ou Emricasan) et le GS-9450 qui semblent avoir des effets bénéfiques par leur capacité à 

réduire les niveaux de transaminases hépatiques sériques chez des patients atteints d’hépatites 

chroniques induites par le VHC ou la NASH et sont actuellement en essai clinique de phase II 

(Luedde et al., 2014; Wree et al., 2016). Ces deux inhibiteurs ont la capacité de bloquer des 

caspases pro-apoptotiques et pro-inflammatoires dont la caspase 1 qui a un important rôle dans la 
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promotion de l’inflammation hépatique lors de ces hépatites. La réduction des transaminases 

sériques peut donc être le reflet de l’inhibition de la mort apoptotique des hépatocytes ainsi que 

celle de l’inflammation.  

La découverte de nouvelles voies de mort cellulaire, impliquant des membres de la superfamille 

du TNF-α à induire la nécroptose, ainsi que l’interconnexion entre l’apoptose et la nécroptose, a 

conduit à la recherche de nouvelles molécules inhibant la mort hépatocytaire. De par sa capacité à 

induire l’apoptose et la nécroptose via son activité enzymatique, RIPK1 apparaît comme une cible 

thérapeutique intéressante. De plus, l’utilisation de la Nec-1, une molécule capable de bloquer 

l’activité kinase de RIPK1, a montré des effets bénéfiques au cours des hépatites aiguë induites 

par la ConA (Jouan-Lanhouet et al., 2012; Zhou et al., 2013b) ou l’APAP (An et al., 2013; 

Takemoto et al., 2014; Zhang et al., 2014). Cependant, des travaux ont montré que cette molécule 

pouvait également bloquer l’activité d’autres kinases tels que PAK1 et PKAcα (Biton and 

Ashkenazi, 2011; Jouan-Lanhouet et al., 2014b) et présente une structure identique à la methyl-

thiohydantoin-tryptophan, un inhibiteur de la protéine IDO. Cette dernière serait également 

bloquée par la molécule Nec-1i, utilisée habituellement comme contrôle inactif de la Nec-1. Au 

cours de son travail de thèse, Sandrine Jouan-Lanhouet et al. ont montré que les molécules Nec-1 

et Nec-1i réduisaient toutes les deux l’hépatolyse induite par la ConA (Jouan-Lanhouet, 2011). La 

protéine IDO ayant un rôle important dans la production d’acides aminés essentiels à l’activat ion 

des lymphocytes (Robinson et al., 2016; Thomson and Knolle, 2010), son inhibition par la Nec-1 

ou la Nec-1i pourrait donc contribuer à l’inhibition de l’hépatolyse induite par la ConA. Au cours 

de mes travaux de doctorat, l’utilisation d’une nécrostatine de seconde génération, la 7-Cl-O-Nec-

1 (Nec-1s), décrite comme présentant une activité plus stable et plus spécifique que la Nec-1 (EC50 

de 206 nM pour la Nec-1s vs 494 nM pour la Nec-1) et prédite comme n’interagissant pas avec la 

protéine IDO (Jouan-Lanhouet et al., 2014b; Takahashi et al., 2012) a permis de confirmer le rôle 

de l’activité kinase de RIPK1 dans l’induction de l’hépatolyse. En effet le traitement des souris 

avec la Nec-1s conduit à une réduction de la mort des hépatocytes induite par la ConA. De plus, 

des souris, dont l’activité de RIPK1 est inactive (Ripk1K45A), ont répondu de manière similaire à 

l’injection de la lectine, corroborant le rôle de RIPK1 dans le processus de mort de l’hépatocyte. 

Par ailleurs, en association avec le Dr MT. Dimanche-Boitrel, nous avons étudié l’effet d’une 

nouvelle molécule ciblant l’activité kinase de RIPK1 in vivo dans l’hépatite à ConA qui conduit 

également à une diminution significative de l’hépatolyse (données non présentées). La découverte 

d’un nouvel inhibiteur de RIPK1 a donc permis d’avancer dans la recherche de molécules 

permettant de bloquer l’hépatolyse au cours de l’hépatite. Il serait intéressant dans de futures 

études d’étudier l’impact de Nec-1s dans d’autres modèles d’hépatite et tirer avantage de sa demi-

vie plus importante que la Nec-1 (Teng et al., 2005) pour l’étudier dans des modèles d’hépatites 
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chroniques, qui sont d’un haut intérêt au niveau clinique. Comme observé dans des modèles 

animaux d’hépatite, les essais cliniques chez l’Homme utilisant des inhibiteurs de caspases dans 

le traitement des maladies hépatiques semblent conduire à une réduction de l’hépatolyse. L’étude 

des voies conduisant à l’apoptose et la nécroptose a montré qu’elles partageaient de nombreux 

effecteurs, provoquant parfois le changement d’une voie au profit d’une autre lors de l’inhibit ion 

de l’une d’entre elle. Par conséquent, il est fortement probable qu’une situation similaire survienne 

chez les patients atteints d’hépatites et l’utilisation d’inhibiteurs de l’apoptose et de la nécroptose 

permettrait le blocage de l’hépatolyse et la réduction de l’évolution de la pathologie. 

Plusieurs éléments suggèrent très fortement l’activation de la nécroptose au cours de l’hépatite 

à ConA. En effet, l’hépatolyse est dépendante des récepteurs de mort et indépendante de 

l’activation des caspases. Cependant, nous ne pouvons pas exclure le rôle de l’activité kinase de 

RIPK1 dans les cellules non parenchymateuses du foie, puisque les deux approches utilisées dans 

nos travaux (chimique par l’utilisation de la Nec-1s, et génétique par l’utilisation des souris 

Ripk1K45A) ne nous permettent pas de cibler spécifiquement les hépatocytes. De plus une étude 

récente a montré le rôle de l’activité kinase de RIPK1 au sein de macrophages dans l’induction de 

cytokines pro-inflammatoires (Shutinoski et al., 2016). L’activité de RIPK1 pourrait donc avoir à 

la fois un rôle dans l’induction de la mort des hépatocytes et la promotion de l’inflammation. Afin 

d’étayer cette hypothèse, l’utilisation de souris exprimant la Cre-recombinase sous la dépendance 

d’un promoteur spécifiquement exprimé dans les macrophages permettrait d’étudier le rôle de 

RIPK1 dans ces cellules.  

En plus d'avoir montré que le blocage de l'activité de RIPK1 réduisait l'hépatolyse induite par la 

ConA, les travaux antérieurs à l'équipe avaient également démontré que l'inhibition des protéines 

PARP1/2 par l'utilisation du PJ-34 produisait le même effet. Mes travaux de doctorat ont cherché 

à mieux comprendre le rôle de ces deux protéines dans le processus de mort des hépatocytes induits 

par la ConA, en ciblant spécifiquement ces deux protéines par l’utilisation de souris déficientes en 

Parp1 ou Parp2. Cependant bien qu’on ait observé une réduction de la mort hépatocytaire chez 

les souris déficientes en Parp2, ce modèle présente des limites. En effet, l’étude des souris Parp2-

/- a préalablement montré le rôle de PARP2 dans la régulation du métabolisme des lipides (Bai et 

al., 2007; Szántó et al., 2014), l’érythropoïèse (Farrés et al., 2015), la thymopoïese (Yélamos et 

al., 2006) et la spermatogenèse (Dantzer et al., 2006). Les effets de PARP2 sur plusieurs processus 

physiologiques conduisent au changement de nombreux facteurs et rendent diffic ile 

l’interprétation des résultats sur un phénomène particulier. Nous avons montré que l’absence de 

PARP2 provoquait un défaut de maturation des NKT invariants conduisant à une diminution de 

leur nombre au niveau systémique et également hépatique. Les iNKT étant les cellules effectrices 
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de la mort des hépatocytes au cours de l’hépatite à ConA, ces effets ne nous ont donc pas permis 

de déterminer l’implication de PARP2 en aval de l'induction de la lyse.  

Comme pour la Nec-1 décrite précédemment, les inhibiteurs chimiques de PARP2 sont des 

molécules pouvant interagir et interférer avec d’autres protéines que celles d’intérêt. Bien que les 

souris déficientes en Parp1 ou Parp2 ne nous ont pas permis de mieux comprendre les effets 

retrouvés avec le PJ-γ4, ils n'excluent pas l’implication des deux protéines dans l'induction de 

l'hépatolyse. L'utilisation d'autres inhibiteurs que le PJ-34 pourrait être envisagée dans le but de 

mieux caractériser l'effet enzymatique de ces protéines dans ce processus. L’utilisation de siRNA 

ou de souris dont la délétion du gène d’intérêt est inductible permettrait de s’affranchir des 

modifications physiologiques telles que l’altération de la thymopoïèse provoquée par l’absence de 

PARP2. De même, l’utilisation de souris déficientes spécifiquement dans les hépatocytes ou les 

LPC permettrait d’étudier plus spécifiquement l’implication de PARP1 et PARP2 dans les voies 

de signalisation conduisant à la mort des hépatocytes.   

Ces travaux de doctorat apportent également une meilleure compréhension de la 

physiopathologie hépatique au cours des maladies du foie. En effet, le TNF-α est une cytokine 

pléïotrope qui, dépendant de sa dose, de sa cellule cible et des autres signaux reçus par cette cellule, 

a des effets pro-inflammatoires, anti-apoptotiques ou au contraire peut induire leur mort par 

apoptose ou nécroptose. Ainsi, le TNF-α est associé à plusieurs étiologies d’hépatites aigües ou 

chroniques telles que celles induite par l’alcool, l’infection par le VHB ou le VHC ou au cours de 

l’AIH ou la NASH. Suite à sa fixation sur le TNFR1, le TNF-α, dans des conditions 

physiologiques, active la voie pro-inflammatoire et anti-apoptotique NF-κB. Cependant, lorsque 

l’activation de cette voie est bloquée ou lorsque la transcription est inhibée, le TNF-α déclenche 

la formation du complexe IIa (indépendant de RIPK1) ou IIb (dépendant de RIPK1) entraînant 

l’apoptose de la cellule. Si les caspases sont inhibées, le nécrosome, composé des protéines RIPK1, 

RIPK3 et MLKL, peut se former et activer la nécroptose de la cellule. Ainsi, le 

microenvironnement du foie va déterminer l’effet du TNF-α entre la mort et la survie des 

hépatocytes. L’administration de TNF-α ou de LPS, qui conduit à la production de TNF-α par les 

cellules immunitaires chez la souris, ne déclenche pas d’hépatolyse mais l’activation de la voie 

NF-κB, qui maintient les hépatocytes en vie. Cependant lorsque cette voie est inhibée, par exemple 

via l’utilisation de souris déficientes pour les protéines du complexe IKK (IKKα, IKK  et 

IKKγ/NEMO), qui permettent la translocation de NF-κB au noyau, le TNF-α va conduire à 

l’apoptose des hépatocytes et à une hépatite aigüe. Les mêmes effets sont retrouvés lorsque le 

TNF-α ou le LPS sont co-administrés avec la D-GalN, un inhibiteur de la transcript ion 

hépatocytaire. Au cours de l’hépatite induite par la ConA, le TNF-α a également un rôle dans 
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l’induction de l’hépatolyse. Cependant les données récentes suggèrent que le TNF-α aurait un effet 

indirect en instaurant un environnement favorable à l’induction de la mort des hépatocytes par les 

NKT en agissant sur les cellules dérivées des myéloïdes (cf Introduction, section 5.1). 

RIPK1 joue un rôle majeur dans la survie cellulaire puisque sa délétion chez la souris conduit à 

une inflammation et une mort cellulaire systémique et la létalité périnatale des souris. En parallèle, 

plusieurs travaux ont montré la capacité de RIPK1 à induire la mort cellulaire, via sa fonction 

kinase, dans plusieurs pathologies, dont l’hépatite. Activé par plusieurs récepteurs dont les DR de 

la superfamille du TNF-α, son rôle dans le contrôle du destin cellulaire a majoritairement été étudié 

dans la signalisation du TNF-α. L’ensemble de ces travaux a permis de montrer une sensibilité des 

cellules au TNF-α en l’absence de RIPK1. Cependant les voies conduisant à la survie de la cellule 

semblent dépendant et indépendant de la voie NF-kB, en fonction de la cinétique et du type 

cellulaire. L’utilisation récente des souris conditionnellement déficientes a permis de montrer que 

l’absence de RIPK1 dans les cellules hématopoïétiques ou les cellules épithéliales de la peau ou 

de l’intestin conduit à une apoptose spontanée de ces cellules chez la souris (Dannappel et al., 

2014; Roderick et al., 2014; Takahashi et al., 2014). A l’inverse, RIPK1 ne semble pas être 

important dans le maintien de l’homéostasie des LPC dans des conditions physiologiques. En effet 

comme il a été rapporté récemment par Kondylis et al. (Kondylis et al., 2015) et comme nous 

l’avons également observé, aucune hépatolyse, ni induction d’une prolifération hépatocytaire 

différentielle en l’absence ou non de RIPK1 dans les LPC, n’a été observée au cours du 

vieillissement des souris, jusqu’à l’âge d’un an.  

Majoritairement étudié dans la signalisation du TNF-α, RIPK1 est un facteur impliqué dans les 

voies induites par les TLR, et des DR tels que Fas et DR4/5. Par l’utilisation de différents modèles 

d’hépatite nos travaux ont permis de montrer une sensibilité des souris Ripk1LPC-KO aux dommages 

hépatiques induits par la ConA, le LPS, les motifs CpG, le TNF-α, l’agoniste de Fas (mAb-Jo2), 

ainsi qu’une co-administraion d’IFN-γ et de TRAIL recombinantes, dont les résultats sont résumés 

dans le Tableau 6.  

Excepté l’hépatite induite par l’agoniste de Fas, nous avons montré que la sensibilité des souris 

Ripk1LPC-KO était dépendante du TNF-α dans ces différents modèles. Tout d’abord puisqu’une 

simple administration de TNF-α recombinant provoquait la lyse des hépatocytes et que sa 

neutralisation par l’Etanercept protégeait les souris de l’hépatolyse induite par les PAMPs ou une 

co-administration d’IFN-γ et de TRAIL recombinants et réduisait celle induite par la ConA. En 

revanche l’inhibition du TNF-α ne semble pas être impliquée dans l’hépatite induite par l’agonis te 

de Fas, suggérant un rôle direct de RIPK1 dans la signalisation de Fas. L’activation de Fas a été 

démontrée comme jouant un rôle dans l’hépatite à ConA. Nos données suggèrent que l’hépatolyse 
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qui persiste chez les souris Ripk1LPC-KO co-traitées avec l’Etanercept et la ConA (ALT = 18γ8 +/-

1427 UI/L) pourrait être induite par l’activation de la signalisation de Fas. En effet, RIPK1 est 

connu pour intéragir avec le récepteur Fas et son absence spécifique dans les LPC sensibilisait les 

souris à l’hépatite induite par Fas et indépendamment de la voie du TNF-α. Afin de confirmer cette 

hypothèse, il serait intéressant d’inhiber la signalisation de Fas, par l’utilisation d’un anti-FasL ou 

d’un récepteur Fas soluble, en combinaison avec l’Etanercept avant l’injection de ConA.  

Tableau 6. Quantification et analyse de l’hépatolyse induite chez les souris Ripk1LPC-KO dans 
différents modèles d’hépatites aiguës chez la souris.  

Modèles d’hépatite  
Moyenne ALAT (UI/L) 

(+/- SD) 

Moyenne ALAT (UI/L) 
après prétraitement à 

l’ETA (+/- SD)  

Activation de la 
caspase 3 

Concanavaline A 20 754 +/- 8596 1838 +/-1427 Oui 

LPS 19 253 +/- 8625 222,7 +/- 117,8 Oui 

CpG 724,7 +/- 368,9 ND Oui 

TNF-α 9698 +/- 8404 ND Oui 

rmIFN-γ + rmTRAIL 1671 +/- 1141 314 +/- 429,8 Oui 

Agoniste de Fas   2758 +/- 3625 2353 +/- 1580 Oui 

Abréviation : ND : non déterminé 

Comme présenté dans le Tableau 6, les différents modèles d’hépatites que nous avons utilisé s 

ont montré que l’absence de RIPK1 dans les LPC sensibilisait les souris à l’hépatite par l’activat ion 

de l’apoptose. Plusieurs études ont montré que la sensibilité au TNF-α des cellules déficientes en 

RIPK1 pouvait être la conséquence d’une inhibition de la voie NF-κB qui conduirait à une 

diminution des protéines anti-apoptotiques tel que cFLIP et constituerait un signal de mort pour la 

cellule. L’activation de NF-κB pourrait participer à l’effet protecteur de RIPK1, puisque nous 

avons montré qu’elle était moins activée au cours de l’hépatite à ConA. Cependant, cet effet serait 

indépendant du TNF-α, puisque nous avons montré que cette voie était activée in vitro et in vivo 

dans les hépatocytes en l’absence de RIPK1. Des études suggèrent que RIPK1 empêche 

l’activation de l’apoptose induite par le TNF-α en stabilisant les protéines TRAF2 et cIAP1/2  

(Gentle et al., 2011; Wong et al., 2010). Bien que les mécanismes en aval de la dégradation de 

TRAF2 ne soient pas encore bien compris, ces protéines sont reconnues comme étant responsables 

de l’induction de l’apoptose par le TNF-α lorsque RIPK1 est absent (Ting and Bertrand, 2016). 

Nos résultats ont permis de montrer que RIPK1 protège les hépatocytes de la mort induite par le 

TNF-α via sa fonction d’échafaudage en empêchant la dégradation de TRAF2 (et certainement des 

cIAP1/2) et indépendamment de la voie canonique de NF-κB. Ces données permettent d’expliquer 

la sensibilité des souris Ripk1LPC-KO à l’hépatite induite par la ConA, les PAMPs et l’administrat ion 

d’IFN-g et de TRAIL recombinantes, que nous avons montré dépendantes du TNF-α. Elles 

ajoutent également un élément à la complexité du rôle du TNF-α dans le foie. En effet, sa capacité 

à induire la survie des hépatocytes est caractérisée comme dépendant de l’activation de la voie NF-
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κB. Ici nous montrons qu’elle peut également être indépendant de NF-κB mais dépendante de la 

présence de RIPK1.  

Le TNF-α et le FasL, ainsi que l’induction de l’apoptose sont des facteurs associés à de 

nombreuses maladies hépatiques aiguës, mais également chroniques. La compréhension des 

mécanismes en aval de leurs récepteurs est donc d’un intérêt clinique important et nos travaux ont 

permis de révéler l’implication de RIPK1 dans différents modèles d’hépatite chez la souris. 

Comme décrit précédemment, l’activité kinase de RIPK1 pourrait être utilisée comme une cible 

thérapeutique intéressante dans le traitement des maladies hépatiques. De plus, nos données sur 

les souris Ripk1LPC-KO soulignent que de potentielles modifications dans la structure de RIPK1 

pourraient sensibiliser les hépatocytes à la mort et aggraver l’hépatite. Ces données ouvrent la 

porte à des études de RIPK1 dans des modèles d’hépatites chroniques et notamment au cours de 

la NASH ou l’hépatite alcoolique qui sont les principales causes d’hépatites dans les pays 

occidentaux. Il existe plusieurs modèles pour étudier la NASH in vivo, soit suite à une délétion 

génétique soit par un régime alimentaire riche en lipides et glucides (Ibrahim et al., 2016). Ce 

dernier serait le plus approprié pour étudier le rôle de RIPK1, puisque comme l’alcool, des hauts 

niveaux de lipides conduisent à une perméabilisation de la barrière intestinale entrainant une 

augmentation des débris bactériens au niveau hépatique et une inflammation (Ilan, 2012; Louvet 

and Mathurin, 2015). Plusieurs travaux ont montré l’implication des macrophages, des TLR et 

plus particulièrement le TLR4 ainsi que du TNF-α dans des modèles de NASH et d’hépatites 

induites par l’alcool chez la souris (Rivera et al., 2007; Spruss et al., 2009; Uesugi et al., 2001). 

Nos travaux montrant que l’injection de PAMPs, majoritairement détectés par les macrophages, 

sensibilisent les souris Ripk1LPC-KO à l’hépatolyse induite par le TNF-α, démontrent le rôle 

protecteur de RIPK1 dans ces conditions et suggèrent son implication possible au cours de la 

NASH.  

La survenue du CHC est la 3ème cause de mortalité par cancer (Forner et al., 2012) et donc une 

des complications majeure de l’évolution des hépatites chroniques. Des études récentes se sont 

intéressées au rôle de RIPK1 dans un modèle de cancer génétiquement induit par la délétion 

spécifique de NEMO dans les LPC (NemoLPC-KO). Ces souris présentent une hépatolyse spontanée 

suivi du développement d’un CHC. Ce phénotype ferait intervenir des processus dépendant et 

indépendant de l’activation de la voie NF-kB. RIPK1 interviendrait dans l’induction de la lyse de 

manière indépendante de NF-kB. En effet, l’absence de Nemo dans les LPC provoque la formation 

du complexe IIb et l’induction de l’apoptose par RIPK1. Cette hépatolyse serait prévenue par 

l’utilisation de souris présentant une activité kinase de RIPK1 inactive (Ripk1D138N) (Kondylis et 

al., 2015). En revanche, l’absence spécifique de RIPK1 dans les LPC n’inhiberait pas l’hépatolyse 
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spontanée provoquée par l’absence de NEMO mais serait induite par la formation du complexe IIa   

(Kondylis et al., 2015). Bien que la délétion spécifique du Tnfr1 dans les LPC n’empêche pas 

l’hépatolyse spontanée qui survient chez les souris NemoLPC-KO (Ehlken et al., 2014), nos données 

montrant la sensibilité des souris Ripk1LPC-KO au TNF-α suggèrent que l’hépatolyse spontanée 

observée chez les souris Nemo/Ripk1LPC-KO est dépendante du TNF-α. 

Ces données soulignent l’importance de la préservation de la fonction d’échafaudage de RIPK1 

dans l’inhibition de l’hépatolyse pour le maintien des fonctions hépatiques et suggèrent 

l’implication de RIPK1 dans le processus de mort des hépatocytes via sa fonction kinase au cours 

des maladies hépatiques chez l’Homme. Par conséquent, l’analyse de l’expression 

transcriptionnelle, traductionnelle ainsi que des polymorphismes de Ripk1 pourrait aider à la prise 

en charge des patients présentant une hépatite chronique ou une ACLF. 

Dans le foie, la mort des hépatocytes est un des facteurs conduisant à plusieurs caractéristiques 

des maladies hépatiques. L’atteinte des cholangiocytes est également responsable de pathologie 

hépatique. En effet, leur mort est connue pour entrainer une détérioration du flux biliaire et une 

cholestase. Les souris spécifiquement déficientes pour IKKα/  dans les LPC (Ikkα/βLPCKO) 

développent une hépatolyse spontanée associée à une cholestase. De manière intéressante, une 

étude a démontré un rôle clef de RIPK1 dans l’induction de la cholestase dans ce modèle. En effet, 

bien que les mécanismes soient peu compris l’absence supplémentaire de Ripk1 chez les  

Ikkα/βLPCKO inhiberait le développement de la cholestase mais induirait le développement d’un 

CHC. Dans cette étude, les auteurs ont étudié ces protéines dans une cohorte de 19 patients atteints 

de CHC. Ils ont révélé que 5 d’entre eux, présentaient une forte réduction d’IKKα/  associée à une 

diminution de RIPK1. Ces données appuient l’implication potentielle de RIPK1 dans le 

développement des maladies hépatiques et du CHC. L’utilisation de différents modèles de CHC 

pourrait permettre de mieux comprendre le rôle de RIPK1 dans le processus de tumorigenèse et 

ouvre également la porte à son étude dans les cholangiocytes. 

Les LSECs jouent un rôle majeur dans l’intégrité du foie. En effet leur atteinte au cours de 

l’hépatite induite par un agoniste de Fas ou du FasL conduit à une hémorragie, qui est une des 

causes de la mort des souris. De même, il existe des hémorragies hépatiques spontanées chez 

l’Homme. Il serait donc intéressant d’étudier le rôle de RIPK1 dans la survie de ces cellules. Bien 

qu’il n’existe pas de lignée de souris exprimant spécifiquement la Cre-recombinase dans les 

LSECs, la lignée "VE-Cadherin-PAC-CreERT2" permet l’expression de cette enzyme 

spécifiquement dans les cellules endothéliales et de manière inductible par l’administration de 

tamoxifène (Greenhalgh et al., 2015). Le croisement de ces souris, dont la lignée est déjà existante 

(Ding et al., 2014), avec les souris Ripk1fl/fl conduirait à la délétion de RIPK1 dans les cellules 
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endothéliales. La ConA ayant une affinité pour les sinusoïdes hépatiques, (Trautwein et al., 1998), 

les LSECs seraient les premières atteintes par le TNF-α produit par les cellules immunes activées 

par la ConA et serait donc un bon modèle pour étudier le rôle de RIPK1 dans ces cellules.   

En conclusion, mon travail de thèse a permis de préciser un peu mieux le rôle de la kinase RIP1 et 

de PARP2 dans les hépatites aiguës. Toutefois, la position de RIPK1 dans un carrefour des voies 

de survie et de mort mérite d’être éclaircies et de nouvelles fonctions et partenaires protéiques 

seront dans un futur proche peut-être découvertes. Cette thèse a posé les bases de la fonction de 

RIPK1 dans les hépatocytes, mais son rôle dans les cellules non-parenchymateuses  dont les 

cellules immunitaires, les cellules endothéliales ou les cellules étoilées hépatiques demeure de 

nouvelles orientations de grand intérêt. De même, le rôle de la protéine RIPK1 dans les maladies 

chroniques du foie reste à investir comme modèle chez la souris et bien entendu chez l’Homme . 
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VI.1.  ANNEXE 1 : Le Toll-like Receptor-2 aggrave l’hépatite aiguë 
induite par le virus de l’hépatite murine. 

 

Christian Bleau, Mélanie Burnette, Aveline Filliol, Claire Piquet-Pellorce, Michel Samson, et 

Lucie Lamontagne. 

Article publié dans  Immunology. 2016 Oct;149(2):204-24. 

 

Résumé de l’article. 

Dans le foie, la réplication virale est généralement détectée par des senseurs cytoplasmiques 

tels que les Toll like receptors (TLRs) localisés sur la membrane des endosomes cellulaires et 

les hélicases cytosoliques qui déclenchent une réponse inflammatoire antivirale. Des études 

récentes suggèrent que le TLR2 membranaire pourrait reconnaitre des protéines virales 

d’enveloppe et contribuer à la détection d’une infection. Cependant, son rôle sur les 

conséquences de l’infection virale aiguë reste inconnu. Dans cette étude, nous examinons, in 

vivo, le rôle du TLR2 dans des infections aiguës induites par le sérotype γ du virus de l’hépatite 

murine de type 3 (MHV3) et le sérotype MHV-A59, qui sont respectivement fortement et 

faiblement hépatotropes. Nnous avons infecté des souris C57BL/6 (WT) et TLR2 knockout 

(KO) avec le MHV3 ou le MHV-A59. Nous avons montré que : i) les souris TLR2 KO infectées 

par le MHV3 avaient une hépatite nettement moins sévère que les souris WT qui elles 

présentaient une hépatite fulminante caractérisée par une mortalité précoce, des niveaux de 

transaminases sériques élevés, des lésions hépatiques et une forte réplication virale ; ii) 

l’infection par le MHV-A59 provoquait une hépatite bénigne et faiblement symptomatique 

comparable entre les souris WT et TLR2 KO ; iii) l’hépatite fulminante induite par le MHVγ 

chez les souris WT corrélait avec une forte expression intrahépatique de cytokines et 

chimiokines inflammatoires ainsi qu’une diminution des cellules inflammatoires par rapport à 

celle induite par le MHV-A59 chez les souris WT ou induite par le MHV3 chez les souris TLR2 

KO ; et iv) ces observations in vivo pouvaient dépendre en partie de effets viraux dans les 

macrophages puisque l’infection in vitro de ces cellules par le MHV3, contrairement au MHV-

A59, induisait une rapide et forte réplication virale, une induction d’IL-6 et dépendait de 

l’activation du TLR2 et de la "mitogen  activated protein kinase" pγ8. En conclusion, ces 

résultats démontrent un nouveau rôle inflammatoire du TLR2 dans l’aggravation de l’hépatite 

fulminante induite par le MHV3.  
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Summary

Viral replication in the liver is generally detected by cellular endosomal

Toll-like receptors (TLRs) and cytosolic helicase sensors that trigger

antiviral inflammatory responses. Recent evidence suggests that surface

TLR2 may also contribute to viral detection through recognition of viral

coat proteins but its role in the outcome of acute viral infection remains

elusive. In this study, we examined in vivo the role of TLR2 in acute

infections induced by the highly hepatotrophic mouse hepatitis virus

(MHV) type 3 and weakly hepatotrophic MHV-A59 serotype. To address

this, C57BL/6 (wild-type; WT) and TLR2 knockout (KO) groups of mice

were intraperitoneally infected with MHV3 or MHV-A59. MHV3 infection

provoked a fulminant hepatitis in WT mice, characterized by early mor-

tality and high alanine and aspartate transaminase levels, histopathological

lesions and viral replication whereas infection of TLR2 KO mice was

markedly less severe. MHV-A59 provoked a comparable mild and subclin-

ical hepatitis in WT and TLR2 KO mice. MHV3-induced fulminant

hepatitis in WT mice correlated with higher hepatic expression of inter-

feron-b, interleukin-6, tumour necrosis factor-a, CXCL1, CCL2, CXCL10

and alarmin (interleukin-33) than in MHV-A59-infected WT mice and in

MHV3-infected TLR2 KO mice. Intrahepatic recruited neutrophils, natu-

ral killer cells, natural killer T cells or macrophages rapidly decreased in

MHV3-infected WT mice whereas they were sustained in MHV-A59-

infected WT mice and MHV3-infected TLR2 KO. MHV3 in vitro infection

of macrophagic cells induced rapid and higher viral replication and/or

interleukin-6 induction in comparison to MHV-A59, and depended on

viral activation of TLR2 and p38 mitogen-activated protein kinase. Taken

together, these results support a new aggravating inflammatory role for

TLR2 in MHV3-induced acute fulminant hepatitis.

Keywords: coronavirus; inflammation; Toll-like receptor-2; viral hepatitis.

Introduction

Surface or endosomal toll-like receptors (TLR) are key

pattern recognition receptors (PRRs) of infectious

microorganisms in innate immunity. Host immune

recognition of viruses during infections relies mainly on a

combination of endosomal Toll-like receptors (TLR3, -7/

8, -9) and cytosolic helicases retinoic acid inducible gene

(RIG-1) and melanoma differentiation-associated protein

(MDA-5) that sense viral RNA or DNA and trigger sig-

nalling pathways leading to inflammatory cytokines,

Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; CCL, chemokines CXCL; Fgl-2, fibrinogen-like protein;

FHF, fulminant hepatic failure; HBC, hepatitis B virus; HCV, hepatitis C virus; HIV, human immunodeficiency virus; HPRT,

hypoxanthine ribosyltransferase; IFN-a/b, interferon-a/b; IL, interleukin; i.p., intraperitoneally; KO, knockout; LSECs, liver sinu-

soidal endothelial cells; MAPK, mitogen-activated protein kinase; MDA-5, melanoma differentiation-associated protein; MHV,

mouse hepatitis virus; MNCs, mononuclear cells; m.o.i., multiplicity of infection; NK cells, natural killer cells; NK-T cells, natural

killer-T cells; p.i., post-infection; PRR, pattern recognition receptor; RIG-1, retinoic acid inducible gene; siRNA, small interfering

RNA; TGF-b, transforming growth factor b; TLR, Toll-like receptor; TNF-a, tumour necrosis factor a; WT, wild-type
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chemokines and antiviral type 1 interferon (IFN-a/b)

production (reviewed in ref. 1).

Increasing evidence has shown that surface TLRs, such

as TLR2 or TLR4, may also trigger acute inflammatory

responses against viral infections through recognition of

viral coat or core proteins.2–5 Activation of surface TLR-

dependent signalling pathways leads to the production of

various chemokines involved in the recruitment of natu-

ral killer (NK) cells, macrophages, neutrophils and B- and

T-cell subsets (reviewed in ref. 5). Higher expression of

TLR2 and/or TLR4 and up-regulation of inflammatory

factors have been observed in macrophages in vitro

infected by some viruses such as human immunodefi-

ciency virus (HIV),6–8 influenza virus,9 hepatitis C virus

(HCV),4 hepatitis B virus (HBV),10 severe acute respira-

tory syndrome virus11 and several herpes viruses.12–14

TLR2 and/or TLR4 have also been involved in the induc-

tion of high inflammatory responses during acute viral

infections. Indeed, TLR2 and TLR4 increase the suscepti-

bility to rotavirus infections in infants15 and TLR2 was

suggested as an aggravating inflammatory factor in herpes

virus infections.12,14

Recent studies have also reported an over-expression of

TLR2 in the liver and on monocytes from HCV- or

HCV/HIV-infected patients correlating with hepatic

inflammation and damages, suggesting a role for TLR2 in

hepatitis-associated inflammation.16,17 HCV and HBV

infections present subclinical to severe acute-phase pat-

terns that may lead to viral clearance or evolve towards

chronic infections (reviewed in ref. 18). For reasons that

are not well understood, few cases of acute infections

progress into fulminant hepatic failure, characterized by

extensive necrosis and hepatocellular dysfunction, exacer-

bated inflammation and high mortality rate.19 Hepatic

lesions occurring during viral infections are primarily

related to virally triggered host inflammatory responses

(reviewed in ref. 20) and depend on a poorly elucidated

balance between innate immune cell–virus interactions

and the control of viral replication that is critical in the

outcome of hepatitis. The contribution of TLR2 in antivi-

ral defences and inflammatory responses during acute

hepatic viral infections is unknown and needs investiga-

tion.

The mouse hepatitis viruses (MHV), belonging to the

coronavirus group, induce acute or subclinical hepatitis,

neurological, respiratory or/and enteric diseases in mice

according to serotypes.21 The highly hepatotrophic

MHV3 serotype is a relevant model for studying virus-

induced inflammatory disorders during acute hepatic

infections as it induces fulminant lethal hepatitis in

C57BL/6 mice within 4 days post-infection (p.i.)22

whereas the weakly hepatotrophic MHV-A59 serotype

induces a subclinical hepatitis and is rapidly cleared in

the liver.23 Within 72 hr of infection, liver dysfunction in

MHV3-infected mice results from several foci of extensive

necrosis24 in contrast to that observed in the liver of mice

infected with the MHV-A59 serotype.25 All MHV sero-

types use the CEACAM1a molecule as viral receptor for

infection of host cells through interaction with their viral

surface (S) protein.26 It was previously demonstrated that

the differential levels of viral replication and hepatitis

induced by the MHV serotypes were largely related to the

viral S protein,27 suggesting that interactions of the S pro-

tein with molecules other than CEACAM1a may reflect

their virulence for liver.

Peritoneal macrophages are the first viral cell target

during MHV infection, followed by liver cells such as

hepatocytes, macrophages, liver sinusoidal endothelial

cells (LSECs) and Ito cells.26,28 Intrahepatic macrophages,

LSECs as well as NK and NK T cells are considered as

major contributors to antiviral responses and release of

cytokines/chemokines in the liver upon viral infection.29

During MHV3 acute infection, inflammatory mediators

such as tumour necrosis factor-a (TNF-a), interleukin-1

(IL-1), transforming growth factor-b (TGF-b), leuko-

triene B4 and mouse fibrinogen-like 2 (Fgl-2) protein are

strongly produced by infected macrophages, correlating

with the severity of hepatitis.30 Accordingly, depletion of

macrophages was reported to protect against the fulmi-

nance of hepatitis,31 suggesting that exacerbated inflam-

matory responses are an aggravating factor during MHV3

infection. In addition, the intrahepatic tolerance sustained

by IL-4, IL-10, TGF-b and prostaglandin E2 is also dis-

turbed.32 In contrast, it has been suggested that macro-

phages would rather contribute to the lower gravity of

hepatitis and viral clearance during MHV-A59 infection,

presumably through a rapid type 1 IFN-dependent sup-

pression of viral replication.33 It was demonstrated that

the induction of IL-6 and TNF-a in peritoneal macro-

phages infected by MHV3 depended on the fixation of

the viral surface (S) protein to TLR2.34 Previous in vivo

studies also revealed higher levels of IL-6 and TNF-a in

livers from MHV3-infected C57BL/6 mice than TLR2

knockout (KO) mice, suggesting an inflammatory role for

TLR2 in MHV3 infection.34 Hence, the ability of MHVs

to ligate and activate TLR2-dependent inflammatory

pathways in the liver may represent one determining and

differential factor involved in their virulence.

In this study, we demonstrated that the severe acute

hepatitis provoked by the highly hepatotrophic MHV3

but not by the weakly hepatotrophic MHV-A59 serotype,

is aggravated by TLR2 in the liver, as demonstrated by

significantly higher mortality, liver injury, viral replica-

tion, levels of inflammatory cytokines and chemokines as

well as disturbances in intrahepatic neutrophils, macro-

phages, NK and NK T-cell recruitment in MHV3-infected

wild-type (WT) but not infected TLR2 KO mice or

MHV-A59-infected WT mice. Through in vitro infection

of macrophagic cells, we showed that rapid and higher

viral replication and/or IL-6 induction by MHV3, in

ª 2016 John Wiley & Sons Ltd, Immunology, 149, 204–224
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comparison to MHV-A59, depended on activation of

TLR2 and p38 mitogen-activated protein kinase (MAPK),

pointing out macrophages as one source of TLR2-depen-

dent inflammatory responses in MHV3 infection.

Material and methods

Mice

Female C57BL/6 (Charles River, St Constant, Qc, Canada)

and TLR2 KO (C57BL/6 background, Jackson Laboratory,

Bar Harbor, MA) mice were housed in a HEPA-filtered

air environment. All experiments were conducted with

mice between 8 and 10 weeks of age in compliance with

the regulations of the Animal Committee of the Univer-

sity of Quebec at Montreal (CIPA-no.641).

Viruses and cells

Highly hepatotrophic MHV3 is a cloned substrain isolated

from the liver of MHV3-infected DBA2 mice.35 Weakly

hepatotrophic MHV-A59 serotype was obtained from the

American Type Culture Collection (Rockville, MD). Both

viruses were produced in L2 cells as previously described34

and used within three passages. Pathogenic properties of

MHV3 were assessed routinely. The mouse fibroblastic L2

cell line used for virus production and titration was grown

in RPMI-1640 supplemented with 10% fetal calf serum

(GIBCO Laboratories, Grand Island, NY) and antibiotics.

Murine macrophagic cells J774A.1 (TIB-67TM) were grown

in RPMI-1640 supplemented with L-glutamine, antibiotics

(GIBCO Laboratories) and 5% fetal bovine serum (Gemini

Bio-Products, Woodland, CA). All cells were passaged

before reaching 85% confluence.

In vivo viral infections

Groups of six or seven WT C57BL/6 and TLR2 KO mice

were infected intraperitoneally (i.p.) with 103 TCID50 of

MHV3 or MHV-A59. Mock-infected mice received a sim-

ilar volume of PBS. Clinical signs and survival percent-

ages were recorded and mice were killed when clinical

signs reached limit points as determined by CIPA regula-

tions. In other experiments, mice were killed by CO2

anoxia at 24, 48 and 72 hr p.i. without regard for clinical

signs. Liver and blood samples were collected and pro-

cessed for further analyses.

Histopathological, transaminase activity and immunohis-

tochemical analyses

The histopathological analysis of liver was performed

using haematoxylin & eosin–safran staining. Levels of

serum alanine and aspartate transaminases (ALT and

AST) were assessed according to the IFCC primary

reference procedures using Olympus AU2700 Autoanaly-

ser� (Olympus Optical, Tokyo, Japan). Immunolocaliza-

tion of IL-33 or CXCL10 was performed by histochemical

staining using primary goat anti-mouse-IL-33 and anti-

CXCL10 (R&D Systems, Minneapolis, MN) and

secondary horseradish peroxidase-conjugated rabbit anti-

goat antibody for IL-33 (Dako, Markham, Ont., Canada)

and OmniMap anti-Rabbit-horseradish peroxidase (RUO)

for CXCL-10 followed by haematoxylin counterstaining

in a Ventana machine (Ventana Medical Systems, Inc.

Tucson, AZ), as previously described.36 Counting of

necrotic areas and inflammatory foci was carried out on

liver areas of 15–30 mm2 using the NDP.2 VIEW image

analysis software (Hamamatsu Photonics K.K., Japan).

In vitro viral infections

J774A.1 cells were infected with MHV-A59 or MHV3 at a

multiplicity of infection (m.o.i.) of 0�1–1 or treated with

the synthetic bacterial ligand for TLR1/2 (Pam3CSK4)

(InvivoGen, San Diego, CA). Infections were conducted

in a minimal volume of fresh complete medium for the

first 2 hr and then incubated at 37° in 5% CO2 atmo-

sphere for various times p.i. according to experiments.

Supernatants were collected and kept at �80° for subse-

quent viral titration and/or ELISA tests. Total cell RNA

was extracted from cell culture and prepared for subse-

quent RT-PCR analysis.

RNA interference treatments

J774A.1 cells were plated in 24-well plates at 6 9 104 cells

per well and transfected with 25 nM of mouse CEACAM1

small interfering RNA (siRNA) FlexiTube premix (Qia-

gen, Cambridge, MA) (Mm_Ceacam1_3: CACACTCATG-

CATTCACTCTA) and/or mouse TLR2 (Mm_Tlr2_4:

CTCGTTCTCCAGCATTTAAA) for at least 24 hr before

infection. Negative and positive siRNA controls (AllStars

Negative Control siRNA and Ctrl_AllStars_3,respectively,

Qiagen), were added to all transfection experiments. Syn-

thetic bacterial ligand for TLR1/2 (Pam3CSK4) (Invivo-

Gen San Diego, CA) was used as TLR2-positive control

for cytokine production.

RNA isolation and quantitative RT-PCR

Total RNA from frozen liver samples of C57BL/6 and

TLR2 KO mice was extracted using TRIzol reagent (Invit-

rogen, Burlington, Ont., Canada) and residual genomic

DNA was removed with the Turbo DNA-free kit

(Ambion, Austin, TX). Cell culture RNA was extracted

with the NucleoSpin� RNA II kit (Macherey-Nagel

GmbH & Co. KG, D€uren, Germany). One microgram of

RNA was retro-transcribed into cDNA using the high-

capacity cDNA reverse transcription kit (Applied
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Biosystems, Foster City, CA). Real-time PCR amplification

was carried out on 25 ng cDNA using the HotStart-ITTM

SYBR� Green qPCR Master Mix (USB Corporation,

Cleveland, OH) on an ABI 7300 system (Applied Biosys-

tems). Threshold cycle values (Ct) were collected and used

for ‘DDCt’ analysis. Specific primers for hypoxanthine

phosphoribosyltransferase (HPRT), MHV-nucleocapsid,

TLR2, TLR3, TLR4, TLR7, MDA-5, RIG-1, IFN-b, IL-6,

TNF-a, IL-33, Fgl-2, CXCL1, CXCL10 and CCL2 were

used (Table 1). The relative gene expression was normal-

ized to HPRT as endogenous control and expressed as a

ratio to gene expression in mock-infected mice livers

(arbitrarily taken as 1). The specificity of the PCR

products was confirmed by melting curve analyses.

ELISAs

Frozen liver samples from C57BL/6 and TLR2 KO mice

were weighted and homogenized in Nonidet-P40 lysis

buffer (Invitrogen) completed with a protease inhibitor

cocktail and 1 mM PMSF (Sigma Aldrich, St Louis, MA)

for protein extraction. Liver suspension was kept on ice

for 30 min and centrifuged for 10 min at 1000g. Deter-

mination of IFN-b (PBL, Piscataway, NJ), IL-6, TNF-a

(BD Biosciences, Mississauga, Ont., Canada), and CXCL1,

CXCL10, CCL2 (eBiosciences, San Diego, CA) levels in

liver lysates or cell culture supernatants was carried out

according to the manufacturers’ procedures.

p38 MAPK assay

The p38 MAPK activity has been evaluated in J774A.1

cells plated in 24-well plates at 3 9 104 cells per well

24 hr before infections with MHV-A59 or L2-MHV3 at

an m.o.i. of 5. At 5, 15, 30, 45 or 60 min p.i.,

supernatants were collected and frozen at �80°, and the

cells were washed three times with cold PBS once before

RNA and protein extraction. Activity of p38 MAPK in

in vitro infected cells was evaluated by phosphorylation

(T180/Y182) levels with the ELISA ONETM kit (TGR

BioSciences, Thebarton, Australia) according to the man-

ufacturer’s indications. Values are expressed as percentage

of phosphorylated p38/ total p38 relative to cellular

control.

Virus titration

Frozen liver samples from 24-hr and 72-hr MHV3- or

MHV-A59-infected C57BL/6 or TLR2 KO mice were

weighted and homogenized in cold PBS. Suspension was

then centrifuged at 1000g for 30 min, 10-fold serial-diluted

and tested for viral detection on L2 cells cultured in 96-well

plates. Cytopathic effects were recorded at 72 hr p.i. and

virus titres were determined according to the Reed–

Muench method and expressed as log10 TCID50.

Cytofluorometric studies

Livers were perfused with PBS through the portal vein to

remove blood cell contamination before dissection. After

homogenization of liver tissue and elimination of hepato-

cytes by sedimentation, immune cells were purified using

35% Percoll gradient (Sigma Aldrich) and red blood cells

were lysed with a Tris-buffered ammonium chloride solu-

tion. Mononuclear cells (MNCs; 106 cells) were incubated

with anti-CD16/32 antibodies (BD Biosciences) to block

non-specific binding. Cells were then incubated with opti-

mal dilutions of anti-CD3-V500, anti-Gr1-V450, anti-

CD11b-phycoerythrin-Cy7, anti-CD19-allophycocyanin,

anti-CD4-FITC, anti-NK1.1-Peridinin chlorophyll

Table 1. Primer sets used for quantitative RT-PCR

Gene Forward primer Reverse primer

HPRT 50-GAAAGACTTGCTCGAGATGTCATG-30 50-CACACAGAGGGCCACAATGT-30

IFN-b 50-CGGACTTCAAGATCCCTATGGA-30 50-TGGCAAAGGCAGTGTAACTCTTC-30

IL-6 50-TCGGAGGCTTAATTACACATGTTC-30 50-TGCCATTGCACAACTCTTTTCT-30

TNF-a 50-TCCCAGGTTCTCTTCAAGGGA-30 50-GGTGAGGAGCACGTAGTCGG-30

CCL2 50-GCAGCAGGTGTCCCAAAGAA-30 50GGTCAGCACAGACCTCTCTCTTG-30

CXCL10 50-GGCCATAGGGAAGCTTGAAAT-30 50-TCGTGGCAATGATCTCAACAC-30

TLR2 50-CCCTGTGCCACCATTTCC-30 50-CCACGCCCACATCATTCTC-30

TLR3 50-TGGGCTGAAGTGGACAAATCT-30 50-TGCCGACATCATGGAGGTT-30

TLR4 AGCTTCAATGGTGCCATCATT CCAGGTGCTGCAGCTCTTCT

TLR7 50-CAGTGAACTCTGGCCGTTGA-30 50-CAAGCCGGTTGTTGGAGAA-30

MHV-N 50-TGGAAGGTCTGCACCTGCTA-30 50-TTTGGCCCACGGGATTG-30

RIG-I 50-GCCAGAGTGTCAGAATCTCAGTCAG-30 50-GAGAACACAGTTGCCTGCTGCTCA-30

MDA-5 50-GCCCTCTCCTTCCTCTGAGACT-30 50-GCTGGAGGAGGGTCAGCAA-30

IL-33 50-GCTGCGTCTGTTGACACATTG-30 50-GGGAGGCAGGAGACTGTGTTAA-30

Fgl-2 50- CGTTGTGGTCAACAGTTTGGA-30 50- GATGTTGAACCGGCTGTGACT-30

CXCL1 50-CCGAAGTCATAGCCACACTCAA-30 50-CAAGGGAGCTTCAGGGTCAA-30
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protein-Cy-5.5 and anti-CD8-allophycocyanin-Cy7 antibod-

ies (BD Biosciences) and fixed in PBS containing 2% fetal

calf serum, 0�01 M sodium azide and 2% formaldehyde.

Stained cells were analysed on a FACS Aria II� flow cytome-

ter using BD FACS DIVA software (BD Bioscience) and the

data were processed using CXP software (Beckman Coulter,

Mississauga, Ont, Canada). Dead cells and doublet cells were

excluded on the basis of forward and side scatter and analy-

ses were performed on 10 000 events recorded. Myeloid cells,

gated by high side scatter, were assessed for CD11b and Gr1

to enumerate macrophages (CD11b+ Gr1inter) and neu-

trophils (CD11b+ Gr1high). Lymphoid cells were gated

according to forward and side scatter and first assessed for

NK1.1 and CD3 expression to discriminate NK from NKT

cells. CD3+ NK1.1� T cells were further gated to allow deter-

mination of CD4+ and CD8+ subpopulations. B lymphocytes

were determined by CD19+ CD3� expression (see Supple-

mentary material, Fig. S1).

Statistical analyses

Data obtained from in vivo experiments were expressed as

means � SEM. Multiple group analyses for PCR, ELISA and

viral titres data were evaluated by one-way analyses of vari-

ance test with post-hoc Tukey test using PASW STATISTICS

software (PASW version 18, IBM SPSS Inc. Chicago, IL).

Survival curve comparisons were performed using the Log

Rank test. Analysis of in vitro results was performed using

Student’s t-test to evaluate the statistical significance of differ-

ences between infected or treated cells and uninfected or

untreated cells. All results are shown as means � standard

error. Values of P ≤ 0�05 were considered as significant.

Results

Higher hepatic damage and viral replication in the

liver of MHV3-infected than MHV-A59-infected mice

To confirm that the highly hepatotrophic MHV3 induces

more dramatic hepatic lesions than the weakly virulent

MHV-A59 serotype following i.p. inoculation, groups of

C57BL/6 mice were infected with both viruses, livers were

collected at 24–72 hr p.i. and histopathological analysis,

viral replication and IFN-b production levels were recorded.

Histopathological analysis of livers from MHV3-infected

mice revealed few inflammatory cells surrounding necrotic

foci as soon as 24 hr p.i. [Fig. 1a (i)]. Presence of inflamma-

tory cells, however, was reduced from 48 hr p.i. whereas

necrotic foci extended until 72 hr p.i. [Fig. 1a (ii, iii)]. No

inflammatory foci were observed in livers from mock-

infected mice (results not shown). Larger inflammatory foci,

however, were observed in liver from MHV-A59-infected

mice up to 48 hr p.i. without extensive necrosis areas as

seen in MHV3-infected mice (P ≤ 0�01) [Fig. 1a (iv–vii)].

Extensive hepatic lesions in mice infected by MHV3 corre-

lated with higher levels of AST and ALT at 72 hr p.i. than in

MHV-A59-infected mice [Fig. 1b (i, ii)] (P ≤ 0�001).

Viral replication, as evidenced by nucleocapsid RNA

levels and viral titres, increased more in the liver of

MHV3-infected mice when compared with mice infected

with MHV-A59 (P ≤ 0�05 to P ≤ 0�001) [Fig. 1b (iii, iv)].

MHV3 replication in the liver increased throughout infec-

tion despite higher IFN-b production (P ≤ 0�001)

[Fig. 1b (v, vi)]. Such lower viral replication of MHV-

A59, however, did not result from an increase in IFN-b,

since lower mRNA levels and production of IFN-b were

detected in the liver of MHV-A59-infected. No increase

in IFN-a transcription has been observed in both MHV3-

and MHV-A59-infected mice (results not shown).

Higher expression of TLR2 over other TLRs and

helicases in the liver of MHV3- than MHV-A59-

infected mice

Several endosomal TLRs and helicases are simultaneously

activated and up-regulated upon viral infection, triggering

inflammatory responses (reviewed in ref. 1). We explored

the hypothesis that MHV3 infection may induce higher

expression of TLRs or helicase genes in the liver than

MHV-A59. Hence, kinetics of transcription levels of surface

TLR2 and TLR4, endosomal TLR3 and TLR7, and helicase

RIG-1 and MDA-5 genes have been assessed by quantitative

RT-PCR in the liver of infected mice from 24 to 72 hr p.i.

and expressed as mRNA fold changes relative to levels in

mock-infected mice. As shown in Fig. 2(a), TLR2 gene

expression steadily increased over the course of infection

Figure 1. Mortality, hepatic damages and viral replication during murine hepatitis virus 3 (MHV3) and MHV-A59-induced hepatitis in C57BL/6

mice. Groups of six or seven C57BL/6 mice were intraperitoneally (i.p.) infected with 1000 TCID50 of MHV3 or MHV-A59. Percentages of sur-

viving mice were recorded at various times post-infection (p.i.). (a) (i–vi) Histopathological analysis was conducted on livers at 24, 48 and 72 hr

p.i. (vii) Histological analysis of inflammatory foci in liver from MHV3- or MHV-A59 infected C57BL/6 mice. (b) Serum samples from infected

mice were assayed for aspartate transaminase (AST) and alanine transaminase (ALT) activity from 24 to 72 hr p.i. (i, ii). MHV3 or MHV-A59

replication in livers of infected mice was determined by analysis of the nucleoprotein (MHV-N) RNA expression from 24 to 72 hr p.i. by quanti-

tative RT-PCR, and values represent fold change in gene expression relative to mock-infected mice after normalization with HPRT expression

(iii). Viral titration (TCID50) in liver was assayed at 24 and 72 hr p.i. (iv). mRNA fold increases for interferon-b (IFN-b) were evaluated by

quantitative RT-PCR in livers of MHV3- or MHV-A59 infected mice. Values represent fold change in gene expression relative to mock-infected

mice (arbitrary value of 1) after normalization with HPRT expression (v). Production levels of IFN-b were quantified by ELISA test at 72 hr p.i.

in livers (vi). Results are representative of two different experiments. (*P < 0�05; **P < 0�01; ***P < 0�001).
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with MHV3 reaching over 120-fold the expression in

mock-infected mice at 72 hr p.i. whereas it remained barely

increased and drastically lower in MHV-A59-infected mice

(P ≤ 0�05 to P ≤ 0�001). Levels of TLR4 and TLR7 mRNA

expression were not affected by either MHV3 or MHV-A59

infections (Fig. 2b,c). Endosomal TLR3 or RIG-1 and

MDA-5 gene expression levels also increased in MHV3-

infected mice, albeit markedly less than TLR2, and were

similarly lower or not induced in mice infected with MHV-

A59 (P ≤ 0�05 to P ≤ 0�001) (Fig. 2d–f).

These data suggest that MHV3 but not MHV-A59

infection strongly induces expression of TLR2, over other

TLRs and helicases, in the liver of infected mice.

Higher expression of inflammatory cytokines, IL-33

(alarmin) and Fgl-2 in the liver of MHV3-infected

than MHV-A59-infected mice

Activation of TLRs, mainly surface TLR2, is involved in

the release of pro-inflammatory cytokines such as TNF-a

and IL-6 (reviewed in ref. 1). Higher induction of hepatic

TLR2 expression by MHV3 than MHV-A59 infection sug-

gests that higher levels of TNF-a or IL-6 may occur in

the liver of MHV3-infected mice. To investigate this

hypothesis, levels of TNF-a and IL-6 expression were

evaluated by quantitative RT-PCR and ELISA tests in liv-

ers from infected mice. As shown in Fig. 3(a,b), IL-6

mRNA and secretion levels increased only in MHV3-

infected mice (P ≤ 0�05 and P ≤ 0�001). Higher expres-

sion of TNF-a was also found in the liver of MHV3- than

MHV-A59-infected mice (P ≤ 0�01 to P ≤ 0�001)

(Fig. 3c) and correlated with higher secretion at 72 hr p.i.

(P ≤ 0�001) (Fig. 3d).

We have previously demonstrated that expression of

IL-33, a new alarmin, was up-regulated in the liver of

MHV3-infected C57BL/6 mice correlating with an

increase of inflammatory cytokines.36 Messenger RNA

levels and immunolocalization for IL-33 were assayed in

the livers of MHV3-infected and/or MHV-A59-infected

mice. As shown in Fig. 3(e), gene expression of IL-33

increased only in the liver of MHV3-infected mice

(P ≤ 0�001) and IL-33 was localized mainly in cells lining

sinusoids and to a lesser extent in hepatocytes at 24 and

72 hr p.i. in MHV3-infected mice (Fig. 3g).

It was previously demonstrated that fulminance of

MHV3-induced hepatitis correlated with levels of Fgl-2

produced by liver sinusoidal endothelial cells.37,38 As

expected, Fgl-2 expression increased sooner, at 48 hr p.i.,

in the liver of MHV3-infected mice than MHV-A59-

infected mice (P ≤ 0�05 and P ≤ 0�01).

Activation of TLR2, as other TLRs, is also involved in

chemokine production in acute and chronic liver dis-

eases39 (reviewed in ref. 1). We hypothesized that MHV3

infection may favour greater release of chemokines in the

liver than MHV-A59 infection. Hence, mRNA and pro-

tein levels of CCL2, CXCL1 and CXCL10 were evaluated
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Figure 2. Messenger RNA levels of Toll-like

receptor 2 (TLR2), TLR4, TLR3, TLR7 and

helicases retinoic acid inducible gene (RIG-1)

and melanoma differentiation-associated pro-

tein (MDA-5) genes in the liver of murine

hepatitis virus (MHV) 3- and MHV-A59-

infected mice. Groups of six or seven C57BL/6

(wild-type; WT) mice were intraperitoneally

(i.p.) infected with 1000 TCID50 of MHV3 or

MHV-A59. At 24, 48 or 72 hr post-infection

(p.i.), livers from each group were collected

and Toll-like receptors (TLR2, -3, -4, -7) (a–d)

and helicases (MDA-5 and RIG-1) (e and f)

mRNA fold changes were analysed by quantita-

tive RT-PCR. Values represent fold change in

gene expression relative to mock-infected mice

(arbitrary value of 1) after normalization with

HPRT expression. Results are representative of

two different experiments. (*P < 0�05;

**P < 0�01; ***P < 0�001).
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by quantitative RT-PCR and ELISA tests, respectively, in

the livers of infected mice. As shown in Fig. 4, transcrip-

tion levels of CCL2 and CXCL10 genes increased over

infection time in MHV3-infected mice and reached

higher levels at 72 hr p.i. than in MHV-A59-infected

mice (P ≤ 0�05 to P ≤ 0�001) (Fig. 4a,c). CCL2 was

highly produced in liver from MHV3-infected mice

(P ≤ 0�01 and P ≤ 0�001) (Fig. 4b). Production of

CXCL10, however, was higher in the liver of MHV-A59-

infected than MHV3-infected mice although gene expres-

sion was lower (P ≤ 0�01 and P ≤ 0�001) (Fig. 4d). Levels

of mRNA and protein for CXCL1 were more increased in

the liver of MHV3-infected mice than in MHV-A59-

infected mice (P ≤ 0�05 to P ≤ 0�001) (Fig. 4e,f).

Transient and lower recruitment of neutrophils, NK

cells and macrophages in the livers of MHV3- and

MHV-A59-infected mice

Higher CXCL1, CCL2 and lower CXCL10 levels in the

livers of MHV3-infected mice suggest higher

recruitment of neutrophils, macrophages, NK and NK

T cells rather than lymphoid cells (reviewed in ref. 40).

Smaller or lower inflammatory foci, however, were

observed in the livers of MHV3-infected mice compared

with MHV-A59-infected mice [Fig. 1a (ii–vi)] suggesting

that inflammatory cell subsets are differentially recruited

during MHV3 and MHV-A59 infections. To verify this

hypothesis, intrahepatic MNCs were isolated from the

livers of MHV3- and MHV-A59-infected mice at 24

and 48 hr p.i., immunolabelled and then phenotyped by

cytofluorometric analysis. Percentages and numbers of

NK-T (NK1.1+ CD3+) and NK (NK1.1+ CD3�) cells,

neutrophils (CD11bhi Gr1hi), macrophages (CD11b
+ Gr1int) as well as B (CD19+), CD4 (CD3+ CD4+) and

CD8 (CD3+ CD8+) lymphocyte subsets were compared

between groups of mice. As shown in Fig. 5(a), per-

centages of neutrophils (CD11bhi Gr1hi) and macro-

phages (CD11b+ Gr1int) rapidly increased at 24 hr p.i.

in MHV3-infected mice in spite of high individual vari-

ation for neutrophils (P ≤ 0�05 to P ≤ 0�001). Percent-

ages of NK cells (NK1.1+ CD3�) increased only at
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Figure 3. Messenger RNA levels and produc-

tion of inflammatory cytokines, interleukin-33

(IL-33) and fibrinogen-like 2 (Fgl-2) in the

liver of murine hepatitis virus (MHV) 3- and

MHV-A59-infected mice. Groups of six or

seven C57BL/6 mice were intraperitoneally

(i.p.) infected with 1000 TCID50 of MHV3 or

MHV-A59. At 24, 48 or 72 hr post-infection

(p.i.), livers from each group were collected

and mRNA fold increases for interleukin-6

(IL-6) (a), tumour necrosis factor-a (TNF-a)

(c), IL-33 (e) and Fgl-2 (f) were evaluated by

quantitative RT-PCR in livers of infected mice.

Values represent fold change in gene expres-

sion relative to mock-infected mice (arbitrary

value of 1) after normalization with HPRT

expression. Production levels of IL-6 (b) and

TNF-a (d) were quantified by ELISA test at

72 hr p.i. in livers. Expression of IL-33 deter-

mined by immunohistochemistry in livers from

mock-infected and MHV3-infected WT mice

at 24 and 72 hr p.i. (g). Some positive IL-33

cells are indicated by arrows. Results are repre-

sentative of two different experiments.

(*P < 0�05; **P < 0�01; ***P < 0�001).
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48 hr p.i (P ≤ 0�001) and NK-T (NK1.1+ CD3+) cell

percentage decreased at 24 hr p.i. only (P ≤ 0�001). Per-

centages of CD4, CD8 and B lymphocytes decreased in

the livers of MHV3-infected mice at 24 and/or 48 hr

p.i. (P ≤ 0�05 to P ≤ 0�001) (Fig. 5b), as previously

reported.41
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Figure 4. Messenger RNA expression and pro-

duction of chemokines CCL2, CXCL1 and

CXCL10 in the livers of murine hepatitis virus

(MHV) 3- and MHV-A59-infected mice.

Groups of six or seven C57BL/6 mice were

intraperitoneally (i.p.) infected with 1000

TCID50 of MHV3 or MHV-A59. At 24, 48 or

72 hr post-infection (p.i.), livers from each

group were collected. mRNA expression levels

for CCL2 (a), CXCL10 (c) and CXCL1 (e)

were evaluated by quantitative RT-PCR at 24,

48 and 72 hr p.i in livers from MHV3- or

MHV-A59-infected mice. Values represent fold

change in gene expression relative to mock-

infected mice (arbitrary value of 1) after nor-

malization with HPRT expression. Protein

levels of CCL2 (b), CXCL10 (d) and CXCL1

(f) were quantified in livers by ELISA tests at

72 hr p.i. (*P < 0�05; **P < 0�01;

***P < 0�001).
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Figure 5. Analysis of intrahepatic mononculear

cells (MNCs) in the liver of murine hepatitis

virus (MHV) 3- and MHV-A59-infected

C57BL/6 mice. Intrahepatic MNCs were iso-

lated from groups of six mock-infected,

MHV3- and MHV-A59-infected C57BL/6 mice

at 24 and 48 hr p.i., immunolabelled with

NK1.1, CD3, Gr1, CD11b, CD19, CD4 and

CD8 monoclonal antibodies and analysed by

cytofluorometry. Percentages of natural killer T

(NK-T) (NK1.1+ CD3+), natural killer (NK)

(NK1.1+ CD3�), neutrophils (Gr1hi CD11bhi)

and macrophages (Gr1+ CD11bint) cells were

evaluated in the livers of MHV3 (a) and

MHV-A59 (e) -infected mice. Percentages of b

(CD19+) and CD4 (CD3+ CD4+) and CD8

(CD3+ CD8+) subpopulations of

CD3+ NK1.1� cells were similarly analysed (b

and f). Absolute numbers for each cell subset

were calculated in using respective percentages

reported to total number of isolated MNC in

the liver of MHV3- (c and d). (*P < 0�05;

**P < 0�01; ***P < 0�001).
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Analyses of cell-subset percentages, however, are not

fully representative of recruited inflammatory cells

because total number of isolated MNCs strongly

decreased with time in the liver of MHV3-infected

mice.41 To properly reflect the evolution of cell recruit-

ment in infected mice, absolute numbers of each inflam-

matory cell subset have been calculated using the

percentage of each cell subset reported to total number of

isolated MNCs. As shown in Fig. 5(c), the transient

increase of neutrophil percentage observed in the liver of

MHV3-infected mice was in accordance with the increase

in neutrophil numbers at 24 hr p.i. only (P ≤ 0�001).

However, low increase of absolute number of macro-

phages occurred at 48 hr p.i. only (P ≤ 0�05). In addition,

both NK-T and NK cell numbers decreased (P ≤ 0�05 to

P ≤ 0�001) in contrast to that seen in percentages. The

decreases in numbers of CD4, CD8 and B cells were mag-

nified when compared with percentages (P ≤ 0�01 and

P ≤ 0�001) (Fig. 5b,d). The extensive cell necrosis in the

liver of MHV3-infected mice at 72 hr p.i., however, did

not allow us to isolate sufficient numbers of MNCs for

accurate immunolabellings and cytofluorometric analysis.

In livers from MHV-A59-infected mice, however, per-

centages of neutrophils strongly increased as soon as

24 hr p.i. (P ≤ 0�001) whereas NK cells transiently

increased (P ≤ 0�05) and NK-T cells decreased (P ≤ 0�01

and P ≤ 0�001) (Fig. 5e). Macrophage percentage slightly

increased at 48 hr p.i. only (P ≤ 0�05). In contrast to that

seen in the liver of MHV3-infected mice, only the B-cell

percentage decreased slightly at 48 hr p.i. (P ≤ 0�01)

whereas CD4 and CD8 lymphocyte percentages remained

unchanged (Fig. 5f). The number of MNCs isolated in

the liver of MHV-A59-infected mice did not significantly

differ that in from mock-infected mice, in contrast with

that seen in MHV3-infected mice. In consequence, varia-

tions in absolute numbers of cell subsets did not differ

from percentages (results not shown).

Lower liver damage and viral replication in MHV3-

infected TLR2 KO mice

We have previously observed that MHV3-induced acute

hepatitis was less severe in TLR2 KO mice.34 The compara-

tive study between MHV3 and MHV-A59 infections

regarding severity of hepatitis, TLR2 expression level, and

inflammatory cytokines and chemokines in liver from

infected mice support this hypothesis and suggest that

higher virulence of MHV3 may be related to TLR2-depen-

dent exacerbated inflammatory responses. To verify

whether TLR2 is involved in aggravated hepatic damages

and viral replication during acute MHV3 infection, groups

of WT C57BL/6 and TLR2 KO mice were i.p. infected with

MHV3 or MHV-A59 and survival rates, liver injury and

viral load in the liver were monitored from 24 to 72 hr p.i.

As shown in Fig. 6(a), mortality rate of MHV3-infected

TLR2 KO mice was delayed when compared with infected

WT mice as it occurred from only 96 to 120 hr p.i. in con-

trast to WT mice, for which mortality reached more than

70% of mice at 72 hr p.i. (P ≤ 0�001). Considering the ful-

minance of hepatitis, such a statistically significant delay

can support a role for TLR2 in the pathogenic processes of

hepatitis. As expected, no mortality was observed in WT

and TLR2 KO mice infected with MHV-A59 (see Supple-

mentary material, Fig. S2A). Histopathological analysis of

livers from MHV3-infected TLR2 KO revealed inflamma-

tory foci only by 48 hr p.i. and fewer necrotic foci at 72 hr

p.i. when compared with liver from MHV3-infected WT

mice (Fig. 6b compared with Fig. 1a). In livers from

MHV-A59-infected TLR2 KO mice, however, few large

inflammatory foci, similar to those observed in MHV-A59-

infected WT mice, were noted (see Supplementary mate-

rial, Fig. S2B). Accordingly, serum AST and ALT levels

were lower in MHV3-infected TLR2 KO than in infected

WT mice (Fig. 6c,d) (P ≤ 0�05 and P ≤ 0�001). Hepatic

lesions, comparable to those seen in livers from MHV3-

infected WT mice, occurred later in infected TLR2 KO

mice (results not shown), leading to a delayed mortality of

mice.

Viral replication of MHV3 in the liver of infected

TLR2 KO, as determined by the expression of the viral

nucleoprotein RNA (quantitative RT-PCR) and viral

titres, was also lower and delayed when compared with

replication in MHV3-infected WT mice (Fig. 6e,f)

(P ≤ 0�05 to P ≤ 0�001). MHV-A59 replication in livers

from TLR2 KO mice, however, was not altered (see Sup-

plementary material, Fig. S2C) when compared with

infected WT mice.

Dietrich et al.42 have previously reported that TLR2

signalling may lead to IFN-a/b production when TLR2 is

internalized in endosomes. As shown in Fig. 6(g,h), tran-

scription and production of IFN-b occurred later and

reached lower levels in MHV3-infected TLR2 KO mice

than in WT mice (P ≤ 0�001). No significant increase of

IFN-a transcription has been observed in both MHV3-

infected mouse strains (results not shown).

TLR2 is involved in aggravation of MHV3-induced

hepatitis instead of other TLRs or helicase genes

To support the hypothesis that severity of MHV3-induced

hepatitis mainly involves TLR2 rather than other PRRs,

kinetics of transcription levels of surface TLR2 and TLR4,

endosomal TLR3 and TLR7, as well as helicase RIG-1 and

MDA-5, genes were compared in livers from MHV3-

infected WT and TLR2 KO mice. As observed above, an

increase of surface TLR2 but not TLR4 gene expression

levels over the course of infection by MHV3 was con-

firmed in the liver of WT mice (P ≤ 0�05 to P ≤ 0�001)

(Fig. 7a,b) whereas absence of TLR2 induction was vali-

dated in infected TLR2 KO mice. Endosomal TLR3 or
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RIG-1 and MDA-5, but not TLR7, gene expression levels

similarly increased in livers from both WT and TLR2 KO

mice infected with MHV3 (P ≤ 0�05 to P ≤ 0�001)

(Fig. 7c–f). These data support that MHV3 infection

specifically increases the expression of TLR2 in the liver

of WT mice because other TLRs and helicases are simi-

larly expressed in infected WT and TLR2 KO mice.

Decreases of inflammatory cytokines, alarmin IL-33

but not Fgl-2 gene expression in the liver of MHV3-

infected TLR2 KO mice

We have previously reported that IL-6 and TNF-a pro-

duction by peritoneal macrophages in vitro infected with

MHV3 depends on TLR2 activation by the viral glycopro-

tein S.34 In order to verify whether TLR2 is specifically

involved in the exacerbation of the inflammatory cytokine

response during MHV3 infection, as previously observed

in Fig. 3, levels of TNF-a and IL-6 expression were com-

pared by quantitative RT-PCR and ELISA tests in MHV3-

infected WT and TLR2 KO mice. As shown in Fig. 8(a),

mRNA levels of IL-6 increased throughout MHV3 infec-

tion in WT mice (P ≤ 0�01 and P ≤ 0�001) but were

impaired in infected TLR2 KO mice as demonstrated by

fourfold lower levels at 72 hr p.i. (P ≤ 0�05). Interleukin-

6 secretion increased only in the liver of MHV3-infected

WT mice (P ≤ 0�001) (Fig. 8b). Similarly, lower expres-

sion of TNF-a was found in the livers of MHV3-infected
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Figure 6. Hepatic damages, viral replication

and interferon-b (IFN-b) production in the

liver of murine hepatitis virus (MHV) 3-

infected wild-type (WT) and Toll-like receptor

2 knockout (TLR2 KO) mice. Groups of six to

seven C57BL/6 (WT) and TLR2 KO mice were

intraperitoneally (i.p.) infected with 1000

TCID50 of MHV3. Survival curve of MHV3-

infected WT and TLR2 KO mice (a).

Histopathological analysis was conducted on

livers from MHV3-infected TLR2 KO at 24, 48

and 72 hr post-infection (p.i.) (b). Serum sam-

ples from MHV3-infected WT and TLR2 KO

mice were assayed for aspartate transaminase

(AST) (c) and alanine transaminase (ALT) (d)

activity at 24–72 hr p.i. Replication of MHV3

in livers of infected mice was determined by

analysis of the nucleoprotein (MHV-N) RNA

expression at 24, 48 and 72 hr p.i. by quantita-

tive RT-PCR, and by viral titration (TCID50)

at 24 and 72 hr p.i. (e, f). Messenger RNA fold

increases for IFN-b were analysed in livers

from MHV3-infected mice by quantitative RT-

PCR at 24, 48 and 72 hr p.i. (g). Values repre-

sent fold change in gene expression relative to

mock-infected mice (arbitrary value of 1) after

normalization with HPRT expression. Protein

levels of IFN-b in the liver were quantified by

ELISA test at 72 hr p.i. (h). (*P < 0�05;

**P < 0�01; ***P < 0�001).
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TLR2 KO mice than WT mice (P ≤ 0�05 and P ≤ 0�001)

(Fig. 8c). Such defects in TNF-a mRNA expression corre-

lated with lower production at 72 hr p.i. (P ≤ 0�001)

(Fig. 8d).

The IL-33 gene expression level was delayed to 72 hr

p.i. in MHV3-infected TLR2 KO mice whereas it was

induced as early as 24 hr p.i. in WT mice (P ≤ 0�01)

(Fig. 8e). mRNA levels for Fgl-2, however, increased simi-

larly up to 48 hr p.i. in the livers of both WT and TLR2

KO infected mice (P ≤ 0�05 and P ≤ 0�01) (Fig. 8f).

Decreases in CXCL1, CCL2 and CXCL10 levels in the

livers of MHV3-infected TLR2 KO mice

It was recently shown that the TLR2 signalling network is

essential for inflammatory cell recruitment in acute liver

injury.39 Accordingly, we hypothesized that TLR2 activa-

tion may be involved in the induction of the high chemo-

kine levels observed during MHV3 infection (Fig. 4) but

expected that it would be decreased in liver from infected

TLR2 KO mice. As shown in Fig. 9(a,b), mRNA and pro-

tein levels of CXCL1 increased sooner and higher in the

liver of MHV3-infected WT mice than TLR2 KO mice

(P ≤ 0�05 to P ≤ 0�001). Transcription and production

levels of CCL2 and CXCL10 also increased over infection

time in infected WT mice but were dramatically impaired

and delayed in infected TLR2 KO mice (P ≤ 0�05 to

P ≤ 0�001) (Fig. 9c–f). Immunolocalization of CXCL10

showed lower expression in hepatocytes of MHV3-

infected TLR2 KO than WT mice at 72 hr p.i. (Fig. 9g).

Delayed recruitment of neutrophils, NK cells and

macrophages in the liver of MHV3-infected TLR2 KO

mice

To verify whether the reduced production of CXCL1,

CCL2 and/or CXCL10 in the liver of MHV3-infected

TLR2 KO mice involved lower recruitment of inflamma-

tory cells, intrahepatic MNCs were isolated from the liv-

ers of mock-infected and MHV3-infected WT and TLR2

KO mice at 24 and 48 hr p.i., immunolabelled and then

phenotyped by cytofluorometric analysis, as indicated

above. As shown in the Supplementary material

(Fig. S3A), percentages of neutrophils and macrophages

increased at 48 hr p.i. only in the liver of MHV3-infected

TLR2 KO mice (P ≤ 0�001) whereas NK and NKT cell

percentages remained unchanged. Both B and CD8 cell

percentages, however, decreased in the liver of infected

TLR2 KO mice (P ≤ 0�01 and P ≤ 0�001) (see Supple-

mentary material, Fig. S3B). As no major reduction in

total isolated MNCs was observed over time in livers

from MHV3-infected TLR2 KO mice in contrast to that
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Figure 7. Messenger RNA levels of Toll-like

receptors (TLRs) and helicases in the livers of

murine hepatitis virus (MHV) 3-infected wild-

type (WT) and TLR2 knockout (KO) mice.

Groups of six or seven C57BL/6 (WT) and

TLR2 KO mice were intraperitoneally (i.p.)

infected with 1000 TCID50 of MHV3. At 24,

48 or 72 hr post-infection (p.i.), livers from

each group were collected and Toll-like recep-

tors (TLR2, -3, -4, -7) (a–d) and helicases

[retinoic acid inducible gene (RIG-1) and mel-

anoma differentiation-associated protein

(MDA-5)] (e and f) mRNA fold changes were

analysed by quantitative RT-PCR. Values rep-

resent fold change in gene expression relative

to mock-infected mice (arbitrary value of 1)

after normalization with HPRT expression.

(*P < 0�05; **P < 0�01; ***P < 0�001). N.D.

not done.
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seen in MHV3-infected WT mice, changes in percentages

for each cell subset reflect similar changes in cell numbers

(results not shown).

Taken together, these results suggest that TLR2 favours

greater hepatic damage, more viral replication and a

stronger inflammatory response as well as the transient

increase in inflammatory cells and losses of NK and NKT

cells in the liver only in MHV3-infected WT mice, not in

MHV-A59-infected WT mice or MHV3-infected TLR2

KO mice, supporting an aggravating role for TLR2 in

acute hepatitis.

TLR2-dependent viral replication and inflammatory

responses in in vitro MHV3-infected macrophages

We aimed to identify the cells involved in the exacerbated

TLR2-dependent inflammatory responses in the liver of

MHV3-infected mice. We first investigated whether TLR2

expression was increased in in vitro infected macrophages,

hepatocytes and LSECs. Preliminary data revealed that

both LSECs (Bleau et al. manuscript in revision) and

macrophages expressed higher TLR2 expression levels

upon MHV3 infection. It has been previously demon-

strated that macrophages are the first target cells follow-

ing MHV infection and that lower virulence of

MHV-A59 is due to suppression of viral replication by

these cells.22,33 In addition, induction of TNF-a and IL-6

in peritoneal macrophages infected with MHV3 was

shown to depend on surface (S) viral protein fixation to

TLR2 and heparan sulphate34 in contrast to MHV-A59.43

These observations suggest that macrophages may be one

cellular source participating in TLR2-dependent inflam-

matory responses during MHV3 infection.

We first verified whether MHV-A59 and MHV3 differen-

tially replicate and induce cytokine production in macro-

phages. J774A.1 macrophages were infected with both

viruses at 0�1–1 m.o.i. for 4–24 hr p.i. and MHV nucleo-

protein (N-MHV) and IL-6 expression were then evalu-

ated. As shown in Fig. 10(a), the nucleoprotein RNA

expression occurred sooner and reached higher levels in

cells infected by MHV3 than MHV-A59 (P ≤ 0�01 to

P ≤ 0�001). In accordance, viral titres were also higher in

MHV3-infected cells (results not shown). Rapid and higher

IL-6 transcription levels occurred in MHV3-infected cells

(Fig. 10b) except at 24 hr p.i. (P ≤ 0�001) and correlated

with higher production levels (MHV3: 430 � 45 pg/ml;

MHV-A59: 82 � 15 pg/ml; P ≤ 0�001). To verify whether

higher replication of MHV3 in macrophages was associated

with faster viral entry into cells, immediate-early levels

(within 60 min p.i.) of N-MHV RNA levels were evaluated

in MHV3 and MHV-A59-infected J774.1 cells. Higher

levels of N-MHV mRNA were detected in MHV3-infected

cells than in MHV-A59-infected cells, from 5 min p.i. until

60 min p.i. (P ≤ 0�05 to P ≤ 0�001) (Fig. 10c).

0

20

40

60

80

100

m
R

N
A

 f
o

ld
 c

h
a

n
g

e
s TNF-α TNF-α

(c) (d)

***

***

0

10

20

30

40

50

24 48 72

24 48 72

m
R

N
A

 f
o

ld
 c

h
a

n
g

e
s

Time post-infection (hr)

IL-6
(a)

***

**

0

10

20

30

40

CTRL L2-MHV3

(n
g

/n
g

 l
iv

e
r)

IL-6

***

(b)

0

10

20

30

CTRL L2-MHV3

(n
g

/g
 l
iv

e
r)

***

0

5

10

15

20

24 48 72

m
R

N
A

 f
o
ld

 c
h
a
n
g
e
s

Time post-infection (hr)

24 48 72

Time post-infection (hr)

Time post-infection (hr)

Fgl2

*

(f)

**

* *

*

*

WT

TLR2 KO

0

2

4

6

8

10

m
R

N
A

 f
o
ld

 c
h
a
n
g
e
s

IL-33

**

(e)

**
**

Figure 8. Expression levels of cytokines, inter-

leukin-33 (IL-33) and fibrinogen-like 2 (Fgl-2)

gene in the liver of murine hepatitis virus

(MHV) 3-infected wild-type (WT) and Toll-

like receptor 2 (TLR2) knockout (KO) mice.

Groups of six or seven C57BL/6 (WT) and

TLR2 KO mice were intraperitoneally (i.p.)

infected with 1000 TCID50 of MHV3. At 24,

48 or 72 hr p.i., livers from each group were

collected. mRNA fold increases for IL-6 (a),

tumour necrosis factor-a (TNF-a) (c), IL-33

(e), and the Fgl-2 (f) were evaluated by quanti-

tative RT-PCR in livers of infected mice.

Values represent fold change in gene expres-

sion relative to mock-infected mice (arbitrary

value of 1) after normalization with HPRT

expression. Production levels of IL-6 (b) and

TNF-a (d) were quantified in livers by ELISA

tests at 72 hr p.i. (*P < 0�05; **P < 0�01;

***P < 0�001).
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Since early p38 MAPK activation is involved in early

secretion of IL-6 in MHV3-infected peritoneal macro-

phages,34 the kinetics of p38 MAPK phosphorylation was

evaluated within the first 60 min p.i. by ELISA test. A

TLR2 agonist (Pam3C5K4) was used as positive control

for TLR2-dependent induction of the p38 MAPK sig-

nalling pathway. Results shown in Fig. 10(d) indicate that

phosphorylated p38 MAPK rapidly increased in cells trea-

ted with TLR2 agonist and peaked within 30 min

(P ≤ 0�001). Similar increase, peaking at 30 min, also

occurred in MHV3 infected cells (P ≤ 0�05 to P ≤ 0�01)

whereas no increase of phosphorylated p38 MAPK was

detected in MHV-A59-infected cells. These results suggest

that TLR2 may be involved in rapid and higher viral

replication and IL-6 secretion in MHV3-infected cells.

To verify this hypothesis, J774.1 cells were next treated

with siRNAs for TLR2 and/or CEACAM1a genes before

infection with MHV3 at an m.o.i of 0�1–1�0 for 22 hr.

MHV RNA, TLR2 and CEACAM1a fold changes were

then evaluated by quantitative RT-PCR and infectious

viruses were titrated. Results indicate that MHV-RNA

expression decreased in MHV3-infected cells treated with

siRNA for CEACAM1a and/or TLR2 (P ≤ 0�01)

(Fig. 10e). Similarly to N-MHV RNA levels, infectious

MHV3 virus titres in supernatants of infected J774.1 cells

decreased in siCEACAM1a- or siTLR2- or both
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Figure 9. Messenger RNA expression levels

and production of CCL2, CXCL1 and CXCL10

in the livers of murine hepatitis virus (MHV)

3-infected wild-type (WT) and Toll-like recep-

tor knockout (TLR2 KO) mice. Groups of six

or seven C57BL/6 (WT) and TLR2 KO mice

were intraperitoneally (i.p.) infected with 1000

TCID50 of MHV3. At 24, 48 or 72 hr post-

infection (p.i.), livers from each group were

collected. mRNA expression for CXCL1 (a),

CCL2 (c) and CXCL10 (e) genes was evaluated

by quantitative RT-PCR in livers from MHV3-

infected WT and TLR2 KO mice. Values repre-

sent fold change in gene expression relative to

mock-infected mice (arbitrary value of 1) after

normalization with HPRT expression. Protein

levels of CXCL1 (b), CCL2 (d) and CXCL10

(f) in the liver were quantified by ELISA test at

72 hr p.i. Immunolocalization of CXCL10 in

the liver determined by histochemistry staining

in MHV3-infected WT and TLR2 KO mice

(g). (*P < 0�05; **P < 0�01; ***P < 0�001).
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siCEACAM1a/siTLR2-treated J774.1 cells when compared

with untreated infected cells (1�2 9 106 � 0�3 9 106;

4�5 9 105 � 0�3 9 105 and 1�5 9 104 � 0�3 9 104 com-

pared with 2�5 9 106 � 0�8 9 106 TCID50/ml, respec-

tively; P ≤ 0�05 to P ≤ 0�01). MHV-A59 RNA, however,

decreased only in cells treated with siRNA for CEA-

CAM1a (alone or in combination with siRNA for TLR2)

(P ≤ 0�01)(Fig. 10e). As expected, TLR2 expression levels

increased higher in MHV3-infected macrophages, and

such an increase was also inhibited following knockdown

of one or both CEACAM1a and TLR2 genes (P ≤ 0�001)

(Fig. 10f).

To confirm the role of TLR2 in the early induction of the

IL-6 response by MHV3, IL-6 mRNA fold changes and

secretion were assessed in macrophages treated with siRNA

for TLR2 and/or CEACAM1a and infected for 5 or 22 hr

p.i. As shown in Fig. 10(g,h), knockdown of CEACAM1a

and/or TLR2 genes strongly decreased IL-6 transcription

and secretion levels by MHV3-infected macrophages, as

also shown at 5 hr p.i. (P ≤ 0�001), indicating that IL-6

production depends on both CEACAM1a and TLR2 mole-

cules. The efficiency of siTLR2 treatment and the involve-

ment of TLR2 in IL-6 induction was confirmed by

significant decreases of IL-6 expression in cells activated by

the TLR2 agonist Pam3CSK4 (P ≤ 0�01) (Fig. 10g).

Discussion

In this work, we demonstrated for the first time an aggra-

vating role for TLR2 in the acute phase of hepatitis in

comparing the fulminant MHV3-induced hepatitis to

milder hepatitis induced by the closely related MHV-A59

infection in mice. The involvement for TLR2 in the fulmi-

nance of MHV3-induced acute hepatitis was shown by ear-

lier mortality and higher hepatic lesions and viral

replication in infected WT mice than TLR2 KO mice

whereas subclinical hepatitis induced by MHV-A59 infec-

tion was not influenced by TLR2 as mortality rate, hepatic

damages and viral titres were comparable in both infected

WT and TLR2 KO mice. The severity of hepatitis in

MHV3-infected WT mice correlated with higher expression

of TLR2, IFN-b inflammatory cytokines and chemokines

and alarmin IL-33 in the liver. Despite higher chemokine

levels, neutrophils, NK, NK-T cells or macrophages were

only transiently or weakly recruited in the liver of MHV3-

infected WT mice in contrast to delayed but sustained

inflammatory cells recruitment in MHV3-infected TLR2

KO or MHV-A59-infected WT mice.

It is the first report showing higher TLR2 expression

over other PRRs in acute viral hepatitis during the first

days of infection. Many PRRs are activated after exposure

to hepatotrophic viruses, such as endosomal TLR3 or

TLR7 and intracytoplasmic helicases RIG-1 or MDA-5, to

activate IFN type 1 and inflammatory factors. In the liv-

ers from MHV3- but not MHV-A59-infected WT mice,

we have observed greater expression of TLR2 over other

PRRs such as TLR3, RIG-1, MDA-5 or TLR4 and TR7,

suggesting that MHV3 preferentially activates TLR2 tran-

scription. Higher expression of TLR2 has been recently

associated with disease progression of hepatitis C.44 Levels

of hepatic inflammation in HCV- and HCV/HIV-infected

patients, also correlated with higher transcription of

TLR2 and TLR4 genes in the liver17 suggesting a pro-

inflammatory role for TLR2 in hepatitis. Accordingly,

blocking of TLR2 was recently shown to attenuate Con-

canavalin A-induced experimental hepatitis in mice.45 We

have observed fewer hepatic lesions, less viral replication

and lower inflammatory responses in MHV3-infected

TLR2 KO mice, indicating that TLR2 may act as an

aggravating factor in fulminant hepatitis. However, TLR2

KO mice were not protected from MHV3-induced lethal

hepatitis, but survival was significantly improved due to

delayed occurrence of hepatic necrosis (observations not

shown), supporting that other TLR2-independent mecha-

nisms are also involved in the outcome of MHV3 infec-

tion. Unlike MHV3, the weakly hepatotrophic MHV-A59

showed no ability to increase TLR2 expression in the liver

and induced comparable mild hepatitis in WT or TLR2

KO mice, strengthening the importance of TLR2 in

MHV3-induced hepatitis.

Activation of TLR2 through the MyD88 /nuclear fac-

tor-jB-dependent pathway leads to up-regulation of

numerous genes involved in innate host defence such as

TNF-a, IL-1b, IL-6, IFN-c, chemokines and TLR expres-

sion (reviewed in ref. 46). We have observed that TNF-a

and IL-6 increased sooner and more in the liver of

MHV3-infected WT mice than in TLR2 KO or MHV-

A59-infected mice. It was previously reported that TNF-a

Figure 10. In vitro murine hepatitis virus (MHV) 3 and MHV-A59 infections of macrophages untreated or treated with small interfering (si)

RNA for Toll-like receptor 2 (TLR2) and CEACAM1a. J774A.1 macrophages were infected with 0�1–1 multiplicity of infection (m.o.i.) of MHV3

or MHV-A59 and incubated for various times post-infection (p.i.) according to experiments (a–d). Cells were also transfected with mouse CEA-

CAM1 and/or TLR2 siRNA for at least 24 hr before infections in other experiments (e and f). Nucleocapsid RNA (a, c and e), TLR2 (f), and

interleukin-6 (IL-6) (b and g) mRNA fold changes were analysed by quantitative RT-PCR at various times p.i. Values represent fold change in

gene expression relative to mock-infected mice (arbitrary value of 1) after normalization with HPRT expression. Phosphorylated p38 mitogen-

activated protein kinase (MAPK) levels were evaluated by ELISA test and expressed as percentages of total p38 MAPK (d). The synthetic bacterial

ligand for TLR2–TLR1 (Pam3CSK4) was used as TLR2 positive control for the detection of phosphorylated p38 MAPK and IL-6 expression (d

and g). IL-6 secretion was quantified by ELISA test in MHV3-infected cells at 5 hr p.i. (h). Results are representative of two different experi-

ments. (*P < 0�05; **P < 0�01; ***P < 0�001). N.D. Not done.
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activity significantly increases as soon as 24 hr p.i. during

MHV3 infection, even before the virus is detectable in the

liver,47 supporting an early activation through an uniden-

tified signalling pathway. Following i.p. infection, MHV3

primarily replicates in peritoneal macrophages and then

within liver Kupffer cells and LSECs.48,49 A role for

macrophages in MHV3-induced TLR2-dependent inflam-

matory responses is supported by in vitro infections. Our

results indicate that both CEACAM1a and TLR2 are

involved in viral replication and early IL-6 expression (as

soon as 5 hr p.i.) in macrophages. Jacques et al.34 have

previously demonstrated that TLR2 and heparan sulphate

were involved in the induction of inflammatory cytokines

in MHV3-infected macrophages. Our results suggest that

higher and earlier TLR2-dependent IL-6 induction by

MHV3 may be related to higher and earlier activation of

the p38 MAPK pathway by the virus. In addition, since a

very early role for the p38 MAPK pathway (within

30 min) was reported in viral replication of MHV3 in

J774.1 macrophages,50 higher and earlier replication of

MHV3 than MHV-A59 may also result from differential

activation of this pathway by the viruses. No role for

TLR2, however, was reported in viral replication and

induction of IL-6 by MHV-A59.43,51 Such a difference

may explain the lower viral load and inflammatory

responses in the liver of MHV-A59-infected mice. In

addition, preliminary data have shown that UV-inacti-

vated MHV3 viral particles bound more rapidly to

macrophage surface (<10 min) than UV-inactivated

MHV-A59, suggesting that S protein from MHV3 may

express higher affinity for TLR2 than MHV-A59.

Hepatocytes and non-parenchymal hepatic cells were

also reported to express both the viral receptor CEA-

CAM1a26 and TLR2.52,53 In vitro MHV3 infection in hepa-

tocytes leads to rapid cell death (less than 24 hr p.i.) and

low viral infectious titres and inflammatory cytokine

levels, which are barely influenced by siTLR2 treatments

(results not shown), suggesting that the exacerbated

inflammatory response in the liver of MHV3-infected mice

does not mostly depend on infected hepatocytes, in spite

of extensive necrosis foci. Vascular and tolerant properties

of LSECs, however, were disturbed when in vitro infected

with MHV3 (Bleau et al. manuscript in revision). Hence,

we can hypothesize that TLR2 fixation of viral infectious

particles or free viral S proteins on MHV3 permissive cells,

such as Kupffer cells and LSECs, may favour both viral

replication and exacerbated inflammatory responses that

may contribute to higher liver injury in MHV3-infected

mice. Indeed, high levels of TNF-a in the liver are gener-

ally associated with extensive necrosis,54 and absence of

TNF-a, but not IL-6, was recently shown to significantly

reduce hepatic lesions (AST/ALT) and increase the

survival of MHV3-infected mice.55

Following viral replication in macrophages and LSECs,

viruses reach hepatocytes leading to rapid extensive

syncytia and cell lysis.28 The fulminance of liver lesions

indicates that innate antiviral mechanisms cannot control

viral infection and inflammatory responses. Type I IFN

production by infected cells is the most important antivi-

ral mechanism acting in the first days of infection. Higher

IFN-b production, however, was found in the liver of

MHV3-infected WT mice than TLR2 KO mice or MHV-

A59-infected WT mice. The positive correlation between

IFN-b production and viral replication levels may reflect

the spreading of viral replication in the liver rather than

the efficiency of antiviral effects. Indeed, it was already

reported that higher levels of type I IFN were produced

simultaneously with higher MHV3 titres by peritoneal

macrophages from C57BL/6 mice,56 supporting a negligi-

ble role of type I IFN in the control of MHV3 replication.

Such explanation is also supported by a positive correla-

tion between low levels of IFN-b and low viral replication

in MHV3-infected TLR2 KO mice or MHV-A59-infected

WT mice, indicating that lower viral replication does not

result from higher production of antiviral IFN-b. In addi-

tion, no significant IFN-a expression was induced in the

liver of all infected groups of mice (results not shown),

indicating no major role for type I IFN in the control of

MHV replication and hepatitis. In addition, type I IFN

response in mouse coronavirus infections depends mainly

on TLR3 and helicases RIG-1 or MDA-5 engagement by

viral RNAs.57–59 Transcription levels of TLR3, RIG-1 and

MDA-5 were comparable in livers from both MHV3-

infected WT and TLR2 KO mice and less transcribed in

MHV-A59-infected WT mice, suggesting that higher

induction of IFN-b by MHV3 infection did not depend

on these PRRs. We can therefore postulate that higher

levels of IFN-b in the livers of MHV3-infected WT mice

may result from extensive hepatic infection and/or TLR2

engagement by MHV3. Indeed, Dietrich et al.42 have

demonstrated that translocation of TLR2 in endolysoso-

mal compartments following ligand engagement can trig-

ger IFN-b production via the MyD88/interferon

regulatory factor (IRF)-1/IRF-7-dependent pathway in

macrophages. Preliminary data revealed increased expres-

sion of IRF-7 in livers from MHV3-infected WT mice,

suggesting activation of this signalling pathway in some

hepatic cells. Future work should address this hypothesis.

Nevertheless, such an interesting potential new role for

TLR2 in IFN-b regulation may not be of major impor-

tance in MHV3 infection as no protection against hepati-

tis seems to be provided by high IFN-b levels.

TLR2 activation also leads to production of chemokines

involved in inflammatory cell recruitment. Earlier and

higher production of CXCL1, CCL2 and CXCL10, as seen

in the liver of MHV3-infected WT mice, may involve

rapid recruitment of neutrophils, macrophages and NK

or T-cell subsets, respectively (reviewed in ref. 40). As

expected, CXCL1 production and concomitant neutrophil

recruitment occurred sooner in the liver of
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MHV3-infected WT mice, suggesting that increase in

neutrophils may result from early CXCL1 release, as

demonstrated by Moles et al.39 The subsequent loss of

neutrophils at 48 hr p.i., however, did not depend on a

decrease of CXCL1 production because levels increased

up to 72 hr p.i. We can hypothesize that recruited neu-

trophils may serve as a new cell target for viral infection

leading to cell apoptosis, such as previously demonstrated

for NK cells.60 Work is in progress to clarify the loss of

these cells during MHV3 infection. Our data regarding

neutrophils slightly differ from those of Xu et al.61 who

reported percentage increases of neutrophils up to 48 hr

p.i in the liver of MHV3-infected mice. Such apparent

discrepancy results from the dramatic decrease in total

intrahepatic MNCs, including NK, B and CD4 cells, lead-

ing to an apparent increase in neutrophil percentages in

spite of a reduction in their absolute number, such as is

demonstrated in the present work. These authors also

linked neutrophil infiltration to a TNF-a-dependent Fgl-2

production. Our results do not support this hypothesis as

chemokine production and neutrophil infiltration in the

liver occurred earlier than Fgl-2 induction in MHV3-

infected WT mice. Total counts of MNCs in the livers of

both MHV3-infected TLR2 KO mice and MHV-A59-

infected WT mice were not highly altered over infection

time and neutrophil numbers steadily increased up to

48 hr p.i. supporting a recruitment of these cells despite

lower levels of CXCL1. The delayed and preserved neu-

trophil pool may therefore favour viral clearance and

contribute to controlling acute hepatitis, as suggested by

lower viral titres, inflammation and damages in these

mice. Recent work regarding the respiratory rat coron-

avirus infection showed that neutrophils were required

for an effective antiviral response but could also con-

tribute to lung pathology.62 On the other hand, we can-

not exclude that higher levels of chemokines in the liver

of MHV3-infected WT mice may also contribute to hepa-

totoxicity without respect to neutrophil infiltration.63

We have similarly observed lower macrophage recruit-

ment in the livers of MHV3-infected WT mice than

MHV3-infected TLR2 KO and MHV-A59-infected WT

mice despite higher production of CCL2. It was previously

demonstrated that macrophage expansion in the liver is

related to influx of peripheral monocytes facilitated by

high levels of CCL2 rather than to increase of Kupffer

cells64 (reviewed in ref. 65). However, resident and

recruited macrophages are permissive to MHV3 infec-

tion48,49 and we have shown that viral replication in

macrophages is increased by TLR2, suggesting that low

number of macrophages in the livers of MHV3-infected

WT mice result from higher viral replication and subse-

quent cell lysis. Accordingly, the low presence of inflam-

matory cells in necrosis foci observed in livers from

MHV3-infected WT mice may result from virus-induced

cell lysis of recruited MNCs. Lower levels of CXCL-1 and

CCL2 in the livers of MHV3-infected TLR2 KO and

MHV-A59-infected WT mice involved lower but sustained

recruitment of neutrophils and macrophages, suggesting

that these cells might be protective rather than deleterious

in acute hepatitis process. In agreement, depletion of

macrophages in MHV-A59-infected mice has been shown

to promote lethal fulminant hepatitis within 4 days p.i.23

In addition, NK, NK-T, B and T lymphocytes decreased

only in the liver of MHV3-infected WT mice despite

higher levels of CXCL10. Such a reduction may result

directly from permissivity of NK and B cells to viral

infection, and indirectly from virally induced lysis of thy-

mic dendritic cells, as was previously reported.60,66,67 The

larger inflammatory foci observed in the livers of MHV-

A59-infected WT mice and MHV3-infected TLR2 KO

mice may therefore reflect the sustained recruitment of

MNCs. On the other hand, high amounts of CXCL10 in

the liver have already been associated with apoptosis of

human and murine hepatocytes,68 suggesting that high

levels of CXCL10 induced by MHV3 may also contribute

to hepatic lesions.

Some other inflammatory factors induced by MHV3

infection were less dependent, or not dependent, on TLR2.

Indeed, we have observed that IL-33 release was less influ-

enced by TLR2 and rather reflected the severity of liver

damage, as was previously reported.69,70 We have recently

shown that IL-33 expression was up-regulated in the liver

of MHV3-infected C57BL/6 mice, mainly in LSECs, vascu-

lar endothelial cells and hepatocytes in the first 24–32 hr

p.i.36 This study also demonstrated that TLR3 was

involved in the up-regulation of IL-33 in poly(I:C)-treated

mice. However, IL-33 expression was more strongly

induced in the livers of MHV3-infected WT mice than in

poly(I:C)-treated mice, suggesting that other PRRs might

be involved in IL-33 release during MHV3 infection. Our

observations suggest that TLR2 might be another candi-

date involved in early IL-33 induction. The mechanism(s)

by which MHV3 favour(s) IL-33 secretion is pending and

need(s) further investigation. The induction of the vascu-

lar factor Fgl-2, a pro-thrombinase promoting microvas-

cular thrombosis and hepatocyte necrosis during MHV3

infection,37,38 was comparable in WT and TLR2 KO mice

and remained low or delayed in MHV-A59-infected WT

mice, indicating that this factor is not regulated by TLR2

and not involved in TLR2-exacerbated hepatic damage, in

spite of its worsening role in hepatitis outcome.

The present work with animal models of viral hepatitis

induced by two closely related serotypes of MHVs, high-

lights the complex interactions between surface TLR2 and

intracellular PRRs in the recognition of viral infections

and the induction of protective or worsening inflamma-

tory responses during acute infections. The use of the

MHV3 model provided new insights into the aggravating

role of surface TLR2 in acute viral diseases. Activation of

surface TLR signalling pathways has been recently
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associated with pathogenic processes in several viral infec-

tions. Indeed, TLR2 and/or TLR4 are involved in the

induction of inflammatory response in severe acute respi-

ratory syndrome virus, several herpesviruses (herpes sim-

plex virus 1, varicella virus, cytomegalovirus), influenza,

HIV, HBV and HCV infections.6–14 In most cases, TLR2-

promoted inflammatory TNF-a, IL-6 or chemokine IL-8

responses are mediated by macrophages.6,7,12,13,17 The

viral mechanisms involved in the activation of TLR2

inflammatory pathways are not clearly elucidated. The

ability of MHV3 viral proteins to bind and activate TLR2

signalling is not unique to coronaviruses. Indeed, HBV

and HCV core proteins were reported to induce TLR2-

dependent activation of nuclear factor-jB and p38 MAPK

and subsequent production of TNF-a, IL-6 and IL-12 in

macrophages.3,71 Hence, one could presume that activa-

tion of TLR2 by HCV/HBV core proteins could aggravate

hepatic inflammation and damage. In agreement with this

hypothesis, an up-regulation of TLR2 in the liver and on

monocytes, correlating with higher TNF-a levels and

necroinflammatory activity in the liver, was reported in

patients with hepatitis C.16,17 Our data demonstrate for

the first time that up-regulating the inflammatory activity

of TLR2 in the acute phase of viral hepatitis favours ful-

minant hepatitis. In humans, fulminant hepatic failure

(FHF) is an uncommon clinical condition characterized

by extensive hepatic necrosis, severe impairment of liver

function and a high mortality rate.19 The most recognized

causal agents of FHF are hepatitis viruses (especially

HBV) but several non-hepatic herpesviruses (herpes sim-

plex virus, cytomegalovirus and varicella virus) and drugs

were also associated with FHF.19 The pathophysiology of

FHF is unclear but increasing evidence suggests that

regardless of the aetiological cause of FHF, the host’s

inflammatory response contributes to liver microcircula-

tory disorders and injury. Accordingly, macrophage acti-

vation and inflammatory cytokines were shown to play a

key role in FHF.72,73 Moreover, the core protein from

HBV was suggested as a potential initiating factor in

patients with fulminant hepatitis B but mechanisms are

still elusive.74,75 Hence, we can propose that strong TLR2-

dependent activation of macrophages in the liver by viral

proteins from hepatitis or non-hepatitis viruses during

acute infection may predispose to FHF induction.

Work is in progress to further determine the mecha-

nisms involved in TLR2-dependent increase of inflamma-

tory responses and viral replication in infected

intrahepatic resident and recruited cell populations.
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VI.2. ANNEXE 2 : L’infection par le virus de l’hépatite murine induit 
l’activation de fonctions inflammatoires dans les cellules endothéliales 

sinusoïdales hépatiques dépendantes du Toll Like Receptor 2 pendant 

l’hépatite aiguë. 
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Résumé de l’article. 

Dans des conditions physiologiques, les cellules endothéliales sinusoïdales hépatiques (LSECs) 

participent à la tolérance immunitaire du foie par l’expression de médiateurs anti-

inflammatoires. En revanche, lors d’une infection virale ou d’une activation du Toll Like 

Receptor 2 (TLR2), les LSECs peuvent avoir des fonctions pro-inflammatoires. Cependant, leur 

rôle dans l’inflammation hépatique au cours de l’hépatite virale aiguë est inconnu. Par 

l’utilisation du virus de l’hépatite murine de type γ (MHVγ) hautement virulent, et de ses 

variants atténués, les 51.6-MHV3 et YAC-MHV3, qui présentent tous les deux un faible 

tropisme pour les LSECs, nous avons étudié in vivo et in vitro les conséquences de l’infec t ion 

des LSECs sur leur profil inflammatoire et sur l’aggravation de l’hépatite aiguë. Nous avons 

montré, qu’en comparaison à l’infection des souris avec les variants atténués, celle induite par 

le MHV3 conduisait à une hépatite fulminante associée à des hauts niveaux de charge virale, 

des plages de nécrose, l’expression de médiateurs inflammatoires et un recrutement précoce de 

cellules inflammatoires. Ce désordre hépatique corrélait avec une production perturbée de l’IL-

10 et de facteurs vasculaires par les LSECs. Nous avons ensuite montré que l’infection par le 

MHV3 des LSECs en culture primaire altérait leur production de cytokines anti-inflammato ires 

et conduisait à une libération importante de facteurs pro-inflammatoires et pro-coagulants ainsi 

qu’un dommage précoce des cellules par rapport à l’infection induite avec les variants atténués 

du MHV3. La forte réplication virale et  le profil pro-inflammatoire des LSECs infectées par le 

MHV3 étaient associés à une activation spécifique de la voie du TLR2 par le virus. Nous 

démontrons donc ici que l’activation du TLR2 des LSECs par le MHV3 est un facteur aggravant 

de l’inflammation hépatique et corrèle avec la sévérité de l’hépatite. En conclusion, nos 

résultats confirment que la conservation des propriétés immunotolérantes des LSECs au cours 

de l’hépatite virale aiguë est impérative pour limiter l’inflammation et le dommage hépatique. 
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ABSTRACT

Under physiological conditions, the liver sinusoidal endothelial cells (LSECs) mediate hepatic immune tolerance toward self or

foreign antigens through constitutive expression of anti-inflammatory mediators. However, upon viral infection or Toll-like

receptor 2 (TLR2) activation, LSECs can achieve proinflammatory functions, but their role in hepatic inflammation during acute

viral hepatitis is unknown. Using the highly virulent mouse hepatitis virus type 3 (MHV3) and the attenuated variants 51.6-

MHV3 and YAC-MHV3, exhibiting lower tropism for LSECs, we investigated in vivo and in vitro the consequence of LSEC infec-

tion on their proinflammatory profiles and the aggravation of acute hepatitis process. In vivo infection with virulent MHV3, in

comparison to attenuated strains, resulted in fulminant hepatitis associated with higher hepatic viral load, tissue necrosis, and

levels of inflammatory mediators and earlier recruitment of inflammatory cells. Such hepatic inflammatory disorders correlated

with disturbed production of interleukin-10 (IL-10) and vascular factors by LSECs. We next showed in vitro that infection of

LSECs by the virulent MHV3 strain altered their production of anti-inflammatory cytokines and promoted higher release of pro-

inflammatory and procoagulant factors and earlier cell damage than infection by attenuated strains. This higher replication and

proinflammatory activation in LSECs by the virulent MHV3 strain was associated with a specific activation of TLR2 signaling by

the virus. We provide evidence that TLR2 activation of LSCEs by MHV3 is an aggravating factor of hepatic inflammation and

correlates with the severity of hepatitis. Taken together, these results indicate that preservation of the immunotolerant proper-

ties of LSECs during acute viral hepatitis is imperative in order to limit hepatic inflammation and damage.

IMPORTANCE

Viral hepatitis B and C infections are serious health problems affecting over 350 million and 170 million people worldwide, re-

spectively. It has been suggested that a balance between protection and liver damage mediated by the host’s immune response

during the acute phase of infection would be determinant in hepatitis outcome. Thus, it appears crucial to identify the factors

that predispose in exacerbating liver inflammation to limit hepatocyte injury. Liver sinusoidal endothelial cells (LSECs) can ex-

press both anti- and proinflammatory functions, but their role in acute viral hepatitis has never been investigated. Using mouse

hepatitis virus (MHV) infections as animal models of viral hepatitis, we report for the first time that in vitro and in vivo infec-

tion of LSECs by the pathogenic MHV3 serotype leads to a reversion of their intrinsic anti-inflammatory phenotype toward a

proinflammatory profile as well to as disorders in vascular factors, correlating with the severity of hepatitis. These results high-

light a new virus-promoted mechanism of exacerbation of liver inflammatory response during acute hepatitis.

Under physiological conditions, the liver adopts mechanisms

of immune tolerance toward innocuous gut-derived food

and microbial antigens (such as lipopolysaccharide [LPS]) to pre-

vent undesired inflammatory responses. The induction of toler-

ance in the liver is mediated by several resident hepatic cell types,

such as the endothelial cells (ECs) lining the hepatic sinusoids

(liver sinusoidal endothelial cells [LSECs]), the Kupffer cells

(KCs), and to a lesser extent the hepatocytes (1). However, the

tolerizing and anti-inflammatory functions of LSECs were re-

cently shown to be more efficient than those of KCs (2). Given

their anatomical situation, LSECs are first in contact with portal-

delivered antigens and thus act as a sieving barrier in expressing

highly efficient sentinel and scavenger functions that contribute to

clearance of microbial products (3). They also tightly control

blood-parenchyma exchanges via a dynamic regulation of the si-

nusoidal blood flow in releasing vasoactive factors such as NO

(reviewed in reference 4). LSECs play a major role in liver toler-

ance in displaying a restricted Toll-like receptor (TLR)-mediated

activation profile to microbial products (5, 6) and producing large

amounts of anti-inflammatory cytokines, such as transforming

growth factor � (TGF-�) and interleukin-10 (IL-10) (7, 8). How-

ever, upon viral infection or stimulation by TLR1/2 ligands,

LSECs can switch toward an inflammatory and immunogenic

state and induce recruitment of leukocytes and virus-specific

CD8� T cell immunity (5, 9). The role of LSECs in inflammatory
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liver diseases is poorly understood, but as these cells can express
both anti- and proinflammatory functions, they could act as either
moderators or exacerbators of liver inflammation.

Hepatitis B virus (HBV) and hepatitis C virus (HCV) infec-
tions are serious health problems affecting over 350 million and
170 million people worldwide, respectively (10). Most liver dam-
age in HBV/HCV infections is attributed primarily to an exuber-
ant immunopathological response triggered by viral infection
rather than direct injury caused by viral replication (11, 12). It has
been suggested that the balance between protection and liver
damage mediated by the host’s immune response during the acute
phase of infection would be critical in the outcome of hepatitis
(13). Evidence suggests that an exacerbated hepatic inflammatory
response during acute infection may predispose to the develop-
ment of a fulminant hepatic failure characterized by extensive
hepatocellular dysfunctions and high mortality (14). The role of
LSECs in viral hepatitis is largely unknown, and data are some-
what contradictory. Indeed, LSECs were suggested to contribute
to the clearance of HCV and HBV from the bloodstream (15, 16)
and to control HCV replication (17) or instead to promote its
transmission to hepatocytes by acting as a viral reservoir (18). A
few data suggest that LSECs may also participate in hepatic in-
flammation, since fibrinogen-like factor 2 (Fgl2), promoting vas-
cular thrombosis and hepatic inflammation, and the proinflam-
matory alarmin IL-33, both produced by LSECs, are upregulated
in acute or chronic hepatitis (19–22). A better understanding of
the role of LSECs during the acute phase of viral hepatitis may help
to identify new mechanisms that predispose to inflammation-
driven hepatocyte injury and liver failure.

Mouse hepatitis virus type 3 (MHV3), belonging to the coro-
navirus family, is a relevant murine model to unravel the role of
LSECs in acute viral hepatitis. MHV3 infects LSECs, hepatocytes,
Kupffer cells (KCs), and Ito cells, all of which express the carcino-
embryonic antigen 1a (CEACAM1a) viral receptor, and induces
fulminant hepatitis leading to death of susceptible C57BL/6 mice
within 3 to 4 days (23–25). LSECs are thought to play an impor-
tant role in the resistance of A/J mice to MHV3 infection by con-
trolling viral replication and delaying the transmission of the viral
progeny to hepatocytes (26). Previous studies have reported early
structural and vascular disorders in LSECs during MHV3 infec-
tion in susceptible C57BL/6 mice. Indeed, a reduced number of
fenestrations in liver sinusoids and a correlation between the ful-
minance of hepatitis and the induction of Fgl2 in LSECs have been
described (27, 28). We have also shown that MHV3 infection was
associated with early release of IL-33 by LSECs (29) and a reduc-
tion in the intrahepatic levels of immunosuppressive IL-10, pros-
taglandin E2 (PGE2), and TGF-� cytokines, suggesting virus-in-
duced disturbances in LSEC-mediated liver tolerance (30). Several
attenuated MHV3 variants, such as the 51.6- and YAC-MHV3
viruses, have been in vitro generated to study the role of specific
hepatic cell types in the hepatitis process. Compared to the paren-
tal MHV3, the major difference of the 51.6-MHV3 variant is its
inefficiency of replication in LSECs (24). This difference is re-
flected by induction of milder hepatitis and higher hepatic levels
of IL-10 and TGF-� (30). The YAC-MHV3 variant, showing lower
tropism for LSECs and macrophages, induces a subclinical hepa-
titis characterized by few perivascular inflammatory foci (31) and
higher induction of anti-inflammatory cytokines in the liver than
with 51.6-MHV3 (30). The absence of vascular thrombosis com-
bined with efficient recruitment of mononuclear cells favors he-

patic clearance of YAC-MHV3 and full recovery of infected mice
within 15 days (32). These improved clinical outcomes in mice
infected by the attenuated variants support the hypothesis that
preservation of the structural and functional integrity of LSECs
may be one determining factor in the severity of hepatitis.

In this study, we report that robust infection of LSECs by the
highly virulent MHV3, in contrast to the attenuated 51.6- and
YAC-MHV3 variants, promotes disturbances in their anti-inflam-
matory functions and secretion of vascular factors, resulting in
high release of inflammatory mediators and procoagulant Fgl2
simultaneously with decrease in NO and IL-10 levels. Such
MHV3-induced LSEC disorders correlated in vivo with higher he-
patic inflammation, damage, and viral replication as well as dis-
turbances in leukocyte recruitment in mice infected by MHV3.
We provide evidence that higher infection and proinflammatory
activation of LSECs by MHV3 was related to a specific viral induc-
tion of TLR2 signaling. The aggravating role for TLR2 in hepatic
inflammation and LSEC disorders was confirmed in MHV3-in-
fected TLR2 knockout (KO) mice, in which hepatic damage, the
pro- versus anti-inflammatory cytokine ratio, and LSEC-derived
IL-10 production were significantly improved.

MATERIALS AND METHODS

Mice. Female C57BL/6 (Charles River, St-Constant, Quebec, Canada) and
TLR2 KO (C57BL/6-129 Tlrtm/Kir/J; Jackson Laboratory, Bar Harbor, ME)
mice were housed in a HEPA-filtered air environment. All experiments
were conducted with mice between 8 and 10 weeks of age in compliance
with the regulations of the Animal Committee of the University of Quebec
in Montreal (CIPA).

Viruses. MHV3 is a cloned pathogenic substrain isolated from the
livers of infected DBA2 mice. MHV3 induces a rapid mortality in C57BL/6
mice within 3 to 4 days postinfection (p.i.) (23). The escape mutant 51.6-
MHV3 was selected from the pathogenic MHV3 virus cultured into L2
cells in the presence of S protein-specific A51 monoclonal antibodies (24).
This variant induces a delayed mortality (5 to 9 days p.i.) and expresses
low tropism for LSECs but retains ability to infect Kupffer cells (KCs)
(24). The nonpathogenic YAC-MHV3 variant is a cloned substrain pro-
duced in persistently infected YAC-1 cells, showing lower ability to repli-
cate in LSECs and macrophages. Compared to the attenuated 51.6-MHV3
strain, this variant causes no mortality and induces efficient recruitment
of innate immune cells, allowing viral clearance from the liver within 2
weeks p.i. (31). All viruses were passaged fewer than three times onto L2
cells, and their pathogenic properties were assessed routinely.

Isolation and purification of LSECs. Mice were euthanized, and the
portal vein was isolated and injected with 3 ml of Hanks balanced salt
solution (HBSS)–10 nM HEPES followed by 3 ml of digestion buffer con-
sisting of 0.2% (wt/vol) collagenase A in HBSS–10 nM HEPES (Sigma-
Aldrich, St. Louis, MO). The liver was then excised, injected several times
with digestion buffer, and dissociated by a 30-min incubation in 10 ml of
digestion buffer at 37°C on a shaking plate (200 rpm). The resulting cell
suspension was passed through sterile 70-�m and 40-�m nylon mesh
filters successively (Falcon; BD Biosciences, Mississauga, Ontario, Can-
ada) and centrifuged at 400 � g for 10 min. The cell pellet was resus-
pended in 3 ml of RPMI 1640, layered at the top of a discontinuous
50%/25% Percoll gradient (Sigma-Aldrich), and centrifuged at 800 � g
for 20 min without brakes. The interphase between the two density cush-
ions, containing enriched nonparenchymal cells, was collected and
washed with phosphate-buffered saline (PBS). LSECs were then purified
using the positive-selection phycoerythrin (PE) kit (Stemcell, Vancouver,
Canada) with an anti-CD146 monoclonal antibody, a specific marker of
endothelial cells in liver (33), according to the manufacturer’s procedure.
LSEC purity was analyzed by cytometry before each experiment and
reached over 90%.
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In vivo viral infections. Groups of 6 or 7 wild-type (WT) C57BL/6 or
TLR2 KO mice were intraperitoneally (i.p.) infected with 103 50% tissue
culture infective doses (TCID50) of MHV3, 51.6-MHV3, or YAC-MHV3.
Mock-infected mice received a similar volume of PBS. Mice were sacri-
ficed by CO2 anoxia at 24, 48, or 72 h postinfection (p.i.). Liver and blood
samples were collected and frozen for further analyses.

Histopathological and immunohistochemical (IHC) analyses and
determination of transaminase levels. The histopathological analysis of
liver was done by hematoxylin-eosin-safranin staining. Determination of
serum alanine transaminase (ALT) and aspartate transaminase (AST) was
performed according to the IFCC primary reference procedures using an
Olympus AU2700 Autoanalyser (Olympus Optical, Tokyo, Japan). Im-
munolocalization of IL-33 and caveolin-1 (CAV-1) was performed on
liver sections fixed in paraformaldehyde and embedded in paraffin incu-
bated with primary goat anti-mouse IL-33 (R&D Systems Inc., Minneap-
olis, MN) or rabbit anti-mouse CAV-1 (LSBio, Seattle, WA) for 1 h in a
Ventana automated machine (Ventana Medical Systems, Inc., Tucson,
AZ) and secondary horseradish peroxidase (HRP)-conjugated rabbit an-
ti-goat antibody (Dako, Markham, Ontario, Canada) or OmniMap anti-
rabbit–HRP (RUO) for 16 min. Double-immunofluorescence stainings of
IL-10 or IL-33 and CAV-1 were conducted on liver cryosections fixed in
paraformaldehyde and incubated overnight with primary goat anti-
mouse IL-10 (R&D Systems Inc., Minneapolis, MN) or primary goat anti-
mouse IL-33 (R&D Systems) and rabbit anti-mouse CAV-1 (LSBio) and
then with DyLight-649 anti-goat Cy3 anti-rabbit secondary antibodies
(Jackson ImmunoResearch, West Grove, PA) and Hoechst counterstain
(Invitrogen, Ontario, Canada). Slides were mounted (mounting medium;
Invitrogen, Ontario, Canada), imaged with a Nikon Eclipse Ni-E Z1 mi-
croscope, and analyzed using SpotAdvance software.

Virus titration. Frozen liver samples from mice infected with MHV
for 24 or 72 h were weighed and homogenized in cold PBS. The suspen-
sion was then centrifuged at 13,000 rpm for 30 min and analyzed for viral
detection. Viral titration was also performed on LSEC culture superna-
tants. Liver suspension and cell culture supernatants were 10-fold serially
diluted and tested for viral presence on L2 cells cultured in 96-well plates.
Cytopathic effects (CPE), characterized by the occurrence of large syncy-
tia and cell lysis, were recorded at 72 h p.i., and virus titers were deter-
mined according to the Reed-Muench method and expressed as log10

TCID50.
In vitro viral infections. Freshly isolated LSECs were seeded in 24-well

plates at a density of 7.5 � 105 cells/ml in RPMI 1640 supplemented with
10% fetal calf serum (FCS) and antibiotics (Wysent, St-Bruno, Quebec,
Canada). Cells were then infected with infectious MHV3, YAC-MHV3, or

51.6-MHV3 at a multiplicity of infection (MOI) of 0.1 and incubated at
37°C under 5% CO2 for 24 to 72 h depending on the experiment. Cell
culture supernatants were collected for enzyme-linked immunosorbent
assays (ELISAs), and total RNA was extracted for quantitative reverse
transcription-PCR (qRT-PCR) analysis.

siRNA transfection. LSECs were seeded in 24-well plates at 60 000
cells/ml and transfected with 25 nM small interfering RNA (siRNA) Flexi-
tude premix (Qiagen, Cambridge, MA) targeting TLR2 mRNA (target
sequence, CTCGTTCTCCAGCATTTAAA) and with the AllStars nega-
tive-control siRNA as a nonsilencing transfection control for 36 h prior to
infection for 24 h.

RNA isolation and qRT-PCR. RNA from in vitro-infected LSECs was
extracted using the NucleoSpin RNA II kit (Macherey-Nagel, Bethlehem,
PA) according to the manufacturer’s procedure. Total RNA from frozen
liver samples was extracted using TRIzol reagent (Invitrogen, Burlington,
Ontario, Canada), and, residual genomic DNA was removed with the
Turbo DNA-free kit (Ambion, Austin, TX). One microgram of RNA was
reverse transcribed into cDNA using a high-capacity cDNA reverse tran-
scription kit (Applied Biosystems, Foster City, CA). Real-time PCR am-
plification was carried out on 25 ng cDNA using the HotStart-IT SYBR
green qPCR master mix (USB Corporation, Cleveland, OH) on an ABI
7300 system (Applied Biosystems). The primer sets used are listed in Table
1. Threshold cycle (CT) values were collected and used for ��CT analysis.
The gene expression was normalized to that of hypoxanthine phosphori-
bosyltransferase (HPRT) as an endogenous control and expressed as a
ratio to gene expression in mock-infected mice livers or control (unin-
fected) LSECs in in vitro experiments (level arbitrarily taken as 1). The
specificity of the PCR products was confirmed by melting curve analyses,
and all qPCR assays were run in duplicate.

ELISA and nitric oxide assay. Frozen liver samples were weighed and
homogenized in NP-40 lysis buffer (Invitrogen) with a protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO) and 1 mM phenylmethylsulfonyl
fluoride (PMSF) for protein extraction. The liver suspension was kept on
ice for 30 min and centrifuged for 10 min at 13,000 rpm. Determination of
IL-6 and tumor necrosis factor alpha (TNF-�) (BD BioSciences, San Jose,
CA), CXCL10 and CCL2 (eBioscience, San Diego, CA), and CXCL1 and
IL-33 (R&D Systems, Minneapolis, MN) in liver lysates and/or LSEC cul-
ture supernatants was carried out by ELISAs. Levels of nitric oxide (NO)
were quantified using the Griess reagent assay (Invitrogen) according to
the manufacturer’s procedure.

Cytofluorometric studies. Livers were perfused with PBS through the
portal vein to remove blood cell contamination prior to dissection. Liver
tissues were then homogenized, and hepatocytes were removed by sedi-

TABLE 1 Primers used for quantitative reverse transcription-PCR

Gene Forward primer Reverse primer

HPRT 5=-GAAAGACTTGCTCGAGATGTCATG-3= 5=-CACACAGAGGGCCACAATGT-3=

IL-6 5=-TCGGAGGCTTAATTACACATGTTC-3= 5=-TGCCATTGCACAACTCTTTTCT-3=

TNF-� 5=-TCCCAGGTTCTCTTCAAGGGA-3= 5=-GGTGAGGAGCACGTAGTCGG-3=

CCL2 5=-GCAGCAGGTGTCCCAAAGAA-3= 5=-GGTCAGCACAGACCTCTCTCTTG-3=

CXCL10 5=-GGCCATAGGGAAGCTTGAAAT-3= 5=-TCGTGGCAATGATCTCAACAC-3=

ICAM-1 5=-GTCCGCTGTGCTTTGAGAACT-3= 5=-CGGAAACGAATACACGGTGAT-3=

TLR3 5=-TGGGCTGAAGTGGACAAATCT-3= 5=-TGCCGACATCATGGAGGTT-3=

CAV-1 5=-GCGCACACCAAGGAGATTG-3= 5=-CACGTCGTCGTTGAGATGCT-3=

TLR7 5=-CAGTGAACTCTGGCCGTTGA-3= 5=-CAAGCCGGTTGTTGGAGAA-3=

MHV-N 5=-TGGAAGGTCTGCACCTGCTA-3= 5=-TTTGGCCCACGGGATTG-3=

RIG-I 5=-GCCAGAGTGTCAGAATCTCAGTCAG-3= 5=-GAGAACACAGTTGCCTGCTGCTCA-3=

MDA-5 5=-GCCCTCTCCTTCCTCTGAGACT-3= 5=-GCTGGAGGAGGGTCAGCAA-3=

IL-33 5=-GCTGCGTCTGTTGACACATTG-3= 5=-GGGAGGCAGGAGACTGTGTTAA-3=

Fgl2 5=-CGTTGTGGTCAACAGTTTGGA-3= 5=-GATGTTGAACCGGCTGTGACT-3=

CXCL1 5=-CCGAAGTCATAGCCACACTCAA-3= 5=-CAAGGGAGCTTCAGGGTCAA-3=

IL-10 5=-GATGCCCCAGGCAGAGAA-3= 5=-CACCCAGGGAATTCAAATGC-3=

TGF-� 5=-AGCGCTCACTGCTCTTGTGA-3= 5=-GCTGATCCCGTTGATTTCCA-3=

Bleau et al.

October 2016 Volume 90 Number 20Journal of Virology

http://jvi.asm.org
http://jvi.asm.org/


mentation. Inflammatory cells were enriched using 35% Percoll gradient
(Sigma-Aldrich), and red blood cells were lysed with a Tris-buffered am-
monium chloride solution. One million (106) leukocytes were incubated
with anti-CD16/32 antibodies (BD Biosciences) to block nonspecific
binding. Cells were incubated with optimal dilutions of anti-CD3–V500,
anti-Gr1–V450, anti-CD11b–PE-Cy7, anti-CD19–allophycocyanin (APC),
anti-CD4–fluorescein isothiocyanate (FITC), anti-NK1.1–peridinin chloro-
phyll protein (PerCP)-Cy-5.5, and anti-CD8 –APC-Cy7 antibodies (BD
Biosciences) and fixed in PBS containing 2% FCS, 0.01 M sodium azide,
and 2% formaldehyde. Stained cells were analyzed on a FACSAria II flow
cytometer using BD FACS Diva software (BD Bioscience), and the data
were processed using CXP software (Beckman Coulter, Mississauga, On-
tario, Canada). Dead cells and doublet cells were excluded on the basis
of forward scatter (FSC) and side scatter (SCC), and analyses were
performed on 10,000 events recorded. Myeloid cells, gated by high side
scatter, were assessed for CD11b and Gr1 to enumerate macrophages
(CD11b� Gr1inter) and neutrophils (CD11b� Gr1high). Lymphoid cells
were gated according to FSC/SCC and first assessed for NK1.1 and
CD3 expression to discriminate NK from NK-T cells. CD3� NK1.1� T
cells were further gated to allow determination of CD4� and CD8�

subpopulations. B lymphocytes were determined by CD19� CD3�

expression.
Statistical analyses. Data are expressed as mean 	 standard error of

the mean. Statistical analyses for in vitro studies were performed with
Student’s t test comparing uninfected (control) to virus-infected cells or
virulent to attenuated MHV3 infections. Multiple-group analyses were
conducted for in vivo studies, and data obtained by qPCR, ELISA, and
viral titration were evaluated by one-way analysis of variance (ANOVA)
with post hoc Tukey test using PASW Statistics software (PASW version
18; IBM SPSS Inc., Chicago, IL). P values of �0.05 were considered sig-
nificant.

RESULTS

Lower tropism of attenuated MHV3 variants for LSECs is asso-
ciated with less severe damage and less viral replication in the
liver. Previous studies have shown that acute infections by the
attenuated 51.6- and YAC-MHV3 variants resulted in milder or
subclinical hepatitis, respectively, in comparison to the fulminant
hepatitis induced by the parental virulent MHV3 strain (24, 31).
We first aimed to compare the evolution of damage, inflammatory
infiltrates, and viral replication in the livers of mice infected by
virulent and attenuated MHV3 strains. C57BL/6 mice were i.p.
infected with either MHV3 or attenuated viruses for 24 to 72 h,
and blood and liver samples were collected for clinical, histopa-
thology, and viral titer analyses. Liver histopathology for virulent
MHV3-infected mice showed inflammatory foci surrounding ne-
crotic cells at 24 h and 48 h p.i.; these disappeared at 72 h p.i., while
hepatocyte necrosis became extensive (Fig. 1A and B). Infection
with 51.6-MHV3 revealed a delayed occurrence of inflammatory
foci at 48 h p.i. with barely detectable hepatic damage, while YAC-
MHV3 induced few small inflammatory infiltrates with no ob-
servable hepatic necrosis areas even at 72 h p.i. (Fig. 1A and B).
Extensive hepatic damage in virulent MHV3-infected mice corre-
lated with high levels of blood ALT and AST at 72 h p.i. (P �

0.001) (Fig. 1C and D) and sooner and higher viral replication
than in mice infected with the attenuated 51.6- and YAC-MHV3
variants (P � 0.01 to 0.001) (Fig. 1E and F).

Attenuated MHV3 strains induce lower Fgl2, CAV-1, and
IL-33 expression in the liver than virulent MHV3. Vascular and
structural disorders in LSECs were reported in viral hepatitis, cor-
relating with hepatic damage (19, 27, 29). Indeed, previous studies
have demonstrated that induction of Fgl2, a prothrombinase ex-
pressed by LSECs and promoting vascular thrombosis and hepatic

inflammation, correlated with MHV3-induced fulminant hepati-
tis (28). Moreover, a direct association between capillarization
(lack of fenestrations) of LSECs in livers from HCV-infected pa-
tients and overexpression of caveolin-1 (CAV-1), a key compo-
nent of LSEC fenestrations, was recently reported (34). To verify
whether the lower severity of hepatitis induced by the attenuated
MHV3 strains was associated with less dysfunction in LSECs,
mRNA levels for CAV-1 and Fgl2 in livers from all infected groups
of mice were quantified by qRT-PCR. Intrahepatic expression of
CAV-1 in MHV3- and 51.6-MHV3-infected mice was also local-
ized by immunohistochemical staining. As shown in Fig. 2A,
greater increases of CAV-1 mRNA levels were observed at 48 h p.i.
in the livers of MHV3-infected mice while less or no induction was
noted in 51.6- and YAC-MHV3-infected mice (P � 0.001 and
0.05, respectively). Immunolocalization of CAV-1 revealed spe-
cific expression in LSECs and confirmed higher induction in the
livers of MHV3-infected mice than in those of 51.6-MHV3-in-
fected mice (Fig. 2B). Fgl2 gene expression increased as soon as 24
h p.i. in mice infected with MHV3, while it was delayed and lower
in 51.6-MHV3 infection and not induced in YAC-MHV3-infected
mice (P � 0.05 to 0.001) (Fig. 2C). In addition, Fgl2 mRNA
reached higher levels in the livers of mice infected with virulent
MHV3 than in those infected with attenuated viruses (P � 0.001).

We have recently reported that MHV3 infection was associated
with early release of IL-33, an alarmin secreted mainly by injured
LSECs (29). We aimed to verify whether lower tropism of at-
tenuated MHV3 strains for LSECs may be associated with lower
expression of IL-33. To test this hypothesis, mRNA expression,
production, and localization of IL-33 in livers from MHV3- and
51.6-MHV3-infected groups of mice were assessed by qRT-PCR,
ELISA, and IHC, respectively. As shown in Fig. 2D and E, gene ex-
pression and release of IL-33 increased only in the livers of MHV3-
infected mice (P � 0.001), while IL-33 was not induced or was inhib-
ited in mice infected with 51.6- or YAC-MHV3 (P � 0.05 to 0.01).
IHC stainings indicated that expression of IL-33 was induced only in
the liver of MHV3-infected mice and was localized mostly in LSECs
and to a lesser extent in hepatocyte nuclei (Fig. 2F). Induction of
IL-33 in LSECs in livers from MHV3-infected mice at 48 h p.i. and to
a lesser extent at 72 h p.i. was confirmed by double immunostaining
of IL-33 and caveolin-1 (Fig. 2G).

Virulent MHV3 infection leads to an imbalance of pro- over
anti-inflammatory mediators in the liver, in contrast to infec-
tion by attenuated MHV3 strains. Given the crucial role of LSECs
in the control of liver inflammation through production of anti-
inflammatory cytokines, we presumed that dysfunction of LSECs
in MHV3-infected mice may favor the induction of a proinflam-
matory state in the liver. To verify this hypothesis, levels of anti-
inflammatory cytokines (IL-10 and TGF-�) and proinflammatory
cytokines (IL-6 and TNF-�) and chemokines (CCL2, CXCL1, and
CXCL10) were assayed by qRT-PCR (from 24 to 72 h p.i.) and
ELISA (72 h p.i.) in the livers of all groups of infected mice. As
indicated in Fig. 3IA and B, mRNA expression levels and produc-
tion of IL-10 were markedly increased in the livers of 51.6-MHV3-
and YAC-MHV3-infected mice compared to MHV3-infected
mice (P � 0.05 to 0.001). To a lesser extent, TGF-� mRNA and
production levels were also more induced in the livers of 51.6-
MHV3-infected mice, especially at 24 and 48 h p.i. (P � 0.05 to
0.001) (Fig. 3IC and D). To determine whether IL-10 induction in
the livers of 51.6-MHV3-infected mice occurred in endothelial
cells (ECs), immunohistochemistry staining using specific anti-
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bodies to IL-10 and CAV-1 (an EC marker) was conducted on
liver sections. In comparison to results for mock-infected mice,
IL-10 expression in livers from 51.6-MHV3-infected mice was
induced in the parenchyma and in venous and sinusoidal ECs,
whereas the occurrence and intensity of IL-10 staining were
weaker in MHV3-infected mice (Fig. 3II).

On the other hand, intrahepatic IL-6 and TNF-� mRNA ex-
pression and production levels were more upregulated in MHV3-

infected mice than in 51.6- or YAC-MHV3-infected mice (P �

0.05 to 0.001) (Fig. 3IE to H). Along the same line, chemokine
CXCL1, CCL2, and CXCL10 transcription and production levels
increased throughout infection by MHV3 but were delayed or
dramatically reduced in 51.6- or YAC-MHV3-infected mice (P �

0.05 to 0.001) (Fig. 3IIIA to F).
Virulent MHV3 induces higher expression of TLRs and heli-

cases in the liver than attenuated MHV3 strains. Induction of the

FIG 1 Hepatic damage and viral replication in highly hepatotropic MHV3- and attenuated 51.6- and YAC-MHV3-infected mice. Groups of 5 or 6 C57BL/6 mice
were intraperitoneally infected with 1,000 TCID50 of MHV3, 51.6-MHV3, or YAC-MHV3. (A) Histopathological analysis was conducted on livers from mock-
and virus-infected mice from each group at 24 and 72 h p.i. Inflammatory and necrotic foci are indicated by arrows. (B) Summary of occurrence of necrotic and
inflammatory foci in livers from infected mice at 24, 48, and 72 h p.i. (C and D) ALT (C) and AST (D) activities were assayed in serum samples from mock- and
virus-infected mice at 24, 48, and 72 h p.i. ***, P 
 0.001 (compared with mock-infected mice). (E and F) MHV3 replication in livers from each group of
infected mice was determined by analysis of the nucleoprotein (NP) RNA expression at 24, 48, and 72 h p.i. by qRT-PCR (E) and by viral titration (TCID50) (F)
at 24 h and 72 h p.i. Values represent fold change in gene expression relative to that in mock-infected mice after normalization to HPRT expression. Values are
means and standard errors of the means. ††, P 
 0.01; †††, P 
 0.001 (compared with MHV3-infected mice).
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inflammatory response during viral infection is triggered upon
activation of pattern recognition receptors (PRRs), such as TLRs
and helicases, by viral products. Several studies have reported in-
creased TLR expression in viral hepatitis, correlating with liver
inflammation (reviewed in reference 17). We explored the hy-
pothesis that higher release of inflammatory mediators in MHV3
infection may be related to increased expression of TLRs or heli-
cases in the liver. Thus, the kinetics of surface TLR2 and -4, endo-
somal TLR3 and -7, and helicase RIG-1 and MDA-5 gene expres-
sion in the livers of infected mice were compared by qRT-PCR

from 24 to 72 h p.i. As shown in Fig. 4A, TLR2 expression steadily
increased over the course of infection with MHV3, while its in-
duction was drastically reduced in mice infected with the attenu-
ated variants (P � 0.01 to 0.001). Expression levels of the TLR3,
TLR4, RIG-1, and MDA-5 genes were increased equally or more
during MHV3 infection than during 51.6- or YAC-MHV3 infec-
tion, albeit markedly less so than TLR2 (P � 0.05 to 0.001) (Fig.
4B, C, E, and F), whereas levels of TLR7 were unaffected by any of
the viruses (Fig. 4D).

These data suggest that higher levels of inflammatory media-
tors in the livers of MHV3-infected mice may be associated with
preferential and higher induction of PRRs, especially TLR2, by the
virulent MHV3.

The hepatic proinflammatory state in virulent MHV3-in-
fected mice leads to rapid but transient intrahepatic recruit-
ment of inflammatory cells and decreases of B, CD4, and CD8
lymphocyte subsets. LSECs are responsible for the recruitment
and transmigration of leukocytes during liver inflammation (35).
We postulated that higher production of chemokines in the livers
of MHV3-infected mice induced higher recruitment of inflamma-
tory cells than in mice infected with attenuated virus strains. This
hypothesis was supported by higher occurrence of inflammatory
infiltrates in the livers of MHV3-infected mice at 24 h p.i. (Fig.
1A). To determine leukocyte subsets recruited into the liver, in-
trahepatic mononuclear cells were isolated at 24 and 48 h p.i. from
all groups of mice and immunolabeled, and the percentages of
NK-T (NK1.1� CD3�) and NK (NK1.1� CD3�) cells, neutro-
phils (CD11bhi Gr1hi), macrophages (CD11b� Gr1int), B cells
(CD19�), and T cells (CD8� and CD4�) were analyzed by cyto-
fluorometry and compared to those in cells from mock-infected
mice. As shown in Fig. 5IA, the percentages of NK-T cells tran-
siently decreased in the livers of MHV3-infected mice (P � 0.001),
differently from what was seen in livers from 51.6- and YAC-
MHV3 infected mice (P � 0.05 to 0.01). NK cell percentages in-
creased more in MHV3- than in 51.6-MHV3-infected mice, while
they decreased in YAC-MHV3-infected mice (P � 0.05 to 0.001)
(Fig. 5IB). Neutrophils, however, were recruited earlier and to
higher levels into the livers of MHV3- than into those of 51.6- and
YAC-MHV3-infected mice (P � 0.05 and 0.001, respectively)
(Fig. 5IC). Percentages of intrahepatic macrophages increased
more in MHV3-infected mice (P � 0.05 to 0.001) (Fig. 5ID).
Regarding lymphocyte subsets, B and CD4� cell percentages
decreased more strongly in the livers of MHV3-infected mice
(P � 0.05 and 0.001, respectively) (Fig. 5IE and F), while CD8�

cells were reduced more by 51.6- or YAC-MHV3 infection (P �

0.05 to 0.001) (Fig. 5IG).
Since a substantial decrease in the total number of isolated

intrahepatic cells was noted over infection time with MHV3 only,
the analysis of absolute numbers of each cell subset rather than the
relative percentages better reflects the recruitment of inflamma-
tory cells. Cell numbers were then determined, using the percent-
age of each subset with respect to the total number of isolated cells
in the livers of the mice. As shown in Fig. 5IIA and B, NK-T cells
decreased only in the livers of MHV3-infected mice (P � 0.01 and
0.001), while total NK cells were not altered in all infected groups.
The number of neutrophils, however, earlier but transiently in-
creased at 24 h p.i. in MHV3-infected mice, while they were de-
layed or recruited less in livers from 51.6- and YAC-MHV3-in-
fected mice, respectively, compared to MHV3 infection (P � 0.05
to 0.001) (Fig. 5IIC). In contrast to what was observed with per-

FIG 2 Gene expression and production of caveolin-1, Fgl2, and IL-33 in the
livers of MHV3-, 51.6-MHV3-, and YAC-MHV3-infected mice. Groups of 5
or 6 C57BL/6 (WT) mice were intraperitoneally infected with 1,000 TCID50 of
MHV3, 51.6-MHV3, and YAC-MHV3. At 24, 48, or 72 h p.i., livers were
collected from mock- and virus-infected mice of each group. (A, C, and D)
mRNA expression for caveolin-1 (A), Fgl2 (C), and IL-33 (D) genes was eval-
uated by qRT-PCR. Values represent fold change in gene expression relative to
that in mock-infected mice (arbitrarily taken as 1) after normalization to
HPRT expression. (B and F) In situ expression of caveolin-1 (B) and IL-33 (F)
in livers from mock-, MHV3-, and 51.6-MHV3-infected mice at 48 h p.i. was
determined by immunohistochemistry. Caveolin-1- and IL-33-positive cells
are indicated by arrows. (E) Levels of production of IL-33 at 72 h p.i. in the liver
of each mouse were quantified by ELISA. (G) Immunolocalization of IL-33 in
LSECs was confirmed by double immunostaining of IL-33 (green) and CAV-1
(red) in livers from mock- and MHV3-infected mice at 48 and 72 h p.i. Cell
nuclei were counterstained with Hoechst (blue). Values are means and stan-
dard errors of the means. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001 (compared
with mock-infected mice). †, P 
 0.05; ††, P 
 0.01; †††, P 
 0.001 (compared
with MHV3-infected mice).
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centages, the numbers of intrahepatic macrophages increased in
the livers of mice infected with the attenuated YAC- and 51.6-
MHV3 strains (P � 0.01 and 0.001) but not in those infected with
MHV3, but such increases were not statistically significant
compared to MHV3 infection (Fig. 5IID). The numbers of B
and T (CD4 and CD8) cells were also dramatically impaired
over the course of infection by MHV3 but were less or not
altered by 51.6- or YAC-MHV3 infections or transiently in-
creased at 24 h p.i. in YAC-MHV3-infected mice (P � 0.05 to
0.001) (Fig. 5IIE and G).

Permissivity of LSECs to MHV3 strains correlates with viru-
lence. We next attempted to characterize the effect of virulent and
attenuated MHV3 infection on the functional and structural in-
tegrity of LSECs in vitro. LSECs were isolated from the livers of

C57BL/6 mice and purified by Percoll gradients followed by im-
munomagnetism using anti-CD146 antibodies. As shown in Fig.
6A, 87 to 91% of isolated cells expressed the endothelial markers
CD146, CD54 (ICAM-1), and CD31 (PECAM-1) but not the
macrophage marker F4/80. Isolated LSECs were then infected by
the MHV3 strains, and viral replication as well as CPE were mon-
itored from 24 to 120 h p.i. The CPE in LSECs were characterized
by cell lysis and rounded cells instead of typical MHV-induced
giant syncytial cells (usually observed in L2 cells) and occurred
sooner in virulent MHV3-infected culture, as cells were totally
lysed by 72 h p.i. In contrast, CPE in cells infected by attenuated
strains were delayed to 72 h p.i. and increased up to 120 h p.i.
(Fig. 6B) (P � 0.001 compared with MHV3-infected cells). Infec-
tious viruses in supernatants from MHV3-infected LSECs were

FIG 3 Gene expression and production of IL-10, TGF-�, IL-6, TNF-�, CXCL1, CCL2, and CXCL10 in the livers of MHV3-, 51.6-MHV3-, and YAC-MHV3-infected
mice. Groups of 5 or 6 C57BL/6 mice were intraperitoneally infected with 1,000 TCID50 of MHV3, 51.6-MHV3, and YAC-MHV3. At 24, 48, or 72 h p.i., livers were
collected from mock- and virus-infected mice of each group. (I) Fold changes in mRNAs of IL-10 (A), TGF-� (C), IL-6 (E), and TNF-� (G) were analyzed by qRT-PCR.
Values represent fold change in gene expression relative to those in mock-infected mice (arbitrarily taken as 1) after normalization to HPRT expression. Production levels
of IL-10 (B), TGF-� (D), IL-6 (F), and TNF-� (H) at 72 h p.i. in the liver of each mouse were quantified by ELISA. (II) In situ expression of IL-10 and caveolin-1 was
assayed by immunohistochemistry in livers of mock-, MHV3-, and 51.6-MHV3-infected mice at 48 h p.i. (arrows show IL-10- and caveolin-1-expressing endothelial
cells). (III) Fold changes in mRNAs of CXCL1 (A), CCL2 (C), and CXCL10 (E) were analyzed by qRT-PCR. Values represent fold change in gene expression relative to
that in mock-infected mice (arbitrarily taken as 1) after normalization to HPRT expression. Production levels of CXCL1 (B), CCL2 (D), and CXCL10 (F) at 72 h p.i. in
the liver of each mouse were quantified by ELISA. Values are means and standard errors of the means. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001 (compared with
mock-infected mice). †, P 
 0.05; ††, P 
 0.01; †††, P 
 0.001 (compared with MHV3-infected mice).
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detected at 48 h p.i. and then started to decrease as cell damage
became extensive, whereas titers of 51.6- and YAC-MHV3 were
detected only after 96 or 120 h p.i. (Fig. 6C) (P � 0.001 compared
with MHV3-infected cells).

Virulent, but not attenuated, strain MHV3 induces Fgl2, IL-
33, and caveolin-1 expression and alters NO production by
LSECs. To confirm that attenuated MHV3 variants, in contrast to
MHV3 virus, do not disturb LSEC integrity and vascular factors,
as observed in vivo, the expression levels of the alarmin IL-33 and
the prothrombinase Fgl2 in infected LSECs were evaluated. As
expected and as shown in Fig. 7A to C, gene expression and release
of IL-33 increased throughout infection only in MHV3-infected
cells (P � 0.05 to 0.001), while Fgl2 expression was upregulated at
48 h p.i. only in MHV3-infected cells (P � 0.05 to 0.001). Lower
levels of Fgl2 mRNA at 72 h p.i. (P � 0.05) reflected total cell lysis
in MHV3-infected LSECs.

MHV3 replication was already shown to be controlled in vitro
by nitric oxide (NO) (36). Since LSECs constitutively release NO,
a vasodilator factor regulating sinusoidal blood flow (37), we ex-
amined whether higher replication of MHV3 in LSECs may result
from a defect in NO production by quantifying NO levels in cul-
ture supernatants. As shown in Fig. 7D, release of NO was reduced
only in MHV3-infected cells and not in 51.6-MHV3- or YAC-

MHV3-infected cells (P � 0.01) (Fig. 7B). Since NO production
was reported to be negatively regulated by CAV-1 through inhibi-
tion of endothelial nitric oxide synthase (eNOS) activity (38), we
investigated whether NO alteration by MHV3 infection was asso-
ciated with upregulation of CAV-1 expression in infected LSECs,
as seen in the livers of MHV3-infected mice. In agreement with
our in vivo observations, the CAV-1 mRNA expression level in-
creased only in MHV3-infected LSECs at 24 and 48 h p.i. (Fig. 7E)
(P � 0.05 to 0.001).

Virulent MHV3, in contrast to attenuated strains, promotes
LSEC conversion to a proinflammatory profile. MHV3-infected
mice exhibited a higher inflammatory response in the liver than
mice infected by attenuated strains, suggesting a defect in the con-
trol of inflammation by LSECs. LSECs were already reported to
produce IL-6 upon infection by mouse cytomegalovirus (MCMV)
(5), indicating a possible switch from an anti- to a proinflamma-
tory phenotype once infected. We thus speculated that LSECs in-
fected by MHV3, in comparison to attenuated strains, may adopt
a preponderant proinflammatory profile. To address this, mRNA
expression and production levels of anti-inflammatory (IL-10
and TGF-�) and proinflammatory (IL-6 and TNF-�) cytokines
produced by infected LSECs were determined by qRT-PCR and
ELISAs. As shown in Fig. 8IA and B, IL-10 mRNA expression and

FIG 4 Gene expression of TLR2, -3, -4, and -7 and helicases RIG-I and MDA5 in the livers of MHV3-, 51.6-MHV3-, and YAC-MHV3-infected mice. Groups of
5 or 6 C57BL/6 (WT) mice were intraperitoneally infected with 1,000 TCID50 of MHV3, 51.6-MHV3, and YAC-MHV3. At 24, 48, or 72 h p.i., livers were collected
from mock- and virus-infected mice of each group. mRNA expression for the TLR2 (A), TLR3 (B), TLR4 (C), TLR7 (D), RIG-I (E), and MDA5 (F) genes was
evaluated by qRT-PCR. Values represent fold change in gene expression relative to that in mock-infected mice (arbitrarily taken as 1) after normalization to
HPRT expression. Values are means and standard errors of the means. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001 (compared with mock-infected mice). †, P 
 0.05;
††, P 
 0.01; †††, P 
 0.001 (compared with MHV3-infected mice).
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production slightly increased at 24 h p.i. in MHV3-infected LSECs
but decreased thereafter below the basal level in uninfected cells
(P � 0.05 and 0.001). Consistent with the upregulation of IL-10 in
the livers of mice infected with attenuated MHV3 strains, IL-10
levels increased rapidly or progressively higher in 51.6-MHV3-
and YAC-MHV3-infected LSECs than in MHV3-infected LSECs
up to 72 h p.i. (P � 0.05 to 0.001). TGF-� expression, however,
was not induced or was slightly induced in cells infected by the
attenuated strains (P � 0.05) but was less inhibited in attenuated-
virus-infected cells than in virulent MHV3-infected cells (P �

0.05 and 0.01) (Fig. 8IC and D). These results suggest that MHV3
infection suppresses the anti-inflammatory function of LSECs
whereas attenuated strains promote it.

TNF-� mRNA levels, however, transiently increased only in
MHV3-infected LSECs at 24 h p.i. (P � 0.01) (Fig. 3IE) and were
completely inhibited at 72 h p.i. by all MHV3 strains (P � 0.01).
The amounts of TNF-� released in supernatants of infected
LSECs, however, increased in all infected cells (P � 0.001) but

remained higher in MHV3- and YAC-MHV3-infected cells than
in 51.6-MHV3-infected cells (P � 0.05) (Fig. 8IF). The IL-6
mRNA expression reached higher levels in cells infected by viru-
lent MHV3 than in those infected by attenuated strains only at 24
h p.i. (P � 0.05 to 0.001) (Fig. 8IG), correlating with higher release
in supernatants of MHV3-infected cells (P � 0.01) (Fig. 8IH).

LSECs were also reported to secrete chemokines upon infec-
tion by dengue virus and to enhance their production in chronic
inflammatory liver disease (39, 40). Thus, we presumed that
MHV3-infected LSECs may produce higher levels of chemokines.
As shown in Fig. 3IIA to D, CXCL1 and CCL2 expression was
higher upregulated in MHV3-infected LSECs than in 51.6- and
YAC-MHV3-infected cells at 24 and 48 h p.i., leading to larger
amounts released in cell supernatants (P � 0.05 to 0.001).
CXCL10 gene expression and production levels increased only in
MHV3-infected LSECs (P � 0.05 to 0.001) (Fig. 8IIE and F).

Proinflammatory activation of LSECs by MHV3 depends on
TLR2 signaling. We have previously shown that induction of in-

FIG 5 Percentages and numbers of intrahepatic mononuclear cell subsets in livers from MHV3-, 51.6-MHV3-, and YAC-MHV3-infected mice. Intrahepatic
mononuclear cells were isolated from groups of 5 or 6 mock-infected or MHV3-, 51.6-MHV3-, or YAC-MHV3-infected C57BL/6 mice at 24 and 48 h p.i.,
immunolabeled with NK1.1, CD3, Gr1, CD11b, CD19, CD4, and CD8 monoclonal antibodies, and analyzed by cytofluorometry. (I) Percentages of NK-T cells
(NK1.1� CD3�) (A), NK cells (NK1.1� CD3) (B), neutrophils (Gr1hi CD11bhi) (C), macrophages (Gr1� CD11bint) (D), B lymphocytes (CD19�) (E), CD4 cells
(CD3� CD4�) (F), and CD8 cells (CD3� CD8�) (G) were evaluated in livers from each group of infected mice. (II) Absolute numbers for each cell subset
(calculated by using respective percentages reported with respect to the total number of isolated mononuclear cells) were similarly recorded in livers of respective
groups. Values are means and standard errors of the means. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001 (compared with mock-infected mice). †, P 
 0.05; ††, P 

0.01; †††, P 
 0.001 (compared with MHV3-infected mice).
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flammatory cytokines by MHV3 in in vitro-infected macrophages
depended on TLR2 signaling (37). In addition, Liu et al. (9) re-
cently demonstrated that TLR2 activation on LSECs reversed their
anti-inflammatory functions. Since TLR2 was strongly upregu-
lated in livers from MHV3-infected mice, we aimed to investigate
whether TLR2 was involved in the conversion of LSECs toward a
proinflammatory profile. We first sought to determine whether
MHV3 increased TLR2 expression on LSECs. As shown in Fig. 9A,
levels of TLR2 mRNAs were significantly higher in cells infected by
MHV3 than in those infected by attenuated strains at 24 h p.i. (P �

0.05 to 0.01). To address whether TLR2 was involved in the cyto-
kine response and viral replication in infected LSECs, TLR2 ex-
pression was abrogated by siRNAs prior to infection, and IL-6 and
CXCL1 mRNA levels were determined by qRT-PCR at 24 h p.i.
Viral replication of MHV3, but that of not 51.6- and YAC-MHV3,
was significantly reduced following TLR2 knockdown (P � 0.001)
(Fig. 9B). A markedly decreased expression of IL-6 and CXCL1
levels and an upregulation of IL-10 levels were also observed in
MHV3-infected cells rendered defective for TLR2, while no
difference was noted in cells infected with the attenuated vari-
ants (P � 0.001) (Fig. 9C to E). These results suggest that the
higher tropism and proinflammatory induction capacities of
MHV3 in LSECs reflect its unique ability to activate TLR2 sig-
naling.

TLR2 exacerbates liver damage and increases viral replica-
tion in mice infected by virulent but not attenuated MHV3
strains. We already reported that MHV3-induced acute hepatitis
was less severe in TLR2 KO mice (41). To verify whether TLR2
is differentially involved in the evolution of hepatitis induced
by virulent and attenuated MHV3 strains, groups of wild-type
(WT) C57BL/6 and TLR2 knockout (KO) mice were i.p. in-
fected with MHV3 or 51.6-MHV3. The survival rate was mon-
itored, and liver damage and viral load were evaluated at 72 h
p.i. As shown in Fig. 10A and B, survival of TLR2 KO mice

infected by MHV3, but not 51.6-MHV3, was prolonged com-
pared to that of the respective infected WT mice (P � 0.001).
Accordingly, histopathological analysis of the liver revealed
fewer and smaller necrotic foci in MHV3-infected TLR2 KO
mice than in WT mice, whereas comparable and barely detect-
able hepatic damage was noted in TLR2 KO and WT mice
infected with 51.6-MHV3 (Fig. 10C).

In addition, viral replication of MHV3 at 72 h p.i. was lower in
the livers of infected TLR2 KO mice than in those of WT mice,
whereas 51.6-MHV3 replication was similar in both mouse strains
(Fig. 10D) (P � 0.001). Taken together, these results suggest that
TLR2 aggravates hepatic damage and viral replication in mice in-
fected by virulent but not attenuated MHV3 strains.

TLR2 activation by virulent MHV3 decreases IL-10 and in-
creases inflammatory cytokine and chemokine expression. It
was previously reported that hepatic levels of IL-6 and TNF-�
were reduced in MHV3-infected TLR2 KO mice in comparison to
C57BL/6 mice, suggesting a role for TLR2 in MHV3-induced re-
lease of inflammatory factors (41). Thus, we speculated that
MHV3, in contrast to 51.6-MHV3, may promote a proinflamma-
tory cytokine profile in the liver through TLR2 activation, such as
observed in in vitro-infected LSECs. To test this hypothesis, ex-
pression levels of several inflammatory and anti-inflammatory
factors were compared between livers from TLR2 KO and wild-
type (WT) mice infected with both viruses. As shown in Table 2,
lower TNF-�, IL-6, CXCL1, CCL2, and CXCL10 mRNA expres-
sion and higher IL-10 levels occurred in the livers of MHV3-in-
fected TLR2 KO mice compared to those of WT mice (P � 0.001),
whereas levels of Fgl2 and IL-33 were similar in both mouse
strains. In contrast, no difference was observed between cytokine
profile in 51.6-MHV3-infected WT and TLR2 KO mice, albeit a
slight reduction of CXCL10 expression was noted in TLR2 KO
mice (P � 0.05). Given the importance of IL-10 in the control of
hepatic inflammation, we aimed to determine whether higher lev-

FIG 6 Permissivity of LSECs to MHV3, 51.6-MHV3, and YAC-MHV3 infection. Mouse LSECs were isolated with Percoll gradients and enriched by immuno-
magnetism with anti-CD146 antibodies. (A) LSECs were characterized by immunolabeling with antibodies for CD146, CD54, CD31, and F4/80 cell markers and
cytofluorometric analysis. (B and C) LSECs were infected at an MOI of 0.1 with MHV3, 51.6-MHV3, and YAC-MHV3. The evolution of cytopathic effects in
LSEC cultures was noted up to 5 days p.i. (B), and the kinetics of MHV infections were monitored by quantifying viral titers in supernatants of infected LSECs
(C). All experiments were conducted in triplicate. Results are representative of two independent experiments. Values are means for each point. †††, P 
 0.001
compared with MHV3-infected cells.
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els in livers from MHV3-infected TLR2 KO mice reflected higher
production by ECs. A double immunohistochemistry staining
of IL-10 and CAV-1 on liver sections revealed that expression
of IL-10 in ECs was effectively higher in livers from MHV3-
infected TLR2 KO mice than in those from WT mice (Fig. 11;
compare Fig. 3II).

DISCUSSION

In this work, we investigated the role of LSECs in hepatic inflam-
mation during the acute viral hepatitis process using the MHV3
model of infection. We demonstrated that the severity of hepatitis,
viral replication, and hepatic inflammation correlated with per-
missivity of LSECs for MHV3 strains and subsequent structural
and functional disturbances. We showed that in vitro infection of
LSECs by the virulent MHV3, in contrast to the attenuated 51.6-
and YAC-MHV3 variants, resulted in earlier cell damage and dis-
orders in inflammatory and vascular factors, as reflected by a high
release of inflammatory cytokines/chemokines and procoagulant
Fgl2 and a decrease in NO and IL-10 levels. We showed that the

higher replication rate and proinflammatory activity of MHV3 in
LSECs was associated with its specific activation of TLR2 signaling
in LSECs and that TLR2 is a key factor of hepatic inflammation
and LSEC-derived IL-10 disorders in MHV3-induced fulminant
hepatitis.

LSECs, lining the hepatic sinusoids, mediate liver tolerance
under physiological conditions (reviewed in reference 1), but
these cells are the target of many hepatotropic viruses. The conse-
quence of LSEC infection in inflammatory liver diseases such as
viral hepatitis has never been investigated. We have shown that
MHV3 infection induced differential structural and functional
disorders in LSECs according to strain virulence. Indeed, the
highly virulent MHV3 replicated faster and to higher levels in
LSECs, leading to occurrence of CPE such as a change in mor-
phology (rounded cells) and cell lysis from 48 h p.i. Previous
reports have already shown that in vivo and in vitro infections
of LSECs by MHV3 are associated with cell damage and loss of
fenestrations (27), but no syncytial cells were observed. How-
ever, MHV3 did not replicate in LSECs as fast as it usually does

FIG 7 Expression levels of Fgl2, IL-33, and caveolin-1 and production of NO in in vitro MHV3-, 51.6-MHV3-, and YAC-MHV3-infected LSECs. LSECs
were infected at an MOI of 0.1 with MHV3, 51.6-MHV3, and YAC-MHV3, and RNA and supernatant from LSECs infected with each viral strain were
collected at 24, 48, or 72 h p.i. (A, C, and E) IL-33 (A), Fgl2 (C), and caveolin-1 (E) mRNA fold changes were analyzed by qRT-PCR. Values represent fold
change in gene expression relative to that in uninfected LSECs (control arbitrarily taken as 1) after normalization to HPRT expression. All samples were
run in duplicate. (B and D) Production levels of IL-33 were quantified by ELISA (B) and NO levels were assayed by the Griess reaction (D) in supernatants
at 48 h p.i. All experiments were run in duplicate, and results are representative of two independent experiments. Values are means and standard errors
of the means. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001 (compared with mock-infected cells). †, P 
 0.05; ††, P 
 0.01; †††, P 
 0.001 (compared with
MHV3-infected cells).
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in in vitro-cultured cells, since no viral burden was detected
until 48 h p.i. while MHV3 titers are detectable within 24 h p.i.
in macrophages (24, 41). Our results are nevertheless in accor-
dance with those of Pereira et al. (26), who have shown that
MHV3 replicates more rapidly in Kupffer cells (KCs) than in
LSECs in vitro, suggesting that LSECs may transiently control
the viral replication.

In agreement, replication of the attenuated 51.6- and YAC-
MHV3 variants was delayed to 96 or 120 h p.i. and was associated
with barely detectable CPE, reflecting their weaker tropism for
LSECs. It was recently reported that LSECs exhibit a high capacity
for clearance of circulating viruses (42, 43), suggesting that they
may have a high ability to sequester attenuated but not virulent
MHV3 particles. However, the fact that replication of MHV3 vari-
ants in LSECs was delayed but not aborted suggests, rather, a host
cell-dependent mechanism of control of viral replication. Indeed,
preliminary results showed a higher antiviral IFN-� response in
LSECs infected by attenuated MHV3 strains (results not shown).
The low IFN-� response in virulent MHV3-infected LSECs may
be related to specific viral evasion mechanisms from host viral
sensors or interference with downstream signaling pathways. We
have observed that MHV3, in contrast to attenuated strains, in-

duced neither TLR3 nor RIG-I expression in LSECs (results not
shown), suggesting lower detection by these viral sensors. Further
work should address whether viral products or evasion strategies
are involved in MHV3-induced impairment of the IFN-� re-
sponse in LSECs.

The inability of attenuated MHV3 variants to establish a rapid
infection in LSECs correlated with a less severe hepatitis. Indeed,
51.6-MHV3 infection resulted in lower viral replication, transam-
inase levels, and liver damage than MHV3 infection. The 51.6-
MHV3 variant differs from the pathogenic MHV3 only by its
weaker tropism for LSECs but retains its virulence for hepatocytes,
KCs, and Ito cells (24), suggesting that resistance of LSECs to viral
replication may protect against fulminant hepatitis. Similarly, the
nonpathogenic YAC-MHV3, also with a low ability to replicate in
LSECs, induced light and transient hepatic lesions, reinforcing the
importance of functional integrity of LSECs in the evolution of
viral hepatitis. Indeed, less severe hepatic damage and viral load in
mice infected with the attenuated variants may possibly result
from a better early control of viral replication by LSECs, leading to
reduced transmission of viral progeny to the hepatic parenchyma.
In agreement, a delayed replication of MHV3 in LSECs was sug-
gested as a crucial step in the resistance of various strains of mice

FIG 8 Gene expression and production of IL-10, TGF-�, IL-6, TNF-�, CXCL1, CCL2, and CXCL10 in in vitro MHV3-, 51.6-MHV3-, and YAC-MHV3-infected
LSECs. LSECs were infected at an MOI of 0.1 with MHV3, 51.6-MHV3, and YAC-MHV3, and RNA and supernatant from LSECs infected with each viral strain
were collected at 24, 48, or 72 h p.i. (I) Fold changes in IL-10 (A), TGF-� (C), IL-6 (E), and TNF-� (G) mRNA were analyzed by qRT-PCR. Values represent fold
change in gene expression relative to that in uninfected LSECs (control arbitrarily taken as 1) after normalization to HPRT expression. All samples were run in
duplicate. Production levels of IL-10 (B), TGF-� (D), IL-6 (F), and TNF-� (H) in supernatants were quantified by ELISA at 24 h p.i. (II) Fold changes in CXCL1
(A), CCL2 (C), and CXCL10 (E) mRNA were analyzed by qRT-PCR. Values represent fold change in gene expression relative to that in control (uninfected)
LSECs after normalization to HPRT expression. All samples were run in duplicate. Production levels of CXCL1 (B), CCL2 (D), and CXCL10 (F) in supernatants
were quantified by ELISA at 24 h p.i. All experiments were conducted in duplicate, and results are representative of two independent experiments. Values are
means and standard errors of the means. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001 (compared with mock-infected cells). †, P 
 0.05; ††, P 
 0.01; †††, P 
 0.001
(compared with MHV3-infected cells).
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to MHV3 infection by allowing time for the local and systemic
responses to clear the infective particles (26).

We report here for the first time that in vitro MHV3 infection
promotes a proinflammatory activation of LSECs. Indeed, MHV3
induced higher levels of IL-6, TNF-�, and chemokines in LSECs
than attenuated strains and inhibited their basal release of IL-10,
while attenuated strains enhanced it. These inflammatory disor-
ders in LSECs correlated with higher ratios of intrahepatic inflam-
matory to anti-inflammatory mediators in the livers of MHV3-
infected mice, suggesting that LSECs may have lost their ability to
control inflammation. In agreement, IL-10 staining was signifi-
cantly lower in ECs from the livers of mice infected by MHV3 than
in those of mice infected by attenuated strains. The importance of
IL-10 production by LSECs in the suppression of proinflamma-
tory cytokine release by Th1 and Th17 cells was recently shown by
Carambia et al. (44). In addition, LSECs were recently shown to be
more efficient than KCs in tolerizing autoreactive Th1 cells via
IL-10 (2). The lower inflammatory profiles in livers from 51.6-
and YAC-MHV3-infected mice are in line with our previous ob-
servations (30). The highly attenuated YAC-MHV3 infection cor-
related with lower induction of inflammatory mediators than
51.6-MHV3 infection. Higher levels of anti-inflammatory IL-10
and immunosuppressive PGE2 in the livers of YAC-MHV3- than

in those of 51.6-MHV3-infected mice were reported previously
(30), suggesting that the highly attenuated phenotype of YAC-
MHV3 may reflect the preservation of integrity of LSECs and
other, yet-unidentified hepatic cells. Since YAC-MHV3, unlike
51.6-MHV3, was shown to replicate less in macrophages in vitro
(45), it is plausible that preservation of KC tolerance functions
may further contribute to lower inflammatory responses during
YAC-MHV3 infection. Altogether, the results from YAC-MHV3
and 51.6-MHV3 infections strengthen the importance of LSEC
structural and functional integrity in restricting the hepatic in-
flammatory response and subsequent damage. In agreement, ac-
tivation of LSECs toward a proinflammatory profile was pointed
out as a critical component of intrahepatic inflammation in he-
patic fibrosis (40).

Differences in the LSEC cytokine profile according to infection
by pathogenic or attenuated MHV3 strains may reflect differential
PRR induction and activation by viral fixation and/or replication.
We have already demonstrated that IL-6 and TNF-� production
by MHV3-infected macrophages resulted from TLR2 activation
by the surface (S) viral protein (41). The production of TNF-� by
LSECs is known to depend on TLR1 to -4, -6, and -8, while IL-6 is
produced following activation of TLR1 to -4 only (4, 17). It has
been recently demonstrated that TLR1/2 ligand (PamC3), but not

FIG 9 Role of TLR2 in viral replication and expression of IL-6 and CXCL1 in MHV3-, 51.6-MHV3-, and YAC-MHV3-infected LSECs. (A) LSECs were infected
at an MOI of 0.1 with MHV3, 51.6-MHV3, and YAC-MHV3. At 24, 48, and 72 h p.i., RNA from infected LSECs was extracted and mRNA expression levels for
the TLR2 gene were determined by qRT-PCR. (B to D) LSECs were treated with a specific siRNA against TLR2 prior to infection with viruses or treatment with
the specific TLR2 agonist Pam3Cys (as a positive control) for 24 h. mRNA expression levels of MHV nucleoprotein (MHV-N) (B), IL-6 (C), and CXCL1 (D) were
determined by qRT-PCR. Values represent fold change in gene expression relative to that in control (uninfected) LSECs after normalization to HPRT expression.
All samples were run in duplicate, and results are representative of two independent experiments. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001 (compared with control
cells). †, P 
 0.05 (compared with MHV3-infected cells).
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TLR3 ligand [poly(I·C)] or LPS, reverted the suppressive proper-
ties of LSECs (9). We have shown that the virulent MHV3 strain
highly induced TLR2 expression on cultured LSECs and that
TLR2 knockdown abrogated IL-6 and CXCL1 induction only in

LSECs infected by MHV3. Indeed, the proinflammatory activity
of MHV3 may be related to its unique ability to induce TLR2
signaling. In agreement, lower levels of inflammatory cytokines
and chemokines were observed in the livers of MHV3-infected
TLR2 KO mice, correlating with milder hepatic damage and de-
layed mortality of mice. Thus, TLR2 activation may represent one
determining and differential factor involved in the severity of
virulent versus attenuated MHV3-induced hepatitis. In line
with this hypothesis, the survival rate, inflammatory response,
and liver damage were similar in TLR2 KO and WT mice in-
fected by 51.6-MHV3 and were comparable to those observed
in MHV3-infected TLR2 KO mice. Furthermore, IL-10 levels
were significantly higher in MHV3-infected TLR2 KO mice,
with increased expression on ECs and also on some CAV-1
negative cells, suggesting that specific activation of TLR2 by the
virus could be one mechanism by which MHV3 reverts the
anti-inflammatory phenotype, at least in LSECs. Supporting
this assumption, IL-10 expression was significantly upregu-
lated in in vitro-MHV3-infected LSECs treated with siTLR2,
suggesting an inhibitory effect for TLR2 on IL-10 induction by
MHV3. Accordingly, TLR2 activation has already been shown
to temporarily reverse Treg suppressive functions (46, 47).
Further work will be done to identify other IL-10-producing
CAV-1-negative cells during MHV3 infection.

TLR2 may also potentiate MHV3 infection, as viral replication
was significantly reduced in the livers of TLR2 KO mice and in
cultured LSECs rendered defective for TLR2. In addition, activa-
tion of TLR2 by MHV3 may account for its higher replication rate

FIG 10 Mortality, hepatic damage, and viral replication in MHV3- and 51.6-MHV3-infected C57BL/6 (WT) and TLR2 KO mice. Groups of 6 or 7 C57BL/6
(WT) and TLR2 KO mice were intraperitoneally (i.p.) infected with 1,000 TCID50 of MHV3 and 51.6-MHV3. (A and B) Percentages of MHV3-infected (A) and
51.6-MHV3-infected (B) surviving mice were recorded at various times postinfection (p.i.). (C) Histopathological analysis was conducted on livers from mock-,
MHV3-, and 51.6-MHV3-infected WT and TLR2 KO mice at 72 h p.i. Necrotic foci are indicated by arrows. (D) MHV3 and 51.6-MHV3 replication in livers from
infected WT and TLR2 KO mice was determined by viral titration (TCID50) at 24 h and 72 h p.i. Values are means and standard errors of the means. Results are
representative of two different experiments. ***, P 
 0.001 compared with WT mice.

TABLE 2 Transcription levels of several genes in livers from MHV3-
and 51.6-MHV3-infected C57BL/6 (WT) and TLR2 KO mice at 72 h
p.i.a

Gene

Fold change (mean 	 SEM)b

MHV3 infection 51.6-MHV3 infection

WT TLR2 KO WT TLR2 KO

TNF-� 70.2 	 7.2 44.9 	 4.0*** 10.5 	 1.03 7.1 	 2.8

IL-6 43.5 	 5.7 11.2 	 5.0*** 13 	 1.4 14 	 7.4

IL-10 5.8 	 1.4 44 	 11.7*** 54.5 	 17.4 41.4 	 3.8

CXCL1 131 	 15 21.1 	 8.7*** 107 	 4.9 91 	 11.9

CCL2 1,027 	 134 155 	 37*** 147 	 14.8 120.4 	 39.1

CXCL10 213 	 20 69 	 15*** 33.7 	 7.4 17.5 	 4.8*

Fgl2 6.65 	 0.70 10.1 	 1.2 6.7 	 0.7 4.7 	 1.7

IL-33 4.5 	 0.4 3.7 	 0.3 ND ND
a Groups of 5 or 6 C57BL/6 (WT) or TLR2 KO mice were intraperitoneally infected

with 1,000 TCID50 of MHV3 or 51.6-MHV3. At 72 h p.i., livers were collected from

mock- and virus-infected mice from each group, and mRNA fold changes for several

genes were analyzed by qRT-PCR.
b Values represent fold change in gene expression relative to that in mock-infected mice

after normalization to HPRT expression. Samples from each mouse were run in

duplicate. Values that are significantly different between MHV3-infected TLR2 KO and

C57BL/6 (WT) mice or between 51.6-MHV3-infected TLR2 KO and C57BL/6 (WT)

mice are indicated by asterisks as follows: ***, P 
 0.01; *, P 
 0.5. ND not detectable.
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in LSECs, since the replication of 51.6-MHV3 was not influenced
by TLR2 in infected LSECs or mice. It has been demonstrated that
MHV replication depends on the activation of the P38 mitogen-
activated protein kinase (MAPK) at the beginning of the replica-
tive cycle (48). Thus, it is conceivable that activation of TLR2 by
MHV3 on LSECs optimizes P38 MAPK activation, predispos-
ing to more efficient viral replication. Since TLR2 is also ex-
pressed, though to a lesser extent, by other resident or recruited
cells in the liver, such as KCs, neutrophils, and hepatocytes, as
observed in preliminary experiments, we can hypothesize that
several TLR2� cell types permissive to MHV3 infection may act
synergistically in promoting viral replication and hepatic in-
flammation. Indeed, preliminary in vitro results revealed that
production of inflammatory mediators and viral replication in
MHV3-infected hepatocytes and macrophages were enhanced
by TLR2. Further work is in progress to clarify the mechanistic
implications of TLR2 in MHV3 replication and the role of re-
cruited and resident TLR2� inflammatory cells in hepatic in-
flammation and damage.

The differences in chemokine levels induced by the patho-
genic and attenuated MHV3 strains may explain the differences
in recruited intrahepatic leukocyte subsets. Indeed, lower levels
of CXCL1 and CCL2 in livers from 51.6- and YAC-MHV3-
infected mice correlated with delayed or lower intrahepatic
recruitment of neutrophils and macrophages, thus explaining
the smaller inflammatory foci without extensive necrosis areas
seen in livers from these mice. Unexpectedly, neutrophils were
only transiently recruited, and the numbers of NK-T, T, and B
lymphocytes progressively decreased throughout MHV3 infec-
tion, despite high induction of chemokines. We have previ-
ously demonstrated that intrahepatic NK and NK-T cells un-
dergo higher apoptosis and that B and T cells are more strongly
depleted in lymphoid organs during MHV3 infection than dur-
ing YAC-MHV3 infection (30, 31, 49), thus altering lympho-
cyte recruitment or turnover into the liver. The highly attenu-
ated YAC-MHV3 infection, compared to MHV3, was also
related to effective activation of CD8� cells (32).

In addition, impairment of intrahepatic leukocyte populations
and severe liver injury in MHV3-infected mice may also be con-
nected to disturbances in LSEC-derived vascular factors. We have

demonstrated that MHV3, unlike attenuated variants, signifi-
cantly altered NO release by LSECs. Susceptibility of mice to
MHV3 infection has already been inversely correlated with NO
levels in the liver, but the mechanism was not elucidated (50). The
constitutive expression of NO by LSECs is essential for the
regulation of intrahepatic sinusoidal blood flow and protects
against liver diseases. Indeed, impairment of NO release by
LSECs has been associated with hepatic microvascular dysfunc-
tion and portal hypertension in pathological liver conditions
such as fibrosis and cirrhosis (37). In cirrhotic livers, an NO
defect has been linked to overexpression of CAV-1, a negative
regulator of the endothelial NO synthase activity, on LSECs
(38). We have observed that reduced NO levels in LSECs cor-
related with a concomitant upregulation of CAV-1, supporting
that MHV3-induced NO impairment is indirectly related to
CAV-1 induction. Furthermore, we have demonstrated that
expression of the procoagulant Fgl2 increased only in LSECs
infected by MHV3. MHV3-induced expression of Fgl2 has al-
ready been reported in endothelium of intrahepatic veins and
sinusoids and was associated with severe intravascular coagula-
tion, ischemia, and liver necrosis in MHV3-infected mice (28). In
agreement, liver histopathological analysis revealed vascular
thrombosis and fibrin deposition in hepatic veins and sinusoids
from 48 h p.i. in MHV3-infected mice only (results not shown).
No difference in Fgl2 levels was observed between MHV3-infected
WT and TLR2 KO mice, indicating that induction of Fgl2 in
LSECs is TLR2 independent. Since Fgl2 expression in LSECs was
reported to be promoted by the MHV nucleocapsid protein and
TNF-� (51, 52), we can assume that higher induction of Fgl2 in
the livers of MHV3-infected mice may reflect higher hepatic
TNF-� levels and viral replication rate in LSECs. Thus, the com-
bined effect of CAV-1/NO imbalance and Fgl2 induction during
MHV3 infection may contribute to alter leukocyte recruitment
and aggravate hepatitis in disturbing hepatic microcirculation.

The alarmin IL-33 was shown to be upregulated in LSECs
during chronic HBV and HCV infections and acute liver fail-
ure, but the mechanism is elusive (21, 22). In agreement with
our previous report, MHV3 infection increased IL-33 produc-
tion in both LSECs and hepatocytes (29). Our results showed
that IL-33 expression in LSECs was increased only by virulent

FIG 11 Expression of IL-10 and caveolin-1 in livers from MHV3-infected TLR2 KO mice. Groups of 6 TLR2 KO mice were intraperitoneally (i.p.) infected with
1,000 TCID50 of MHV3, and immunolocalization of IL-10 in the livers and ECs of mock- and MHV3-infected TLR2 KO mice was determined by double
immunostaining of IL-10 (green) and caveolin-1 (red) at 48 h p.i. Cell nuclei were counterstained with Hoechst stain (blue). In situ expression of IL-10 and
caveolin-1 by endothelial cells is indicated by arrows.
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MHV3 and was not modulated by TLR2, suggesting that IL-33
release is rather a consequence of MHV3-induced cell damage,
as necrotic cells in the liver were shown to secrete alarmins such
as HMGB-1 and IL-33 (53). In addition, a high IL-33 serum
level was associated with liver damage in HBV and HCV infec-
tions, indicating that IL-33 could be considered a predictive
indicator of viral hepatitis evolution, as previously suggested
(54, 55).

Using the MHV3 animal model of viral acute hepatitis, this
work suggests a novel virus-promoted mechanism of hepatic
inflammation and damage involving disorders in LSEC-de-
rived inflammatory and vascular factors. The use of MHV3
variants expressing weak tropism for LSECs allowed us to bet-
ter discriminate the importance of LSECs, over that of other
hepatic cells, in tolerance/inflammation imbalance during
acute viral infection. Our results support that induction of
TLR2-dependent reversion of LSEC anti-inflammatory func-
tions by MHV3 may participate in the pathological inflamma-
tory response that predisposes to fulminant hepatitis. Unlike
MHV3, HCV and HBV do not productively infect LSECs, but
RNA from HCV was recently shown to induce the expression of
inflammatory cytokines and chemokines in human microvas-
cular endothelial cells via TLR3 activation (56), indicating that
LSECs can be activated through PRR engagement by HCV-
derived products. The “core” protein of HCV and HBV was
reported to bind to TLR2 and induce a TLR2-dependent in-
flammatory cytokine response in monocytes and macrophages
(57, 58). Thus, one could presume that core proteins could also
promote proinflammatory activation of LSECs via TLR2, ag-
gravating hepatic inflammation. In this regard, a high correla-
tion between TLR2 expression and hepatic inflammation and
necrosis was demonstrated in the livers of HCV-infected pa-
tients (59).
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VI.3. ANNEXE 3 : L’invasion cérébrale par le virus de l’hépatite murine 
dépend d’une détérioration des jonctions serrées et de la production 

d’interféron béta dans les cellules endothéliales microvasculaires. 

Christian Bleau, Aveline Filliol, Michel Samson et Lucie Lamontagne. 

Article publié dans J Virol. 2015 Oct;89(19):9896-908. 

Résumé de l’article. 

Les coronavirus présentent des propriétés neuro-invasives chez l’Homme et l’animal suite à 

leur réplication dans des organes périphériques. Cependant, le mécanisme de cette invasion 

cérébrale est inconnu. Le but principal de ce travail a été d’évaluer la capacité des coronavirus 

à traverser la barrière hémato-encéphalique (BBB pour "Blood Brain Barrier") et infecter le 

système nerveux central. L’utilisation de différentes souches virales de coronavirus 

murin possédant un neurotropisme et un hépatotropisme : le virus de l’hépatite murine de type 

3 (MHV3),  neurotrope et hautement  hépatotrope, son variant atténué, le MHV3-51.6, qui 

présente un faible tropisme pour les cellules endothéliales et la souche MHV-A59, neurotrope 

mais faiblement hépatotrope, nous a permis d’étudier l’intégrité de la BBB lors de l’infec t ion 

par ces virus in vivo chez la souris et in vitro dans des cellules endothéliales microvascula ires 

cérébrales (BMECs pour "Brain Microvascular Endothelial Cells"). Nous rapportons ici la 

capacité spécifique du MHV3, et non pas du 51.6-MHV3 et du MHV-A59 à traverser la BBB 

au cours de l’infection aigüe suite à l’infection par voie intrapéritonéale. L’invasion cérébrale 

a donc été observée uniquement chez les souris infectées par le MHV3. Celle-ci corrélait avec 

l’augmentation de la perméabilité de la BBB et était associée à une diminution de l’expression 

des protéines de jonctions: Zona occludens-1 (ZO-1), VE-cadherine et occludine, mais pas de 

la claudine-5, dans le cerveau des souris infectées et dans  les cellules BMECs en culture. La 

rupture de la BBB au cours de l’infection par le MHVγ n’était pas reliée à une production de 

cytokines ou chimiokines inflammatoires par les BMECs infectées. En revanche,  nous avons 

montré que, contrairement au variant MHV3-51.6 et à la souche MHV-A59, l’infection des 

BMECs par le MHV3 entraînait une diminution de la production d’IFN-  normalement 

impliquée dans le contrôle des protéines de jonctions de la BBB.  Nos résultats mettent donc en 

évidence l’importance de la production d’IFN-  par les BMECs infectées, dans la préservation 

des fonctions de la BBB qui prévient l’accès des virus infectieux hématogènes au parenchyme 

cérébral. 
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ABSTRACT

Coronaviruses (CoVs) have shown neuroinvasive properties in humans and animals secondary to replication in peripheral or-

gans, but the mechanism of neuroinvasion is unknown. The major aim of our work was to evaluate the ability of CoVs to enter

the central nervous system (CNS) through the blood-brain barrier (BBB). Using the highly hepatotropic mouse hepatitis virus

type 3 (MHV3), its attenuated variant, 51.6-MHV3, which shows low tropism for endothelial cells, and the weakly hepatotropic

MHV-A59 strain from the murine coronavirus group, we investigated the virus-induced dysfunctions of BBB in vivo and in

brain microvascular endothelial cells (BMECs) in vitro. We report here a MHV strain-specific ability to cross the BBB during

acute infection according to their virulence for liver. Brain invasion was observed only in MHV3-infected mice and correlated

with enhanced BBB permeability associated with decreased expression of zona occludens protein 1 (ZO-1), VE-cadherin, and

occludin, but not claudin-5, in the brain or in cultured BMECs. BBB breakdown in MHV3 infection was not related to produc-

tion of barrier-dysregulating inflammatory cytokines or chemokines by infected BMECs but rather to a downregulation of bar-

rier protective beta interferon (IFN-�) production. Our findings highlight the importance of IFN-� production by infected

BMECs in preserving BBB function and preventing access of blood-borne infectious viruses to the brain.

IMPORTANCE

Coronaviruses (CoVs) infect several mammals, including humans, and are associated with respiratory, gastrointestinal, and/or

neurological diseases. There is some evidence that suggest that human respiratory CoVs may show neuroinvasive properties.

Indeed, the severe acute respiratory syndrome coronavirus (SARS-CoV), causing severe acute respiratory syndrome, and the

CoVs OC43 and 229E were found in the brains of SARS patients and multiple sclerosis patients, respectively. These findings sug-

gest that hematogenously spread CoVs may gain access to the CNS at the BBB level. Herein we report for the first time that CoVs

exhibit the ability to cross the BBB according to strain virulence. BBB invasion by CoVs correlates with virus-induced disruption

of tight junctions on BMECs, leading to BBB dysfunction and enhanced permeability. We provide evidence that production of

IFN-� by BMECs during CoV infection may prevent BBB breakdown and brain viral invasion.

The blood-brain barrier (BBB) is a highly selective barrier crit-

ical for central nervous system (CNS) homeostasis in control-

ling peripheral blood-brain exchange and preventing neurotoxins

and pathogens from access to the CNS. The functional and struc-

tural integrity of the BBB mainly relies on specific features of the

brain microvascular endothelial cells (BMECs) lining the brain

capillaries. These cells are tightly connected by a unique assembly

of adherens junctions composed of transmembrane cadherin and

tight-junction complexes (e.g., claudins and occludin) anchored

to actin filaments via adaptor molecules, such as zona occludens

(ZO) (1).

The BBB is known to provide significant protection against

hematogenously spread viruses, as several viruses inoculated in

periphery were shown to induce neuropathology only after me-

chanically or chemically mediated disruption of the BBB (2–4).

However, some infectious blood-borne viruses primarily target-

ing peripheral organs have evolved strategies to thwart the BBB,

including direct infection of BMECs, “Trojan horse” invasion via

the traffic of infected immune cells in the CNS or paracellular

entry through alteration of tight junctions (1). Disruption of tight

junctions, resulting from either viral products or host immune

factors (5–8), may lead to an increase in extravasation of immune

cells and poorly regulated flux of molecules as well as ions across

the BBB, which are critical events in neuropathogenesis (9).

Coronaviruses (CoVs) are enveloped, positive-sense, single-

stranded RNA viruses that infect several mammals, including hu-

mans. There is some evidence that suggests that respiratory CoVs

may show neuroinvasive properties. The severe acute respiratory

syndrome coronavirus (SARS-CoV), which causes severe acute

respiratory syndrome in humans, and the human CoVs OC43 and

229E were found in the brains of SARS patients and multiple scle-
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rosis patients, respectively (10–13). However, the mechanism of
neuroinvasion by hematogenously spread CoVs is elusive.

The different serotypes of viruses in the mouse hepatitis virus
(MHV) coronavirus group induce hepatic, respiratory, or enteric
diseases, followed by neurological disorders (14), and thus, the
mouse is a relevant animal model for the study of neuroinvasion
by CoVs. The highly hepatotropic mouse hepatitis virus type 3
(MHV3) is known as the most virulent MHV strain, causing ful-
minant hepatitis and death of susceptible C57BL/6 mice within 3
to 5 days postinfection (p.i.) (15) and neurological disease follow-
ing nonlethal hepatitis in semisusceptible C3H mice characterized
by meningitis, ependymitis, and encephalitis beginning 3 to 4
weeks p.i. after intraperitoneal (i.p.) infection (15, 16). This sug-
gests brain invasion by MHV3 through the BBB endothelium in
the acute phase of infection. The attenuated 51.6-MHV3 variant
has lost the ability to replicate in liver endothelial cells (17) and
induces acute hepatitis and death of susceptible C57BL/6 mice
within 5 to 9 days p.i. (18), suggesting an important role for en-
dothelial cells in disease outcome. The weakly hepatotropic
MHV-A59 causes no mortality and moderate hepatitis without
neurological disease in C57BL/6 mice when i.p. inoculated (19).
Brain invasion and disease by the MHV-A59 serotype is however
enabled following intranasal infection and depends on the olfac-
tory nerve, instead of the BBB, as the portal of viral entry into the
CNS (19–21) suggesting a restriction of CNS invasion at the BBB
level (19, 22).

BMECs have already been reported as potential cell targets for
MHVs, as they express the MHV receptor, carcinoembryonic an-
tigen 1a (CEACAM1a) (23). Primary mouse BMECs were shown
to support MHV3 replication in vitro (24), but conflicting results
regarding viral replication of MHV-A59 in BMECs have been re-
ported (22, 25, 26). Since all MHV strains use the same cell recep-
tor (CEACAM1a), and both MHV3 and MHV-A59 can bind to
BMECs (22, 24), another factor(s) might be involved in BBB in-
vasion according to MHV serotype.

We demonstrated here that the highly hepatotropic MHV3
strain, but not the MHV-A59 or 51.6-MHV3 variant, elicited an in
vivo and in vitro breakdown of functional and structural integrity
of the BBB, enabling viral invasion of the brain. The MHV strain-
specific ability to cross the BBB during acute liver infection corre-
lated with enhanced BBB permeability due to alteration of tight
junctions zona occludens protein 1 (ZO-1), VE-cadherin, and oc-
cludin but not claudin-5 expression on BMECs. Barrier disrup-
tion in MHV3 infection was not related to the release of inflam-
matory cytokines or chemokines by infected BMECs but rather to
a downregulation of barrier protective beta interferon (IFN-�)
production.

MATERIALS AND METHODS

Mice. Female C57BL/6 (Charles River, St. Constant, Quebec, Canada)
mice were housed in a HEPA-filtered air environment. All experiments
were conducted with mice between 8 to 10 weeks of age in compliance
with the regulations of the Animal Committee of the University of Quebec
at Montreal, Canada.

Viruses. Highly pathogenic MHV3 is a cloned substrain isolated from
the liver of an infected DBA2 mouse and maintained in L2 cells for less
than three passages, as described previously (27). The mildly virulent
MHV-A59 strain was obtained from the American Type Culture Collec-
tion (ATCC) (Rockville, MD, USA). The lower-virulence 51.6-MHV3 is
an escape mutant, selected from the pathogenic MHV3 virus in the pres-
ence of S protein-specific A51 and A37 monoclonal antibodies, having lost

tropism for liver sinusoidal endothelial cells (17). All viruses were pro-
duced in L2 cells, and their pathogenic properties were assessed routinely.

Cells. bEnd.3 (ATCC CRL-2390), an immortalized mouse brain en-
dothelial cell line, was cultured in RPMI 1640 medium supplemented with
10% heat-inactivated fetal calf serum (FCS) and antibiotics (Wysent, St.
Bruno, Quebec, Canada). Freshly trypsinized bEnd.3 cells were seeded in
collagen-treated 24-well plates at 6 � 104 cells/cm2 or collagen-treated
6.5-mm-diameter Transwell polycarbonate membrane inserts (Fisher
Scientific, Ontario, Canada) and incubated until they reached confluence.
The cells were then infected with MHV3, MHV-A59, or 51.6-MHV3 at a
multiplicity of infection (MOI) of 0.1 for 24 to 72 h or up to 8 days
according to the particular experiment. In some experiments, cells were
concomitantly treated with IFN-� (100 pg/ml) or anti-IFN-� (1 �g/ml)
(R&D Systems, Minneapolis, MN). Cell culture supernatant was collected
for enzyme-linked immunosorbent assays (ELISAs) and virus titration,
and total RNA was extracted for quantitative reverse transcription-PCR
(qRT-PCR) analyses. In vitro studies were conducted in triplicate.

In vivo viral infections. Groups of six wild-type C57BL/6 mice were
infected intraperitoneally (i.p.) with 103 50% tissue culture infective doses
(TCID50) of MHV3, MHV-A59, or 51.6-MHV3. Mock-infected mice re-
ceived a similar volume of phosphate-buffered saline (PBS) (Wysent, St.
Bruno, Quebec, Canada). Mice were sacrificed by CO2 anoxia 72 h postin-
fection (p.i.). The brain and liver were collected and frozen at �80°C for
further analyses.

RNA isolation and qRT-PCR. Total RNA from frozen brain samples
was extracted using TRIzol reagent (Invitrogen, Burlington, Ontario,
Canada), and residual genomic DNA was removed with the Turbo DNA-
free kit (Ambion, Austin, TX). RNA from bEnd.3 cells was extracted using
a NucleoSpin RNA II kit (Macherey-Nagel, Bethlehem, PA) according to
the manufacturer’s instructions. One microgram of RNA was reverse
transcribed into cDNA using the high-capacity cDNA reverse transcrip-
tion kit (Applied Biosystems, Foster City, CA). Real-time PCR amplifica-
tion was carried out on 25 ng cDNA using the HotStart-IT SYBR green
qPCR master mix (USB Corporation, Cleveland, OH) on an ABI 7300
system (Applied Biosystems, Foster City, CA). Primer sets used are listed
in Table 1. Threshold cycle (CT) values were collected and used for ��CT

analysis. Gene expression was normalized to expression of the hypoxan-
thine phosphoribosyltransferase (HPRT) gene as an endogenous control
and expressed as a ratio of gene expression in mock-infected mice or
bEnd.3 cells. The specificity of the PCR products was confirmed by melt-
ing curve analyses. All qPCR analyses of samples from in vitro and in vivo

experiments were run in duplicate.
ELISAs. Determination of the levels of IFN-� (PBL, Piscataway, NJ),

interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-�) (BD, Missis-
sauga, Ontario, Canada), CXC chemokine ligand 10 (CXCL10), CC
chemokine ligand 2 (CCL2) (eBiosciences, San Diego, CA), and CXCL1
(R&D Systems, Minneapolis, MN) in bEnd.3 cell culture supernatants
was carried out according to the manufacturer’s instructions.

Virus titration. Virus titration was performed on brain lysates from
infected mice and infected bEnd.3 cell culture supernatants by 10-fold
serial dilutions on L2 cell monolayers cultured in 96-well plates. Cyto-
pathic effects, characterized by syncytia and cell lysis, were recorded at 72
h p.i., and virus titers were determined according to the Reed-Muench
method and expressed as log10 TCID50.

In vivo assessment of BBB integrity. Changes in blood-brain barrier
permeability were assessed using sodium fluorescein (NaF) (Sigma-Al-
drich) as previously described (28). Briefly, mice were infected for 72 h
and i.p. injected with 100 �l of 10% NaF in PBS 1 h prior to euthanasia.
Cardiac blood was collected, transcardial perfusion with 15 ml PBS was
performed, and brains were removed, weighed, and homogenized in PBS
(1:10 [wt/vol]). NaF content was measured on a Synergy 4 microplate
fluorometer (Biotek, Winooski, VT) with excitation at 485 nm and emis-
sion at 530 nm using standards ranging from 0.78 �g/ml to 5 �g/ml. The
NaF concentration in the brain was normalized to serum NaF concentra-
tions for each mouse to allow comparisons among mice and calculated as
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follows: (microgram of NaF in the brain/milligram of brain)/(microgram
of NaF in sera/microliter of blood). Data are expressed as fold increase in
fluorescence compared to the levels in uninfected mice.

siRNA transfections. bEnd.3 cells were seeded in collagen-treated 24-
well plates at 60,000 cells/ml and transfected with 25 nM small interfering
RNA (siRNA) Flexitube premix (Qiagen, Cambridge, MA) targeting Toll-
like receptor 2 (TLR2) mRNA (target sequence, CTCGTTCTCCAGCAT
TTAAA), CEACAM1a mRNA (target sequence, CACACTCATGCATTC
ACTCTA), caveolin-1 mRNA (target sequence, ATGGTTTGTCTTGAT
CAAGAA), or clathrin mRNA (target sequence, CACGTGTTATGGAGT
ATATTA) or transfected with the AllStars negative-control siRNA
(Qiagen, Cambridge, MA) as a nonsilencing transfection control for 36 h
prior to infections.

Transendothelial electrical resistance and in vitro permeability as-
says. bEnd3 cell monolayers were grown on collagen-treated 6.5-mm-
diameter Transwell polycarbonate membrane inserts (6 � 104 cells/cm2)
(0.4-�m pore size; Costar, Corning, Tewksbury, MA) assembled into 24-
well plates and infected for 24 to 72 h. Transendothelial electrical resis-
tance (TEER) (ohms per square centimeter), reflecting barrier integrity,
was recorded using an EVOM volt ohmmeter (World Precision Instru-
ments, Sarasota, FL) and calculated by subtracting the resistance of blank
inserts from that of the inserts with cells and multiplying the subtracted
values by the area of the insert. Barrier function was further analyzed by
measuring the permeability of the cell monolayer to sodium fluorescein
(molecular mass of 376 Da) and Evans blue (EVB)-labeled albumin (mo-
lecular mass of 67 kDa) (Sigma-Aldrich, St. Louis, MO). Ringer-HEPES
was added to the abluminal side, while the luminal side was loaded with
Ringer-HEPES containing 200 �g/ml NaF, 170 �g/ml EVB, and 10 mg/ml
bovine serum albumin (BSA). The cells were incubated at 37°C for 30 min,
and the levels of NaF and EVB in the abluminal side were measured using
a fluorometer (Biotek, Winooski, VT) with an excitation/emission wave-
length ratio of 485/530 nm for NaF and an excitation/emission wave-
length ratio of 540/680 nm for EVB. NaF and EVB concentrations were
determined using a standard curve.

Immunochemistry. bEnd.3 cells were seeded in collagen-treated two-
well Labtek chamber slides and infected for 48 h. The cells were fixed with
3.7% paraformaldehyde (PFA) for 10 min at room temperature, perme-
abilized with 0.3% Triton X-100, and blocked with 3% BSA. The cells
were incubated with primary antibodies (ZO-1, occludin, and VE-
cadherin antibodies diluted 1:100; all antibodies from LSBio, Seattle,
WA) overnight at 4°C, then incubated with fluorescein isothiocyanate
(FITC)-labeled goat anti-rabbit secondary antibody (1:500) (1 h at
room temperature), and mounted in antifade medium containing
4=,6=-diamidino-2-phenylindole (DAPI) counterstain (Invitrogen,
Ontario, Canada). Fixed cells were imaged with a Zeiss LSM700 static
Observer Z1 confocal microscope (63�) (Zeiss, Toronto, Ontario, Can-
ada) and analyzed using ZEN 2009 software. For brain immunolocaliza-
tion of ZO-1, VE-cadherin, and occludin, mouse brain sections (5 �m)

were fixed in paraformaldehyde and embedded in paraffin and the anti-
gens were retrieved by incubating the sections with primary antibodies (1,
2.5, and 10 �g/ml, respectively; all antibodies from LSBio, Seattle, WA)
for 1 h in a Ventana automated machine (Ventana Medical Systems, Tuc-
son, AZ), and OmniMap anti-rabbit secondary antibodies conjugated to
horseradish peroxidase (HRP) (RUO) for 16 min. The sections were then
counterstained with hematoxylin.

Statistical analyses. Data are expressed as means � standard errors of
means. In vitro statistical analyses were performed with Student’s t test
comparing the values for mock-infected cells to the values for MHV-
infected cells; for experiments with siRNAs, the values for treated MHV-
infected cells were compared to the values for untreated MHV-infected
cells. In vivo statistical analyses were conducted with a one-way analysis of
variance (ANOVA) test followed by a posthoc Tukey analysis using soft-
ware program PASW version 18 (IBM SPSS Inc., Chicago, IL). MHV-
infected mice were compared to mock-infected mice or MHV3-infected
mice were compared to MHV-A59- and 51.6-MHV3-infected mice ac-
cording to experiments. P values of �0.05 were considered significant.

RESULTS

Brain invasion by hematogenously spread MHVs correlates
with strain virulence and tropism for liver. The discrepancies
regarding brain invasion by the highly hepatotropic MHV3 or the
weakly hepatotropic MHV-A59 following hematogenous spread
of viruses (i.p. inoculation) suggest strain-specific abilities to traf-
fic across the BBB (15, 16, 22, 25, 29). To verify this hypothesis,
C57BL/6 mice were i.p. infected for 72 h with MHV3, its attenu-
ated 51.6-MHV3 variant or MHV-A59, and the brains were har-
vested, stained for histopathological analyses, and assayed for viral
detection. Examination of hematoxylin-eosin (HE)-stained brain
sections revealed the low-level presence of inflammatory cells in
the meninges, microvasculature, and ependymal tissue lining the
ventricles in the brains of MHV3-infected mice (Fig. 1A). No in-
flammatory cells or abnormalities in the neural tissue and choroid
plexus were detected in the brains of 51.6-MHV3- or MHV-A59-
infected mice. In addition, no multinucleate or rounding cells
usually observed in the livers of MHV-infected mice were noted in
the brains of all infected mice. Histopathological analysis of the
liver was also done from 24 to 72 h p.i. to confirm that viral infec-
tion first occurred in the liver following i.p. inoculation in all
groups of mice. Multiple foci of inflammatory infiltrations and
hepatocyte necrosis were noted as soon as 24 h p.i. and extended
until 72 h p.i. in the livers of MHV3-infected mice, while only a
few localized foci of necrotic cells were present in the livers of
MHV-A59- or 51.6-MHV3-infected mice (results not shown).

TABLE 1 Primer sets used for quantitative reverse transcription-PCR

Gene

Primer sequence

Forward primer Reverse primer

HPRT 5=-GAAAGACTTGCTCGAGATGTCATG-3= 5=-CACACAGAGGGCCACAATGT-3=

IFN-� 5=-CGGACTTCAAGATCCCTATGGA-3= 5=-TGGCAAAGGCAGTGTAACTCTTC-3=

IL-6 5=-TCGGAGGCTTAATTACACATGTTC-3= 5=-TGCCATTGCACAACTCTTTTCT-3=

TNF-� 5=-TCCCAGGTTCTCTTCAAGGGA-3= 5=-GGTGAGGAGCACGTAGTCGG-3=

CCL2 5=-GCAGCAGGTGTCCCAAAGAA-3= 5=-GGTCAGCACAGACCTCTCTCTTG-3=

CXCL10 5=-GGCCATAGGGAAGCTTGAAAT-3= 5=-TCGTGGCAATGATCTCAACAC-3=

Occludin 5=-TGTGGGATAAGGAACACATTTATGA-3= 5=-CAGACACATTTTTAACCCACTCTTCA-3=

Claudin-5 5=-TCTGCTGGTTCGCCAACAT-3= 5=-CGGCACCGTCGGATCA-3=

ZO-1 5=-TGAACGCTCTCATAAGCTTCGTAA-3= 5=-ACCGTACCAACCATCATTCATTG-3=

VE-cadherin 5=-GCGCAGCATCGGGTACTC-3= 5=-GCTTGGTTATTCGGAAGAATTGG-3=

MHV N 5=-TGGAAGGTCTGCACCTGCTA-3= 5=-TTTGGCCCACGGGATTG-3=
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Trafficking of virus to the brain was assessed by detection of
MHV nucleoprotein (N) RNAs and titration of infectious parti-
cles. Viral RNAs and virus titers were detected only in the brains of
highly hepatotropic MHV3-infected mice, while no evidence of

replication of MHV-A59 and 51.6-MHV3 was noted (Fig. 1B and
C). Viral replication level in the brain after 72 h p.i., was, however,
too low to permit significant immunolabeling of virally infected
cells. Similarly, infectious viruses were titrated at 72 h p.i. in the
livers of all groups of mice and demonstrated that MHV3 repli-
cated higher (6.3 � 0.1 log10 TCID50/g liver) than MHV-A59
(3.9 � 0.16 log10 TCID50/g liver) and 51.6-MHV3 (3.6 � 0.17
log10 TCID50/g liver). These results suggest that only the highly
hepatotropic MHV3 may have the ability to invade the brain by
hematogenous spread and to cross the BBB.

Breakdown of the BBB and alteration of tight junctions oc-
cur only in the brains of highly hepatotropic MHV3-infected
mice. To further investigate whether MHV3 but not 51.6-MHV3
or MHV-A59 viral replication in the brain following liver infec-
tion was due to a breakdown of the BBB, assessment of BBB per-
meability was performed in mice infected for 72 h with each virus
and injected i.p. with 10% NaF dye 1 h prior to euthanasia. The
leakage of NaF from the peripheral circulation into the brain is
allowed only when the BBB is compromised (30). As shown in Fig.
2A, NaF levels increased in the brains of MHV3-infected mice,
indicating a breakdown of the BBB (P � 0.05). No significant
difference in NaF uptake was observed in mice infected with
MHV-A59 and 51.6-MHV3.

Since the integrity of the tight junctions is crucial for maintain-
ing the function of the BBB, we asked whether breakdown of the
BBB following MHV3 infection resulted from decrease in tight-
junction proteins. To assess this, mRNA expression of tight-junc-
tion proteins (claudin-5, VE-cadherin, occludin, and ZO-1) was
evaluated in the brains of infected mice at 72 h p.i. by qRT-PCR.
Compared to brains from mock-infected mice, the level of expres-
sion of occludin mRNA was significantly reduced by about 50% in
the brains of MHV3-infected mice, but not MHV-A59- or 51.6-
MHV3-infected mice (P � 0.01) (Fig. 2B). The levels of expres-
sion of ZO-1 and VE-cadherin mRNA were also impaired in the
brains of MHV3-infected mice and to a lesser extent in MHV-
A59-infected mice (P � 0.05 to 0.01), but not in 51.6-MHV3-
infected mice (Fig. 2C and D). No significant change in claudin-5
expression was evidenced in mice infected with either virus
(Fig. 2E).

To confirm that reduction in tight-junction mRNA expression
in the brain was in accordance with a concomitant decrease in
protein expression, immunohistochemistry (IHC) stainings using
specific antibodies to each protein were conducted on brain tissue.
VE-cadherin, occludin, and ZO-1 staining intensities were lower
in brain microvessels from MHV3-infected mice than in brain
microvessels from mock-infected mice, as shown by the black ar-
rows (Fig. 2F). Lower reduced expression of VE-cadherin and
ZO-1 was also detected in the brains of MHV-A59-infected mice,
while no change in tight-junction protein expression was induced
by 51.6-MHV3 infection.

BMECs (bEnd.3 cell line) are more permissive to MHV3 rep-
lication than to 51.6-MHV3 and MHV-A59 replication. De-
crease in tight-junction protein expression may result from direct
permissivity of BMECs to viral replication and subsequent virus-
induced cell damage (31). To determine whether specific MHV3-
induced breakdown of the BBB and alteration of tight-junction
expression resulted from a differential permissivity of BMECs to
MHV infections, in vitro infections with MHV3, 51.6-MHV3, and
MHV-A59 at an MOI of 0.1 were conducted on a BMEC cell line
(bEnd.3 cells) known to exhibit properties similar to those of pri-

FIG 1 Brain invasion by hematogenously spread MHVs correlates with viru-
lence. (A) Groups of six or seven mice were i.p. mock infected (PBS) or in-
fected with 1,000 TCID50 (50% tissue culture infective doses) of MHV3,
MHV-A59, and 51.6-MHV3 for 72 h, and harvested brains were subjected to
hematoxylin-eosin-safranin staining for histopathological analyses. (B) Viral
detection of MHV3, MHV-A59, and 51.6-MHV3 at 72 h p.i. in brain samples
of infected mice determined by qRT-PCR analysis of the viral nucleoprotein
(N) expression and viral titration (TCID50). The viral detection threshold is 1.6
TCID50/ml. Values are means plus standard errors of means (error bars). Val-
ues that are significantly different (P 	 0.001) are indicated (***).
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mary BMECs (32, 33). The kinetics of viral replication showed
that production of infectious MHV3 increased from day 2 to day 3
p.i. and then stabilized up to day 8 p.i. (Fig. 3A). Viral titers of
MHV-A59, unlike MHV3, steadily decreased over time after a
rapid increase in the first 3 days (P � 0.01). As expected, the
51.6-MHV3 variant, expressing low tropism for liver endothelial
cells (17), showed a delayed replication in bEnd.3 cells, as evi-

denced by the absence of infectious virus production until day 3
p.i., followed by a lower viral replication level (P � 0.01). Occur-
rence of few foci of cytopathic effects, characterized by rounded
cells instead of typical “cobblestone” morphology, were noted in
MHV3- and MHV-A59-infected cell cultures, but no typical
MHV-induced giant syncytial cells or cell lysis was observed (not
shown).

FIG 2 MHV3, but not MHV-A59 and 51.6-MHV3, induces BBB breakdown. Groups of six or seven mice were i.p. mock infected (PBS) or infected with 1,000
TCID50 of MHV3, MHV-A59, and 51.6-MHV3 for 72 h. (A) Determination of BBB permeability assessed by sodium fluorescein (NaF) uptake 1 h prior to
euthanasia. (B to E) mRNA expression of occludin (B), ZO-1 (C), VE-cadherin (D), and claudin-5 (E) was evaluated in brain samples by qRT-PCR. Values
represent fold change in gene expression relative to mock-infected mice after normalization with HPRT expression. All samples were run in duplicate. Values that
are significantly different from the value for mock-infected mice are indicated by asterisks as follows: *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001. (F) Immunohis-
tochemistry stainings of VE-cadherin, occludin, and ZO-1 on brain sections of MHV3-, MHV-A59- and 51.6-MHV3-infected mice.
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In order to confirm low or no major changes in cellular metab-
olism in the first 72 h of infection in MHV3-, MHV-A59-, or
51.6-MHV3-infected BMECs, the metabolic activity of infected
bEnd.3 cells was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sul fophenyl)-2H-
tetrazolium inner salt) (MTS)-phenazine methosulfate (PMS)
colorimetric assay from 24 h to 72 h p.i. and compared to unin-
fected control cells. The percentage of optical density (OD), com-
pared with control cells, slowly decreased (about 15%) in the first
72 h p.i. only in MHV3-infected bEnd.3 cells (P � 0.01) (Fig. 3B).
In addition, the loss of cell activity did not increase when cells were
infected with a higher MOI (MOIs of 1 and 5) (results not shown).

Higher permissivity of BMECs to MHV3 depends on
CEACAM1a and TLR2 ligation and on both clathrin- and caveo-
lin-dependent endocytosis for entry, in contrast to 51.6-MHV3
and MHV-A59. It was previously shown that the protective role of
the BBB against brain invasion by blood-borne MHV-A59 was
related to a specific blockade of viral entry in BMECs (22). Fixa-
tion and entry of MHVs in target cells generally depend on fixa-
tion of viral S protein to the common MHV receptor CEACAM1a
and further endocytosis or fusion with the host cell (23). However,
we have also previously demonstrated that S protein from MHV3
can ligate to TLR2 on the macrophage cell surface (34). To provide
insight into how MHV3 exhibits differential viral fixation and/or
entry into BMECs compared to MHV-A59 and 51.6-MHV3, the
levels of MHV nucleoprotein (N) RNA, as an indicator of viral
entry and/or subsequent replication, were evaluated in bEnd.3
cells following abrogation of CEACAM1a or TLR2 expression
by specific siRNAs. As shown in Fig. 3C, abrogation of the
CEACAM1a expression resulted in a substantial decrease of MHV
N RNA expression in BMECs infected with all viruses (P � 0.001).
Knockdown of TLR2 expression, however, provoked a higher de-
crease of viral replication in MHV3-infected cells (P � 0.01) than

in MHV-A59- and 51.6-MHV3-infected cells (P � 0.01 and P �

0.05, respectively), suggesting a more important role for TLR2 in
the fixation or entry of MHV3 in BMECs.

It has already been demonstrated that restriction of the BBB to
weakly hepatotropic MHV-A59 virus entry was abrogated by SDS
detergent treatment (22), suggesting that restriction of MHV-A59
entry in BMECs occurred at the endocytosis step (35). It is thus
proposed that MHV3, in contrast to MHV-A59, takes advantage
of caveolin- and/or clathrin-dependent endocytic pathways to in-
fect BMECs. To address this, bEnd.3 cells were treated with
siRNAs for clathrin or caveolin-1 prior to infection by all MHV
strains. As shown in Fig. 3D, MHV N RNA levels decreased in
MHV3-infected cells when clathrin or caveolin-1 expression was
abrogated (P � 0.05 to 0.01), while MHV N RNA levels of MHV-
A59 were altered only in clathrin-deficient, infected cells (P �

0.05), suggesting that MHV3, in contrast to MHV-A59, may use
both endocytic pathways for viral entry into BMECs. No signifi-
cant effect was observed in 51.6-MHV3-infected cells, due to no or
low viral RNA level.

MHV3, but not MHV-A59 and 51.6-MHV3, enhances in

vitro permeability of BMECs, leading to viral transendothelial
migration. We further investigated whether MHV3 infection
might affect in vitro the barrier functions of BMECs, such as ob-
served in vivo above. To address this, an in vitro model of BBB was
constructed using bEnd.3 cell monolayers growing on Transwell
inserts as previously described (32, 33). First, cells were infected
with MHV strains for 24 to 72 h, and transendothelial electrical
resistance (TEER), reflecting BBB integrity, was monitored. TEER
decreased at 48 and 72 h p.i. in MHV3-infected BMECs (P � 0.05
to 0.01), while it was weakly affected at 72 h p.i. only in MHV-
A59-infected cells (P � 0.05) (Fig. 4A). The 51.6-MHV3 infection
did not alter the TEER.

Thereafter, to determine whether such alteration of TEER in

FIG 3 MHV3 exhibits higher tropism for BMECs than MHV-A59 and 51.6-MHV3 do. Mouse bEnd.3 immortalized brain microvascular endothelial cells
(BMECs) were infected with MHV3, MHV-A59, or 51.6-MHV3 at an MOI of 0.1. (A) Kinetics of MHV infections up to 8 days p.i. (B) Metabolic activity of
infected BMECs as determined by MTS-PMS colorimetric assay from 24 h to 72 h p.i. (C) Roles of CEACAM1a and TLR2 in MHV entry into BMECs. (D) Roles
of caveolin-1 (CAV-1) and clathrin (CLT) in MHV endocytosis by BMECs. bEnd.3 cells were treated with specific siRNA to each molecule prior to infection for
24 h, and MHV nucleoprotein (N) mRNA expression was determined by qRT-PCR. All experiments were conducted in triplicate. Results are representative of
two or three independent experiments. Values are means � standard errors of means (error bars). Values that are significantly different are indicated by asterisks
as follows: *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001. CTRL and Ctrl, control (uninfected cells).
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MHV3-infected bEnd3 cells correlated with enhanced paracellu-
lar permeability, extravasation of the fluorescent NaF dye through
infected bEnd.3 cell monolayers was evaluated in the basolateral
chamber. NaF uptake was significantly increased in MHV3-in-
fected monolayers as soon as 24 h p.i. and extended to 48 h p.i.,
indicating considerable effects on BBB paracellular permeability
(P � 0.05 to 0.01) (Fig. 4B). MHV-A59 infection, however, in-
duced a slight increase of NaF uptake at 48 h p.i. only (P � 0.05).
To further characterize the extent of damage induced by MHV3
infection on BMEC permeability, extravasation of the high-mo-
lecular-weight Evans blue (EVB) dye was assessed. Albeit to a
lesser extent than NaF, a higher uptake of EVB was found in
MHV3-infected bEnd.3 monolayers (P � 0.01) than in MHV-
A59-infected bEnd.3 monolayers (P � 0.05) (Fig. 4C). No effect
on the permeability to either dye was noted in 51.6-MHV3-in-
fected cells. Finally, we postulated that MHV3-induced enhance-
ment of permeability would allow the virus to transmigrate across
the bEnd.3 monolayer, so we assessed infectious virus titers in the
basolateral chamber. As shown in Fig. 4D, MHV3 viral titers
(more than 1.6 log10 units), but not MHV-A59 or 51.6-MHV3
viral titers, were detected at 48 and 72 h p.i. in the basolateral
chamber, indicating that only MHV3 exhibited the ability to cross
the in vitro BMEC barrier.

Breakdown of the in vitro BMEC barrier by MHV3 results
from decreased expression of occludin, VE-cadherin, and ZO-1
tight-junction proteins. To further determine whether MHV3-
induced impairment of barrier function of BMECs was associated
with alteration of tight junctions in BMECs, such as observed
above in the brains of infected mice, the levels of expression of
claudin-5, ZO-1, VE-cadherin, and occludin mRNA were evalu-
ated in infected bEnd.3 cells by qRT-PCR at 48 h p.i. Significant
reduction of occludin, VE-cadherin, and ZO-1 mRNA expression
occurred in MHV3-infected BMECs only (P � 0.05) (Fig. 5A, B,
and C). Claudin-5 mRNA expression in BMECs, however, was not
affected by MHV3 or other virus strains (Fig. 5D).

To confirm that such reduction in mRNA expression of tight
junctions was consistent with a reduction in protein expression,
immunofluorescence staining was performed on infected cells. In
comparison to uninfected cells (control), the intensity of surface
staining of VE-cadherin and ZO-1 as well as cytoplasmic and nu-
clear staining of occludin decreased in MHV3-infected BMECs,
while no apparent difference was noted in either MHV-A59- or
51.6-MHV3-infected cells (Fig. 5E).

MHV3-induced breakdown of the in vitro BMEC barrier
does not depend on inflammatory factors. BBB disruption dur-
ing viral infection may be indirectly provoked by virus-induced
inflammatory mediators, such as the cytokines TNF-� and IL-6 or
chemokines CCL2 and CXCL10 (1, 5–8). Accordingly, we hypoth-
esized that MHV3 infection, but not MHV-A59 and 51.6-MHV3
infections, may increase the production of autocrine inflamma-
tory factors by BMECs that might subsequently compromise BBB
integrity. To address this, the levels of TNF-�, IL-6, CCL2, and
CXCL10 were evaluated in MHV-infected bEnd.3 cells by qRT-
PCR and ELISAs at 24 h p.i. As shown in Fig. 6A and B, mRNA
levels of TNF-� did not increase in MHV3-infected cells, in con-
trast to 51.6-MHV3- and MHV-A59-infected cells (P � 0.05),
although protein expression was not detected by ELISA. Tran-
scription and production of IL-6, however, increased in 51.6-
MHV3- and MHV-A59-infected cells (P � 0.05 to 0.001) (Fig. 6C
and D), but not MHV3-infected cells. The production of CCL2
increased only in 51.6-MHV3-infected cells (P � 0.01 to 0.001)
(Fig. 6E and F), while CXCL10 levels were not induced in any
MHV-infected cells (Fig. 6G and H). Taken together, these results
suggest that barrier breakdown by MHV3 infection does not cor-
relate with induction of inflammatory factors, which are instead
produced by 51.6-MHV3- and MHV-A59-infected cells.

MHV3-induced breakdown of in vitro BMEC barrier is re-
lated to impaired production of IFN-� by infected cells. It was
demonstrated that IFN-� promotes BBB integrity and prevents
virus-induced barrier breakdown (36, 37). Accordingly, we hy-

FIG 4 MHV3, but not MHV-A59 and 51.6-MHV3, alters in vitro BMEC barrier integrity. An in vitro model of BBB was constructed using bEnd.3 cell monolayers
grown on Transwell inserts, and cells were infected with MHV3, MHV-A59, or 51.6-MHV3 at an MOI of 0.1. (A) Transendothelial electrical resistance (TEER),
reflecting barrier integrity, was monitored from 24 to 72 h. (B and C) Evaluation of the paracellular permeability of bEnd.3 monolayers to NaF (B) or Evans blue
(C) dye at 24 and 48 h p.i. Blank corresponds to maximal permeability (insert without cells). (D) Determination of viral transmigration across the bEnd.3
monolayer. Viral titers were recorded in the basolateral chamber from 24 to 72 h p.i. The Viral detection threshold is 1.6 TCID50. All experiments were conducted
in triplicate. Results are representative of two independent experiments. Values that are significantly different are indicated by asterisks as follows: *, P 	 0.05;
**, P 	 0.01.
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pothesized that MHV-A59 or 51.6-MHV3, but not MHV3, in-
duced barrier protective IFN-� production by BMECs. As ex-
pected, higher levels of mRNA and secreted IFN-� were detected
in 51.6-MHV3- and MHV-A59-infected cells (P � 0.05 to 0.001)
than in MHV3-infected cells (P � 0.05) (Fig. 7A and B).

To confirm that barrier disruption during MHV3 infection
results from the absence of IFN-� production, we evaluated the
barrier properties of bEnd.3 cell monolayers upon MHV infec-
tions in the presence of IFN-� (100 pg/ml) or anti-IFN-� antibod-
ies (1 �g/ml) at 48 h p.i. As observed in Fig. 7C, addition of IFN-�
increased the TEER both in control (uninfected) and MHV-in-
fected cultures, which is in concordance with its barrier enhancing
properties (P � 0.05 to 0.01). TEER decreased only in MHV3-
infected cells but was completely restored by IFN-� treatment
(P � 0.01) (Fig. 7C). However, addition of anti-IFN-� antibodies
did not decrease TEER in spite of a nonsignificant decrease in
51.6-MHV3-infected cells. Moreover, previously observed en-
hancement of paracellular permeability to NaF and EVB in

MHV3-infected cells and to a lesser extent in MHV-A59-infected
cells at 72 h p.i. was abolished following the addition of IFN-�
(P � 0.01 and P � 0.05, respectively) (Fig. 7D and E), while anti-
IFN-� treatment increased paracellular permeability in weakly
hepatotropic MHV-A59- and 51.6-MHV3-infected BMECs com-
pared with untreated infected cells (P � 0.01 and P � 0.05, respec-
tively).

In order to confirm that the rescued barrier properties of in-
fected bEnd.3 cells following IFN-� treatment result from preser-
vation of tight-junction protein expression, the levels of expres-
sion of occludin, ZO-1, and VE-cadherin mRNA were analyzed by
qRT-PCR. As shown in Fig. 7F to H, the addition of IFN-� to
MHV3-infected cells abolished the decreases in expression of oc-
cludin, ZO-1, and VE-cadherin genes (P � 0.05 to 0.01) and
blocked MHV3 trafficking across the bEnd.3 monolayer, as no
infectious viruses were detected in the basolateral chamber (not
shown).

On the other hand, neutralization of IFN-� potentially pro-

FIG 5 MHV3, but not MHV-A59 and 51.6-MHV3, alters tight-junction expression on BMECs. (A to D) bEnd.3 cells were infected for 48 h with MHV3,
MHV-A59, and 51.6-MHV3 at an MOI of 0.1, and the levels of expression of occludin (A), VE-cadherin (B), ZO-1 (C), and claudin-5 (D) mRNA were evaluated
by qRT-PCR. Values represent fold change in gene expression relative to uninfected cells (control [CTRL]) after normalization with HPRT expression. All
samples were run in duplicate. All experiments were conducted in triplicate. Results are representative of two independent experiments. Values that are
significantly different (P 	 0.05) are indicated (*). (E) Immunofluorescence stainings of the tight-junction (green) VE-cadherin, occludin, and ZO-1 and the
nucleus (blue) in uninfected (CTRL) and infected bEnd.3 cells. Images presented are from one representative experiment out of three independent experiments.
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duced in MHV3-infected culture did not worsen virus-induced
barrier permeability or reduction of tight junctions (Fig. 7D to H),
which is in accordance with the low levels of IFN-� produced by
MHV3-infected cells. However, as shown in MHV-A59- and 51.6-
MHV3-infected cultures, neutralization of IFN-� increased bar-
rier permeability to NaF and EVB (P � 0.05 to 0.01), correlating
with concomitant reduction of TEER (P � 0.05) (Fig. 7C to E) and
decreased expression of occludin and VE-cadherin in 51.6-
MHV3-infected cells, but not in MHV-A59-infected cells (P �

0.05) (Fig. 7F to H).
To verify whether such improvement of barrier integrity by

IFN-� might indirectly result from its antiviral rather than its
barrier protective properties, virus titers were assessed in both
IFN-�-treated and untreated MHV-infected cells. Viral replica-
tion of MHV3 was not blocked by IFN-� treatment, since viral
titers remained similar in untreated and IFN-�-treated infected
cells (4.6 � 0.3 and 4.3 � 0.3 log10 TCID50/ml, respectively), while

MHV-A59 replication was completely abolished in IFN-�-treated
cells (from 3.9 � 0.33 to 	1.6 log10 TCID50/ml). Moreover, neu-
tralization of IFN-� increased viral titers in MHV-A59- and 51.6-
MHV3-infected cells (from 3.9 � 0.33 to 5 � 0.04 log10

TCID50/ml and from 	1.6 to 4 � 0.1 log10 TCID50/ml, respec-
tively). In addition, neutralization of IFN-� allowed transit of
MHV-A59, but not 51.6-MHV3, across the cell monolayer as ev-
idenced by titers in the basolateral chamber (3.175 � 0.25 log10

TCID50/ml). These results suggest that the amount of IFN-� pro-
duced by BMECs upon infection with MHV-A59 and 51.6-
MHV3, but not MHV3, may both control viral replication in these
cells and prevent induction of BBB breakdown.

DISCUSSION

In this work, we report for the first time that BBB integrity can be
impaired during acute liver infection by highly hepatotropic
MHV3, but not by weakly hepatotropic MHV-59 and attenuated

FIG 6 MHV3-induced breakdown of BMEC barrier does not depend on inflammatory factors. (A to H) bEnd.3 cells were infected with MHV3, MHV-A59, and
51.6-MHV3 at an MOI of 0.1, and mRNA expression (A, C, E, and G) and protein levels (B, D, F, and H) of TNF-�, IL-6, CCL2, and CXCL10 were evaluated by
qRT-PCR and ELISAs, respectively, at 24 h p.i. All samples were run in duplicate. All experiments were conducted in triplicate. Results are representative of two
independent experiments. Values that are significantly different are indicated by asterisks as follows: *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001.
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51.6-MHV3 strains, enabling MHV3 invasion of the CNS. We
demonstrated here that MHV strain-specific ability to cross the
BBB during acute liver infection correlated with enhanced BBB
permeability as evidenced in vivo and in vitro. Enhanced BBB per-
meability in MHV3 infection only is associated with higher viral
tropism for BMECs and disruption of ZO-1, VE-cadherin, and
occludin tight junctions. Such impairment of tight-junction ex-
pression was independent of virus-induced barrier-dysregulating
TNF-�, IL-6, CCL2, and CXCL10 but rather related to inhibition
of barrier protective IFN-� production by BMECs.

Some human respiratory strains of CoVs have shown neuroin-
vasive properties and were proposed as potential etiological agents
for multiple sclerosis (10–12), but their mechanism of neuroinva-
sion is unclear. The major aim of our work was to investigate the

ability of CoVs to enter the CNS through the BBB during the acute
phase of infection in peripheral organs. We provide evidence that
brain invasion by blood-borne MHVs correlate with strain viru-
lence and peripheral replication in the liver. As previous studies
reported the inability of the weakly hepatotropic MHV-A59 strain
to induce neurological disease following i.p. infection in contrast
to the highly hepatotropic MHV3 (16, 22), we presumed a strain-
specific restriction of CNS invasion at the BBB level according to
virulence. In agreement, brain examination of i.p. acutely infected
mice revealed that viral replication occurred only in the brains of
MHV3-infected mice, indicating a specific ability of this strain to
enter the CNS by the hematogenous route. Moreover, no replica-
tion in the brain of the 51.6-MHV3 variant, having no tropism for
endothelial cells (17), suggested that permissivity of cerebral en-

FIG 7 MHV3-induced breakdown of BMEC barrier is related to downregulation of barrier protective IFN-� production by infected BMECs. (A and B) bEnd.3
cells were infected with MHV3, MHV-A59, and 51.6-MHV3 at an MOI of 0.1, and mRNA expression (A) and protein expression (B) of IFN-� was evaluated at
24 h p.i. by qRT-PCR and ELISAs, respectively. All samples were run in duplicate. All experiments were conducted in triplicate. (C to H) Evaluation of barrier
integrity of bEnd.3 monolayers infected for 48 h with MHV3, MHV-A59, and 51.6-MHV3 at an MOI of 0.1 in the presence of recombinant IFN-� (100 pg/ml)
or anti-IFN-� monoclonal antibodies (1 �g/ml). (C) Recordings of TEER in infected bEnd.3 cultures. (D and E) Evaluation of the paracellular permeability of
infected bEnd.3 monolayers to NaF (D) or Evans blue (E) dyes. (F to H) mRNA expression levels of occludin (F), ZO-1 (G), and VE-cadherin (H) in bEnd.3 cells
evaluated by qRT-PCR. Values represent fold change in gene expression relative to uninfected cells (control [CTRL]) after normalization with HPRT expression.
Results are representative of two independent experiments. Values that are significantly different are indicated by asterisks as follows: *, P 	 0.05; **, P 	 0.01;
***, P 	 0.001.
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dothelial cells to MHV3 infection played a major role in brain
invasion. This strain-specific ability of MHV3 to cross the BBB
in vivo has been confirmed in vitro on a modeled BBB of a
bEnd.3 cell monolayer grown on a Transwell system. As ex-
pected, only MHV3 transmigrated across the bEnd-3 cell mono-
layer and reached the basolateral chamber. BBB invasion by
MHV3 during acute infection results from enhanced barrier per-
meability, as evidenced by a higher decrease of TEER and leakage
of both the low-molecular-weight NaF and the high-molecular-
weight Evans blue dyes in the brains of infected mice and/or
BMECs. We would reasonably assume that virus-induced BBB
impairment preceded viral brain invasion in vivo, since no virus
titers were found until 72 h p.i. in the brains, while infectious
viruses were detected as soon as 24 h p.i. in the livers of MHV3-
infected mice (results not shown). Taken together, these results
demonstrate the strain-specific ability of the highly hepato-
tropic MHV3 to cross the BBB, but not the attenuated 51.6-
MHV3 or weakly hepatotropic MHV-A59.

BBB disruption by blood-borne viruses after primary replica-
tion in peripheral organs is a common feature of several acute viral
infections, but the mechanisms involved have not yet been com-
pletely elucidated. Several of these acute viral infections, including
murine adenovirus type 1 (MAV-1), human immunodeficiency
virus type 1 (HIV-1), West Nile virus (WNV), and lymphocytic
choriomeningitis mouse virus (LCMV) infections were reported
to trigger increases in BBB permeability through disruption of
tight junctions (1, 31, 36). We showed here for the first time that a
coronavirus, MHV3, can increase BBB permeability in impairing
tight-junction ZO-1, VE-cadherin, and occludin expression in
BMECs and the brain. The MHV-A59 or 51.6-MHV3 strain, how-
ever, induced no or a slight reduction of ZO-1 and VE-cadherin
expression that may reflect their weak tropism for BMECs. No
decrease of claudin-5 expression was observed, suggesting that
either claudin was not specifically altered by viral infection or that
a small decrease in claudin-5 might be masked by the higher num-
ber of other claudin family members (38).

Viral replication and/or viral products are rarely directly im-
plicated in BBB disruption (1), but MAV-1 infection itself and the
gp120 from HIV were shown to disrupt tight junctions on BMECs
(31, 39). Replication of MHV3 in BMECs did not reach high titers
and was associated with low cell damage and loss of activity. As
expected, ligation to CEACAM1a viral receptor was essential for
infection of BMECs by all MHVs, but MHV3 exhibited an addi-
tional ability to take advantage of both caveolin- and clathrin-
dependent endocytic pathways for entry into BMECs. MHV-A59
entry via clathrin-dependent endocytosis, but not caveolin-de-
pendent endocytosis, has also been previously reported in other
cell types (40, 41). TLR2 is located in enriched caveolin-1-associ-
ated lipid raft microdomains at the cell surface (42). We have
shown that TLR2 engagement by MHV3 on BMECs favored viral
replication, which is in agreement with our previous findings that
viral S protein of MHV3 can ligate to both CEACAM1a and TLR2
on macrophages (34), in contrast to MHV-A59 (43). Interest-
ingly, as TLR2 activation was shown to increase permeability and
downregulate tight-junction protein expression on BMECs (44),
TLR2 ligation by viruses or soluble viral coat proteins may repre-
sent a new mechanism of BBB disruption by viruses.

Viral fixation and endocytosis pathways also trigger activation
of inflammatory cytokines, chemokines, and type 1 interferon ac-
cording to TLR and/or helicase-dependent downstream signaling

pathways (5, 34, 36). Loss of tight junctions in several viral infec-
tions can indirectly result from virus-induced barrier-dysregulat-
ing cytokines or chemokines, such as IL-6, TNF-�, CCL2, or
CXCL10 by BMECs themselves or other CNS cell types (1, 5–8). It
was previously shown that MHV3 fixation to TLR2 in macro-
phages increased TNF-� and IL-6 production (34), but herein, no
induction of cytokine and chemokine production by MHV3-in-
fected BMECs was observed. However, cytokine and chemokine
production was noted instead in BMECs infected with 51.6-
MHV3 and MHV-A59, indicating that BBB breakdown cannot
result from virus-induced host inflammatory factors, since BBB
was not significantly altered by these two strains. Nevertheless, we
cannot rule out the possibility that cytokines and chemokines may
be produced in vivo by recruited inflammatory cells in the CNS
during MHV3 infection and thus contribute to BBB disruption.
However, only a few inflammatory cells have been evidenced by
hematoxylin-eosin-safranin (HES) staining at 72 h p.i. in the
brains of MHV3-infected mice, and the levels of IL-6, TNF-�,
CCL2, and CXCL10 were lower in the brains of MHV3-infected
mice than in the brains of MHV-A59- and 51.6-MHV3-infected
mice (results not shown), thus minimizing the role of inflamma-
tory factors in BBB breakdown.

Postinfection BBB breakdown has already been observed fol-
lowing intracerebral infection of mice with the strictly neu-
rotropic MHV-JHM strain and has been primarily associated with
matrix metalloproteinase 9 (MMP-9) produced by infiltrating
neutrophils (45). However, in this study, in vivo enhancement of
BBB permeability was observed only by day 4 p.i. Such discrepan-
cies with our data may result from differences in the route of
inoculation and the MHV strain used. It is possible that intrace-
rebral inoculation, which bypasses BBB transit, may have not been
conducive to infection of the endothelium by the virus. Herein, we
report that MHV3 infection of BMECs can directly alter BBB in-
tegrity without assistance of neutrophils and MMPs. We cannot,
however, rule out the possibility that later recruited neutrophils
may further affect BBB integrity by MMP production once it has
been first compromised by viral infection of BMECs. Preliminary
data, however, revealed that expression of MMP1a and MMP3 by
BMECs was not affected by in vitro infection with MHV3, 51.6-
MHV3, or MHV-A59 strain.

Unlike inflammatory mediators, IFN-� is known to promote
tight-junction formation and stability (37). The differential
IFN-� production by BMECs upon infection by MHVs may pos-
sibly represent one key factor in MHV strain specificity to induce
BBB breakdown. We have shown that 51.6-MHV3 and, to a lesser
extent MHV-A59, compared to MHV3, elicited IFN-� produc-
tion by BMECs, supporting the hypothesis that IFN-� could act as
a protective factor in preventing barrier damage and brain inva-
sion by these strains. The lower IFN-� production by cells infected
with MHV-A59 may reflect posttranscriptional inhibitory mech-
anisms of IFN-� production by viral factors (reviewed in refer-
ence 46). Induction of IFN-� by WNV has already been reported
to prevent its trafficking across a BBB model in vitro (36). The
specific mechanism of barrier protection by IFN-� is unknown,
but Daniels et al. (36) recently reported that IFN-� was able to
rescue barrier dysfunction elicited by inflammatory cytokines.
Thus, one could speculate that IFN-� production by MHV-A59-
and 51.6-MHV3-infected BMECs may counteract cytokine-me-
diated barrier damage or that low levels of inflammatory cytokines
produced by infected BMECs may not be sufficient to induce BBB
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breakdown. In accordance, activation of type I IFNs by dengue
virus was reported to ameliorate inflammatory cytokine-driven
barrier dysfunction in peripheral endothelium (47). The impor-
tance of IFN-� downregulation in MHV3-induced BBB break-
down is supported by our results showing that the addition of
IFN-� antagonized MHV3-mediated permeability and disruption
of tight junctions in BMECs independently of its antiviral prop-
erties, as viral replication was not altered. Resistance of MHV3 to
antiviral properties of type I IFN in vitro has already been observed
(48). On the other hand, barrier integrity in MHV-A59- and 51.6-
MHV3-infected BMEC monolayers was lost when IFN-� was
neutralized with monoclonal antibodies, confirming that preven-
tion of BBB breakdown during MHV-A59 and 51.6-MHV3 infec-
tion is due at least partly to IFN-� production. Moreover, in con-
trast to MHV3, replication of MHV-A59 and 51.6-MHV3 was
lowered by IFN-�, suggesting that BMECs can control replication
of these viral strains through IFN-� production. This is in agree-
ment with previous findings showing no appearance of produc-
tive replication of MHV-A59 in BMECs in vivo (22, 25).

Hence, the results of this study show for the first time that
hematogenously spread mouse coronaviruses can invade the CNS
at the BBB level following peripheral primary replication. Earlier
and higher replication of MHV3 in the liver (not shown), com-
bined with higher permissivity of BMECs to MHV3 infection, may
potentiate BBB breakdown and further brain invasion. On the
other hand, preservation of BBB integrity in MHV-A59 and 51.6-
MHV3 infection prevents their trafficking from the periphery to
the CNS. This hypothesis is supported by a previous report show-
ing that MHV-A59 spread to the brain is allowed only after intra-
venous (i.v.) injection of sodium dodecyl sulfate detergent into
the mice, which is presumed to alter BBB integrity (22).

In human infections, the mechanism involved in CNS invasion
by CoVs following primary infection in the upper respiratory tract
is unclear. The CoV 229E strain was previously reported to infect
BMECs (49), suggesting that BBB invasion by human CoVs is
probable.

The mechanism(s) used by MHV3 to block the production of
IFN-� by BMECs is not yet known. The absence of cytokine and
chemokine production by MHV3-infected BMECs, in contrast to
MHV-A59- and 51.6-MHV3-infected BMECs, suggests that
MHV3 may specifically evade detection by TLRs or helicases
and/or signaling downstream pathways in BMECs. Accordingly,
Mazaleuskaya et al. (50) have recently shown that stimulation of
TLR-2, TLR-4, and TLR-7 by specific agonists had no effect on
MHV3 replication. Further research is needed to confirm viral
evasion mechanisms used by MHV3 in BMECs and their effects
on BBB disruption.
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SUMMARY 

Study of hepatolysis induced by immune cells in murine hepatitis models: roles of RIPK1 

and PARP1/2 

 

Hepatocyte death is a starting point of liver disease progression by promoting inflammatory and 

regenerative processes. These events are beneficial at the beginning of the pathology for the 

restoration of hepatic homeostasis. However when they are unregulated, they lead to the 

development of fibrosis, cirrhosis or hepatocellular carcinoma. Thus, it is important to study the 

signaling pathways leading to the hepatocyte death as their inhibition is a potential therapeutic 

approach to reduce liver diseases progression. Innate and acquired immune cells play key roles in 

the induction or amplification of hepatolysis, mainly mediated by expression and release of death 

ligands belonging to the TNF-superfamily including TNF-α, FasL and TRAIL. 

 

Some studies had already suggested the role of RIPK1 and PARP1/2 proteins in the induction of 

hepatocyte death during hepatitis induced by Concanavalin A (ConA) in mice. Through chemical 

and genetic approaches, we studied the role of these proteins in the hepatocyte death process during 

hepatitis.  

 

First, we were interested in the dual role of RIPK1 protein that controls the cell fate by promoting 

survival or death. By blocking its kinase activity, we confirme its role in the induction of liver 

injury induced by ConA. However, using specific conditional mice deficient in RIPK1 only in liver 

parenchymal cells (LPC) (Ripk1LPC-KO), we reveale its necessary function in the protection of 

hepatocyte during hepatitis. These works demonstrate that deletion of RIPK1 sensitizes 

hepatocytes to TNF-α-induced apoptosis by TRAF2 destabilization. Thus RIPK1 plays a key role 

in the protection of hepatocytes during hepatitis induced by ConA, lipopolysaccharide (LPS), 

DNA-CpG, or recombinant IFN-γ and TRAIL co-administration.  

 

In addition, we demonstrate that RIPK1 partially protects from hepatitis and hepatocyte death 

induced by the activation of Fas.  

 

Finally, we showe that PARP2 deficiency leads to a systemic decrease of the number of the 

invariant NKT-subpopulation of lymphocytes, including in the liver, which prevente hepatocyte 

death during ConA hepatitis. 

 

To conclude, this work helps to clarify the roles of RIPK1 and PARP2 during acute hepatitis. The 

ability of RIPK1 to control hepatocyte death and survival suggests its involvement during chronic 

hepatitis and opens the door to its investigation into human liver diseases.  



RESUME 

Etude de l’hépatolyse induite par les cellules immunitaires dans des modèles murins 
d’hépatites : rôles des protéines RIPK1 et PARP1/2 

 

 

La mort des hépatocytes est un des éléments initiateurs de la progression des maladies hépatiques 

par l’induction de processus inflammatoires et de régénération. Ces événements, bénéfiques à court 

terme pour le rétablissement de l’homéostasie hépatique sont parfois dérégulés et peuvent conduire 
au développement de la fibrose, de la cirrhose, voire d’un carcinome hépatocellulaire. Ainsi, les voies 

conduisant à la mort des hépatocytes et leur blocage comme une potentielle approche thérapeutique 

sont aujourd’hui étudiées. Les cellules de l’immunité innée et acquise sont responsables de l’induction 
ou de l’amplification de cette hépatolyse, principalement via l’expression et la libération de ligands 
de mort appartenant à la superfamille du TNF-α, dont TNF-α, FasL et TRAIL. 

 

Des travaux suggèrent le rôle des protéines RIPK1 et PARP1/2 dans l’induction de l’hépatolyse dans 
l’hépatite induite par la Concanavaline A (ConA) chez la souris. Par l’utilisation de modèles 
chimiques et génétiques, nous avons étudié l’implication de ces protéines dans le processus de mort 

des hépatocytes. 

 

Tout d’abord, nous nous sommes intéressés au double rôle de la protéine RIPK1 dans le contrôle de 

la vie et la mort de l’hépatocyte. En bloquant son activité kinase nous avons confirmé son rôle dans 
l’induction de l’hépatolyse dans l’hépatite induite par la ConA. Cependant, en utilisant des souris 
conditionnellement déficientes pour RIPK1 dans les cellules parenchymateuses hépatiques (LPC) 

(Ripk1LPC-KO) nous avons révélé sa fonction nécessaire à la survie des hépatocytes et au maintien de 

l’homéostasie hépatique au cours de l’hépatite. Ces travaux démontrent que l’absence de RIPK1 
sensibilise les hépatocytes à l’apoptose induite par le TNF-α en déstabilisant la protéine TRAF2. Ainsi 

RIPK1 joue un rôle clef dans la protection des hépatocytes au cours des hépatites induites par la ConA, 

le lipopolysaccharide (LPS), les motifs CpG ou induite par une co-administration d’IFN- et de 

TRAIL recombinantes. 

 

De plus, nous avons mis en évidence que RIPK1 protège partiellement de l’hépatolyse et de 
l’hépatite induite par l’activation de Fas.  

 

Enfin, nous avons montré que l’absence de la protéine PARP2 conduisait à une diminution du 
nombre de NKT invariants systémiques, dont hépatiques, conduisant à une inhibition de la mort des 

hépatocytes induite par l’administration de ConA.  
 

Ces travaux ont permis de préciser le rôle de RIPK1 et de PARP2 dans les hépatites aiguës. La 

capacité de RIPK1 à contrôler la mort et la survie de la cellule suggère son implication au cours des 

hépatites chroniques et ouvre la porte à son investigation dans les maladies hépatiques humaines.  

  


	premiere page.pdf
	Page vierge
	Page vierge
	Page vierge
	Page vierge
	Page vierge
	Page vierge
	Page vierge
	Page vierge
	Page vierge
	Page vierge
	Page vierge
	Page vierge
	Page vierge
	Page vierge
	Page vierge
	Page vierge
	Page vierge
	Page vierge
	CDDis.pdf
	J. Virol.-2016-Bleau-9096-113.pdf
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Isolation and purification of LSECs.
	In vivo viral infections.
	Histopathological and immunohistochemical (IHC) analyses and determination of transaminase levels.
	Virus titration.
	In vitro viral infections.
	siRNA transfection.
	ELISA and nitric oxide assay.
	Cytofluorometric studies.
	Statistical analyses.
	RESULTS
	Lower tropism of attenuated MHV3 variants for LSECs is associated with less severe damage and less viral replication in the liver.
	Attenuated MHV3 strains induce lower Fgl2, CAV-1, and IL-33 expression in the liver than virulent MHV3.
	Virulent MHV3 infection leads to an imbalance of pro- over anti-inflammatory mediators in the liver, in contrast to infection by attenuated MHV3 strains.
	Virulent MHV3 induces higher expression of TLRs and helicases in the liver than attenuated MHV3 strains.
	The hepatic proinflammatory state in virulent MHV3-infected mice leads to rapid but transient intrahepatic recruitment of inflammatory cells and decreases of B, CD4, and CD8 lymphocyte subsets.
	Permissivity of LSECs to MHV3 strains correlates with virulence.
	Virulent, but not attenuated, strain MHV3 induces Fgl2, IL-33, and caveolin-1 expression and alters NO production by LSECs.
	Virulent MHV3, in contrast to attenuated strains, promotes LSEC conversion to a proinflammatory profile.
	Proinflammatory activation of LSECs by MHV3 depends on TLR2 signaling.
	TLR2 exacerbates liver damage and increases viral replication in mice infected by virulent but not attenuated MHV3 strains.
	TLR2 activation by virulent MHV3 decreases IL-10 and increases inflammatory cytokine and chemokine expression.


	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	J. Virol.-2015-Bleau-9896-908.pdf
	Brain Invasion by Mouse Hepatitis Virus Depends on Impairment of Tight Junctions and Beta Interferon Production in Brain Microvascular Endothelial Cells
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Cells.
	In vivo viral infections.
	RNA isolation and qRT-PCR.
	ELISAs.
	Virus titration.
	In vivo assessment of BBB integrity.
	siRNA transfections.
	Transendothelial electrical resistance and in vitro permeability assays.
	Immunochemistry.
	Statistical analyses.

	RESULTS
	Brain invasion by hematogenously spread MHVs correlates with strain virulence and tropism for liver.
	Breakdown of the BBB and alteration of tight junctions occur only in the brains of highly hepatotropic MHV3-infected mice.
	BMECs (bEnd.3 cell line) are more permissive to MHV3 replication than to 51.6-MHV3 and MHV-A59 replication.
	Higher permissivity of BMECs to MHV3 depends on CEACAM1a and TLR2 ligation and on both clathrin- and caveolin-dependent endocytosis for entry, in contrast to 51.6-MHV3 and MHV-A59.
	MHV3, but not MHV-A59 and 51.6-MHV3, enhances in vitro permeability of BMECs, leading to viral transendothelial migration.
	Breakdown of the in vitro BMEC barrier by MHV3 results from decreased expression of occludin, VE-cadherin, and ZO-1 tight-junction proteins.
	MHV3-induced breakdown of the in vitro BMEC barrier does not depend on inflammatory factors.
	MHV3-induced breakdown of in vitro BMEC barrier is related to impaired production of IFN- by infected cells.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	Sans titre

	Page vierge

	Page vierge
	LPS.pdf
	J. Virol.-2016-Bleau-9096-113.pdf
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Isolation and purification of LSECs.
	In vivo viral infections.
	Histopathological and immunohistochemical (IHC) analyses and determination of transaminase levels.
	Virus titration.
	In vitro viral infections.
	siRNA transfection.
	ELISA and nitric oxide assay.
	Cytofluorometric studies.
	Statistical analyses.
	RESULTS
	Lower tropism of attenuated MHV3 variants for LSECs is associated with less severe damage and less viral replication in the liver.
	Attenuated MHV3 strains induce lower Fgl2, CAV-1, and IL-33 expression in the liver than virulent MHV3.
	Virulent MHV3 infection leads to an imbalance of pro- over anti-inflammatory mediators in the liver, in contrast to infection by attenuated MHV3 strains.
	Virulent MHV3 induces higher expression of TLRs and helicases in the liver than attenuated MHV3 strains.
	The hepatic proinflammatory state in virulent MHV3-infected mice leads to rapid but transient intrahepatic recruitment of inflammatory cells and decreases of B, CD4, and CD8 lymphocyte subsets.
	Permissivity of LSECs to MHV3 strains correlates with virulence.
	Virulent, but not attenuated, strain MHV3 induces Fgl2, IL-33, and caveolin-1 expression and alters NO production by LSECs.
	Virulent MHV3, in contrast to attenuated strains, promotes LSEC conversion to a proinflammatory profile.
	Proinflammatory activation of LSECs by MHV3 depends on TLR2 signaling.
	TLR2 exacerbates liver damage and increases viral replication in mice infected by virulent but not attenuated MHV3 strains.
	TLR2 activation by virulent MHV3 decreases IL-10 and increases inflammatory cytokine and chemokine expression.


	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	J. Virol.-2015-Bleau-9896-908.pdf
	Brain Invasion by Mouse Hepatitis Virus Depends on Impairment of Tight Junctions and Beta Interferon Production in Brain Microvascular Endothelial Cells
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Cells.
	In vivo viral infections.
	RNA isolation and qRT-PCR.
	ELISAs.
	Virus titration.
	In vivo assessment of BBB integrity.
	siRNA transfections.
	Transendothelial electrical resistance and in vitro permeability assays.
	Immunochemistry.
	Statistical analyses.

	RESULTS
	Brain invasion by hematogenously spread MHVs correlates with strain virulence and tropism for liver.
	Breakdown of the BBB and alteration of tight junctions occur only in the brains of highly hepatotropic MHV3-infected mice.
	BMECs (bEnd.3 cell line) are more permissive to MHV3 replication than to 51.6-MHV3 and MHV-A59 replication.
	Higher permissivity of BMECs to MHV3 depends on CEACAM1a and TLR2 ligation and on both clathrin- and caveolin-dependent endocytosis for entry, in contrast to 51.6-MHV3 and MHV-A59.
	MHV3, but not MHV-A59 and 51.6-MHV3, enhances in vitro permeability of BMECs, leading to viral transendothelial migration.
	Breakdown of the in vitro BMEC barrier by MHV3 results from decreased expression of occludin, VE-cadherin, and ZO-1 tight-junction proteins.
	MHV3-induced breakdown of the in vitro BMEC barrier does not depend on inflammatory factors.
	MHV3-induced breakdown of in vitro BMEC barrier is related to impaired production of IFN- by infected cells.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	Sans titre

	Page vierge

	Jo2.pdf
	J. Virol.-2016-Bleau-9096-113.pdf
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Isolation and purification of LSECs.
	In vivo viral infections.
	Histopathological and immunohistochemical (IHC) analyses and determination of transaminase levels.
	Virus titration.
	In vitro viral infections.
	siRNA transfection.
	ELISA and nitric oxide assay.
	Cytofluorometric studies.
	Statistical analyses.
	RESULTS
	Lower tropism of attenuated MHV3 variants for LSECs is associated with less severe damage and less viral replication in the liver.
	Attenuated MHV3 strains induce lower Fgl2, CAV-1, and IL-33 expression in the liver than virulent MHV3.
	Virulent MHV3 infection leads to an imbalance of pro- over anti-inflammatory mediators in the liver, in contrast to infection by attenuated MHV3 strains.
	Virulent MHV3 induces higher expression of TLRs and helicases in the liver than attenuated MHV3 strains.
	The hepatic proinflammatory state in virulent MHV3-infected mice leads to rapid but transient intrahepatic recruitment of inflammatory cells and decreases of B, CD4, and CD8 lymphocyte subsets.
	Permissivity of LSECs to MHV3 strains correlates with virulence.
	Virulent, but not attenuated, strain MHV3 induces Fgl2, IL-33, and caveolin-1 expression and alters NO production by LSECs.
	Virulent MHV3, in contrast to attenuated strains, promotes LSEC conversion to a proinflammatory profile.
	Proinflammatory activation of LSECs by MHV3 depends on TLR2 signaling.
	TLR2 exacerbates liver damage and increases viral replication in mice infected by virulent but not attenuated MHV3 strains.
	TLR2 activation by virulent MHV3 decreases IL-10 and increases inflammatory cytokine and chemokine expression.


	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	J. Virol.-2015-Bleau-9896-908.pdf
	Brain Invasion by Mouse Hepatitis Virus Depends on Impairment of Tight Junctions and Beta Interferon Production in Brain Microvascular Endothelial Cells
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Cells.
	In vivo viral infections.
	RNA isolation and qRT-PCR.
	ELISAs.
	Virus titration.
	In vivo assessment of BBB integrity.
	siRNA transfections.
	Transendothelial electrical resistance and in vitro permeability assays.
	Immunochemistry.
	Statistical analyses.

	RESULTS
	Brain invasion by hematogenously spread MHVs correlates with strain virulence and tropism for liver.
	Breakdown of the BBB and alteration of tight junctions occur only in the brains of highly hepatotropic MHV3-infected mice.
	BMECs (bEnd.3 cell line) are more permissive to MHV3 replication than to 51.6-MHV3 and MHV-A59 replication.
	Higher permissivity of BMECs to MHV3 depends on CEACAM1a and TLR2 ligation and on both clathrin- and caveolin-dependent endocytosis for entry, in contrast to 51.6-MHV3 and MHV-A59.
	MHV3, but not MHV-A59 and 51.6-MHV3, enhances in vitro permeability of BMECs, leading to viral transendothelial migration.
	Breakdown of the in vitro BMEC barrier by MHV3 results from decreased expression of occludin, VE-cadherin, and ZO-1 tight-junction proteins.
	MHV3-induced breakdown of the in vitro BMEC barrier does not depend on inflammatory factors.
	MHV3-induced breakdown of in vitro BMEC barrier is related to impaired production of IFN- by infected cells.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	Sans titre

	Page vierge

	parp.pdf
	J. Virol.-2016-Bleau-9096-113.pdf
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Isolation and purification of LSECs.
	In vivo viral infections.
	Histopathological and immunohistochemical (IHC) analyses and determination of transaminase levels.
	Virus titration.
	In vitro viral infections.
	siRNA transfection.
	ELISA and nitric oxide assay.
	Cytofluorometric studies.
	Statistical analyses.
	RESULTS
	Lower tropism of attenuated MHV3 variants for LSECs is associated with less severe damage and less viral replication in the liver.
	Attenuated MHV3 strains induce lower Fgl2, CAV-1, and IL-33 expression in the liver than virulent MHV3.
	Virulent MHV3 infection leads to an imbalance of pro- over anti-inflammatory mediators in the liver, in contrast to infection by attenuated MHV3 strains.
	Virulent MHV3 induces higher expression of TLRs and helicases in the liver than attenuated MHV3 strains.
	The hepatic proinflammatory state in virulent MHV3-infected mice leads to rapid but transient intrahepatic recruitment of inflammatory cells and decreases of B, CD4, and CD8 lymphocyte subsets.
	Permissivity of LSECs to MHV3 strains correlates with virulence.
	Virulent, but not attenuated, strain MHV3 induces Fgl2, IL-33, and caveolin-1 expression and alters NO production by LSECs.
	Virulent MHV3, in contrast to attenuated strains, promotes LSEC conversion to a proinflammatory profile.
	Proinflammatory activation of LSECs by MHV3 depends on TLR2 signaling.
	TLR2 exacerbates liver damage and increases viral replication in mice infected by virulent but not attenuated MHV3 strains.
	TLR2 activation by virulent MHV3 decreases IL-10 and increases inflammatory cytokine and chemokine expression.


	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	J. Virol.-2015-Bleau-9896-908.pdf
	Brain Invasion by Mouse Hepatitis Virus Depends on Impairment of Tight Junctions and Beta Interferon Production in Brain Microvascular Endothelial Cells
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Cells.
	In vivo viral infections.
	RNA isolation and qRT-PCR.
	ELISAs.
	Virus titration.
	In vivo assessment of BBB integrity.
	siRNA transfections.
	Transendothelial electrical resistance and in vitro permeability assays.
	Immunochemistry.
	Statistical analyses.

	RESULTS
	Brain invasion by hematogenously spread MHVs correlates with strain virulence and tropism for liver.
	Breakdown of the BBB and alteration of tight junctions occur only in the brains of highly hepatotropic MHV3-infected mice.
	BMECs (bEnd.3 cell line) are more permissive to MHV3 replication than to 51.6-MHV3 and MHV-A59 replication.
	Higher permissivity of BMECs to MHV3 depends on CEACAM1a and TLR2 ligation and on both clathrin- and caveolin-dependent endocytosis for entry, in contrast to 51.6-MHV3 and MHV-A59.
	MHV3, but not MHV-A59 and 51.6-MHV3, enhances in vitro permeability of BMECs, leading to viral transendothelial migration.
	Breakdown of the in vitro BMEC barrier by MHV3 results from decreased expression of occludin, VE-cadherin, and ZO-1 tight-junction proteins.
	MHV3-induced breakdown of the in vitro BMEC barrier does not depend on inflammatory factors.
	MHV3-induced breakdown of in vitro BMEC barrier is related to impaired production of IFN- by infected cells.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	Sans titre

	Page vierge

	J. Virol.-2016-Bleau-9096-113.pdf
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Isolation and purification of LSECs.
	In vivo viral infections.
	Histopathological and immunohistochemical (IHC) analyses and determination of transaminase levels.
	Virus titration.
	In vitro viral infections.
	siRNA transfection.
	ELISA and nitric oxide assay.
	Cytofluorometric studies.
	Statistical analyses.
	RESULTS
	Lower tropism of attenuated MHV3 variants for LSECs is associated with less severe damage and less viral replication in the liver.
	Attenuated MHV3 strains induce lower Fgl2, CAV-1, and IL-33 expression in the liver than virulent MHV3.
	Virulent MHV3 infection leads to an imbalance of pro- over anti-inflammatory mediators in the liver, in contrast to infection by attenuated MHV3 strains.
	Virulent MHV3 induces higher expression of TLRs and helicases in the liver than attenuated MHV3 strains.
	The hepatic proinflammatory state in virulent MHV3-infected mice leads to rapid but transient intrahepatic recruitment of inflammatory cells and decreases of B, CD4, and CD8 lymphocyte subsets.
	Permissivity of LSECs to MHV3 strains correlates with virulence.
	Virulent, but not attenuated, strain MHV3 induces Fgl2, IL-33, and caveolin-1 expression and alters NO production by LSECs.
	Virulent MHV3, in contrast to attenuated strains, promotes LSEC conversion to a proinflammatory profile.
	Proinflammatory activation of LSECs by MHV3 depends on TLR2 signaling.
	TLR2 exacerbates liver damage and increases viral replication in mice infected by virulent but not attenuated MHV3 strains.
	TLR2 activation by virulent MHV3 decreases IL-10 and increases inflammatory cytokine and chemokine expression.


	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	Page vierge
	Page vierge
	J. Virol.-2015-Bleau-9896-908.pdf
	Brain Invasion by Mouse Hepatitis Virus Depends on Impairment of Tight Junctions and Beta Interferon Production in Brain Microvascular Endothelial Cells
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Cells.
	In vivo viral infections.
	RNA isolation and qRT-PCR.
	ELISAs.
	Virus titration.
	In vivo assessment of BBB integrity.
	siRNA transfections.
	Transendothelial electrical resistance and in vitro permeability assays.
	Immunochemistry.
	Statistical analyses.

	RESULTS
	Brain invasion by hematogenously spread MHVs correlates with strain virulence and tropism for liver.
	Breakdown of the BBB and alteration of tight junctions occur only in the brains of highly hepatotropic MHV3-infected mice.
	BMECs (bEnd.3 cell line) are more permissive to MHV3 replication than to 51.6-MHV3 and MHV-A59 replication.
	Higher permissivity of BMECs to MHV3 depends on CEACAM1a and TLR2 ligation and on both clathrin- and caveolin-dependent endocytosis for entry, in contrast to 51.6-MHV3 and MHV-A59.
	MHV3, but not MHV-A59 and 51.6-MHV3, enhances in vitro permeability of BMECs, leading to viral transendothelial migration.
	Breakdown of the in vitro BMEC barrier by MHV3 results from decreased expression of occludin, VE-cadherin, and ZO-1 tight-junction proteins.
	MHV3-induced breakdown of the in vitro BMEC barrier does not depend on inflammatory factors.
	MHV3-induced breakdown of in vitro BMEC barrier is related to impaired production of IFN- by infected cells.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	Sans titre

	Page vierge
	Page vierge
	Page vierge
	Page vierge

	CDDis proof.pdf
	title_link
	Contemporary liver diseases result from chronic conditions, such as chronic viral hepatitis, nonalcoholic fatty liver hepatitis (NASH) and alcoholic liver hepatitis.1 The global pandemic of chronic viral hepatitis (hepatitis B and C virus infections) affe
	Figure 1 RIPK1 is dispensable for liver homeostasis under steady-state conditions.
	Figure 2 RIPK1 has pro-necroptotic and anti-apoptotic hepatocyte cell death functions during ConA-mediated hepatitis.
	Results
	RIPK1 is dispensable for liver homeostasis under steady-state conditions
	RIPK1 has pro-cell death and anti-apoptotic functions in hepatocyte during ConA-mediated hepatitis
	RIPK1 limits inflammation in ConA-mediated hepatitis

	Figure 3 RIPK1 limits inflammation in ConA-mediated hepatitis.
	The enhanced sensitivity of Ripk1LPC-KO mice to ConA-induced hepatitis is mediated by TNF-&#x003B1;-promoted apoptosis
	RIPK1 protects hepatocytes from ConA-mediated apoptosis independently of TNF-&#x003B1;-induced canonical NF-&#x003BA;B activation

	Figure 4 Sensitization of Ripk1LPC-KO mice to ConA-induced hepatitis is triggered by TNF-&#x003B1;-mediated apoptosis.
	Discussion
	Figure 5 RIPK1 protects hepatocytes from ConA-mediated apoptosis independently of TNF-induced canonical NF-&#x003BA;B activation.
	Figure 6 TNF-&#x003B1; induced primary hepatocyte death and TRAF2 destabilization in a NF-&#x003BA;B-independent manner in absence of RIPK1.
	Materials and Methods
	Animals and treatment protocols
	RNA analysis
	Histopathological and biochemical studies
	Immunolocalization in liver tissues

	Figure 7 Role of RIPK1 in ConA hepatitis model.
	Table 1 Sequence of primers used for qPCR
	Protein extraction and western blotting
	Primary hepatocyte isolation and culture
	Serum cytokine immunoassays by flow cytometry
	Immune cells analysis by flow cytometry
	Statistical analysis
	This work was supported by Inserm, The Minist&#x000E8;re de l&#x02019;Education Nationale de la Recherche et de la Technologie, the University of Rennes 1, the R&#x000E9;gion Bretagne, the INCa (Institut national du cancer), and the &#x02018;Ligue contre 

	ACKNOWLEDGEMENTS

	CDDis supp data.pdf
	J. Virol.-2016-Bleau-9096-113.pdf
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Isolation and purification of LSECs.
	In vivo viral infections.
	Histopathological and immunohistochemical (IHC) analyses and determination of transaminase levels.
	Virus titration.
	In vitro viral infections.
	siRNA transfection.
	ELISA and nitric oxide assay.
	Cytofluorometric studies.
	Statistical analyses.
	RESULTS
	Lower tropism of attenuated MHV3 variants for LSECs is associated with less severe damage and less viral replication in the liver.
	Attenuated MHV3 strains induce lower Fgl2, CAV-1, and IL-33 expression in the liver than virulent MHV3.
	Virulent MHV3 infection leads to an imbalance of pro- over anti-inflammatory mediators in the liver, in contrast to infection by attenuated MHV3 strains.
	Virulent MHV3 induces higher expression of TLRs and helicases in the liver than attenuated MHV3 strains.
	The hepatic proinflammatory state in virulent MHV3-infected mice leads to rapid but transient intrahepatic recruitment of inflammatory cells and decreases of B, CD4, and CD8 lymphocyte subsets.
	Permissivity of LSECs to MHV3 strains correlates with virulence.
	Virulent, but not attenuated, strain MHV3 induces Fgl2, IL-33, and caveolin-1 expression and alters NO production by LSECs.
	Virulent MHV3, in contrast to attenuated strains, promotes LSEC conversion to a proinflammatory profile.
	Proinflammatory activation of LSECs by MHV3 depends on TLR2 signaling.
	TLR2 exacerbates liver damage and increases viral replication in mice infected by virulent but not attenuated MHV3 strains.
	TLR2 activation by virulent MHV3 decreases IL-10 and increases inflammatory cytokine and chemokine expression.


	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	J. Virol.-2015-Bleau-9896-908.pdf
	Brain Invasion by Mouse Hepatitis Virus Depends on Impairment of Tight Junctions and Beta Interferon Production in Brain Microvascular Endothelial Cells
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Cells.
	In vivo viral infections.
	RNA isolation and qRT-PCR.
	ELISAs.
	Virus titration.
	In vivo assessment of BBB integrity.
	siRNA transfections.
	Transendothelial electrical resistance and in vitro permeability assays.
	Immunochemistry.
	Statistical analyses.

	RESULTS
	Brain invasion by hematogenously spread MHVs correlates with strain virulence and tropism for liver.
	Breakdown of the BBB and alteration of tight junctions occur only in the brains of highly hepatotropic MHV3-infected mice.
	BMECs (bEnd.3 cell line) are more permissive to MHV3 replication than to 51.6-MHV3 and MHV-A59 replication.
	Higher permissivity of BMECs to MHV3 depends on CEACAM1a and TLR2 ligation and on both clathrin- and caveolin-dependent endocytosis for entry, in contrast to 51.6-MHV3 and MHV-A59.
	MHV3, but not MHV-A59 and 51.6-MHV3, enhances in vitro permeability of BMECs, leading to viral transendothelial migration.
	Breakdown of the in vitro BMEC barrier by MHV3 results from decreased expression of occludin, VE-cadherin, and ZO-1 tight-junction proteins.
	MHV3-induced breakdown of the in vitro BMEC barrier does not depend on inflammatory factors.
	MHV3-induced breakdown of in vitro BMEC barrier is related to impaired production of IFN- by infected cells.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	Sans titre

	Page vierge


	LPS.pdf
	J. Virol.-2016-Bleau-9096-113.pdf
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Isolation and purification of LSECs.
	In vivo viral infections.
	Histopathological and immunohistochemical (IHC) analyses and determination of transaminase levels.
	Virus titration.
	In vitro viral infections.
	siRNA transfection.
	ELISA and nitric oxide assay.
	Cytofluorometric studies.
	Statistical analyses.
	RESULTS
	Lower tropism of attenuated MHV3 variants for LSECs is associated with less severe damage and less viral replication in the liver.
	Attenuated MHV3 strains induce lower Fgl2, CAV-1, and IL-33 expression in the liver than virulent MHV3.
	Virulent MHV3 infection leads to an imbalance of pro- over anti-inflammatory mediators in the liver, in contrast to infection by attenuated MHV3 strains.
	Virulent MHV3 induces higher expression of TLRs and helicases in the liver than attenuated MHV3 strains.
	The hepatic proinflammatory state in virulent MHV3-infected mice leads to rapid but transient intrahepatic recruitment of inflammatory cells and decreases of B, CD4, and CD8 lymphocyte subsets.
	Permissivity of LSECs to MHV3 strains correlates with virulence.
	Virulent, but not attenuated, strain MHV3 induces Fgl2, IL-33, and caveolin-1 expression and alters NO production by LSECs.
	Virulent MHV3, in contrast to attenuated strains, promotes LSEC conversion to a proinflammatory profile.
	Proinflammatory activation of LSECs by MHV3 depends on TLR2 signaling.
	TLR2 exacerbates liver damage and increases viral replication in mice infected by virulent but not attenuated MHV3 strains.
	TLR2 activation by virulent MHV3 decreases IL-10 and increases inflammatory cytokine and chemokine expression.


	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	J. Virol.-2015-Bleau-9896-908.pdf
	Brain Invasion by Mouse Hepatitis Virus Depends on Impairment of Tight Junctions and Beta Interferon Production in Brain Microvascular Endothelial Cells
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Cells.
	In vivo viral infections.
	RNA isolation and qRT-PCR.
	ELISAs.
	Virus titration.
	In vivo assessment of BBB integrity.
	siRNA transfections.
	Transendothelial electrical resistance and in vitro permeability assays.
	Immunochemistry.
	Statistical analyses.

	RESULTS
	Brain invasion by hematogenously spread MHVs correlates with strain virulence and tropism for liver.
	Breakdown of the BBB and alteration of tight junctions occur only in the brains of highly hepatotropic MHV3-infected mice.
	BMECs (bEnd.3 cell line) are more permissive to MHV3 replication than to 51.6-MHV3 and MHV-A59 replication.
	Higher permissivity of BMECs to MHV3 depends on CEACAM1a and TLR2 ligation and on both clathrin- and caveolin-dependent endocytosis for entry, in contrast to 51.6-MHV3 and MHV-A59.
	MHV3, but not MHV-A59 and 51.6-MHV3, enhances in vitro permeability of BMECs, leading to viral transendothelial migration.
	Breakdown of the in vitro BMEC barrier by MHV3 results from decreased expression of occludin, VE-cadherin, and ZO-1 tight-junction proteins.
	MHV3-induced breakdown of the in vitro BMEC barrier does not depend on inflammatory factors.
	MHV3-induced breakdown of in vitro BMEC barrier is related to impaired production of IFN- by infected cells.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	Sans titre

	Page vierge

	Jo2.pdf
	J. Virol.-2016-Bleau-9096-113.pdf
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Isolation and purification of LSECs.
	In vivo viral infections.
	Histopathological and immunohistochemical (IHC) analyses and determination of transaminase levels.
	Virus titration.
	In vitro viral infections.
	siRNA transfection.
	ELISA and nitric oxide assay.
	Cytofluorometric studies.
	Statistical analyses.
	RESULTS
	Lower tropism of attenuated MHV3 variants for LSECs is associated with less severe damage and less viral replication in the liver.
	Attenuated MHV3 strains induce lower Fgl2, CAV-1, and IL-33 expression in the liver than virulent MHV3.
	Virulent MHV3 infection leads to an imbalance of pro- over anti-inflammatory mediators in the liver, in contrast to infection by attenuated MHV3 strains.
	Virulent MHV3 induces higher expression of TLRs and helicases in the liver than attenuated MHV3 strains.
	The hepatic proinflammatory state in virulent MHV3-infected mice leads to rapid but transient intrahepatic recruitment of inflammatory cells and decreases of B, CD4, and CD8 lymphocyte subsets.
	Permissivity of LSECs to MHV3 strains correlates with virulence.
	Virulent, but not attenuated, strain MHV3 induces Fgl2, IL-33, and caveolin-1 expression and alters NO production by LSECs.
	Virulent MHV3, in contrast to attenuated strains, promotes LSEC conversion to a proinflammatory profile.
	Proinflammatory activation of LSECs by MHV3 depends on TLR2 signaling.
	TLR2 exacerbates liver damage and increases viral replication in mice infected by virulent but not attenuated MHV3 strains.
	TLR2 activation by virulent MHV3 decreases IL-10 and increases inflammatory cytokine and chemokine expression.


	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	J. Virol.-2015-Bleau-9896-908.pdf
	Brain Invasion by Mouse Hepatitis Virus Depends on Impairment of Tight Junctions and Beta Interferon Production in Brain Microvascular Endothelial Cells
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Cells.
	In vivo viral infections.
	RNA isolation and qRT-PCR.
	ELISAs.
	Virus titration.
	In vivo assessment of BBB integrity.
	siRNA transfections.
	Transendothelial electrical resistance and in vitro permeability assays.
	Immunochemistry.
	Statistical analyses.

	RESULTS
	Brain invasion by hematogenously spread MHVs correlates with strain virulence and tropism for liver.
	Breakdown of the BBB and alteration of tight junctions occur only in the brains of highly hepatotropic MHV3-infected mice.
	BMECs (bEnd.3 cell line) are more permissive to MHV3 replication than to 51.6-MHV3 and MHV-A59 replication.
	Higher permissivity of BMECs to MHV3 depends on CEACAM1a and TLR2 ligation and on both clathrin- and caveolin-dependent endocytosis for entry, in contrast to 51.6-MHV3 and MHV-A59.
	MHV3, but not MHV-A59 and 51.6-MHV3, enhances in vitro permeability of BMECs, leading to viral transendothelial migration.
	Breakdown of the in vitro BMEC barrier by MHV3 results from decreased expression of occludin, VE-cadherin, and ZO-1 tight-junction proteins.
	MHV3-induced breakdown of the in vitro BMEC barrier does not depend on inflammatory factors.
	MHV3-induced breakdown of in vitro BMEC barrier is related to impaired production of IFN- by infected cells.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	Sans titre

	Page vierge

	parp.pdf
	J. Virol.-2016-Bleau-9096-113.pdf
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Isolation and purification of LSECs.
	In vivo viral infections.
	Histopathological and immunohistochemical (IHC) analyses and determination of transaminase levels.
	Virus titration.
	In vitro viral infections.
	siRNA transfection.
	ELISA and nitric oxide assay.
	Cytofluorometric studies.
	Statistical analyses.
	RESULTS
	Lower tropism of attenuated MHV3 variants for LSECs is associated with less severe damage and less viral replication in the liver.
	Attenuated MHV3 strains induce lower Fgl2, CAV-1, and IL-33 expression in the liver than virulent MHV3.
	Virulent MHV3 infection leads to an imbalance of pro- over anti-inflammatory mediators in the liver, in contrast to infection by attenuated MHV3 strains.
	Virulent MHV3 induces higher expression of TLRs and helicases in the liver than attenuated MHV3 strains.
	The hepatic proinflammatory state in virulent MHV3-infected mice leads to rapid but transient intrahepatic recruitment of inflammatory cells and decreases of B, CD4, and CD8 lymphocyte subsets.
	Permissivity of LSECs to MHV3 strains correlates with virulence.
	Virulent, but not attenuated, strain MHV3 induces Fgl2, IL-33, and caveolin-1 expression and alters NO production by LSECs.
	Virulent MHV3, in contrast to attenuated strains, promotes LSEC conversion to a proinflammatory profile.
	Proinflammatory activation of LSECs by MHV3 depends on TLR2 signaling.
	TLR2 exacerbates liver damage and increases viral replication in mice infected by virulent but not attenuated MHV3 strains.
	TLR2 activation by virulent MHV3 decreases IL-10 and increases inflammatory cytokine and chemokine expression.


	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	J. Virol.-2015-Bleau-9896-908.pdf
	Brain Invasion by Mouse Hepatitis Virus Depends on Impairment of Tight Junctions and Beta Interferon Production in Brain Microvascular Endothelial Cells
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Cells.
	In vivo viral infections.
	RNA isolation and qRT-PCR.
	ELISAs.
	Virus titration.
	In vivo assessment of BBB integrity.
	siRNA transfections.
	Transendothelial electrical resistance and in vitro permeability assays.
	Immunochemistry.
	Statistical analyses.

	RESULTS
	Brain invasion by hematogenously spread MHVs correlates with strain virulence and tropism for liver.
	Breakdown of the BBB and alteration of tight junctions occur only in the brains of highly hepatotropic MHV3-infected mice.
	BMECs (bEnd.3 cell line) are more permissive to MHV3 replication than to 51.6-MHV3 and MHV-A59 replication.
	Higher permissivity of BMECs to MHV3 depends on CEACAM1a and TLR2 ligation and on both clathrin- and caveolin-dependent endocytosis for entry, in contrast to 51.6-MHV3 and MHV-A59.
	MHV3, but not MHV-A59 and 51.6-MHV3, enhances in vitro permeability of BMECs, leading to viral transendothelial migration.
	Breakdown of the in vitro BMEC barrier by MHV3 results from decreased expression of occludin, VE-cadherin, and ZO-1 tight-junction proteins.
	MHV3-induced breakdown of the in vitro BMEC barrier does not depend on inflammatory factors.
	MHV3-induced breakdown of in vitro BMEC barrier is related to impaired production of IFN- by infected cells.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	Sans titre

	Page vierge

	J. Virol.-2016-Bleau-9096-113.pdf
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Isolation and purification of LSECs.
	In vivo viral infections.
	Histopathological and immunohistochemical (IHC) analyses and determination of transaminase levels.
	Virus titration.
	In vitro viral infections.
	siRNA transfection.
	ELISA and nitric oxide assay.
	Cytofluorometric studies.
	Statistical analyses.
	RESULTS
	Lower tropism of attenuated MHV3 variants for LSECs is associated with less severe damage and less viral replication in the liver.
	Attenuated MHV3 strains induce lower Fgl2, CAV-1, and IL-33 expression in the liver than virulent MHV3.
	Virulent MHV3 infection leads to an imbalance of pro- over anti-inflammatory mediators in the liver, in contrast to infection by attenuated MHV3 strains.
	Virulent MHV3 induces higher expression of TLRs and helicases in the liver than attenuated MHV3 strains.
	The hepatic proinflammatory state in virulent MHV3-infected mice leads to rapid but transient intrahepatic recruitment of inflammatory cells and decreases of B, CD4, and CD8 lymphocyte subsets.
	Permissivity of LSECs to MHV3 strains correlates with virulence.
	Virulent, but not attenuated, strain MHV3 induces Fgl2, IL-33, and caveolin-1 expression and alters NO production by LSECs.
	Virulent MHV3, in contrast to attenuated strains, promotes LSEC conversion to a proinflammatory profile.
	Proinflammatory activation of LSECs by MHV3 depends on TLR2 signaling.
	TLR2 exacerbates liver damage and increases viral replication in mice infected by virulent but not attenuated MHV3 strains.
	TLR2 activation by virulent MHV3 decreases IL-10 and increases inflammatory cytokine and chemokine expression.


	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	J. Virol.-2015-Bleau-9896-908.pdf
	Brain Invasion by Mouse Hepatitis Virus Depends on Impairment of Tight Junctions and Beta Interferon Production in Brain Microvascular Endothelial Cells
	MATERIALS AND METHODS
	Mice.
	Viruses.
	Cells.
	In vivo viral infections.
	RNA isolation and qRT-PCR.
	ELISAs.
	Virus titration.
	In vivo assessment of BBB integrity.
	siRNA transfections.
	Transendothelial electrical resistance and in vitro permeability assays.
	Immunochemistry.
	Statistical analyses.

	RESULTS
	Brain invasion by hematogenously spread MHVs correlates with strain virulence and tropism for liver.
	Breakdown of the BBB and alteration of tight junctions occur only in the brains of highly hepatotropic MHV3-infected mice.
	BMECs (bEnd.3 cell line) are more permissive to MHV3 replication than to 51.6-MHV3 and MHV-A59 replication.
	Higher permissivity of BMECs to MHV3 depends on CEACAM1a and TLR2 ligation and on both clathrin- and caveolin-dependent endocytosis for entry, in contrast to 51.6-MHV3 and MHV-A59.
	MHV3, but not MHV-A59 and 51.6-MHV3, enhances in vitro permeability of BMECs, leading to viral transendothelial migration.
	Breakdown of the in vitro BMEC barrier by MHV3 results from decreased expression of occludin, VE-cadherin, and ZO-1 tight-junction proteins.
	MHV3-induced breakdown of the in vitro BMEC barrier does not depend on inflammatory factors.
	MHV3-induced breakdown of in vitro BMEC barrier is related to impaired production of IFN- by infected cells.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

	Sans titre


