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Rôle du TLR9 et des lymphocytes B dans l'échappement du virus de l'hépatite B à 
l'immunité innée 

L'infe

cellules T ont été démontrées, mais les événements précis qui peuvent contribuer à 
l'insuffisance des réponses des cellules B restent à déterminer. L'expansion et la 
différenciation optimales des cellules B reposent sur l'activité du récepteur Toll Like Receptor 
9 (TLR9) qui détecte l'ADNdb et est exprimée chez l'homme principalement par les cellules 
dendritiques plasmacytoïdes (pDC) et les cellules B. L'impact de HBV sur TLR9 dans les 
cellules B humaines reste à explorer. Dans cette étude, nous avons exploré les effets de HBV 

 les cellules B humaines en utilisant 
une lignée cellulaire de cellules B ainsi que des lymphocytes B primaires. De plus, on a 
corroboré nos résultats dans une cohorte de patients HBV chroniques. L'expression de TLR9 a 
été réduite chez les toutes les sous-populations de cellules B du sang périphérique, exposées 
au VHB. Les fonctions des cellules B médiées par TLR9 comme la prolifération et la 
sécrétion de cytokines pro-inflammatoires ont été abrogées en présence de HBV. Nos résultats 

 de surface HBsAg inhibe la phosphorylation du facteur de 
transcription CREB qui ne peut plus se lier sur son site CRE situé sur le promoteur TLR9 ce 
qui affecte la transcription de ce dernier. Enfin, nous avons corroboré nos résultats in vitro 
dans une cohorte de porteurs chroniques du HBV et constaté que l'expression et la fonction de 
TLR9 étaient significativement diminuées. Nos résultats révèlent le mécanisme qui induit une 
réponse immunosuppressive par HBV sur la fonction TLR9 dans les cellules B humaines, ce 
qui peut contribuer à la persistance de ce virus chez l'hôte et la complication de la phase 
chronique de la maladie. 

 

Mots clefs : Infection chronique, HBV, Cellules B, TLR9, CREB 
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The role of TLR9 and B cells in innate immune escape by hepatitis B virus 

Chronic HBV infection is a major health problem worldwide. Ineffective T cell and antibody 
responses have been demonstrated, yet the precise events that may contribute to insufficient B 
cell responses remain to be determined. Optimal B cell function, expansion and differentiation 
rely on Toll Like Receptor 9 (TLR9) activity which senses dsDNA and is expressed in human 
mainly by plasmacytoid dendritic ( pDC) and B cells. The impact of HBV on TLR9 in human 
B cell subsets remains to be explored.        
Here, we investigated the effects of HBV on TLR9 function in human B cells. Both primary 
and B cell lines were used to analyze the effect of HBV on TLR9 expression and function. 
These results were corroborated in a cohort of chronically infected HBV patients. TLR9 
expression was reduced in all peripheral blood B cells subsets exposed to HBV. B cell 
function mediated by TLR9, such as proliferation and pro-inflammatory cytokines secretion 
were abrogated in the presence of HBV. Our results show that the viral surface antigen 
HBsAg inhibited the phosphorylation of the transcription factor CREB which could no longer 
bind the CRE site located on the TLR9 promoter. Finally, we corroborated our in vitro 
findings in a cohort of chronic HBV carriers (CHB) and found that TLR9 expression and 
function were significantly suppressed.           
Our findings reveal the mechanism that induces an immunosuppressive response by HBV on 
TLR9 function in human B cells, which may contribute to HBV persistence in the host. 

 

Keywords: Chronic infection, HBV, B cells, TLR9, CREB 
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1 Infection virale et cancer 

1.1 Historique 
La reconnaissance du cancer comme maladie a été constatée il y a plusieurs milliers 
d'années. Différentes théories sur la cause du cancer ont été favorisées au fil du 
temps, mais personne n'a décrit l'étiologie des infections avant le 20ème siècle. 
L'hypothèse de la nature contagieuse d'un cancer donné était envisagée au début du 
20ème siècle, quand des chercheurs ont pu prouver la transmission du cancer chez 
les animaux en utilisant un filtrat à partir de cellules de leucémie de poulet, capable 

. Peu d'années plus tard, des expériences similaires ont 
identifié l'agent étiologique comme étant des virus (1 3). Par la suite, plusieurs virus 
animaux cancérogènes ont été identifiés, par exemple le virus du sarcome de Rous 
(RSV), qui a été le premier à etre identifié, et le virus de la tumeur murine mammaire 
(4 7).          
 L'identification ultérieure des virus tumoraux des mammifères a attiré 
l'attention de la communauté scientifique sur l'identification de nouveaux virus 
associés à des tumeurs malignes humaines. En 1965, Tony Epstein et ses collègues 
ont réussi à isoler un virus de patients atteints de lymphome de Burkitt nommés 
Epstein Barr Virus (EBV) (8,9). Cette découverte a ouvert un nouveau chapitre dans 
la virologie tumorale et cinq autres virus tumoraux, à savoir le virus de l'hépatite B 
(HBV), le virus lymphotrophique humain 1 (HTLV-1), le virus du papillome humain 
(HPV), le virus de l'hépatite C (HCV) et herpès virus associé au sarcome de Kaposi 
(KSHV), ont été identifiés avant la fin du 20e siècle (10 16). D'autres études ont 
démontré l'implication de plusieurs autres virus dans le cancer comme le 
polyomavirus de Merkel (MCPyV) (17) et indirectement les virus de 
l'immunodéficience humaine (HIV) de type 1 et 2.     
 Ainsi, l'association entre les virus et le cancer a commencé à être bien 
acceptée, principalement en raison de l'identification d'autres virus impliqués dans le 
développement du cancer et ces virus ont été appelés virus oncogènes ou 
« oncovirus ». Une telle connaissance s'est révélée déterminante pour le 
développement des premiers vaccins contre les cancers ayant une étiologie 
infectieuse. En outre, les spécialistes de la tumeur ont reconnu que les virus 
pourraient servir de puissants outils de découverte pour révéler les mécanismes 
impliqués dans toutes les tumeurs malignes humaines. 

1.2 Oncovirus et maladies associées 
Les infections chroniques représentent près de 20% des causes de cancer dans le 
monde (18). Cette fraction est plus élevée dans les pays moins développés, ce qui 
reflète la prévalence plus élevée des principales infections à virus oncogènes dans 
ces zones (18). Les virus sont considérés comme l'un des facteurs de risque les plus 
importants pour le développement du cancer chez l'homme. Parmi les agents 
infectieux qui ont été classés comme cancérogènes pour l'homme, on distingue 
principalement le HBV, le HCV, le HPV, l'EBV, le HTLV-1 et le KSHV (également 
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connu sous le nom de virus de l'herpès humain de type 8, HHV-8). Le tableau 1 
représente chaque agent infectieux viral avec son (ses) type(s) de cancer associé(s). 

 

Tableau 1 : Virus cancérigènes humains (adapté de (19)) 

Virus Génome Cancers décrits Décrit en 
Epstein-Barr virus (EBV; 
aussi connu sous: human 
herpesvirus 4 (HHV4)) 

Herpesvirus à ADN double 
brin 

La plupart des lymphomes de Burkitt et des 
cancers du nasopahrynx, la plupart des 
troubles lymphoprolifératifs, quelques 
maladies de Hodgkin, quelques lymphomes 
non Hodgkinien and quelques lymphomes 
gastrointestinaux 

1964 

 (HBV) Hepadenovirus à ADN 
simple et double brin 

Quelques carcinomes hépatocellulaires 1965 

Human T-lymphotropic 
virus-I (HTLV-I) 

Brin positif, retrovirus à 
ARN simple brin 

Leucémie adulte des cellules T 1980 

High-risk human 
papillomaviruses (HPV) 16 et 
HPV 18 (  -
HPV sont aussi carcinogènes) 

Papillomavirus à ADN 
double brin cancers du pénis et quelques cancers 

anogénitaux et les cancers de la tête et du cou 

1983-1984 

 (HCV) Brin positif, flavivirus à 
ARN simple brin 

Quelques carcinomes hépatocellulaires et 
quelques lymphomes 

1989 

herpesvirus du sarcome de 
Kaposi (KSHV; aussi connu 
sous : human herpesvirus 8 
(HHV8)) 

Herpesvirus à ADN double 
brin 

Sarcome de Kaposi, lymphomes à 
épanchement primaire et quelques maladies de 
Castleman multicentriques 

1994 

Merkel cell polyomavirus 
(MCV) 

Polyomavirus à ADN 
double brin 

La plupart des carcinomes des cellules de 
Merkel 

2008 

 

 
Les agents infectieux peuvent être classés comme carcinogènes directs, tels que 
plusieurs types de la famille HPV, HTLV-1, EBV et KSHV, ou des agents 
carcinogènes indirects en provoquant une inflammation chronique (HBV, HCV..). Le 
premier groupe de virus exprime des oncogènes (gènes impliqués dans le 

cancer) dont le produits jouent un rôle direct dans la 
transformation des cellules infectées, ce qui altère la régulation de voies cellulaires 
clés. Concernant le deuxième groupe de virus, une infection chronique suivie d'une 
inflammation chronique conduira à la production de chimiokines et de cytokines 
sécrétées par des cellules infectées et/ou des cellules inflammatoires. Cet 
événement conduira également à la production d'espèces réactives d'oxygène 
(ROS), à la dérégulation du système immunitaire et à la promotion de l'angiogenèse, 
ce qui est essentiel pour la survie des tumeurs. Le HBV et le HCV se sont révélés 
carcinogènes principalement par leur induction d'inflammation chronique du foie et 
sont impliqués dans le développement de carcinome hépatocellulaire (20,21). 
Une meilleure compréhension du rôle des agents infectieux dans l'étiologie du 
cancer et l'application de méthodes de santé publique existantes pour la prévention 
des infections, telles que la vaccination ou les traitements antimicrobiens, est un 
élément essentiel pour le politique de santé publique et pourrait avoir un impact sur 
la prévalence des cancers dans le monde. 
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2  

2.1 Historique et découverte du virus 

2.1.1  
Pendant des siècles, la connaissance des hépatites est restée très limitée et la 

u 
prix de nombreuses épidémies.         
Hippocrate (460-375 avant J.C.), philosophe et médecin grec, a été le premier à 

formes fulminantes entraînant le décès de patients en seulement 11 jours. Bien que 
les Grecs et les Romains aient continué à rapporter des épidémies de jaunisse, leurs 
descriptions sont restées imprécises, confondant souvent les symptômes avec ceux 

autres maladies comme le paludisme.            
En 1885, Lührman et Jehn observèrent des épidémies de « jaunisse » au sein de 
populations ayant récemment é
consistant en une préparation de lymphe humaine (22). A partir de ces observations, 
Lührman suspecta le vaccin comme source de la maladie, observant pour la 

nom 
(23). thèse de la nature infectieuse 

agent subcellulaire infectieux pouvant être filtré. Des cas similaires furent rapportés 
mission des « hépatites 

Durant la seconde guerre mondiale, la propagation des hépatites virales chez de 
-Unis et en 

uses à des sujets 
volontaires (24 26). Ainsi, en 1947, MacCallum proposa une distinction claire entre 
les infections aiguës transmises par des aliments souillés par le virus (transmission 
oro fécale), ou « hépatites A », et les hépatites sériques, ou « hépatites B », dont le 

 la chronicité 
(25,27). 

lumberg 
et son équipe ont observé une réaction inhabituelle entre le sérum de patients multi 

dentifié 
 responsable appelé « Australia ous le 

 surface du HBV (antigène HBs) (28,29). Plusieurs études ont 
ensuite permis de corréler la présence de cet antigène a
hépatite (30 34), et ce dernier a été identifié comme étant un constituant du virus 
responsable de la survenue des hépatites sériques de type B, appelé dès les années 

. Les travaux entrepris par la suite ont décrit cet antigène 
HBsAg

te B 
ont été (35,36). Trois types de particules virales sont 
identifiés : de grosses particules de 42 nanomètres, correspondant au virus complet 
(ces particules sont connues depuis sous le nom de particule de Dane), de petites 
sphères et des bâtonnets, de 20 nanomètres de diamètre environ. Depuis les années 
1970, les découvertes concernant ce virus se sont enchaînées, avec notamment 
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(37)  (HBe) (38,39) polymérase (40) al (41) et enfin la 
e (ADNrc) (42). La première séquence complète du 

génome du HBV a été publiée en 1979 (43). 
 

2.1.2 Développement du vaccin et des premiers traitements  

HBV upas au sein du service 

eux même injecté la préparation vaccinale. Il fut développé à grande échelle par 
us le nom « Hevac B » en 1981 (44,45). La 

première génération de vaccins a été obtenue à partir de plasmas riches en HBsAg. 
Grâce au développement des techniques de clonage, les vaccins obtenus par 
recombinaison génétique firent ensuite leur apparition. Le premier vaccin basé sur 

rale, « Engerix B », fut 
développé en 1985 et mis sur le marché en 1989.            

infectés chroniquement permettant ainsi de réduire la réplication du HBV (46 48). 

la polymérase virale par Summers et al. en 1982, les inhibiteurs de polymérase virale 
firent leur apparition (49)
nucléos(t)idiques, sont toujours utilisés à ce jour dans la prise en charge 

 (50). 

 

 

 

Figure 1: Principales découvertes et chronologie des interventions contre (51) 
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2.2 Classification 
épatite B appartient à la famille des Hepadnaviridae ou virus à ADN qui 

possèdent un certain nombre de caractéristiques communes concernant : 

- leur structure : les particules virales sont sphériques, de petite taille et 
enveloppées ; les particules subvirales, correspondant à des enveloppes 
vides, sont produites en grande quantité. 

- L
eu 

variables. 
- Le mode de réplication de leur génome : il implique une étape de transcription 

inverse à partir de leur ARN viral. 
- Leur tropisme essentiellement hépatocytaire : les hepadnavirus sont 

retrouvé dans plusieurs autres tissus (52 55). 
- L HBV humain  

 Les Hepadnaviridae regroupent deux genres : les Orthohepadnavirus et les 
Avihepadnavirus. Ces derniers diffèrent du point de vue de la structure de leur 

comprend les virus infectant les mammi

singes comme celui du chimpanzé ChHBV ou du singe laineux WMHV. Le WMHV 
est génétiquement proche du HBV avec lequel il présente une identité de 60 % (56). 
Le genre Avihepadnavirus regroupe les virus des oiseaux comme les virus de 

s viraux appartenant à ce genre 

protéine S). 

2.3 Structure du HBV 

2.3.1 Caractéristiques structurales du virus 
Trois types de particules virales de morphologie distincte sont observés en 
microscopie électronique dans le sérum de patients infectés par le HBV : les 
particules de Dane ou particules virales complètes et les particules dites subvirales 
(SVPs) correspondant à des sphères et des bâtonnets (36). 

2.3.2 La particule de Dane 
Le virion infectieux, appelé particule de Dane, du nom de son découvreur (36) est 
une petite particule sphérique de 45 nm de diamètre. Elle circule dans le sang à une 
concentration pouvant atteindre  1010 particules/mL chez certains patients. Le 
génome de laire partiellement 
bicaténaire ixée une polymérase virale, 
ainsi que des protéine sérine/thréonine kinase 
phosphorylant la protéine HBc (57,58). 
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ue, appelée « core », 
-assembl

antigènes HBc (Ag HBc) ou protéines C (21 kDa) selon une symétrie icosaédrique T3 
ou T4 (58,59).  de 183 à 185 aa en fonction du 
génotype viral, relativement conservée parmi les différents génotypes viraux (58). La 
nucléocapside virale est enveloppée par une bicouche lipi
dans laquelle sont enchâssées des glycoprotéines de surface v
composition en estérol 
semble indispensable au 
virus à la surface des cellules (60). lors du 
bourgeonnement à partir du réticulum endoplasmique cellulaire. Les glycoprotéines 
de taille variable sont les suivantes : la protéine L (« Large »), la protéine M (« Middle 
») et la protéine S (« Small »). Ces protéines L, M et S sont présentes dans 

(61). 
 
 
 

 
 
Figure 2: Structure du virion HBV (A) et des particules HBsAg (B) (de Nester EW: Microbiology: 
A Human Perspective, 6th edition, 2009). La particule de 42 nm est la "particule de Dane" ou le 
virus de l'hépatite B (A). Les particules de 22 nm sont les formes filamenteuses et circulaires de 
l'antigène de surface de l'hépatite B (HBsAg) (B). 

 
 
Les protéines M et L sont présentes en quantités équivalentes sur la particule de 
Dane et représentent environ 30 la protéine S étant 
majoritaire (58,59). Ces trois protéines partagent une région commune 

 

2.3.3 Génome du virus 
Le génome du HBV 3200 
nucléotides (42,62). 
circonférence, adoptant ainsi une conformation circulaire relâchée (ADNrc). Le brin 
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long ou brin codant, de polarité négative et de taille constante, comporte quatre 
cadres de lecture ou « open reading frame » (ORF) disposés selon la même 
orientation transcriptionnelle. Le brin court non codant, de polarité positive, possède 

variable (43)

dite « région cohésive » (63). Cette région est encadrée par deux séquences 

synthèse de chacun des deux brins 
-), par un lien phospho-tyrosine (64,65), alors que 

- e la 
réplication virale (66,67). 
 
 
 

 
 
Figure 3: Organisation du génome de HBV (68). Le génome se compose d'une molécule d'ADN 
circulaire, partiellement double brin, d'une longueur de 3,2 kb. Au cours de la réplication virale, le 
génome partiellement bicaténaire, également appelé ADN relâché circulaire (RC), est transformé en 
ADN circulaire (CCC) super-enroulé. Ce cccDNA est un mini-chromosome qui sert de matrice pour la 
transcription virale, générant cinq mRNA majeurs de taille 3.5-, 2.4-, 2.1- et 0.7-kb. Un ARNm de 3,5 
kb appelé ARNm pre-C sert de matrice pour la traduction de HBeAg (protéine précore), et un ARNm 
légèrement plus court appelé pgRNA sert de matrice pour les protéines de core et la polymérase, ainsi 
que l'ARN pré-génomique utilisé comme matrice lors de la réplication virale. Le transcrit de 2,4 kb 
(ARNm pré-S1) est utilisé dans la traduction de l'antigène de surface (L); les transcrits de 2,1 kb 
(ARNm pré-S2) sont utilisés pour produire les antigènes de surface M et S; et le transcrit de 0,7 kb est 
utilisé dans la production de la protéine X. 
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Le génome du HBV est le plus petit parmi les génomes des virus humains à ADN. 
Malgré sa petite taille, son organisation génétique compacte lui permet de coder sept 
protéines différentes. Le génome est entièrement codant et tous les signaux de 

transcription, le signal de poly-adénylation) sont intégrés dans les régions codantes 
(69). Tous les gènes du HBV ont un ou plusieurs promoteurs régulant leur activité et 
ces promoteurs sont eux même régulés par un ou les deux éléments enhancers 
viraux En1 et En2 situés en amont du promoteur core (59). Quatre cadres de lecture 

codons initiateurs fonctionnels et code : 
- la protéine précore (ou p25), précurseur  

 
 

- la protéine core (183-195 aa), élément structural de base de la capside, portant 

partiellement les autres cadres de lecture. Il code une protéine multifonctionnelle, la 
polymérase virale, possédant plusieurs activités impliquées dans la réplication virale 
(69) -154 aa) régulatrice non structurale : la 
protéine X. Elle est conservée chez tous les hepadnavirus de mammifères (69,70). 
Cette protéine, essentielle pour la réplication virale, est un transactivateur 

eurs viraux et 
cellulaires (69). Son interaction avec des facteurs de transcription cellulaires permet 

HBV lors de la réplication. Elle semble 
intervenir également dans la régulation du cycle cellulaire, les voies de dégradation 
des protéines, les voies de signalisation cellulaires pro-apoptotiques et la stabilité 
génétique. Un rôle dans l'oncogenèse lui est donc aussi attribué (69,70)

gènes préS1, préS2 et S et trois codons initiateurs dans une même phase ouverte de 
lecture (58). Deux transcrits ARNms, PréS1 et PréS2/S, sont générés et la 

traduction p (58)
la synthèse de la protéine L (389 à 400 aa) et celle du transcrit le plus court à la 
protéine M (281 aa) ou à la protéine S (226 aa). La protéine S est codée par le gène 
S, la protéine M par les gènes préS2 et S et la protéine L par les gènes préS1, préS2 
et S. Ces protéines sont impliquées dans les mécanismes 
cellulaire et dans la réponse immunitaire. La protéine HBSP (hepatitis B splice 
protein) est une protéine de 93 aa codée par un ARN épissé à partir du codon 

 Elle inclut les 46 premiers aa de la polymérase, 47 aa 
ment de cadre de lecture généré par 

(69). 

2.3.4 Les particules subvirales 
Les infections à hepadnavirus sont caractérisées par la production en large excès de 
particules subvirales non infectieuses (SVP). Les particules vides, dépourvues de 
génome et de nucléocapside, ne contiennent que les protéines de surface du HBV. 

-

1012 particules/mL  e
virales infectieuses chez un individu infecté (58,71). Ces SVP peuvent être de forme 
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sphérique de 22 nm de diamètre (billes ou sphères) ou filamenteuse (bâtonnets). En 
effet, les particules sphériques sont principalement constituées de protéines S et M, 

amenteuses et les 
virions (61). -RE et pré-Golgi 
(71). Les formes sphériques sont majoritaires. Les formes filamenteuses, moins 
représentées, peuvent atteindre une longueur de plusieurs centaines de nanomètres 
(58,71)

unité 

suscitent une réponse antigénique importante (72). Ce sont ces protéines HBs en 
excès qui sont détectées dans le sérum des patients et qui jouent un rôle majeur en 
interagissant 
virions dans la cellule cible (73). 

2.4 Les protéines virales 

2.4.1  
S ou HBsAg, M et L) sont synthétisées à 

partir de deux ARNm différents issus du même ORF. Le plus grand ARNm de 2,4 kb 

ine HBsAg étant plus fréquemment reconnu par les 
HBsAg sont synthétisées par rapport à la protéine M 

(74). HBsAg est la base des vaccins anti-HBV recombinants actuels. 

2.4.2 La protéine de capside : core (AgHBc) 
La protéine core, encore appelée protéine de capside, est une protéine de 21 kDa 
qui forme la capside icosaédrique virale du HBV. Cette protéine est composée de 
deux domaines séparés par un linker : le domaine « core » des acides aminés 1 à 
140 et le domaine « protamine » (résidus 150-
amino- -assemblage de la protéine core en capside 
(75). Il contient aussi deux épitopes prédictifs pour la réponse immunitaire dont la 
boucle immunodominante comprenant les résidus 78 à 83 (76). En effet, HBc est 

il est exprimé à la surface des 
hépatocytes ce qui induit une réponse immunitaire médiée par les lymphocytes T 
contre les cellules infectées (77). 

2.4.3 La protéine précore ou antigène HBe (HBeAg) 
La protéine HBe est un peptide circulant dérivé de la protéine core. Il est traduit à 

nucléotides en amont de celui utilisé pour la synthèse de la protéine HBc. Sa 
présence chez tous les Hepadnaviridae suggère un rôle prépondérant de cette 
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contre HBc en se fixant sur les récepteurs CMH de classe I des lymphocytes T (78). 
HBe contribue donc à la persistance du HBV in vivo. En revanche, cette protéine ne 
semble pas essentielle à la réplication virale (79). 

2.4.4 La polymérase virale 
La polymérase (850 aa) couvre près de 80% du génome des hepadnavirus. Le gène 
Pol est le plus grand gène du HBV
partie des ORFs C et X (69). La polymérase contient quatre domaines possédant 

assurer 
plusieurs rôles importants impliqués dans la réplication virale : 
-  Fonction 
une amorce de 3 à 4 nucléotides (80,81).              
-  Activité polymérase ARN dépendante permettant la rétro-
en ADN de polarité négative (82).               
-  Activité polymérase ADN dépendante qui génère le brin de polarité positive (83). 
-  Fonction RNase H : d
après la rétrotranscription (70). 

2.4.5 La protéine X 
La protéine HBx est une protéine non structurelle. Cependant, elle est essentielle 
pour in vitro (84) et in vivo (85) et a été identifiée 
comme se liant à un complexe smc5/6 qui agit comme facteur de restriction du HBV 
(86). e la protéine HBx joue un rôle anscriptionnel de 

aboutissant à une augmentation de la 
réplication (87). La protéine HBx possède de nombreuses activités. In vitro, cette 
protéine est un transactivateur transcriptionnel de nombreux gènes cellulaires et 
viraux. Ainsi, cette protéine est impliquée dans de nombreuses voies cellulaires 

 (88). 

2.5 Cycle de réplication 
Le HBV it été retrouvé dans les 
cellules épithéliales des canaux biliaires, les cellules du système lymphoïde, les 
cellules mononuclées du sang périphérique (monocytes, lymphocytes B et T), au 
nive patocyte 
(70). Cependant, ces « réservoirs extrahépatiques » de virus, persistant à long 
terme, pourraient être la source de réactivation virale (89,90).        
En fait, un lymphotropisme du virus a été décrit. Il a été démontré que l'ADN du virus 
est détectable dans les PBMCs de la majorité des patients atteints d'une infection 
chronique avec le HBV,). Des études sur des modèles animaux ont encore confirmé 
que des intermédiaires réplicatifs d'ADN viral, ainsi que des transcrits viraux, peuvent 
être détectés dans des PBMC sous certaines conditions (91 94).        
La principale originalité du cycle de réplication de ce virus à ADN est le recours à une 

-génomique (ARNpg) pour la 
réplication de son génome. Les études menées sur des virus animaux proches du 
HBV, comme ceux du canard (D
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les premières connaissances sur le cycle viral, enrichies par la suite des données 
née cellulaire HepaRG (95,96). 

2.5.1 Entrée virale 
En 2012, Yan et al. identifièrent le « Sodium Taurochlorate Cotransporting 

 HBV à la surface 
des hépatocytes. Cette protéine transmembranaire présente sur la partie 
basolatérale des hépatocytes est en conditions physiologiques impliquée dans le 
transport des sels biliaires (97). 

s à ce 
dernier (97).            

récepteur, le virus entre dans la cellule permissive par une voie dépendante de 
diée par la clathrine (98)

peptidiques nommes TLM (translocation motif) situé en région C-terminale de la 

ide vers le 
cytoplasme (99). Les nucléocapsides libérées dans le cytoplasme vont emprunter le 
réseau de microtubules et rejoindre le centre organisateur des microtubules (MOCT) 
à proximité du noyau et des pores nucléaires. Elles vont ensuite se « désassembler » 
en dimères de protéine C au sein des pores nucléaires 

rculaire (ADNrc), dans le noyau cellulaire (100). 

2.5.2 Expression du génome et synthèse des protéines virales 
n ADNccc (101). 

pour la synthèse de la protéine core et de la polymérase. En plus de son rôle 
se de la protéine core et de la 

aussi la matrice nucléotidique Les protéines virales sont synthétisées dans le 
 (58) dans 

 

2.5.3 Sécrétion des virions et des particules virales 
Après formation, les nucléocapsides virales ont deux devenirs : soit elles sont 
enveloppées puis sécrétées sous forme de virions, soit elles sont recyclées dans le 

sécrétés : 
les 
capsides non enveloppées. 

2.5.3.1 Formation et sécrétion des particules de Dane 

-à-dire 
contenant un ADN double brin, sont enveloppées. En effet, les nucléocapsides ne 

y a pas de maturation du génome (102). Grâce à ce 
contrôle de la maturation du génome avant enveloppement, les particules sécrétées 
sont toutes infectieuses. Une fois la vérification de la maturité du génome effectuée, 
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les capsides sont dirigées vers les corps multivésiculaires ou MVB pour être 
enveloppées. Il semblerait que la sécrétion des virions se fasse par la voie 
exosomale mais le mécanisme reste inconnu (71,103). 

 

Figure 4: Le cycle réplicatif de HBV (104). Le VHB entre dans l'hépatocyte via le récepteur sodium 
taurocholate cotransporting polypeptide (NTCP). La nucléocapside est exposée et migre vers le noyau 
où elle délivre le génome (ADN-RC). L'ADN-RC est réparé pour former un cccDNA bicaténaire et un 
mini chromosome à partir duquel les protéines virales suivantes sont transcrites: antigène de core 
(HBcAg) et précore (HBeAg), antigènes de surface S, M et L, protéine X et polymérase. Après le 
passage par le réticulum endoplasmique (ER), HBeAg et HBsAg sont sécrétés. De nouveaux virions 
sont libérés et l'ARN génomique est recyclé dans le noyau pour une réplication virale continue. 

 

2.5.3.2 Formation et sécrétion des particules subvirales et des nucléocapsides non 
enveloppées 

-
partie du réticulum endoplasmique. Des structures se forment autour de ces 

e 
scindés pour former des sphères qui sont sécrétées de manière indépendante des 
MVB et de la sécrétion des virions (71,103) efficacité de la production de virions ne 
dépend pas de la quantité de particules subvirales produites. Les nucléocapsides se 
fixent à la membrane plasmique et sortent de façon non lytique (105). 
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2.6  
Les infections par HBV n toléré 
depuis 1986, reste un problème de santé publique majeur. Plus de 2 milliards 

populati
mises à jour en Avril 2017), soit 5 % de la population mondiale, présentent une 
infection chronique et risquent de développer des pathologies hépatiques liées au 
virus (essentiellement cirrhose et carcinome hépatocellulaire). En 2015, 887 000 

cirrhose ou de cancer du foie. La majorité des porteurs chroniques du virus se 
trouvent en Asie (78 %) et en Afrique (16 %) (106). 

2.6.1 Epidémiologie 
Il existe des zones de prévalence variable en terme 
le HBV. On peut ainsi définir trois zones : 

- 
 

- 
Sud-Ouest

 
- Des 

amazonien. Dans ces pays, plus de la moitié des individus est infectée à un 
moment donné de leur vie. 

Globalement, environ 45 % de la population mondiale vit dans des zones de haute 
endémicité (106,107). Le mode de transmission, 
contamination et les manifestations cliniques différent beaucoup selon la prévalence 

ée (106). 

 
*  :             
La classification du HBV est basée sur la comparaison de séquences nucléotidiques 
des souches du HBV. Cette classification prend en compte l génome du 
HBV et compte actuellement 8 génotypes non recombinants, notés A à J (108,109). 
La différence entre deux génotypes du HBV est définie par une variation de plus de 8 
% de leur e de 
surface (préS1, préS2, S).            
Les génotypes du HBV sont mondialement répartis avec des régions à plus forte 
prévalence. Le génotype A est majoritairement présent en Amérique et en Europe du 
Nord ; le génotype B en Asie du Sud-Est et en Amérique du Nord ; le génotype C en 
Amérique du Nord, en Australie et en Asie du Sud-Est ; le génotype D en Australie, 
en Russie et en Europe du Nord ; le génotype E en Afrique ; le génotype F en 
Amérique du Sud ; le génotype G en Europe du Nord et en Amérique du Nord et le 
génotype H en Amérique du Sud (110). 
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Figure 5: Répartition géographique des principaux génotypes du virus de l'hépatite B et 
fréquence mondiale de l'infection chronique par le virus de l'hépatite B (111). 

 

2.6.2 Modes de transmission 

infecté 9 virions/mL), le sperme et les sécrétions vaginales (106 
à 107 virions/mL), la salive (105 à 107 virions/mL) et le lait maternel. Le HBV est très 
résistant dans le milieu extérieur (il reste infectieux pendant plus de sept jours dans 
le milieu extérieur à 30°C
(HCV) et 100 fois plus que le virus de ). Le virus de 

s de 

30 à 180 
hronique (112). La présence du HBV 

dans ces différents liquides biologiques reflète les différents modes de transmission 
ction :                  

-  Contamination par voie parentérale survenant chez les usagers de drogues par 
voie intraveineuse (UDIV) ou périnasale, lors de dons du sang dans certains pays 
dues à de mauvaises pratiques dans les hôpitaux ou au non-respect des règles 

 . 

-   Contamination par voie sexuelle survenant lors de rapports non protégés avec une 
HBsAg. Ce mode est prépondérant dans les pays de faible 

endémie (113). 

-   
. 

-  Contamination verticale ou materno-infantile, survenant : chez des mères 
porteuses chronique du virus, majoritairement en période périnatale (accouchement, 
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virale de la mère est plus haute. 

Aucun mode de transmission ne serait identifié dans environ 30 à 35 % des cas. Ces 
différents modes de transmission ont une importance variable à travers le monde. En 
effet, dans les zones de forte endémie, la contamination survient à un âge précoce et 

effectue par voie verticale (périnatale) ou horizontale. En Asie, où la 
plupart des femmes enceintes porteuses chroniques du virus ont une charge virale 
élevée, le risque de transmission verticale est très important. En Afrique, les charges 
virales élevées sont plutôt retrouvées chez les jeunes enfants nouvellement infectés 
lors de transmissions horizontales (106,114)

nce, facilitant un portage chronique, permet la pérennisation du réservoir 
du virus. 

2.7  
Une hépatite virale est un processus inflammatoire du foie en réponse à un virus. 

en charge est retardée. C
propagation du virus à travers la population. 

HBV varie fortement selon les individus et 
 contamination. 

développent une hépatite aigue très rapidement résolutive grâce au contrôle du 

 (72,115). En absence de traitement, cette 
chronicité peut, par la suite, évoluer en cirrhose hépatique voire en carcinome 
hépatocellulaire. s 
sujets immunodéprimés (infection HIV, transplantés ou hémodialysés) que chez les 
sujets immunocompétents. 

2.7.1 Infection aiguë 
aiguë varie beaucoup selon les individus. 

adultes, 10 % chez les enfants de moins de 5 ans et encore plus rarement chez les 
enfants de moi (106). La fréquence des signes cliniques augmente avec 

est généralement longue (1 à 6 mois) (106,116). Chez les patients symptomatiques, 
une phase pré-ictérique (3 à 7 jours) survient, ensuite, au cours de laquelle des 
symptômes non spécifiques sont observés : des nausées, une asthénie, une 
anorexie, plus ou moins accompagnées de fièvre et plus rarement de manifestations 
cutanées de type urticaire (116)
caractérisée par la présence des antigènes HBs (HBsAg) et HBe (HBeAg). Le taux 
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-amino-transaminase (ALAT) est 

cytolyse hépatique. La première séroconversion apparait dans le système HBe avec 
la disparition de HBeAg -HBe. Cette séroconversion 
est concomittante à une diminution puis une négativation de la charge virale. La 

nticorps anti-HBs signe la 
(ADNccc), 

minichromosome viral, persisteront dans les cellules infectées (117). Au cours de la 
t le taux des 

transaminases se normalise (116).              

moins de 1 % des hépatites aiguës. Elle correspond à une nécrose hépatocytaire 
massive qui est fatale dans environ 8
hépatique (118,119). 

 

 

Figure 6 : Cinétique de marqueurs sériques de l'hépatite virale B aiguë (120). 

 

2.7.2 Infection chronique 

corps anti-HBs (121). Le principal facteur 

contamination (122). HBV 



36 
 

la destruction plus ou moins rapide du parenchyme hépatique avec les risques 
associés de progression vers la cirrhose et le carcinome hépatocellulaire. 

amique existant entre la réplication du virus et la 
répon (116,123) 
clairance virale immunomédiée encore appelée phase immunoactive, celle de 
porteur inactif et enfin la phase de réactivation virale (121). 

2.7.2.1 Immunotolérance 
La phase réplicative ou phase de « tolérance immune » survient le plus souvent suite 

HBV. Elle correspond à une forte 
multiplication du HBV dans le foie, confirmée par la persistance de l'antigène HBe et 
HBs et la présence d'une grande quantité d'ADN viral dans le sang (de l'ordre de 109, 
soit un milliard de particules virale/mL). Cette phase de tolérance immune dure 
plusieurs années. La mise en place de l'hépatite chronique demeure faible, comme 
témoigne l'élévation modérée des transaminases, lesquelles sont même parfois 
normales. Les lésions hépatiques sont minimes, voire absentes. Durant cette phase, 
la virémie très élevée rend les malades extrêmement contagieux. En cas de 
contamination à la naissance, la phase de tolérance immunitaire peut être très 

échappement à la 

asymptomatiques est très difficile (124 126). Néanmoins, plusieurs études récentes 
in vitro et dans le modèle de souris humanisées ont suggéré une détection rapide du 
virus par le système immunitaire qui se manifeste par une activation des lymphocytes 
et la sécrétion des cytokines qui vont non seulement contribuer au contrôle de la 
réplication virale mais vont aussi jouer un rôle dans la maturation et le recrutement 

 (127). Ces études, donc, défient le concept 
-HBV 

totalement absente durant cette phase et suggèrent que la classification de cette 
phase manque de données immunologiques significatives pour supporter le concept 
de « tolérance  
(122). 

2.7.2.2 Clairance virale (phase immunoactive) 
Au cours de cette phase la réponse immunitaire adaptative se met en place ce qui 
conduit à la lyse des hépatocytes infectés (123). Ce processus peut durer de 
plusieurs mois à plusieurs années (116). Une diminution progressive et fluctuante du 

HBeAg DN viral, est donc observée 
(106,116,123). La charge virale reste en général supérieure à 20 000 UI/ml chez les 
patients montrant un HBeAg positif (123). Le taux sérique des ALAT augmente et on 
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cette phase, on observe chez certains patients une séroconversion HBeAg. 
-HBe deviennent détectables. 

Cette phase peut durer plusieurs années durant lesquelles le taux de séroconversion 
HBeAg augmente parallèlement à la diminution de la charge virale qui devient 

enfin indétectable (128).                      

ne est prolongée et inefficace une charge virale 

(129). HBsAg sériques mesurés 
chez les patients en phase de tolérance immune seraient supérieurs à ceux mesurés 

000 UI/mL serait une preuve de tolérance immune. Par conséquent, la quantification 
HBsAg pourrait fournir une donnée supplémentaire pour différencier les phases 

de tolérance immune et de clairance immune lorsque la charge virale est encore 
rmaux ou peu élevés (129). 

2.7.2.3 Stade de porteur inactif  HBsAg 
Au cours de cette phase, et après la séroconversion HBe, la réplication virale est 

 La réplication au sein des hépatocytes 
est donc minime (charge virale inférieure à 2000 UI/ml). Les antigènes viraux sont 
également très faiblement exprimés, réduisant ainsi la lyse des cellules infectées par 
les lymphocytes cytotoxiques. Le taux sérique des ALAT se normalise (106,123) 

une cirrhose ou un HCC est moindre pendant cette phase (130,131). 

immunosuppression (106,123).               
 sérique peut survenir, 

-HBs. La cl  et 
-HBs n  (131). 

2.7.2.4 Réactivation 

constitutionnelle ou acquise (chimiothérapies, gref (123). Cette phase est 

Elle peut se produire chez des sujets porteurs chroniques en phase de rémission 
(HBsAg positifs, Ac anti-HBe positifs, ADN viral faible ou indétectable) et correspond 
à la disparition des Ac anti- HBeAg HBV 
dans le sérum. Elles peuvent aussi avoir lieu chez des sujets présentant un profil 
sérologique d HBsAg négatif, Ac anti HBc positifs, Ac 

HBeAg 
dans le sérum. Ces réactivations peuvent être dues au virus sauvage avec retour à 

HBeAg positif (
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HBeAg (mutants précore) (106). La reprise de la réplication virale peut avoir comme 
HBeAg négative », ainsi 

que le développement de lésions hépatiques. Il est donc important de surveiller le 

réactivation virale (116). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7:  (132). Elle se compose de 4 phases : la 
phase de tolérance immunitaire se caractérise par la présence de HBeAg, des taux élevés d'ADN viral 

virale (phase immunoactive) se caractérise par la présence de HBeAg et les niveaux élevés et 
variables d'ADN viral et d'ALT. Un résultat de la phase de clairance virale est la séroconversion de 
HBeAg. La plupart des patients entrent alors dans la phase de porteur inactif, caractérisée par 
l'absence de HBeAg et la présence d'anticorps anti-HBe, des niveaux d'ADN viral faibles ou 
indétectables (<2000 UI / m du foie. La 
phase de réactivation se caractérise par l'absence de HBeAg, l'augmentation persistante ou 
intermittente des taux d'ALT et de HBV DNA et inflammation du foie. 

 

2.7.3 Hépatite occulte 
Une hépa et/ou le 
sérum HBsAg 

 systématiquement 
est souvent la conséquence de modifications épigénétiques et immunitaires bloquant 
la transcription du génome du HBV (133). 

HBsAg 
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2.7.4 Fibrose/cirrhose 
La 
comme la cirrhose ou le carcinome hépatocellulaire (HCC) (134).        

sance hépatocellulaire et le HCC (72).         
Les lésions hépatiques sont en partie dues à la réponse immunitaire médiée par les 
lymphocytes T cytotoxiques (LTc) et les cellules NK. En effet, le HBV 
cytopathique. Une réponse cellulaire dirigée contre les antigènes du HBV se met en 
place et les lymphocytes T vont éliminer les hépatocytes infectés entrainant ainsi une 
inflammation puis une nécrose des tissus. Les activités inflammatoire et nécrotique 

ou fibrose. Annuellement, 2 à 10 % des patients infectés chroniquement par HBV 
développent une cirrhose. 

2.7.5 Carcinome hépatocellulaire 
Le carcinome hépatocellulaire est un cancer hépatique qui provoque mondialement 

cancer hépatocellulaire est le sixième cancer le plus fréquent dans le monde dont 50 
% des cas sont causés par le HBV (113). Ce cancer est la première cause de 
mortalité en Chine et en Afrique et constitue la première cause de transplantation 
hépatique en Europe (OMS, 2013). Il existe des facteurs de co-morbidité qui 
surexposent le patient au risque de HCC comme la co-infection par le virus de 

B1 (135)  Les 
HBV ne sont pas totalement élucidés. Néanmoins, 

certaines études suggèrent 
cycle cellulaire, notamment HBx (136). 

La protéine virale HBx serait aussi impliquée dans la modulation épigénétique de 
DN cellulaire (137).                

 
-

été démontré que le HBV tiellement dans le gène TERT 
(telomerase reverse transcriptase) suggérant une possible dérégulation du cycle 
cellulaire (138). 

2.7.6 Vaccins contre le HBV 
Des vaccins contre le HBV sont disponibles depuis les années 80. Ils sont constitués 

recombinant. Ce sont les premiers vaccins à protéger contre un cancer. En effet, ils 

Les vaccins utilisés actuellement sont très immunogènes. Le titre minimal des 
anticorps considéré comme protecteur est fixé à 10 mUI/ml. Ce titre est 
généralement très largement obtenu chez plus de 95 % des sujets vaccinés (139). 
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-delà de 40 ans), le 

2012). Les vaccins commercialisés actuellement contiennent des antigènes 

HBsAg (139).               
En général, le schéma de la vaccination contre 
injections effectuées sur une période de 6 mois. Les adultes reçoivent leurs injections 
dans le bras, les nourrissons dans la jambe. La première dose du vaccin confère une 
protection en quelques semaines (Hepatitis B foundation).    

HBsAg qui empêchent 
(140). Ainsi, en plus de ce vaccin, le 

développement de traitements efficaces contre le HBV sera nécessaire à éradiquer 
ce pathogène. 

2.7.7 Traitements contre le HBV 
Actuellement, les thérapies disponibles pour la prise en charge des patients infectés 

HCC (141) - (t)ides parmi 
que 

(142). 

 sont en cours de développement (143 145). 

3 Rôle du système immunitaire dans l
HBV et dans la pathogenèse 

Le HBV 
lésions hépatiques observées sont dues à la réaction du système immunitaire de 

vis-à-vis des hépatocytes infectés exprimant les antigènes viraux. La gravité 

adaptative (72,95). En général, les deux bras de la réponse immunitaire, innée et 
La 

réponse innée est la première barrière aux agents infectieux, elle limite rapidement la 
 re part, la réponse adaptative 

 à la clairance virale en 

part, une réponse efficace de lymphocytes B entrainant la production de quantités 
Dans ce chapitre nous évoquerons rapidement 

la réponse adaptative, ensuite, nous discuterons du rôle des cellules immunes 
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innées et des médiateurs et récepteurs impliqués dans la réponse innée contre le 
virus (146,147). 

3.1 La réponse immunitaire adaptative et le HBV 

réponse humorale par les anticorps contribue à éliminer les virions circulants et 
 de nouvelles cellules . Quant à 

la réponse cellulaire médiée par les lymphocytes T, elle élimine les cellules infectées 
et les cytokines produites éliminent les intermédiaires de réplication (72). Les 
lymphocytes T CD4+ reconnaissent les épitopes HBV présentés par des 
macrophages sur des CMH de classe II. Ces lymphocytes sont alors activés, 
sécrètent des cytokines, activent les lymph  et 

 T CD8+. Les lymphocytes CD8+ reconnaissent un 
cytes 

infectés, sont activés et détruisent la cellule infectée grâce aux perforine et au 
granzyme (148,149)  et le , agissant directement 
au niveau des intermédiaires de réplication sont aussi produites par ces cellules 
(77,150). Les protéines virales induisant principalement le déclenchement de la 
réponse immunitaire adaptative sont HBc et HBs.            
Il existe une corrélation claire entre la spécificité de la réponse cellulaire adaptative et 
le résultat de l'infection. Les réponses des lymphocytes T CD4+ et CD8+ spécifiques 
au HBV 
significative avant le début des symptômes. Les réponses anti-HBV des lymphocytes 
T sont suivies de réponses immunitaires humorales, qui, elles, deviennent 
détectables 10 à 12 semaines après l'infection. Cet intervalle de temps entre 
l'infection et l'induction des réponses immunitaires adaptatives spécifiques au HBV 
contraste fortement avec ce qui est connu d'autres infections virales (151). 
viral et les antigènes HBV viraux sont indétectables dans le sérum et le foie pendant 
les 4 à 6 premières semaines après l'infection . On pense que ce 
manque d'antigènes HBV dans la phase initiale de l'infection est responsable de 
l'induction tardive des réponses immunitaires adaptatives spécifiques au HBV (152). 
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Figure 8: La réponse immunitaire adaptative anti-HBV (153). 
 

3.1.1 La réponse à médiation cellulaire des lymphocytes T 

helper (CD4+) et T cytotoxiques (CD8+). La réponse cellulaire T CD4+ est régulée 
-spécifique (un pic 

HBsAg sérique) et surtout précoce 
vement faible chez 

chronique (154). Elle joue un rôle important dans 
la clairance virale en induisant la réponse T CD8+ et la réponse humorale B. Les 
lymph
de type TH1 : , , IL-12 qui inhibent directement ou non la réplication du 
HBV  (152). Ils induisent 
la prolifération des LT CD8+ qui reconnaissent spécifiquement les déterminants 
antigéniques préS2 et HBc couplés au CMHI (rép
infection résolutive, la réponse T CD8+ sera intense et polyclonale, entrainant des 

 (155 157). La réponse T CD4+ est 

production des Acs neutralisants contre les protéines de virale.  
Les lymphocytes T CD8+ cytotoxiques ont un rôle central dans la clairance virale en 
détruisant les hépatocytes infectés. Ils sont donc responsables des lésions 

anismes non cytopathiques comme la 

des gènes viraux. 
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montrée in vitro (158) et in vivo (159). Chez les patients présentant une hépatite 
aiguë résolutive, la réponse cellulaire T CD8+ est intense et polyclonale, tandis que 
chez les patients porteurs chroniques, elle semble faible et plus étroite. Par ailleurs, il 
semblerait que la fonctionnalité des cellules T CD8+ spécifiques soit plus importante 
que le nombre de cellules T mobilisées pour contrôler la réplication 
virale(151,160,161). Les cellules T CD8+ exercent leur fonction anti-HBV à travers 
divers mécanismes : elles lysent directement ou induisent l'apoptose des 
hépatocytes infectés par la sécrétion de granules lytiques (perforine / granzyme A et 
B) ou par des mécanismes médiés par Fas/Fas ligand (162).        
Le virus contribue aussi à cette réponse inefficace des lymphocytes chez les patients 

antigène HBe est connu pour induire une 
immunotolérance néonatale à HBV en traversant la barrière placentaire. Ceci mène à 

est présent à haute dose dans le sérum des patients (160). 

3.1.2 ytes  T 
La persistance du virus et le passage en phase chronique sont toujours associés à 

n 

ours (163). Ainsi plusieurs études ont pu 
relever chez des patients passant en phase chronique une faible réponse 
ly
des patients capables de rés nfection (164). Une autre étude a montré que 
chez les patients en phase chronique la réponse lymphocytaire T CD8 contre 

charge virale élevée (> 107 copies/ml), Webster et al. ne mesurent plus la présence 
rie ou en intra-

hépatique (165). Des mécanismes divers, agissant simultanément, causent ces 
défauts fonctionnels des lymphocytes T et de leurs réponses médiées, avec des 
effets variables selon la charge virale et la présence/ab
inflammatoires du foie. Le résultat est une altération métabolique profonde des 
lymphocytes T anti-HBV
niveau du génome entier (Genome Wide expression profiling) des lymphocytes T 
CD8+ spécifiques au HBV
des cellules T avec dérégulation de divers processus cellulaires (166). A noter 

persistante aux antigènes du HBV est cruciale pour maintenir cet 
épuisement fonctionnel des cellules T.            
En parallèle, plusieurs mécanismes ont été suggérés pour expliquer ce phénomène 

 des lymphocytes T CD8+. Par exemple, les lymphocytes T intra 
hépatiques des patients infectés chroniquement par le HBV montrent une 
surexpression de marqu
la protéine pro-apoptotique Bim (médiateur interagissant avec Bcl2). Le blocage de 
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cette protéine a permis in vitro et ex vivo la restauration de la réponse lymphocytaire 
T (166)  faiblesse de la réponse 

lymphocytes T intra-hépatiques expriment fortement PD-1 (programmed cell death 1) 
-hépatique de son ligand PD1-L1 est fortement augmentée (167). 

L -1 avec son ligand joue un rôle important dans le mécanisme de 

maintien de la tolérance immunologique vis-à-vis du HBV. Au moment du pic de 
virémie, les lymph

n 
-10 (168), mais pourrait être due à une augmentation de la libération 

reconnaissance par le TCR (récepteur de lymphocyte T) et une suppression des 
fonctions du lymphocyte T (169). 

3.1.3 La réponse à médiation humorale des lymphocytes B 
Au cours des dernières décennies, la recherche sur la réponse des cellules B 
spécifiques au HBV a été largement négligée. Après la démonstration que des 
anticorps sériques distincts spécifiques à différentes protéines de HBV peuvent être 
utilisés pour définir différentes phases cliniques de patients infectés par le HBV 
(170), la plupart des recherches sur le rôle des lymphocytes spécifiques du HBV 
dans la protection et les lésions hépatiques ont porté sur les cellules T au lieu des 
lymphocytes B.          
 
être élicités contre les différentes protéines virales (core HBc, précore HBe, 
enveloppe HBs, polymérase ou protéine X) et la présence/absence de ces anticorps 

-HBs) et à la nucléocapside virale 
(anti-HBc et anti-HBe) ont été utilisés pour distinguer entre les différentes phases 

 infection chronique par le HBV (170).    
 Au cours d'une infection aiguë par le HBV, les anticorps anti-HBs et anti-HBc 

-HBs est 
associée à la résolution de la maladie et au contrôle du virus, tandis que l'anti-HBc 
peut coexister avec un haut niveau de réplication du HBV (171). Alors que les 
anticorps anti-HBs sont considérés comme protecteurs, les anticorps IgG anti-HBc se 
développent pendant la phase aiguë et persistent à vie après la récupération 
clinique. Ainsi, l'IgG anti-
exposition antérieure au HBV. Une réponse anti-HBc excessive a également été 
associée à une atteinte aiguë du foie (172). Les anticorps anti-HBs jouent un rôle 

chez les porteurs chroniques du virus(160,161,173)
anticorps neutralisants s
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contribuer à la phase précoce de la clairance virale au cours d
résolutive (160,161,173). -HBe témoigne en général de 

HBV.         
Cette capacité protectrice des anticorps anti-HBV n'a pas été entièrement élucidée 
jusqu'à la découverte récente du polypeptide cotransporteur de sodium-taurocholate 
(NTCP), le récepteur du HBV (97,174), ainsi que l'établissement de lignées 
cellulaires in vitro faciles à infecter. Cela a permis une cartographie précise des 
régions de HBV essentielles à la capacité infectieuse du domaine préS1 et de la 
région de la boucle antigénique (également appelée «déterminant a») de l'antigène 
HBs (175). Les anticorps dirigés contre ces deux régions HBs sont capables de 
bloquer l'infection par le HBV (176,177) tandis que les anticorps spécifiques à 
d'autres régions du HBV qui ne sont pas impliqués dans la capcité infectieuse du 
HBV, comme la région Pré-S2, ne présentent aucune capacité de neutralisation 
(178). 
Même si elles ne sont pas principalement impliquées dans le contrôle de l'infection 
pendant la phase aiguë, l'importance des cellules B dans la phase de résolution de 
l'infection est remarquable. À ce stade, malgré la négativité sérologique pour HBsAg, 
le HBV est encore capable de synthétiser de petites quantités d'antigènes, qui sont 
indétectables par les tests disponibles mais suffisants pour maintenir une réponse 
immunitaire spécifique au HBV et être contrôlés par des anti-HBs. Cette hypothèse 

HBV déclenché par 
les traitements anti-CD20 appauvrissant les cellules B (179). En plus des aspects 
inexplorés de la fonction d'anticorps dans l'infection par le HBV, les cellules B 
peuvent avoir un rôle important, quoique indirect, dans le contrôle de l'infection par le 
HBV
lymphocytes T CD4 + antiviraux (180,181). Cette présentation préférentielle par les 
cellules B explique en partie l'immunogénicité de HBcAg, ce qui est essentiel pour le 
développement d'une réponse CD4 anti-HBc surtout que la réponse anti-HBc joue un 
rôle crucial dans les infections aiguës et chroniques (182,183). Finalement, les 
lymphocytes B jouent aussi le rôle -
10. En fait, les cellules B productrices d'IL-10 sont enrichies, en particulier lors des 
éruptions hépatiques de l'hépatite B chronique, et il a été montré qu'elles modulent 
non seulement les événements inflammatoires mais aussi peuvent diminuer les 
réponses des lymphocytes T CD8+ anti-HBV (184,185). 

3.1.4  
Le manque d'anti-HBs dans l'infection chronique HBV peut être attribué à un 
épuisement sélectif des cellules B spécifiques. Le phénomène d'épuisement des 

été décrit dans différents modèles  (186,187). 
Dans ce contexte, une étude récente visant à déterminer l'étendue de l'activation et 
de la différenciation des lymphocytes B chez les patients atteints d'infections 
chroniques persistantes du HBV et du HCV a montré une proportion plus élevée de 
cellules B naïves et mémoires, avec un phénotype suractivé, que dans les groupes 
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témoins sains. Cependant, ces cellules ont montré une capacité proliférative réduite 
(188) et, de façon intéressante, elles ont exprimé de faibles niveaux de récepteur 
inhibiteur Fc receptor like-4 (FCRL4), un récepteur inhibiteur qui est surexprimé sur 
une sous-population de cellules B mémoires épuisées (187). En outre, le profil 
d'expression des gènes effectué dans le sang périphérique de patients infectés par le 
HBV avec différents profils cliniques et virologiques ont montré une signature 
génétique compatible avec une activation robuste des cellules B chez les patients 
atteints d'hépatite chronique active (127) bien que la signification fonctionnelle de 
cette découverte soit inconnue.         
Xu.X et al., Ont également suggéré que la capacité de présentation des antigènes 
des cellules B était également altérée chez les patients atteints de CHB, ce qui a été 
démontré par une diminution significative de l'expression de CD80 (189). Parce que 
la liaison du CD28 sur les cellules T CD4+ au CD80 / CD86 sur les cellules B 
représente une voie co-stimulatrice dominante qui joue un rôle essentiel dans 
l'activation et la prolifération des lymphocytes T CD4+, la régulation négative du 
CD80 sur les cellules B chez les patients atteints de CHB reflète vraisemblablement 
l'insuffisance dans nduction de l'activation et de la prolifération de ces lymphocytes 
CD4+. nfection chronique par le HBV peut 

présentation antigénique.              
En résumé, il est de plus en plus évident que la biologie des cellules B dans 
l'infection par le HBV a été largement négligée à ce jour et qu'elle devrait maintenant 
représenter un axe de recherche principal pour mieux comprendre les mécanismes 
sous-jacents à l'interaction entre les bras cellulaires et humoraux du système 
immunitaire et pour mettre en évidence le rôle potentiel joué par les cellules B dans 
la pathogenèse et le sort des maladies  hépatiques liées au HBV. 

 

3.2 La réponse immunitaire innée et HBV 
La réponse immunitaire innée est la première à inte
pathogène et est primordiale pour contrôler la réplication du pathogène et activer la 
réponse immunitaire adaptative. Elle fait intervenir des récepteurs reconnaissant des 
motifs (PRR) comme les Toll-like 
pathogène par au moins un de ces récepteurs, des voies de signalisation sont mises 
en place et les facteurs de transcription comme NF- et 7 sont activés. Ces 
facteurs serviront à la transcription des interférons de type I (IFN- IFN-
cytokines proinflammatoires ( , IL-1 et IL-6). Les cytokines proinflammatoires 
serviront à recruter les cellules inflammatoires comme les cellules NK ou encore les 
macrophages. Les interférons de type I vont quant à eux agir sur la cellule infectée 
via leurs récepteurs et la voie Jak/STAT pour activer les interferon-stimulated genes 
(ISGs), acteurs majoritaires de  (190,191). 

pathologie associée sont médiés par le système immunitair



47 
 

récemment, e adaptatif 
dans le contrôle de 

i réévaluée. Cependant, les données restent limitées notamment en raison 
de la difficulté de recrutement des patients dans les étapes pré symptomatiques de 

aiguë par le HBV (173,192) 
HBV in vitro (193,194).              
En dépit des difficultés expérimentales rencontrées 
HBV dans les modèles animaux, plusieurs de ces études ont montré que la réponse 
immunitaire innée suite à une infection aiguë par le HBV est faible ou absente. Chez 
des patients infectés par le HBV, les cytokines pro-inflammatoires sont souvent 
indétectables pendant les 

 plus tardivement, le niveau est très faible 
comparativement aux patients infectés par le HCV et le HIV (195). Une autre étude 
clinique sur des patients avec une infection aiguë a démontré une absence 

 
et pendant la phase de la réplication virale (168,196). Ces résultats confirment des 
résultats obtenus dans le modèle de chimpanzé infecté par le HBV où les gènes 
in indétectables  
réplication virale suggérant une absence de détection par le système PRRs et une 
absence  (197). Au contraire, une 
induction très rapide des gènes du système immunitaire innée a été observée dans 
les animaux infectés avec le HCV (198), démontrant clairement que deux virus qui 
ont le même tropisme cellulaire utilisent des stratégies différents pour leur interaction 
avec leurs hôtes. La déficience erféron peut 
être expliquée par une capacité du virus à échapper à la réponse innée. La stratégie 
de réplication du HBV rend le virus invisible et indétectable par le système de 
reconnaissance cellulaire pendant plusieurs étapes du cycle viral. La localisation 

g ainsi que la ressemblance des 
transcrits viraux avec les transcrits normaux de la cellule empêchent leur 
reconnaissance par les récepteurs P
réponse innée et la persistance de 

Nccc dans le noyau des cellules infectées(160,192,199). 
BV pouvait être détecté par 

les senseurs de la réponse innée. De manière intéressante, la transduction de la 
lignée HepaRG se IFN-
un contrôle de la réplication virale (200). Il est important de noter que la pertinence 
physiologique de cette étude reste incertaine puisque les auteurs ont induit la 
réplication virale en utilisant un baculovirus portant le génome HBV pour déclencher 
la réponse immune. Ce 

étude sur les mécanismes 
la quant influence la machinerie de détection 
intracellulaire (201). 
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Les senseurs cytoplasmiques ou membranaires impliqués dans la détection du virus 
sont encore inconnus. De plus, la réplication du HBV est inhibée via la sécrétion 

-  (toll-like receptor) par leurs ligands chez la 
souris (202). Au-delà des hépatocytes, le HBV est aussi reconnu par des cellules non 
parenchymateuses. Ainsi, Hôsel et al. ont démontré que les macrophages et en 
part
répliquer, sont capables de reconnaitre ce dernier par le système PRRs. Cette 
rec  à HBV NF- B 

- -inflammatoires. Dans cette étude -
6 est capable de bloquer la transcription et la réplication du HBV très tôt après 

cytokines 
(203). 

 
publiées (196). 
production de cytokines (IFN- , IL-15, IL-10, IL-6 et IL1-
au HCV, une réponse immunitaire innée est tout de même mise en place (195). 
La capacité du système immunitaire inné à détecter une infection HBV a aussi été 
montrée dans des souris humanisées, où il y avait une légère augmentation des 
gènes terféron (ISGs) dans les souris infectées par rapport à 
celles non infectées (204). Malheureusement, les mécanismes responsables de la 
détection du HBV dans les cellules infectées ne sont pas bien déterminés et les 
composants moléculaires de virus reconnus par le système PRRs ne sont pas 
encore bien définis. Cependant, il a été montré que les capsides du HBV sont 
reconnues par le TLR2 (205) et une étude récente suggère que le récepteur MDA5 
(la famille RLRs) est associé aux acides nucléiques spécifiques du HBV et joue un 
rôle dans la détection de (206). 

3.2.1 HBV et  
Comment expliquer que le HBV soit déte

-à-
proinflammatoires, soit si faible voire absente ?       

HBV développe une stratégie 

quantité dans le sérum. Ces antigènes ont un effet immunomodulateur permettant au 
virus chapper au système immunitaire.             

HBV « semble » invisible pour le système immunitaire inné car il est 

(207)

avec une hépatite chronique que le niveau plasmatique de HBsAg corrèle avec le 

pro inflammatoires dans les cellules mononuclées du sang (208)
HBsAg interfère avec les voies de signalisation Erk, JNK et 
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NF- B déclenchées par les TLRs dans les monocytes et macrophages (209 212). 

myéloïdes (213). La capacité du virus à inhiber la réponse immuni
pas limitée à l peut aussi 
bloquer son action antivirale. Une étude dans le modèle des souris humanisées a 
montré que le HBV empêche la 
inhibant la translocation du facteur de transcription STAT-1 (204). De même, la 
polymérase virale pourrait inhiber la réponse antivirale de ron (214) en 
interagissant directement avec la protéine kinase C-delta (PK-
pour inhiber la translocation du complexe STAT1/STAT2 dans le noyau et inhiber la 
transcription des ISGs (215).           
Ces études et de nombreuses autres ont donc décrit cette capacité inhibitrice du 
HBV  seront détaillés plus tard. 

3.2.2 Rôle des cytokines dans la réponse antivirale 
Récemment, plusieurs études ont mis en évidence les cytokines comme médiateurs 
fondamentaux dans la réponse immunitaire antivirale et la clairance du HBV 
(216,217). Le niveau expression des cytokines peut jouer un rôle clé dans 

 . Après une infection virale, les 
cellules infectées répondent rapidement en produisant des cytokines antivirales telles 

ne ou plusieurs étapes du cycle virale et limiter 
pacité de recruter des cellules 

inflammatoires telles que les cellules NK, NKT qui constituent la première ligne de 
défense, ces cellules reconnaissent très tôt les cellules infectées et agissant en 
sécrétant des cytokines  (218). Les macrophages et 
les cellules dendritiques jouent aussi un rôle clé dans le contrôle des premières 

en secrétant des chémokines et des cytokines pro-
- -18 qui induisent la sécrétion de  et 
- -6 et le  possédant des effets antivirales 

directes ou indirectes (203,218,219). Tous ces événements précoces contribuent au 
développ adaptative spécifique du virus. Ces 
cytokines inflammatoires des deux réponses immunitaires innée et adaptative 
agissent à  

3.2.2.1 La réponse interféron 
Les interférons sont divisés en 3 types : les interférons 
interagissant avec leurs récepteurs spécifiques (IFNR) activent plusieurs voies de 
signalisation antivirale impliquées dans le contrôle de la réplication virale à plusieurs 
niveaux du cycle virale dans la cellule infectée ainsi que dans les cellules voisines. A 
côté de cet action 
la réponse immunitaire innée et adaptative (216)
NK, des lymphocytes cytotoxiques (CTL) et des macrophages. Elles augmentent 

des molécules CMH-1 et CMH-2 et activent les cellules B mémoires. 
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t est surtout produite par les cellules NK, NKT et les 
cellules T (218) transition de la réponse immune innée à une 
réponse adaptative en activant les cellules T cytotoxiques et régulent la fonction des 
cellules NK, les cellules mémoires B et les macrophages. Le troisième groupe des 
interférons sont les interférons lambda (IFN- comme les interférons de 
type 1  virale (220). Les interférons 
jouent le rôle principal dans la ré probablement sont les 
médiateurs les plus importants dans le contrôle non cytolytique de ion (161). 
La réplication du virus dans les cellules infectées induit souvent une production 

est caractérisée par une 
cellules immunitaires innées et adaptative 

(196,221). Des études sur des souris transgéniques et des lignées hépatocytaires 
ont démontré que le niveau de la réplication du HBV dans les souris déficientes pour 

celui observé 
dans les souris contrôles suggérant que le niveau basal de ces cytokines contrôle la 
réplication du virus (222). HBV au niveau 
transcriptionnel et post-transcriptionnel.  

HBV indispensables pour 
expression des gènes et la réplication du HBV (223,224). Enfin, les interférons en 

se fixant sur les récepteurs, sont capables de déclencher des voie de signalisations 
 plusieurs gènes 

antiviraux nommés ISGs (225,226).        
) agit aussi sur la réplication du HBV par un mécanisme 

non cytolytique. Guidotti et al. ont démontré que les cellules T cytotoxiques dans le 
modèle de souris transgéniques peuvent inhiber dans un premier temp
des gènes viraux sans tuer l  et  par les 
cellules T cytotoxiques, et les macrophages qui sont antigène indépendant (227). 
Ces mêmes auteurs ont démontré plus tard que ces cytokines agissent par 2 
mécanismes indépendants. Le premier 
et par conséquent virale et le second passe par la 
déstabilisation des ARN viraux (159). In vitro, Philips et al. ont démontré dans un 
modèle de co-culture que les cellules T-CD8+ inhibent la réplication du HBV dans les 
hépatocytes infectés par HBV avec une lyse cellulaire minimale (158). Le blocage de 

 et du  tion non cytolytique du HBV, ce qui indique que ces 2 
cytokines secrétées par les cellules T CD8+ contrôlent le virus par des mécanismes 
non cytolytiques. De plus, le traitement des hépatoc IFN  et le 

 recombinants résulte en une inhibition efficace de la réplication virale sans 
cytotoxicité (158). De même, une étude a montré  par un 

les cellules HepG2 sans 
induire  ces cellules (228). 

3.2.2.2 -6 (IL-6) 
e-6 est une cytokine inflammatoire impliquée dans plusieurs effets 

biologiques et 
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nes de phase aiguë (229,230). En réponse à une lésion 
-6 est induite dans plusieurs types cellulaires tels que les cellules 

endothéliales, les hépatocytes et les cellules de Kupffer (231). En outre, il a été 
-6 joue un rôle important dans la survie des hépatocytes en 

stimulant la régénération du foie et en le protégeant contre les facteurs de lésion 
hépatique. Plusieurs études ont démontré que le -6 est élevé dans le 
sérum des patients en phase chronique et les patients qui ont développé une 
cirrhose et un hépatocarcinome (232). De plus, une étude chez des patients en 
phase chronique, a dém -6 est significativement augmentée 

études soulignent le 
rôle im -6 dans la réponse par le HBV 
(203,219). Des approches expérimentales in vitro -6 sur la 
réplication du HBV. Ainsi, dans les cellules HepG2 transfectées avec le génome 
HBV -6 supprime la réplication du virus en réduisant le niveau des transcrits 
viraux, les protéines de la capside et le niveau des nucléocapsides contenant le 
génome (233). Une autre étude réalisée par Hösel et al. sur des hépatocytes 
humains a dém macrophages reconnaissent le virus et 
induisent la production de plusieurs cytokines dont - -6 a la 
capacité à contrôler la réplication, transcription NF- B 
(203). 

HBV : 
- L e 12 (IL-12) qui est fortement produite et stimule la production des 
cytokines de type Th1 chez les patients en phase chronique, joue un rôle important 
dans la clairance du virus (234). IL-12 supprime la réplication du virus dans le foie 
des souris transgéniques, elle est impliquée dans la disparitio
cytoplasme 
nucléocapsides où la réplication aura lieu. -12 
est médié principalement par la  (235). 
- -18) agit rapidement et supprime la réplication du HBV dans le 
foie façon non cytopathique en stimulant des cellules 
NK et NKT à produire l  dans le foie (236). 
- -15) 
HBsAg et HBeAg dans le foie de souris transgéniques (237). 
- - ant sur les récepteurs IL-1R ou TLR2, active le 
facteur de transcription NF- B impliqué dans la transcription et la production -8 et 

 eux- réplication du HBV (238,239). 
-  bloque la réplication du HBV NF- B, en inhibant 

de particules de core virales (238,240). 

 

3.3 Les récepteurs de reconnaissance des motifs moléculaires (PRR) 
e défense contre les pathogènes et elle est 

commune à tous les animaux. Elle repose sur la reconnaissance de motifs 



52 
 

moléculaires présents sur de nombreux pathogènes, les pathogen-associated 
molecular patterns (PAMP). Ces motifs, très conservés au cours de 
reconnus par des récepteurs cellulaires nommés PRR (pattern-recognition 

 nombre restreint de PRRs puisse 
-organismes. Certains lipides, lipoprotéines, 

carbohydrates ou peptidoglycanes issus de bactéries, champignons, ou protozoaires 
constituent des exemples de PAMPs. Par ailleurs, certaines molécules endogènes 
relarguées -associated molecular 
patterns), peuvent activer les PRRs. Les PRRs peuvent être séparés en plusieurs 
catégories : les PRRs sécrétés ou les PRRs cytosoliques et membranaires. La 
plupart des membres du système du complément sont par exemple des PRRs 
sécrétés. La reconnaissance des PAMPs par les PRRs déclenche 

 sécrètent alors des médiateurs de 

laire de la réponse 
inflammatoire puis de la phase effectrice. Ces cellules sont aussi les initiateurs de 

adaptative. Actuellement, 4 familles de PRRs ont été 
identifiés : TLRs (Toll-like receptor), RLRs (RIG-1 like receptos), NLR (NOD-like 
receptors), LCR (C-type lectin) (241,242). 
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Figure 9 : Représentation schématique des principales classes de PRRs du système 
immunitaire inné (243). 

 

3.3.1 Les PRRs cytosoliques 

3.3.1.1 Les RIG-I like récepteurs (RLR) 
Les RLR sont des ARN hélicases cytoplasmiques et reconnaissent les divers types 
d'ARN produits dans le cytoplasme. Ils représentent un mécanisme général de 
détection du virus car ils sont exprimés de façon omniprésente par les cellules 
immunitaires et non immunitaires (244). Cette famille comprend RIG-I, MDA-5 
(melanoma differentiation-associated gene-5) et LGP2 (laboratory of genetics and 
physiology 2) (245). Les RLRs détectent des virus à ARN avec des spécificités 
distinctes et sont ainsi essentiels pour la reconnaissance des virus ssRNA, y compris 
le virus syncytial respiratoire (RSV), le virus de la grippe A, le virus de stomatite 
vésiculeux (VSV), le virus de l'encéphalite japonaise (JEV), le virus de l'hépatite C 
(HCV) et des composés de virus dsDNA tels que le virus Epstein-Barr (EBV) (246
248). En outre, MDA5 reconnaît l'ARN acide polyinosinique polycytidique (poly :IC) 
(249). RIG-I et MDA-5 interagissent avec l'ARN viral avec une spécificité de ligand 
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différente. Bien que la plupart des études aient -triphosphate 
était capable de se lier et d'activer RIG-I (247,250 253), Kato et al., ont montré que 
RIG-I détecte les ARNds sans extrémité 5'-triphosphate, et que RIG- I et MDA5 
reconnaissent sélectivement les dsRNAs courts et longs, respectivement (254). 
Schlee et al. ont identifié la structure moléculaire exacte pour le ligand RIG-I (255). 
Bien que l -triphosphate soit requise pour l'activation de RIG-I, une 
extrémité brisée et double brin à l'extrémité triphosphate est nécessaire pour son 
activation complète. Ces caractéristiques structurelles sont absentes dans l'hôte 
cellulaire en raison des différents mécanis de l'ARNm 
cellulaire, ce qui évite l'auto-reconnaissance de l'ARN (252 254). 
L'activation de RIG-I et MDA5 déclenche l'activation de plusieurs voies de 
signalisation, y compris NF- -7, conduisant à la production d'interféron 
de type I et à un ensemble de cytokines pro-inflammatoires (250,256,257). RIG-I et 
MDA5 recrutent comme protéine adaptatrice,  promoter stimulator (IPS-1), 
nommé aussi protéine de signalisation mitochondriale antivirale (MAVS), adaptateur 

(CARDIF) car il a été découvert simultanément par quatre groupes (258 261). Le 
domaine transmembranaire d'IPS1 assure sa localisation mitochondriale, qui est 
nécessaire pour l'activité IPS1 (262).              
Actuellement, RIG-I et MDA5 sont supposés être les seuls récepteurs reconnaissant 
les virus d'ARN pour induire les IFN de type I. Ils agissent séparément ou ensemble 
dans divers types de cellules pour lutter contre les virus à ARN. Cependant, un autre 
rôle de RIG-I a été élucidé par deux études : RIG-I est capable de reconnaître l'ADN-
B par un intermédiaire d'ARN généré par la transcription par l'ARN polymérase III 
(263,264), et plus récemment Choi et al. ont montré l'implication de RIG-I et MDA5 
dans la reconnaissance de l'ADN cytosolique (265).      

-I est inhibée 
par HBV et que cette inhibition a des implications dans la détection du virus par 
immunité innée. En fait, Hou et al. montrent que le HBV

-I et RIG-G et en conséquence la réponse innée anti-
virale contre le virus (266). Une autre étude a montré que la polymérase du HBV 

- -I et TLR3 dans les hépatocytes 

TBK1 / IKK (267). 

3.3.1.2 NOD-like récepteurs (NLR) 
Les NLR appartiennent à une grande famille de 20 membres de protéines 
intracellulaires qui partagent des similitudes structurelles, y compris : un LRR 
carboxy-terminal, un domaine central de liaison à un nucléotide NACHT (neuronal 
inhibitory protein (NAIP), CIITA, HET-E and TP-1), qui a une activité ATPase 
intrinsèque et un domaine d'interaction protéine-protéine amino-terminal. 
Les NLR sont classés en différentes sous-familles selon la nature du domaine 
présent à l'extrémité amino: (1) un domaine de recrutement de caspase (CARD), 
présent dans la sous-famille NOD soit (2) un domaine pyrine, dans la sous-famille 
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NALP (245).                              
NOD1 / NLRC1 et -2 / NLRC2 sont des membres bien caractérisés de la famille NLR, 
qui reconnaissent à travers leurs domaines riches en leucine (LRR) les 
peptidoglycanes (PGN) qui sont des composants de la paroi cellulaire bactérienne. 
NOD2 agit comme un senseur général de bactéries par la reconnaissance de PGN 
contenant du muramyl dipeptide (MDP) (268,269), tandis que NOD1 reconnaît l'acide 
diaminopimélique (DAP) trouvé dans toutes les bactéries Gram-négatives et un 
nombre limité de bactéries Gram-positives (270,271). Après la reconnaissance de 
PGN, la signalisation de NOD1 et NOD2 entraîne l'induction de cytokines 
inflammatoires en activant les voies NF-kB et MAPK (272,273).        
La sous-famille NALP contient 14 membres qui répondent à de nombreux PAMPs 
bactériens et participent à la formation d'un complexe multiprotéique appelé 
inflammasome. L'inflammasome contrôle le traitement et l'activation des cytokines 
pro-inflammatoires de la famille IL-1. IL- -18 et IL-33 sont synthétisés comme 
des pro-cytokines inactives et nécessitent une activation par la caspase 1 pour 
donner des cytokines bioactives matures (245,274). Ce complexe multi-protéique 
contient un NALP ou NAIP,  en plus une protéine adaptatrice ASC avec un 
domaine CARD qui facilite l'activation de la caspase-1 (275), suivie de la maturation 
de l'IL-  

membres de la famille NLRs (par exemple NLRP1, NLRP3, NLRP6, NLRC4) et 
asomes ne comprenant pas de NLRs (par exemple AIM2, 

IFI16 et RIG-I, activés par des acides nucléiques provenant de pathogènes) 
(276,277). 
En résumé, les NLRs jouent un rôle essentiel dans le contrôle des microorganismes 
pathogènes et des troubles immunologiques. Ils constituent une ligne de défense 
cytoplasmique contre les pathogènes microbiens et peuvent être complémentaires 
des TLRs (discutés plus loin) pour protéger contre les microbes ayant différentes 
voies d'infection. 

3.3.1.3 Les récepteurs à ADN cytosoliques 
La reconnaissance des ADN provenant de plasmides (utilisés par exemple pour la 
vaccination), provenant de cellules du soi en train de mourir, ou encore de 
pathogènes tels que les virus ou les bactéries, peut également avoir lieu par des 

exemple les DAI (pour « DNA-dependant Activator of IFN-regulatory factors » et 
aussi appelés ZBP1), qui sont localisés dans le cytosol (comme les RLRs) de 
cellules immunitaires ou non immunitaires et ont  été les premiers senseurs 
d'ADN cytosoliques découverts  (278). Leur activation déclenche les voies de 
signalisation NF-kB et IRF-3 et pourrait entraîner une réponse IFN de type I, mais 
aussi de type III.             
Les DAI interagissent avec divers types d'ADN avec une préférence stricte pour la 
séquence et la configuration de l'ADN; cependant, une production d'IFN inférieure a 
été observée après une stimulation avec un ADN de moins de 100 paires de bases 
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de longueur (279,280). De plus, la protéine transmembranaire STING (pour « 
Stimulator of Interferon genes », appelée aussi TMEM173 ou MITA), localisée dans 
le réticulum endoplasmique, semblerait être impliquée dans la reconnaissance 

une int
amont de STING, qui correspondraient par exemple aux DAI. La protéine STING 
pourrait donc représenter une protéine adaptatrice centrale.         
En outre, une étude récente a souligné le rôle central de DAI dans l'infection à 
MCMV (281). La production d'IFN de type I induite par l'ADN et médiée par DAI varie 
selon les types de cellules; les données obtenues après l'inhibition de l'expression de 
DAI ont suggéré l'existence d'autres capteurs d'ADN (280).     

AIM2 est un composant crucial impliqué dans la production d'IL-1
l'ADNds via ASC/Caspase 1 mais est indispensable pour la production d'IFN de type 
I (largement dépendante de STING) (282). AIM2 s'associe à ASC et à la caspase 1 
qui est ensuite activée et IL-1 . Il a également été 
montré comme une composante essentielle de la réponse IL1-  aux virus à ADN 
cytosoliques tels que le MCMV, le vaccinia virus et la bactérie cytosolique 
Franciscella tularensis (283).         
IFI16 est le seul PRR impliqué dans la production d'IFN de type I et dans la 
maturation et la sécrétion d'IL-  en réponse aux virus à ADN (284,285). IFI16 est 
localisé principalement dans le noyau; par conséquent, il pourrait éventuellement 
détecter la réplication de l'ADN viral. En effet, IFI16 s'associe à ASC dans les cellules 
endothéliales infectées par le KSHV et déclenche la formation  
dépendante de la caspase 1 et l'activation de NF-  (285). 

3.3.2 Les PRRs transmembranaires 

3.3.2.1 Les protéines C-type lectin-like domain 
La superfamille de protéines C-type lectin-like domain (CTLD) contient des protéines 
avec un domaine de reconnaissance de carbohydrate commun (CRD) ou un 
domaine de CRD-like impliqué dans la reconnaissance de pathogènes grâce à la 
reconnaissance des structures de mannose, de fructose et de carbohydrates. La 
spécificité du mannose permet la reconnaissance des virus, des champignons et des 
mycobactéries, le fructose est spécifique à certaines bactéries et les helminthes et 
les glucanes sont présents dans les mycobactéries et les champignons (286,287). La 
superfamille de CTLD comprend le macrophage mannose receptor (MMR), le 
dendritic cell (DC) associated C-type lectin 1 (dectin-1) et les sous-familles de DC 
immunoreceptor (DCIR) (288,289). La reconnaissance par CTLD conduit à 
internalisation des pathogènes, à leur dégradation et à leur présentation antigénique 

(287). En outre, certains CTLD, y compris dectin-1, dectin-2, et macrophage-
inducible C-type lectin (MINCLE) activent directement NFkB, tandis que d'autres 
CTLD, tels que DC specific ICAM3-grabbing non-integrin (DC-SIGN), blood DC 
antigen 2 protein (BDCA2), DCIR et myeloid C-type lectin-kike receptor (MICL) 
modulent la signalisation par d'autres PRRs tels que le TLRs (289). 
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3.4 Les Toll-like récepteurs (TLR) 
La famille des Toll-like récepteurs (TLR) est l'une des familles de PRRs les mieux 
caractérisées. La découverte des TLR a été un événement important pour la 
recherche en immunologie et a été reconnue avec l'attribution du prix Nobel 2011 de 
physiologie et de médecine à Jules Hoffmann et Bruce Beutler pour leur recherche 
innovante en immunologie. 

3.4.1 Historique et découverte 
Les TLRs melanogaster pour leur rôle dans 

- se (290). En effet, les 
insectes dépourvus du gène toll codant pour cette protéine présentaient des 
anomalies du positionnement des organes. Environ 10 ans plus tard, en 1996, le rôle 
immunitaire des TLRs a rès 

oll chez Drosophila induisaient un 
défaut de résistance face à des infections fongiques (291) e, on 
rapprochait le rôle des TLRs à celui du récepteur 1 -1 (IL1-R1). En effet, il a été 
montré que les T -1R1 partageaient des homologies de séquence dans leur 
domaine cytosolique (le domaine TIR pour Toll-Interleukin 1 Receptor), suggérant 

 de la voie du NF- s processus immunologiques (292). 
Ces études sont le point de départ série de recherches actives pour identifier 
des molécules similaires chez les mammifères. En 
montre des homologies de séquence entre la protéine Toll de drosophile et une 

e fois cette « protéine Toll 
humaine » ou hToll (ancien nom du TLR4) dans des monocytes humains et ont 
montré que ces cellules étaient c o-stimulation 
et de produire des cytokines pro-inflammatoires et ce de manière NF- -dépendante 
(293). Ces caractéristiques 
années 90, 13 récepteurs TLR ont été découverts chez les mammifères dont 10 qui 
sont exprimés et fonctionnel  (TLR1-TLR10 chez les humains ; TLR1-
TLR9 et TLR11-TLR13 chez les souris) mais il est fort probable que le nombre va 
augmenter dans les années à venir. De 
ligands naturels connus (TLR10, 12, 13).          
Sur la base des homologies de séquence, les TLRs des vertébrés peuvent être 
regroupés en six sous-familles : TLR1/2/6/10, TLR3, TLR4, TLR5, TLR7/8/9 et 
TLR11/12/13 (294). Les TLRs sont exprimés sur diverses cellules immunitaires, y 
compris les pDCs, les macrophages, les cellules B et T et de même les cellules non 
immunitaires, telles que les cellules épithéliales et les fibroblastes, et ont une 
localisation soit en surface cellulaire soit intracellulaire. Les TLRs exprimés sur la 
surface de la cellule (TLR1, 2, 4, 5 et 6) reconnaissent largement les composants 
membranaires microbiens, tandis que les TLR qui se trouvent presque exclusivement 
dans les compartiments intracellulaires (TLR3, 7, 8 et 9) reconnaissent les acides 
nucléiques. 
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3.4.2 Structure 
Les TLRs sont des protéines transmembranaires de type I (partie N-terminale du 
côté extracellulaire) traversant soit la membrane plasmique (TLR1, 2, 4, 5, 6) soit 
celle de  intra-endosomal 
est le domaine de liaison au ligand ; il comporte des répétitions de motifs riches en 
leucines (LRR pour leucine rich repeats). Les LRRs sont disposés en forme de fer à 
cheval (295) et contiennent les séquences xLxxLxLxx, où x représente de nombreux 
acides aminés et L est la leucine. Les TLRs nécessitent les LRRs pour la 
reconnaissance des ligands (296). La structure cristalline et le modèle 3D des 
domaines extracellulaires de nombreux TLRs (TLR1, 2, 3, 4, 8 et 9) avec leurs PAMP 
agonistes ou antagonistes ont été caractérisés (295,297 301).        
Le domaine cytoplasmique des TLRs est désigné comme Toll/interleukin-1 receptor 
(TIR) en raison d'une homologie partagée avec les domaines de signalisation des 
membres de la famille IL-1R (302). Ce domaine est composé de trois régions très 
conservées appelées box 1, 2 et 3 et est nécessaire pour la signalisation en aval 
grâce à une interaction avec d'autres protéines contenant le domaine TIR. Sans 
stimulation, les TLRs se trouvent sous forme monomérique (TLR de surface), 
homodimérique ou hétérodimérique préformés (endolysosomaux). La dimérisation 
des TLRs est essentielle à leur activation. La liaison du ligand à 
TLR induit une action entre les 
domaines TIR des dimères TLR. La dimérisation de ces domaines TIR est le signal 
de départ de la formation . En fait, le domaine TIR 
dimérisé et reconnu par les domaines TIR de protéines adaptatrices telles que 
MyD88, MAL (Toll-like receptor 4 in MyD88 adapter-like), TRIF (TIR-domain-
containing adapter-inducing IFN-beta) et TRAM (TICAM2 Toll-like receptor adaptor 
molecule 2) ce qui déclenche ensuite des voies de signalisation en aval conduisant à 
l'induction de cytokines inflammatoires pour initier la réponse immunitaire adaptative 
(303). Les TLR sont fortement conservés et partagent des similarités structurelles et 
fonctionnelles. 

3.4.3 Voies de signalisation 
Tous les TLRs activent une voie de signalisation commune menant à la production 
de cytokines proinflammatoires via la protéine adaptatrice MyD88. Des études 
ultérieures ont, toutefois, clairement démontré l'existence d'une voie indépendante de 
MyD88 qui est propre à la voie de signalisation TLR3 et TLR4 (304). MyD88 possède 
un domaine TIR dans la partie C-terminale et un domaine de mort (death domain) 
dans la partie N-terminale. Dans les voies de signalisation dépendantes de MyD88, 
MyD88 s'associe au domaine TIR des TLRs. Lors de la stimulation du ligand, MyD88 
recrute IRAK (interleukin-1 receptor associated kinase) par l'interaction de leurs 
domaines de mort (305,306). Les mammifères ont quatre membres de la famille 
IRAK, appelés IRAK1, IRAK2, IRAKM et IRAK4. IRAK est activé par phosphorylation 
et s'associe à TRAF6 (tumor necrosis factor receptor associated factor 6). Cet 
événement induit la polyubiquitinilation de TRAF6 
( -activated kinase 1) et TAK1/TAB (TAK1 binding 
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protein). Ce complexe TAK1/TAB va stimuler 
consiste en deux composants catalytiques, IKK  et IKK , et un composant 
régulateur, NEMO (NF- B essential modifier, connu aussi sous le nom ). Lors 
de l'activation, le complexe IKK déclenche la phosphorylation rapide de résidus de 
sérine spécifiques dans les protéines IkB, une famille de protéines inhibitrices qui 
maintiennent les facteurs de transcription NF-kB séquestrés dans le cytoplasme sous 
forme inactive. Les protéines IkB phosphorylées sont ensuite polyubiquitinilées et 
dégradées par le protéasome 26S, permettant la translocation de NF-kB dans le 
noyau où il va stimuler des molécules effectrices pour l'immunité innée (307). 
La famille NF-kB comprend des facteurs de transcription dimériques qui contiennent 
des domaines Rel-homology (RHD) présents dans les régions promotrices et les 
régions enhancer de divers gènes (308). Dans les cellules de mammifères, il existe 
cinq membres de la famille NF-kB: RelA (p65), RelB, C-Rel, p105 (NF-kB1; un 
précurseur de p50) et p100 (NF-kB2; un précurseur de P52). Les protéines NF-kB 
forment des homo- ou des hétérodimères et régulent l'expression des gènes 
impliqués dans l'immunité innée et adaptative, l'inflammation, l'anti-apoptose, la 
prolifération, les réponses au stress et la progression du cancer (308,309). La forme 
la plus activée de NF-kB dans la signalisation TLR est un hétérodimère composé de 
RelA et p50 (310). Cette voie est appelée «voie canonique» et est responsable de 
l'induction, médiée par les TLRs, de cytokines inflammatoires telles que le facteur de 
nécrose tumorale  ( ) et l'IL-6 (311). En plus de l'activation du complexe IKK, 
TAK1 peut également recruter des protéines kinases activées par des mitogènes 
(MAPK), telles que les JNKs (c-Jun N-terminal kinases) et p38, pour l'activation du 
facteur de transcription AP-1 (activator protein 1), qui déclenche également la 
production de réponse pro-inflammatoire (312,313). Par ailleurs, les voies 
dépendantes de MyD88 médiées par TLR7 et TLR9 recrutent également un autre 
facteur de transcription, IRF7, pour induire la production IFN de type I (314). En 
outre, la voie passant par MyD88 peut rejoindre la voie passant par TRIF, ce qui 
explique le fait que le TLR3 peut activer NF- emple) peut 
activer la synthèse               

des lipopolysaccharides conduit au recrutement des molécules adaptatrices TRAM et 
TRIF, qui interagissent à leur tour avec TRAF3. TRAF3 induit les IKK non 
canoniques, TANK-binding kinase 1 (TBK1) et  ce qui active le facteur de 
transcription IRF3 et induit ainsi l'IFN-  L'IFN-
conduisant à l'induction de plusieurs gènes inductibles par l'IFN (315,316). 



60 
 

 

Figure 10: s TLRs (317). L'activation des TLRs 
conduit à la dimérisation des récepteurs et au recrutement de protéines adaptatives telles que MyD88, 
TIRAP, TRIF et TRAM. La dimérisation des récepteurs conduit à l'activation des IRAKs-TRAF6 et, par 
conséquent, du complexe IKK et culmine avec l'activation des facteurs de transcription NF-
qui régulent la production de cytokines pro-inflammatoires et d'IFN. 

3.4.4 TLRs membranaires 
Les TLRs de surface (TLR1, 2, 4, 5 et 6) sont impliqués dans la reconnaissance de 
molécules issues de bactéries et de champignons et peuvent être recrutés dans les 
phagosomes.  soit au TLR1 soit au TLR6 pour former des 
hétérodimères qui vont reconnaitre des pe TLR10, 
contrairement aux autres TLRs, possède des actions n 
hétérodimère membranaire avec le TLR2 (204). Le rôle du TLR10 reste toujours mal 
connu et ne possède pas de ligand naturel identifié à ce jour. Le TLR5 reconnait la 
flagelline qui est une protéine structurale du filament flagellaire des bactéries. Ces 
différents TLRs de surface activent MyD88 et la suite de la signalisation (déjà décrite) 
après interaction avec leur ligand. s 
à avoir été mis en évidence chez les oll particulier 
car il nécessi molécules comme la protéine circulante LBP 
(LPS-Binding protein) qui va se complexer au 
complexée que la protéine membranaire CD14 reconnait le LPS, qui va alors 
interagir avec le TLR4, lui-même associé à la protéine MD2 (myeloid differenciation 
factor 2). MD2 est une protéine soluble qui est associée de manière non covalente 
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au TLR4. La fixation du ligand au TLR4 active la voie de signalisation et induit ainsi 
la production de cytokines pro-inflammatoires et les IFN de type I. 

3.4.5 TLRs intracellulaires (endosomaux) 
Les TLR endolysosomaux (TLR3, 7, 8 et 9) reconnaissent les acides nucléiques 
bactériens et viraux. Ils se distinguent aussi de leurs homologues de surface car ils 
sont synthétisés sous la forme de dimères stables (298,318) (sauf le TLR3 qui est 
synthétisé sous forme de monomère). Bien que les raisons restent mal connues, le 
pH s (319). 
Par ailleurs, des endoprotéases activées par des milieux acides (cathepsine, 
asparagine endopeptidase) clivent les ectodomaines des TLR endosomaux (320). 
Ce clivage serait nécessaire à la pré-activation des TLRs, notamment le TLR9 
(321,322). De plus, une hypothèse a été émise quant à la localisation endosomale 
de ces quatre TLRs: ils sont séquestrés dans les compartiments endosomaux afin 

reconnaissance des acides nu mpêcher la 
survenue de maladies auto-immunes. Le TLR3 reconnaît les ARN double brin (ds) de 
plus de 35 nucléotides, caractéristiques de certains virus. La liaison d'un ARNds 
entraîne la dimérisation de deux chaines de TLR3 dont les domaines TIR vont activer 
la voie passante par TRIF. Les TLR7 et 8 reconnaissent quant à eux les ARN simple 
brins (ss). Chez la souris, le TLR8 semble avoir une action inhibitrice sur le TLR7 
(323). Le TLR9 (dont nous développerons les caractéristiques dans la suite de ce 
manuscrit) reconnait les motifs CpG hypomethylés présents en plus grande quantité 
sur les ADN bactériens et viraux. Les TLR7/8/9 activent la voie dépendante de 
MyD88. 

3.5 TLR9 
TLR9 est le membre le plus étudié de la famille TLRs. Il a d'abord été découvert en 
1984 par Tokunaga et ses collègues comme reconnaissant de l'ADN bactérien dans 
les cellules immunitaires humaines (324). Plus tard, Krieg et al. ont attribué 
l'activation des cellules B à des motifs d'ADN cytidine-phosphate-guanosine (CpG) 
fortement conservés dans le génome bactérien et viral (325). En 2000, Hemmi et ses 
collègues ont montré pour la première fois que la réponse cellulaire à l'ADN CpG est 
arbitrée par TLR9 chez la souris (326). Un an plus tard, Takeshita et al. clonèrent le 
gène humain TLR9 (hTLR9) et ont révélé que l'expression de TLR9 est une condition 
préalable à l'activation de cellules humaines par les CpG DNA (327). 
La méthylation est décrite comme importante pour la reconnaissance des ligands 
bactériens et viraux par le TLR9. En effet, 
eucaryotes se distingue des autres ADN car il est beaucoup plus méthylé, ce qui 
permet au TLR9 de distinguer le soi du non soi. Mais nous savons maintenant que le 

peut aussi 
dans un modèle artificiel où le 

TLR9 est exprimé à la surface de cellules (chimère TLR4/TLR9), ce récepteur est 
capable de  (328) e la 
localisation endosomale du TLR9 serait nécessaire au maintien de la tolérance vis-à-
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La structure cristalline des trois formes de TLR9 (sans liaison, liée à l'agoniste CpG 
DNA et liée à l'ADN inhibiteur) a récemment été déterminée (299,329). Cette 
structure sert de base importante pour améliorer notre compréhension de 

 

 

 

Figure 11: Structure cristalline des trois formes de TLR9 (modifié de (299)). Sans liaison (A), liée 
à l'ADN inhibiteur (B) et liée à l'agoniste CpG DNA (C). 

 

3.5.1 Du gène à la protéine 
9 chez la souris. Il 

mesure 5,08 kb et possède deux exons. Un polymorphisme du TLR9 existe et 
certains SNP (Single Nucleotide Polymorphism) sont associés à la maladie de Crohn 
(330), a transmission du virus HIV-1 à 
grossesse (331) ou encore au risque de développer un cancer de  (332). 

rnatif des transcrits du gène 
TLR9 existent : TLR9-A, TLR9-B, TLR9-C, TLR9-D et TLR9-E (221,222). Une région 
de 975 aa est commune à tous les variants (333). Les isoformes du TLR9 semblent 
être exprimées de manière différente selon le type cellulaire, leur état de maturation, 
leur ue (333). 
Néanmoins, toutes les isoformes du TLR9 semblent avoir la même capacité à lier 
leur ligand. Dans la suite de ce manuscrit, i est la 
plus décrite.  
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Figure 12 : Comparaison des séquences peptidiques et nucléotidiques des différents 
isoformes de TLR9 (333). initiation de la transcription pour les 
séquences TLR9- - -A canonique. 

                 
 
domaine igand riche en LRRs 
(comptant en moyenne 24 résidus). Les domaines LRRs se regroupent sous forme 
de fer à cheval et, entre les domaines LRR 14 et 15 (approximativement au milieu de 

trouve une longue insertion, la boucle Z (299,334). Cette forme 
décrite du TLR9 est sa forme « full length » inactive. Elle est capable de lier les 
ligands mais MyD88 (335). Un homodimère inactif peut 
être formé à partir de deux protéines « full length ».          
En absence de stimulation, le TLR9 réside dans le réticulum endoplasmique (RE). Sa 
migration vers les endosomes va se produire en réponse à 
dans cet organite que va se dérouler le clivage protéolytique de la fraction N-
terminale du TLR9, au niveau de la boucle Z (en position 471) par des enzymes 

endopeptidase et les cathepsines. Ce clivage 
aboutit à fonctionnel qui va permettre le recrutement de 
MyD88 (336). Il est à noter que cette réaction est dépendante du pH acide retrouvé 

 (337).            
Les signaux TLR9 conduisant à l'activation de l'IFN de type I, mais pas des gènes de 
cytokines pro-inflammatoires, nécessitent le trafic de TLR9 des endosomes vers un 
organite spécialisé lié au lysosome. En outre, le complexe protéique AP3 (adapter 
protein-3) est responsable du trafic de TLR9 vers ce compartiment subcellulaire 
(338).  comme les principaux 
compartiments cellulaires pour les premières étapes de l'activation du TLR9 dans les 
DCs. IRAP peut stabiliser les endosomes contenant CpG en interagissant avec le 
facteur de nucléation de l'actine FHOD4, ce qui a ralenti le trafic de TLR9 vers les 
lysosomes. Ainsi, la rétention endosomale de TLR9 via l'interaction de IRAP avec le 
cytosquelette d'actine est un mécanisme qui empêche l'hyperactivation de TLR9 
dans les DCs (339). 
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3.5.2 Expression du TLR9 et reconnaissance des pathogènes 
Le TLR9 est exprimé par de nombreuses cellules immunitaires (monocytes, 
macrophages, neutrophiles, lymphocytes B, pDC, NK, lymphocytes T NK (NKT)) 
(340 344) mais aussi par des cellules non immunes (cellules épithéliales 
pulmonaires, intestinales, kératinocytes, neurones) (345 347).        
Le TLR9 humain reconnaît les îlots de CpG non méthylés trouvés dans l'ADN 
bactérien et viral (326). Parallèlement à d'autres partenaires comme TLR2 et TLR4, 
TLR9 est un acteur clé de la réponse immunitaire innée et adaptative contre 
plusieurs espèces bactériennes telles que Mycobacterium tuberculosis (348), 
Brucella (349), Streptococcus pneumoniae (350) et Helicobacter pylori (351). 
Plusieurs virus d'ADN contenant ces îlots CpG dans leur génome tels que 
l'adénovirus, le virus de l'herpès simplex (HSV) 149 et 2, le virus de l'herpès gamma 
murin (MHV) 68, le cytomégalovirus de souris (MCMV) et HPV16 sont reconnus par 
TLR9 (352 355). 

3.5.3 Activation du TLR9 
Des études récentes ont montré que la liaison de l'ADN contenant des CpG, mais 
pas de l'ADN dépourvu de CpG, aux dimères de TLR9 entraîne des changements de 
conformation dans les domaines de signalisation cytoplasmique TLR9 (306,318) qui 
favorisent le recrutement de molécules adaptatrices de signalisation. La spécificité 
CpG facilite la reconnaissance d'un large éventail de microbes, mais introduit le 
potentiel de reconnaissance d'acides nucléiques du soi ce qui contribue à des 
maladies auto-immunes telles que le lupus érythémateux systémique (SLE) 
(356,357). La discrimination entre le soi et les acides nucléiques microbiens ne peut 
être obtenue uniquement grâce à la reconnaissance de caractéristiques distinctes, 
mais dépend plutôt de la distribution différentielle de ces ligands potentiels aux TLRs 
(358). Tous les TLRs capables de reconnaître des acides nucléiques se localisent 
dans des compartiments endosomaux qui préservent ces récepteurs loin des acides 
nucléiques du soi se trouvant dans l'espace extracellulaire (358).      
Les TLR endosomaux sont reconnus par une protéine chaperonne : UNC93B1. Cette 
protéine est retrouvée dans le réticulum endoplasmique (RE) et est essentielle pour 

es TLR endolysosomaux depuis le RE  (359). 
UNC93B1 se lie aux TLR destinés à une localisation endosomale, dirige ces 

des vésicules coatées de 
COPII (coat protein complex II) (transport antérograde classique des protéines entre 

UNC93B1 facilite aussi le transport des TLR7 et 9 
depu endosomes via la mise en jeu respectivement des 
protéines adaptatrices AP4 ou 1 (adaptator protein complex) (359,360). 
Contrairement au TLR7 qui rejoint directement les endosomes grâce à AP4, le TLR9 
couplé à UNC93B1 rejoint la membrane plasmique de manière transitoire grâce à 
son interaction avec AP1 (319). Le couple TLR9-UNC93B1 est ensuite pris en 
charge à la membrane par AP2 qui va permettre leur localisation endosomale 
(361,361). Ainsi, le TLR9 se trouve de manière transitoire à la surface de la cellule 
mais la conformation à cette interface reste inconnue. Une fois acheminé vers les 
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endolysosomes, TLR9 est clivé par des protéases résidentes et la forme tronquée 
fonctionnelle du récepteur est capable de lier MyD88 et d'initier la signalisation en 
aval (362). 

3.5.4 Signalisation du TLR9 
Lors de la translocation à l'endosome, le récepteur TLR9 reconnaît les ligands et 
recrute la protéine adaptatrice MyD88, ce qui conduit à l'activation des voies de 
signalisation en aval, y compris NF- (363). Après sa stimulation, MyD88 
recrute et active IRAK4 à travers les domaines de mort. L'activation de IRAK4 
entraîne sa dissociation de MyD88 et son association avec TRAF6, qui active (i) 
IRF5 et l'hétérodimère NF- B RelA-p50 pour l'induction de cytokines inflammatoires 
et (ii) IRF7 pour l'induction de l'IFN-1 (364,365).      
IRF7 est l'un des plus importants membres de la famille IRF impliqués dans la 
production IFN de type I. En effet, il a été démontré  est exprimé de 
manière constitutive dans les pDCs et, de ce fait, les souris déficientes en IRF7 ne 
produisent pas d'IFN- DCs en réponse à des stimuli (314). Notamment, 

 type I par TLR7 et TLR9 dépend absolument de MyD88 (366). 

3.5.5 Ligands de TLR9 

3.5.5.1 Ligands synthétiques du TLR9 
otides synthétiques simple 

brin riches en motif CpG : les CpG-ODN (327). Il est à noter que les même ODN 
portant des motifs -
ODN induit la surexpression du CMH de type II et de molécules de costimulation, la 

APC, la production de cytokines type Th1, de 
cytokines pro- -8, IL- s (325). 

iques 
distinctes ont été créées: 

- les CpG-ODN de classe A (aussi appelés classe K)  

-G phosphorothioate (liaison P=S) leur permettant de former des 
structures secondaires et leur conférant une résistance aux nucléases. Ces 
structures permettent une forte stabilité et augmente la prise en charge de ces 

 Ils s et 
uvais activateurs de la voie 

 (367). 
- Les CpG-ODN de classe B (aussi appelés classe D) sont des ODN 

monomériques à squelette phosphorothioate contenant un ou plusieurs 
dinucléotides CpG. Ils peuvent activer différentes cellules, induire la 
production de cytokines pro-inflammatoires, induire la prolifération et la 

 
(367,368). 
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- Les CpG-ODN de classe C combinent la structure et les effets des deux 
e type I 

 (369). 

 

 

Figure 13 : Caractéristiques structurelles des différentes classes de CpG-ODN (invivogen.com). 
 

Il existe par ailleurs des ODN synthétiques antagonistes. Par exemple, ceux 
contenant des motifs formés de plusieurs G (G-
le TLR9. 

3.5.5.2 Ligands naturels du TLR9 : PAMP et DAMP 
 les pathogènes mais 

peut aussi induire des réponses auto-immunes. Parmi les ligands naturels du TLR9, 
en plus des ADN dérivés de pathogènes (Se référer à : « Expression du TLR9 et 
reconnaissance des pathogènes »), on retrouve des ligands endogènes
soi ou encore des DAMP. Les DAMP sont des molécules relarguées après une 
atteinte tissulaire. Ils peuvent être de nature protéique (issus du noyau, des 
membranes, du cytoplasme, du RE) ou peuvent être des acides nucléiques (ADN, 
ARN, nucléotides). le, quand il est relargué par les 
cellules en apoptose, nécrose, autophagie ou lors de blessures du tissus est 
considéré comme un DAMP (370). 

  

3.5.6 Immunomodulation cellulaire induite par le TLR9 
Les cellules exprimant le TLR9 produisent principalement des cytokines, des 
interférons et des chimiokines pro-inflammatoires Th1. Cependant, la production de 
cytokines dépend de nombreux facteurs tels que le type cellulaire et le type de 
stimulus de CpG (371). Dans les lymphocytes B, ODN CpG induit la production d'IL-6 
et d'IL-10 en quelques heures (372). Les pDCs sont considérés comme le producteur 
le plus efficace de cytokines dans la signalisation TLR (373). En réponse à l'ADN 
CpG, les pDCs sécrètent des cytokines (IL-6, ), de l'interféron (IFN- ) et des 
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chimiokines (IL-8) (371).          
Suite à la stimulation de TLR9 par des classes distinctes d'oligonucléotides CpG 
(CpG ODN), les cellules B sont induites à proliférer et à sécréter des IgM et des 
cytokines pro-inflammatoires telles que IL-6, IL-
une fonction de présentation d'antigène, commutation d'isotype d'Ig et survie 
cellulaire dans le cas des cellules plasmatiques et des cellules B mémoire (342). 
Dans le contexte de la réponse des cellules B, la stimulation de TLR9 fournit un 

-BCR (signal un) et le CD40L (signal deux) entraîne la 
prolifération et la différenciation des cellules B naïves humaines. Alors que les 
signaux un et deux ensemble sont suffisants pour générer une prolifération initiale 
des cellules B naïves, ils ne parviennent pas à soutenir l'expansion des cellules B et 
ces dernières meurent après quelques divisions. La stimulation TLR9 sauve les 
cellules B en prolifération et ces dernières commutent progressivement l'isotype et se 
différencient en cellules plasmatiques (374,375). 

cellules B (376). Ainsi, TLR9 
est important pour l'activation des cellules B et donc pour induire leurs fonctions. Plus 
loin, nous allons résumer comment HBV abroge la fonction TLR, en mettant l'accent 
sur TLR9. 

 

 
 

Figure 14: Activation des cellules B et pDCs exprimant le TLR9. 
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3.5.7 Régulation transcriptionelle du TLR9 
En 2004, Takeshita et al. clonèrent du gène hTLR9 et ont pu 
caractériser l'activité de son promoteur en comparant les mutants de délétion de 
hTLR9 au promoteur hTLR9 complet (full length) (-3227 à -1 par rapport au site de 
transcription) dans un essai de gène rapporteur effectué dans la lignée cellulaire de 
myélome humain RPMI 8226. De manière intéressante, la délétion (-3227 à -800 pb) 

n'a pas affecté l'activité du promoteur montrant que les éléments 
critiques pour la régulation transcriptionnelle de hTLR9 sont situés dans une région 
en amont de 800 pb (377). Dans cette même étude, ils montrent que la régulation de 
la transcription de hTLR9 est contrôlée par quatre éléments en cis : CRE, 5'-PU box, 
3'-PU box et le site C/EBP. Les facteurs de transcription CREB1 (cyclin AMP 
responsive element binding protein 1), Ets2, Elf1 (E74-like factor 1), Elk1 et C/EBP  
(CCAAT-enhancer bindi ) activent le promoteur en interagissant avec ces 
éléments en cis, alors que la suppression était médiée via Spi1 (PU.1), c-Jun et NF-

(377). 

 

 

Figure 15 : Promoteur TLR9 avec les sites de liaison pour des facteurs de transcription 
régulateurs localisés dans une région en amont de 800 pb. 

 

CREB est exprimé dans le noyau des cellules. Lors de son activation par 
phosphorylation  au site serine 133 par la p-PKA, CREB se lie à la CBP (CREB 
binding protein) et peut se lier au site CRE. CREB a un rôle bien documenté dans la 
plasticité neuronale et la formation de la mémoire à long terme, bien que des preuves 
émergentes aient révélé des fonctions spécifiques de CREB dans les réponses 
immunitaires, y compris l'inhibition de l'activation du NF-kB, l'induction de la survie 

prolifération, de la survie et la régulation des 
cellules T et B (378).           
Plus tard, plusieurs facteurs ont été 
TLR9 dans différents types de cellules. Par exemple, il a été montré que TGF-
facteur de croissance et de différenciation qui est présent pendant la cicatrisation et 
dans le psoriasis, a augmenté l'expression et l'activité de TLR9 et TLR5 dans les 
kératinocytes (345).                  
Récemment, notre équipe a montré 
boucle de rétroaction négative régulatrice temporaire qui bloque la transcription et la 
fonction de TLR9. 'engagement du 
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récepteur TLR9 induit le recrutement d'un complexe suppressif, consistant en NF 
kBp65 et HDAC3, vers un élément cis NF-KB sur le promoteur TLR9 (379). 
Différents virus ont montré des capacités de dérégulation de la transcription de 
TLR9, en tant que stratégie pour échapper à l'invasion immunitaire. On détaillera ces 
découvertes plus loin. 

3.6 Interaction entre TLRs et HBV 
Il existe de nombreuses études montrant que la branche innée du système 
immunitaire de l'hôte joue un rôle important dans le contrôle de l'infection par le HBV 
(380 382). Les études précédentes chez les chimpanzés et chez les patients ont 
montré que l'infection par le HBV ne conduit pas à une réponse IFN de type I 
mesurable. En revanche, un grand nombre de gènes régulés par l'  sont 
exprimés dans le foie lors de la clairance virale. Ainsi, l'infection par le HBV diffère 
d'autres infections virales comme l'infection par le HCV en phase précoce, car le 
HCV induit une forte réponse IFN- (198). Dunn et al. (168) ont 
mesuré la production d'IFN de type I chez les patients atteints d'une infection aiguë 
par le HBV et n'a trouvé qu'un faible niveau d'IFN de type I pas plus élevé que ceux 
observés dans les témoins sains. Le manque de réponse précoce de l'IFN in vivo 
pendant l'infection aigue du HBV n'exclut pas nécessairement le déclenchement des 
réponses de l'IFN hôte par le HBV.            
En fait, HBV est un « stealth virus  à 
peut s'expliquer par deux hypothèses: l'incapacité du HBV à activer les PPRs (ou 
une activation très faible) ou l'inhibition virale des voies de signalisation PPRs. 

iennent la deuxième hypothèse selon laquelle HBV est 
capable d'interférer avec les voies de signalisation PPRs et que l'expression et la 
fonction des divers TLRs sont réduites pendant l'infection par le HBV. 
En utilisant les hépatocytes et les Kupffer cells (KC) isolés de biopsies de foie à partir 
de patients attei , Visvanathan et al. (383) ont d'abord décrit 
une diminution significative de l'expression de TLR2 sur les hépatocytes, les KC et 
les monocytes périphériques chez les patients CHB HBeAg+ en comparaison avec 
les patients HBeAg- et les contrôles sains. HBeAg, lorsqu'il est exprimé par 
transduction à travers un vecteur baculoviral recombinant, a pu inhiber l'induction de 

 dans les lignées de cellules hépatiques (383). De plus, Chen et al. (208) ont 
également montré que les taux d'ARNm et de protéines de TLR2 étaient 
significativement diminués dans les PBMCs provenant de patients CHB. De plus, les 
protéines virales, telles que la polymérase et la protéine HBx, pourraient interférer 
avec les voies de signalisation intracellulaires, empêchant les réponses IFN dans les 
hépatocytes. On a signalé que la polymérase de HBV inhibait l'induction de l'IFN-  
médiée par TLR3 dans les hépatocytes humains en dérégulant l'activation de l'IRF3 
(267). Une autre étude récente a également démontré que la polymérase du HBV a 
supprimé la signalisation NF- B induite par le , TLR3 ou TLR4 en inhibant 
l'activité des IKKs via une interaction avec Hsp90b dans les cellules d'hépatome 
(384). HBV et ses particules virales pourraient inhiber l'activation des NPCs par les 
ligands TLR3 (385,386). La co-culture de NPCs hépatiques avec des surnageants de 
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cellules HBV-Met, HBsAg, HBeAg ainsi que des virions HBV entraîne une abrogation 
de l'activité antivirale induite par TLR, corrélée avec une diminution de l'activation de 
IRF3, NF-kB et ERK1 / 2 dans les NPCs (386). Wang et al. (212) ont montré que 
HBsAg inhibe la stimulation des PBMC humaines et la production d'IL-12 médiée par 
TLR2. En présence de HBsAg, l'expression des mRNA de l'IL-12p40 activée par 
Pam3CSK4 et la production d'IL-12 dans les macrophages THP-1 différenciés par le 
phorbol 12-myristate 13-acétate (PMA) sont réduites de manière dose-dépendante, 

IL- -6, IL-8, IL-10 et  . La 
présence de HBsAg inhibe l'activation de NF- B et MAPK médiée par TLR2, par 
abrogation sélective de la phosphorylation de JNK-1/2 et c-Jun. Ainsi, HBsAg 
interfère probablement avec l'initiation de réponses immunitaires adaptatives par 
inhibition sélective de la production d'IL-12 stimulée par TLR2 dans les monocytes. 
Le tableau 2 résume les mécanismes employés par HBV pour atténuer les réponses 
immunitaires médiées par les TLRs. 

 

Tableau 2: Mécanismes employés par HBV pour contrer les réponses immunitaires médiées 
par les TLRs 

Modèle Mécanisme Protéine HBV impliqué Référence(s) 
PBMCs de patients CHB Diminution de la production de cytokines 

pro-inflammatoires induites par les 
ligands TLR2 et TLR4 

HBsAg (208) 

Monocytes/macrophages Interférence avec les voies ERK, JNK et 
NF- B induites par TLRs 

HBsAg (209,210,387) 

Cellules dendritiques 
myéloides 

Diminution de la function des cellules 
dendritiques myéloides 

HBsAg (213) 

Cellules dendritiques 
plasmacytoides 

Abrogation de la production d'IFN
médiée par TLR9 

HBsAg (388,389) 

Porteurs HBsAg chroniques 
murins 

Diminution du nombre et détérioration de 
l'activation des cellules NK hépatiques 

HBsAg (191) 

Patients CHB HBeAg+ Interférence avec les réponses 
immunitaires innées médiées par les TLRs 
et régulation du TLR2 

HBeAg (383,390) 

Cellules murines 
parenchymateuses et non 
parenchymateuses du foie 

Suppression des réponses immunitaires 
innées médiées par les TLRs 

HBV et particules virales (385) 

Lignées HepaRG et 
hepatocytes humains primaires 

Inhibition des voies de signalisation du 
TLR3 et de la voie RIG-I / MDA5 

HBV (207) 

Patients CHB                                Suppression de l'activation de la voie de 
signalisation de TLRs ainsi que de la 
régulation négative de la signalisation 
cellulaire médiée par IL-18 et de 

IFN  

HBeAg (391) 

Patients CHB Inhibition de TLR7 et TLR9 HBV (392) 
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Hépatocytes humains Inhibition de l'induction de l'IFN-  
médiée par TLR3 via interférence avec 
l'activation de l'IRF3 

HBV polymérase et HBx (267) 

Cellules d'hépatome Suppression de la signalisation NF-kB 
induite par TNF , TLR3 ou TLR4 en 
inhibant l'activité des IKKs via 
l'interaction avec Hsp90b 

HBV polymérase (384) 

Hépatocytes, cellules de 
Kupffer et monocytes 
périphériques 

 HBeAg (383) 

Hépatocytes Bloque la signalisation PRR (activation 
IRF) via l'interaction avec DDX3 

HBV polymérase (211) 

 

3.6.1 TLR9 et HBV 
Le rôle de la signalisation TLR9 dans les cellules B (prolifération cellulaire et 
production d'anticorps) pendant l'infection aiguë 
du HBV pourrait être pertinent compte tenu de l'importance de la réponse humorale 
dans la pathologie de l'infection par le HBV et mérite donc plus d'attention. 
Il est intéressant de noter que différents oncovirus ont montré les capacités de 
dérégulation de la transcription de TLR9, en tant que mécanisme potentiel pour 
échapper à l'évasion immunitaire(354,393 395). Les oncoprotéines E6 et E7 de 
HPV16 abolissent la fonctionnalité de TLR9 dans les kératinocytes humains en 
altérant l'activité du promoteur de TLR9 (354,393). L'oncoprotéine LMP1 de l'EBV a 
également contribué à une régulation négative de l'expression de TLR9 dans les 
cellules B, grâce à l'activation de la voie NF- (395). Et une autre 
étude a montré qu'un virus oncogène, le polyomavirus de cellule de Merkel (MCPyV), 
est également capable de déréguler l'expression de TLR9 dans les cellules dérivées 
du carcinome épithélial et de Merkel par l'antigène T (LT) élevé (394). 

HBV, les pDCs présentent une expression de 
TLR9 réduite et une capacité altérée de sécréter l'IFN-  après une stimulation ex 
vivo avec des ligands TLR9 (388,396,397). Les virions HBV ont pu inhiber 
directement la transcription de TLR9 par régulation négative de l'activité du 
promoteur TLR9 en bloquant l'axe MyD88-IRAK4 (388). Xu et al. ont démontré que 
HBsAg peut inhiber l'expression de l'IRF7 et sa translocation nucléaire médiées par 

TLR9 en stimulant l'expression de SOCS-1 (389).            
Martinet et al. ont constaté que les pDCs provenant de patients CHB avaient des 
réponses défectueuses à la stimulation avec des ligands TLR9 et étaient incapables 
d'induire une activité cytolytique des cellules NK (398). Ratnam et al. ont rapporté 
que les cellules NK stimulées des patients infectés par le HBV avaient une diminution 

TLR9 par rapport aux témoins (399). En 
effet, les patients atteints d'une infection chronique contre l'hépatite B présentent une 
carence en cellules dendritiques plasmacytoïdes avec une expression réduite de 
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TLR9 (396).            
Dans l'ensemble, l'analyse des PBMCs issus de patients atteints d'hépatite B 
chronique et de carcinome hépatocellulaire associé au HBV suggère que les niveaux 
d'ARNm de TLR9 sont diminués et que la protéine TLR9 est considérablement 
réduite chez les patients CHB et HCC. 

Dans leur étude, Vincent et al. ont également montré que le HBV conduit à une 
régulation négative du TLR9 au niveau transcriptionnel dans les pDCs et les cellules 
B dans lesquelles les niveaux d'ARNm et de protéines TLR9 ont été altérés (388). 

ocytes CD14+ 
périphériques issus de patients CHB (400). 

Donc en résumé, la dérégulation des TLRs par HBV est un mécanisme bien décrit 
dans la littérature et surtout dans les pDCs qui jouent un rôle primordial dans la 

entre la réponse innée et la réponse adaptative) contre le HBV. Cependant, la 
HBV sur le niveau de TLR9 dans les lymphocytes B ont 

beaucoup moins été décrits et méritent plus de recherche vu le rôle pivot des cellules 
. Les lymphocytes B sont non seulement les cellules 

ticorps anti-HBs neutralisants mais aussi jouent le rôle de 
e la réponse 

adaptative contre le HBV. Tous ces résultats suggèrent que la régulation négative du 
TLR9 est probablement une étape cruciale dans le cours de la maladie hépatique 
induite par les virus. 
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L'infection chronique par le virus de l'hépatite B reste un problème de santé majeur 
dans le monde entier. Les réponses efficaces des cellules B, notamment avec la 
production d'anticorps neutralisants, sont essentielles pour éliminer l'infection; Le 
HBV peut altérer les voies immunitaires afin de persister et d'augmenter l'infection. 
Le Toll-like receptor 9 (TLR9) est un récepteur inné endosomal bien exprimé dans 
les cellules B, et qui permet la reconnaissance de l'ADN viral. Les études 

dans les pDCs mais par contre son impact sur les cellules B reste mal défini. Dans 
cette étude, 

 telles que la 
sécrétion de cytokines pro-inflammatoires ainsi que la prolifération. Ensuite, en 
utilisant une lignée de cellules B ainsi que des cellules B primaires, nous voudrons 
déterminer le mécanisme par lequel le HBV peut agir sur le promoteur TLR9 et 
modifier son activité. Par ailleurs, nous visons à id
différentes sous-populations de cellules B du sang périphérique. Finalement, nous 
voulons corroborer les résultats obtenus in vitro dans une cohorte de patients atteints 

hépatite B chronique pour déterminer si on observe les mêmes altérations 
fonctionnelles du TLR9 et les conséquences éventuelles de cette altération sur le 
système hôte.           
Ces résultats fourniront de nouvelles indications sur les stratégies d'échappement 
immunitaire oncoviral ce qui renforcera les connaissances pour développer de 
nouvelles approches immunothérapeutiques chez les patients atteints de CHB. 
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Article: Hepatitis B virus blocks the 
CRE/CREB complex and prevents TLR9 

transcription in human B cells 
 

Résumé: 

cellules T ont été démontrées, mais les événements précis qui peuvent contribuer à 
l'insuffisance des réponses des cellules B restent à déterminer. L'expansion et la 
différenciation optimales des cellules B reposent sur l'activité du récepteur Toll Like Receptor 
9 (TLR9) qui détecte l'ADNdb et est exprimée chez l'homme principalement par les cellules 
dendritiques plasmacytoïdes (pDC) et les cellules B. L'impact de HBV sur TLR9 dans les 
cellules B humaines reste à explorer. Dans cette étude, nous avons exploré les effets de HBV 

ns médiées par TLR9 dans les cellules B humaines en utilisant 
une lignée cellulaire de cellules B ainsi que des lymphocytes B primaires. De plus, on a 
corroboré nos résultats dans une cohorte de patients HBV chroniques. L'expression de TLR9 a 
été réduite chez les toutes les sous-populations de cellules B du sang périphérique, exposées 
au VHB. Les fonctions des cellules B médiées par TLR9 comme la prolifération et la 
sécrétion de cytokines pro-inflammatoires ont été abrogées en présence de HBV. Nos résultats 

transcription CREB qui ne peut plus se lier sur son site CRE situé sur le promoteur TLR9 ce 
qui affecte la transcription de ce dernier. Enfin, nous avons corroboré nos résultats in vitro 
dans une cohorte de porteurs chroniques du HBV et constaté que l'expression et la fonction de 
TLR9 étaient significativement diminuées. Nos résultats révèlent le mécanisme qui induit une 
réponse immunosuppressive par HBV sur la fonction TLR9 dans les cellules B humaines, ce 
qui peut contribuer à la persistance de ce virus chez l'hôte et la complication de la phase 
chronique de la maladie. 
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Importance de cette étude : 

Qu'est-ce qui est déjà connu sur ce sujet? 

- Toll Like Receptor 9 (TLR9) détecte l'ADNdb et est exprimé chez l'homme 
principalement par les cellules dendritiques plasmacytoïdes (pDC) et B. 

- Durant l'infection chronique par HBV, les réponses TLR9 dans les pDC sont altérées. 
- L'absence de réponses efficaces des lymphocytes B et surtout le manque de production 

des anticorps neutralisants anti-HBs est une des consequences du CHB. 
- L'effet du HBV sur TLR9 dans les cellules B humaines est inconnu. 

Quelles sont les nouvelles découvertes? 

- HBV bloque l'expression de TLR9 sur toutes les sous-populations de cellules B 
humaines. 

- La prolifération des cellules B et la production de cytokines mediées par TLR9 sont 
abrogées par HBV. 

- HBV inhibe l'activité du promoteur TLR9 dans les cellules B humaines. 
- L'inhibition de la voie pPKA / pCREB par HBsAg conduit à une réduction de la 

transcription de TLR9. 
- TLR9 pourrai jouer un rôle central dans l'infection par HBV. 

Quel impact cela pourrait-il avoir sur la pratique clinique dans un avenir prévisible? 

Cette étude contribue à une meilleure compréhension de ltération du TLR9 et de la 
conséquence de cette altération sur la fonction des cellules B et donc aide à mieux 
comprendre la façon dont HBV maintient une infection persistante. En parallele avec le 
traitement antiviral, de futures études peuvent être dirigées pour améliorer les ligands 
actuels de TLR9 pour améliorer les réponses immunitaires contre HBV chez les patients 
présentant une infection chronique prolongée. 
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ABSTRACT 

Background and aims. Chronic HBV infection is a major health problem worldwide. 
Ineffective T cell and antibody responses have been demonstrated, yet the precise events that 
may contribute to insufficient B cell responses remain to be determined. Optimal B cell 
function, expansion and differentiation rely on Toll Like Receptor 9 (TLR9) activity. 
However, the impact of HBV on TLR9 in human B cells remains to be explored. Here, we 
investigated the effects of HBV on TLR9 function in human B cells. 
Methods. Both primary and B cell lines were used to analyze the effect of HBV on TLR9 
expression and function. Techniques employed were Flow cytometry, Image Stream, Electron 
Microscopy, qPCR, Immunoblotting, EMSA, Oligo pull down, ELISPOT and ELISA. 
Furthermore, B cells were analyzed for TLR9 expression and function in chronically infected 
HBV  vs healthy controls.  
Results. TLR9 expression was reduced in all naïve, memory and plasma B cells exposed to 
HBV. B cell function mediated by TLR9 such as proliferation and pro-inflammatory 
cytokines secretion were abrogated in the presence of HBV. We found that HBsAg inhibited 
the phosphorylation of the transcription factor CREB which could no longer bind the CRE 
site on the TLR9 promoter. Finally, we corroborated our in vitro findings in a cohort of 
chronic HBV carriers and found that TLR9 expression and function were significantly 
suppressed. 
Conclusions. Our findings reveal the mechanism that induces an immunosuppressive 
response by HBV on TLR9 function in human B cells, which may contribute to HBV 
persistence in the host.  
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INTRODUCTION 

Infection with human hepatitis B virus (HBV) in immunocompetent adults results in transient 
liver disease leading to acute viral infection. However, 5 to 10% of adults and 80 to 90% of 
children develop a chronic infection[1]. Over 240 million people worldwide are chronically 
infected with HBV and are at high risk to develop liver cirrhosis and hepatocellular 
carcinoma[2]. Chronic HBV infection (CHB) occurs because the antiviral immune response is 
insufficient. Although ineffective T cell and antibody responses have been demonstrated, the 
precise events that may contribute to insufficient B cell responses remain to be determined[3]. 
B cells play an essential role in humoral immunity as well as capturing antigens for 
presentation, producing immunomodulatory cytokines, influencing T cell and DC 
responses[4]. B cell function, expansion and differentiation are controlled by three signals; the 
first two are BCR cross-linking and CD40/CD40L signaling, the third signal is delivered by 
Toll like receptors (TLR) 7 or TLR9 in response to infection. Combination of the three signals 
allows for optimal antibody responses towards T cell-dependent antigens[5].  

TLR9 recognizes DNA sequences from bacteria or viruses in the form of unmethylated CpG 
motifs. In humans, TLR9 expression in human is restricted to plasmacytoid dendritic cells 
(pDCs) and B lymphocytes[6]. Upon TLR9 stimulation by distinct classes of CpG 
oligonucleotides (CpG ODN), pDCs are activated to produce IFN- /  and various 
chemokines, and B lymphocytes proliferate, differentiate and secrete cytokines and 
antibodies. The B cell population in the peripheral blood is composed of naive, memory and 
plasma cells. Naive and memory B cells produce cytokines such as IL-2, IL-4, TNF  and IL-6 
in response to TLR9 stimulation. Following development, B cells migrate to peripheral 
lymphoid organs and recirculate in blood where they require external signals for survival and 
constitute IgD+ naïve mature B cells reservoir. Cells that recognize their cognate antigen are 
activated, proliferate and differentiate into CD27+ memory B cells or effector cells, i.e. 
CD38hi antibody-producing plasma cells[7]. 

HBV is primarily hepatotropic, yet accumulating evidence strongly supports its extra-
hepatotropic nature. In fact, the dsDNA genome of HBV, as well as viral transcripts and 
proteins, have been found in the peripheral mononuclear blood cells (PBMCs) including B 
cells from carriers chronically infected with the virus[8]. The Hepatitis B surface antigen 
(HBsAg) is the most abundant HBV protein in the liver and peripheral blood of patients with 
CHB. Numerous studies have shown direct interactions between HBV-encoded proteins and 
innate immune responses, suggesting that HBV has developed multiple mechanisms to 
counteract the host cellular defense. Anti-viral immune responses by pDCs, Kupffer, NK and 
T cells are reduced due to HBV infection[9 11]. Furthermore, several reports have shown 
specific interactions with viral proteins from HIV, EBV and HPV with regulatory molecules 
that impair TLR9 expression and/or signaling[12,13]. HBV has been shown to impair 
specifically TLR9, but not TLR7 function in pDCs by decreasing the amoun
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TLR9 stimulation[14]. By contrast, very little is known about the impact of HBV or HBV 
components on B cell physiology. Therefore we tested the effect of HBV infection on TLR9 
cell expression and function on human B cells using complementary in vitro systems and 
cohorts of CHB patient samples. 

 

 

MATERIALS AND METHODS 

 

Peripheral blood mononuclear cells and B cells isolation 

Human blood from healthy subjects was obtained from the French blood agency 
(Etablissement Français du sang, Lyon, France). Human peripheral blood mononuclear cells 
(PBMCs) were separated from peripheral blood of healthy donors by gradient centrifugation 
on Ficoll (AbCys Eurobio) at room temperature. For the clinical study, cells were suspended 
in heat-inactivated fetal calf serum (FCS) with 20% DMSO, progressively cooled down to -
80°C, and stored in cryotubes in liquid nitrogen. B cells were negatively selected using B Cell 
Isolation Kit II, human (Miltenyi Biotec). Purity of sorted B cells (95 to 99%) was analyzed 
by staining with anti-CD19 monoclonal antibody (BD Biosciences) by flow cytometry (LSR 
II and LSR Fortessa, BD Biosciences). PBMCs from chronic HBV carriers (Limoges 
samples) were obtained with informed consent from each patient with the procedure approved 
by the local Ethics Committee (Comité Protection des Personnes, CHU Limoges, France). 
Patients were recruited according to several inclusion and exclusion criteria detailed in Table 
1. Demographic characteristics and clinical features of recruited patients are described in 
Table 2. The majority of CHB patients were HBeAg negative (Ratio HBeAg < 1). 

 

PBMCs staining and flow cytometry analysis 

Flow cytometry determined the expression of distinct surface molecules on PBMCs. B cell 
subsets markers were used to differentiate between the different B cell populations. Cells 
were simultaneously immunostained using the following anti-human antibodies: CD19-PE-
CF594 (BD Biosciences), IgD-PerCP-Cy5.5, CD27-APC-Cy7, CD38-PE-Cy7 (all from 
BioLegend). In brief, cells were stained for 30 min at 4°C in the dark. After two additional 
washing steps, cells were stained with LIVE/DEAD® Fixable Blue Dead Cell Stain Kit (Life 
technologies) for 30 min at 4°C in the dark to assess viability. After two additional washing 

for 20 min at 4°C in the dark and then washed twice with BD Perm/Wash buffer, prior to 
being exposed to  human TLR9-PE antibody (Affymetrix eBiosciences) for assessment of 
TLR9 expression. Cells were re-suspended in FACS buffer and analyzed on a BD LSR II. 
Fluorescence Minus One (FMO) controls were used to set the gates. FlowJo 7.4.5 software 
(Tree Star) was used for analysis. 
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Hepatitis B virus inoculum production 

HBV inoculum was a 100-fold concentrated culture supernatant from HepG2.2.15 cells or 
HBV infected-HepaRG cells. Briefly, supernatants were clarified, layered onto a sucrose 
cushion (10 and 20% in 20 mM Tris, pH 8) and centrifuged at 4°C for 16h at 25,000 rpm 
using a SW41 rotor (Beckman). HBV inoculum was also obtained following concentration 
using Centricon Plus-70 (Biomax 100, Millipore Corp). Similar procedure was applied to 
HepG2 or HepaRG cells supernatants to generate the mock lysate. HBV stock titre (genome 
equivalent/ml, GEq/ml) was assessed using real time PCR. After DNA extraction (QIAmp 
Ultrasens Virus kit, Qiagen), HBV inoculum was titrated by qPCR with forward 5 -
GCTGACGCAACCCCCACT-3  and reverse 5 -AGGAGTTCCGCAGTATGG-3  
probes using a standard curve from a quantified HBV encoded plasmid. All preparations were 
tested for the absence of endotoxin (Lonza Verviers).  

 

HBV virions and viral proteins 

Recombinant HBsAg (adw subtype) and HBeAg were purchased from Jena Biosciences and 
were used at 40 μg/mL. Viral particles and HBV virions (Dane particles) were obtained from 

 HBsAg productions were used at 5 μg/mL, 
HBeAg at 4,5 μg/mL and 400 v.g.e of Dane particules. Endotoxin levels in HBsAg and 
HBeAg productions were less than 0.01 EU/mL within HBV stocks (Limulus amoebocyte 
lysate assay, BioWhittacker). 

Cell culture 

PBMCs, primary B cells and RPMI 8226 cells were cultured in RPMI 1640 medium (GIBCO; 
Invitrogen life Technologies) supplemented with 10% of fetal bovine serum, 2mM L-
glutamine, 10 μM of Ciprofloxacin or Penicillin-Streptomycin (HCL), and 1 mM sodium 
pyruvate (PAA). 

 

TLR ligands 

CpG 2006 and Imiquimod were purchased from Invivogen and were used at the concentration 
 

 

ELISA 

Cells were seeded at 2 x 105 /200 L/well and stimulated for 24 h. The supernatant was 
harvested, and IL- -10 (R&D Systems) were measured following the 
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were coated with the correspondent capture antibody and incubated overnight at 4°C. After 
blocking with 1% BSA in PBS, the plates were incubated with serially diluted standard or 
samples and then with HRP-conjugated detection antibodies. After colorimetric reaction 
(tetramethylbenzidine; Moss), the absorbance at 450 nm was measured using an ELISA plate 
reader. The IgG secretion was evaluated in supernatants harvested 120 h after CpG 2006 and 
Imiquimod stimulation using the Human IgG ELISA Quantitation kit (Bethyl Laboratories). 

Electron microscopy 

B cells were fixed at 37°C in 4% paraformaldehyde complemented with 0.2% glutaraldehyde. 
Cells were washed three times in Cacodylate (0.2M) Saccharose (0.4M) for 1hr at 4°C, 
dehydrated though a series of washes with 30, 50, 70% ethanol maintained priorly at 4°C for 
5 min, infiltrated with London Resin White (LRWhite) using 1:1 LRWhite and 4°C absolute 
ethanol for 60 min followed by pure LRWhite at 4°C for three periods of 60 min each, then 
embedded in pure LRWhite in gelatin capsules for polymerization at 50°C for 48 hours. 
Ultrathin sections (approximately 70 nm thick) were cut on a Reichert ultracut E (Leica) ultra-
microtome, mounted on 200 mesh nickel grids coated with 1:1,000 polylisin, and stabilized 
for 1 day at room temperature (RT). Immunogold labelling was performed by flotation of the 
grids on drops of reactive media. Nonspecific sites were coated with 1% BSA and 1% normal 
goat serum in 50 mM Tris-HCl, pH 7.4 for 20min at RT. Thereafter, incubation was carried 
out overnight at 4°C in a wet chamber with a rabbit anti-HBsAg antibody (MA Petit, 
INSERM U1052, CRCL). Sections were successively washed three times in 50 mM Tris-HCl, 
pH 7.4 and pH 8.2 at RT. They were incubated in a wet chamber for 45 min at RT in 1% 
BSA, 50 mM Tris-HCl, pH 8.2 for 20 min at RT, labeled with gold-conjugated secondary 
antibody (Aurion). Sections were successively washed three times in 50 Mm Tris-HCl pH8.2 
and pH7.4 and three times with infiltrated distilled water. The immunocomplex was fixed by 
a wash in glutaraldehyde 4% for 3 min. Sections were stained with 0,5% uranyl acetate in 
ethanol 50%  for 5 min in darkness and observed with a transmission electron microscope 
JEOL 1400JEM operating at 80kV equipped with a camera Orius 600 Gatan and Digital 
Micrograph. Analysis was done using Olympus Soft Imaging System. 

 

RNA extraction and reverse transcription 

Total RNA was extracted from cells (RPMI 8226 cells, PBMCs and B cells) using the 
protein/RNA extraction kit (Macherey Nagel) and was reverse transcribed using the first 
strand  

 

Quantitative RT-PCR 

qPCR was performed using the Mx3000P real-time PCR system (Strategene) with Mesa green 
-microglobulin specific primers for 

relative quantification. PCR assays were conducted for each sample using the following 
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-CGT CTT GAA GGC CTG GTG TTG A-
-CTG GAA GGC CTT GGT TTT AGT GA- -microglobulin was 

used. The sequence of the BCL- -TGG CCA GGG TCA GAG TTA 
AA- : 5 -TGG CCT CTC TTG CGG AGT A-3 and Cyclin D1: forward: 5 -
AAC TAC CTG GAC CGC TTC CT-3 ; reverse: 5 -CCA CTT GAG CTT GTT CAC CA-
3 . Relative quantification was performed using standard curve analysis. TLR9, BCL-2 and 
Cyclin D1 expression data were normal -microglobulin. 

 

Western Blotting 

Total protein extracts were obtained with the protein/RNA kit (Macherey-Nagel) following 
s. Protein extracts were quantified with the protein quantification 

assay (Macherey-Nagel). Antibodies used for immunoblotting were TLR9, -tubulin, CREB, 
pCREB, pPKA, PKA-
using the intelligent dark box (Fuji film). 

 

Gel Densitometry 

Densitometries were performed on TIFF images of radiographical films exposed to Western 
blots. We used ImageJ software analysis and assigned values to each lane by integrating the 
area under the curve. 

 

Transient transfection and dual luciferase assay 

RPMI 8226 cells have been transiently transfected (1μg per well) in triplicate using Fugene® 
HD transfection Reagent (Promega). Cells were harvested after 48 h, and the activities of both 
Firefly and Renilla luciferase were measured with a Luminometer (AB-2200; ATTO) using a 
dual luciferase reporter system (Promega). Firefly luciferase activity was normalized to that of 
Renilla luciferase. 

 

Constructs 

The pGL3-TLR9 luciferase promoter and the deleted TLR9 promoters were obtained from 
Fumihiko Takeshita [59]. The CRE site in TLR9 promoter (-686TGACGTGG-679) was 
mutated to (-686TGTGATGG-679) using the Quick-change lightening site-directed 

mutations were 
confirmed by direct sequencing.  
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Electrophoretic Mobility Shift Assay 

  

Electrophoretic Mobility Shift Assay (EMSA) assay was performed using the CREB (1) 
EMSA kit (eBioscience, Affymetrix). For each binding reaction, 10 μg of nuclear extracts 
was used. Proteins or protein DNA complexes were detected using ECL kit (GE Healthcare). 

 

Oligonucleotide pull-down assay 

The wild-type (CRE) and mutated (CRE m) oligonucleotides used were melted at 95°C then 
annealed to their respective complementary oligonucleotides at room temperature for 1 hr. the 
oligonucleotide sequences were as follow: TLR9pWT- -biotin-
ATCTGGAGTGACGTGGTGTGTG- - -
CACACACCACGTCACTCCAGAT- - -biotin-
ATCTGGAGTGGTATGGTGTGTG- - -
CACACACCATACCACTCCAGAT-
previously treated with 400 v.g.e of HBV for 24 hours, were incubated with streptavidin-
coupled agarose beads and 500 pmol of each double-stranded oligonucleotide for 2 h at room 
temperature with gentle rocking. The protein DNA streptavidin agarose complex was 
washed four times with PBS containing protease inhibitors. The precipitates were subjected to 
immunoblotting using the indicated antibodies. 

 

ELISPOT assay 

2 x 105 PBMCs per well were stimulated for 7 days with F (ab') 2 Anti-Human IgM+IgG 
(Affymetrix eBiosciences), CD40L (soluble human recombinant) (Enzo Life Sciences), IL-4 
(Affymetrix eBiosciences) and either CpG 2006 or Imiquimod (Invivogen) in flat bottomed 
96-well culture plates. Multiscreen plates (Millipore Multiscreen) were pre-coated with 
unlabeled Goat Anti-Human Ig (SouthernBiotech). Cultured PBMCs were seeded onto anti-Ig 
coated plates at 2 x 105 cells/well and diluted successively to achieve the best dilution factor 
and incubated overnight. Alkaline phosphatase (AP) conjugated goat anti-human IgG, IgA 
and IgM antibodies (Southern Biotech) were used as secondary antibodies. Spots were 
developed using BCIP/NBT (Bio-Rad) and counted using the CTL ImmunoSpot Analyzer 
(Cellular Technologies). The background was accounted for by subtracting the average 
number of spots in non-coated wells from the spots in antibody coated wells. 

 

Proliferation assay 

PBMCs (1.5 x 105 per well) were stained with CellTrace (CTV) (Molecular Probes, 
Invitrogen) fluorescent dye (5μM) at 37°C for 8 minutes and were then cultured in completed 
RPMI 1640 medium in 96 well flat-bottomed plates (Nunc). Stimulation involved the use of a 
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cocktail consisting of F(ab')2 Anti-Human IgM+IgG (Affymetrix eBiosciences) (10 μM), 
CD40L soluble human recombinant + enhancer (Enzo Life Sciences) (1μM), IL-4 
(Affymetrix eBiosciences) (10 nM) and CpG 2006 (Invivogen) (5μM). Analytical flow 
cytometry was performed with a BD Fortessa (BD Biosciences). 

 

Cell Fractionation 

Nuclear and cytosolic protein extracts from RPMI 8226 cells were obtained using the 
 

 

Statistical analysis 

Prism software (GraphPad) was used for two-taile -values of * 
<0.05, **<0.01, ***<0.001. For the clinical study, statistical analyses were carried out using 
R software version 3.2.3. Statistical significance was determined by an unpaired, two-tailed 

-test, with P-values < 0.05 that were considered statistically significant. 

 

 

RESULTS 

 

HBV down-regulates TLR9 expression in human B cells 

We used a human B cell line (RPMI 8226) as well as freshly isolated primary human B cells 
to study the effect of HBV on TLR9 expression. Cells were exposed to HBV at 200, and 400 
viral genome equivalents per cell (v.g.e/cell) for 24 h and TLR9 mRNA and protein levels 
were examined. The HBV inoculum produced in our study contained viral proteins HBsAg, 
HBcAg and HBeAg as well as Dane particles (HBV virions). As shown in Fig.1A, HBV 
significantly down-regulated TLR9 mRNA levels in RPMI 8226 cells at 200 and 400 v.g.e. 
We next corroborated our findings in primary human B cells; and observed HBV inhibited 
TLR9 mRNA levels (Fig.1 B). Accordingly, the inhibition of TLR9 mRNA levels correlated 
with a decrease in TLR9 protein expression in both RPMI 8226 cells and primary human B 
cells treated with HBV (Fig 1C and 1D respectively). We confirmed the loss of TLR9 
expression by HBV in human primary B cells using flow cytometry. Fresh PBMCs were 
cultured for 24h ± HBV; cells were stained for CD19 (a surface total B cell marker) and 
intracellular TLR9. We observed that the TLR9 mean fluorescence intensity (MFI) decreased 
when cells were treated with HBV (Fig 1E and 1F p<0.01). This effect was reversed using a 
blocking anti-HBs antibody (Fig 1G) and TLR9 expression was restored which shows a 
specific effect of HBV.                             
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Accumulating pieces of evidence  show that HBV covalently closed circular DNA (cccDNA) 
as well as viral transcripts and proteins have been found in PBMCs, including B cells from 
chronically infected carriers[8]. To assess the ability of B cells to internalize HBV virions, 
primary B cells were exposed to HBV for 24 h and cells were analyzed by electron 
microscopy. Internalization of HBV virions was determined by Immunogold labelling using 
anti-HBsAg antibodies. 42 to 45 nm spheres that represent the size of HBV virions (red 
arrows) were identified within the cytoplasm of B cells (Sup Fig 1). We also noted that 
HBsAg (blue arrows) were present in human B cells. These results show that HBV and its 
HBsAg particles can be efficiently internalized in peripheral blood B cells. 

We next assessed the effect of HBV on TLR9 expression on peripheral B cell subpopulations 
(see gating strategy in Sup Fig 2). We observed that TLR9 was highly expressed on memory 
and plasma B cells and to a lower extent on naïve B cells (Fig 1H and 1I). This observation is 
concordant with previous studies that have shown that plasma cells express the highest level 
of TLR9[15]. QPCR also confirmed these results on sorted B cell subsets showing that TLR9 
mRNA was the most abundant in plasma and memory B cells (data not shown). TLR9 
expression was blocked in all three subsets when exposed to HBV predominantly on memory 
and plasma B cells (Fig 1J). No effect on cell viability was observed between HBV and non-
HBV treated cells. Our results show that HBV exerts TLR9 downregulation in all B cell 
subsets found in peripheral blood. 
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Figure 1: TLR9 expression is downregulated by HBV in all peripheral B cell subsets. (A) RPMI 8226 cells 
were incubated with HBV (v.g.e 400) or left untreated for 24h. Cells were harvested for RNA extraction and RT-

-microglobulin 
expression and expressed relative to untreated cells. (B) Freshly isolated human B cells were incubated with 
HBV (v.g.e 200 or 400) or left untreated for 24h. Cells were harvested for RNA extraction and RT-PCR 

-microglobulin expression 
and expressed relative to untreated cells. (C) RPMI 8226 cells were incubated with HBV (v.g.e 200 or 400) or 
left untreated for 24h. Proteins were extracted and TLR9 expression level was assessed by immunoblotting and 

-tubulin immunodetection was performed as a loading control. (D) Freshly isolated human B cells were 
incubated with HBV (v.g.e 200 or 400) or left untreated for 24h. Proteins were extracted and TLR9 expression 

-tubulin immunodetection was performed as a loading control. (E) 
Fresh PBMCs were incubated with HBV (v.g.e 400) or left untreated for 24h. Cells were harvested and stained 
with anti-CD19 and anti-TLR9 antibodies. Histogram presents overlay of the TLR9 staining and the isotype 
control. (F) TLR9 expression was assessed by flow cytometry using mean fluorescence intensity (MFI) of anti-
TLR9 antibody. Graph presents TLR9 MFI of HBV-treated B cells compared to untreated cells. (G) Anti-HBs 
antibodies restore TLR9 expression in HBV-treated B cells: fresh PBMCs were incubated with HBV (v.g.e 400), 
HBV+anti-HBs, anti-HBs, and negative control antibodies or left untreated for 24h. Cells were harvested and 
stained with CD19 and TLR9. TLR9 expression was assessed in B cells by flow cytometry using mean 
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fluorescence intensity of TLR9-PE antibody. (H) Isolation of naïve, memory and plasma B cell subsets. Human 
PBMCs were stained with CD19 to selectively isolate CD19+ B cells, and then the three B cell subsets were 
sorted according to IgD, CD27 and CD38 expression: IgD+ CD27- naïve B cells, IgD- CD27+ memory B cells 
and IgD- CD27++ CD38hi plasma B cells. Histograms present TLR9 fluorescence intensity shift (compared to 
the isotype control) in naïve (black), memory (blue) and plasma (green) B cells. Histogram in (I) presents TLR9 
MFI in the three peripheral B cell subsets. (J) Fresh PBMCs were incubated with HBV (v.g.e 400) or left 
untreated for 24h. Cells were harvested and stained as previously mentioned and TLR9 expression was assessed 
by flow cytometry between the non-treated and the HBV-treated B cells. 

 

Loss of TLR9 expression by HBV reduces B cell proliferation and IL-6 secretion but not 
total Ig production 

To assess whether HBV alters TLR9 function by HBV in primary B cells, we stimulated 
freshly isolated B cells with CpG ODN 2006 (henceforth simply referred to as CpG) ± HBV 
for 24h, and IL-6 secretion was measured. CpG-induced IL-6 secretion was significantly 
reduced in the presence of HBV inoculum; however, the mock lysate (a control for HBV 
production) exerted no effect (Fig 2A). Human B cells also express TLR7[16,17], yet HBV 
exerted no effect on TLR7-mediated IL-6 secretion (Fig 2B).  As shown for pDCs,  these 
results showed that HBV targets specifically TLR9 without affecting TLR7[18]. Additionally, 
we stimulated the TLR9 pathway using HSV-2 and observed that HBV also blocked IL-6 
secretion (Sup Fig 3). We next investigated the effect of HBV on TLR9-induced B cell 
proliferation. PBMCs were treated with anti-BCR (signal 1), CD40L (signal 2) ± CpG (signal 
3) ± HBV for 5 days. B cell proliferation was assessed using the CellTrace Violet dye 
proliferation marker. TLR9 engagement boosted B cell proliferation induced by BCR and 
CD40L. However, this effect was strongly reduced in the presence of HBV (Fig 2C). In fact, 
the percentage of proliferating B cells upon TLR9 stimulation decreased by 50% following 
HBV treatment. The HBV inoculum did not alter the effect on the percentage of divided B 
cells induced only by BCR and CD40L (Fig 2C and 2D).  Next, we wanted to address if HBV 
could abrogate Ig secretion by B cells upon TLR9 stimulation. By ELISPOT analysis, upon 
CpG stimulation, we observed that IgG and IgA producing cells were significantly higher in 
HBV treated conditions in comparison to non-treated cells (Fig 2 E and 2F). Our data were 
validated by measuring IgG by ELISA assay on supernatants of HBV treated human B cells 
(Fig 2G). In summary loss of TLR9 expression by HBV leads to a loss of proliferation and 
cytokine secretion but increased Ig production in human B cells. 
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Figure 2: HBV abrogates TLR9-mediated IL-6 secretion and proliferation but has no effect on global Ig 
secretion in human B cells. (A) Freshly purified B cells were treated with CpG 2006 (5μM) or left unstimulated 
± HBV (v.g.e 400) for 24h. Mock lysate was also used as a control. Levels of IL-6 in supernatants were 
measured by ELISA assay. (B) Freshly purified B cells were treated with Imiquimod at 5 μM or left 
unstimulated ± HBV (v.g.e 400) and for 24h. Mock lysate was also used as a control. Levels of IL-6 in 
supernatants were measured by ELISA assay. (C) PBMCs were stained with CellTrace Violet dye and treated 
with anti-IgM (10 μM), CD40L (1μM), IL-4 (10 nM) with or without CpG 2006 (5μM) ± HBV (v.g.e 400) for 5 
days. Only CD19+ B cells were gated by flow cytometry analysis and proliferation was assessed by dilution of 
CellTrace violet dye. Graph presents the percentage of divided B cells in different conditions and histograms in 
(D) are representative of the CellTrace violet staining. (E) Fresh PBMCs cultured with anti-IgM, CD40, IL-4 and 
CpG 2006 ± HBV (v.g.e 400) for 7 days, were collected and cultured in ELISPOT plates and processed as 
described to detect IgG, IgA and IgM producing cells. Representative ELISPOT assay wells are shown and 
graph summarizing the results obtained in triplicate of every condition is shown in (F). (G) Freshly isolated B 
cells were cultured with or without CpG2006 stimulation ± HBV (v.g.e 400) for 5 days. Levels of IgG in 
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supernatants were measured by ELISA assay. Graph presents global IgG levels in supernatants of untreated 
versus HBV-treated B cells following different stimulations. 

HBV uses HBsAg to block CREB phosphorylation and binding to the CRE site on the 
TLR9 promoter 

Previous reports showed that oncoviruses such as HPV16, EBV and HCV downregulate 
TLR9 transcription using NF- regulator of TLR9 
transcription[12,13,19]. We hypothesized that HBV used the same mechanism to block TLR9 
transcription in human B cells. By transient transfection into RPMI 8226 B cell line, we 
evaluated TLR9 promoter activity ± HBV inoculum and observed that HBV blocked TLR9 
luciferase activity (Fig 3A). To investigate which region of the promoter was implicated in 
TLR9 deregulation by HBV we used several deletions of the TLR9 promoter (Fig 3B). We 
found that deleting the cAMP responsive element (CRE) cis site (- -
on TLR9 promoter eliminated the inhibitory effect exerted by HBV (Fig 3C). 

To further investigate the implication of the CRE region, we performed site-directed 
mutagenesis of the CRE site on the full-length construct of the TLR9 promoter as well as the 
del 1 deleted construct (also containing the CRE site). The mutated site is shown in Fig 3D. 
As expected, HBV decreased TLR9 WT promoter activity however when the CRE site was 
mutated HBV could no longer exert a suppressive effect on TLR9 transcription (Fig 3E). CRE 
is a cis-element responsible for recruiting the cAMP response element-binding protein 
(CREB) to activate the transcription of target genes. CREB at steady state is expressed in the 
nucleus of cells. To bind to CRE sites, CREB must be phosphorylated at Ser133. We sought to 
see if HBV affects CREB or p-CREB levels in B cells which may affect TLR9 promoter 
activity. RPMI 8226 B cells were exposed to HBV and cell fractionation of nuclear and 
cytoplasmic proteins was performed. As expected, HBV suppressed TLR9 expression in the 
cytoplasm (Fig 3F).  In the nuclear extracts, we observed that total CREB, as well as p-CREB 
proteins, were reduced in B cells exposed to HBV (Fig 3F). Furthermore, Electrophoretic 
Mobility Shift Assay (EMSA) revealed a reduction in the CRE/CREB complex in HBV-
treated cells vs non-treated cells (Fig 3G). Our data were corroborated by an oligonucleotide 
pull-down assay using oligonucleotides for the specific CRE site found on the TLR9 promoter 
(Fig 3H). Here we concluded that HBV affects the TLR9 promoter by abrogating TLR9 
transcription specifically via the CRE/CREB pathway. HBV disrupts CREB phosphorylation 
in order to prevent binding on the CRE region within the TLR9 promoter.  
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Figure 3: TLR9 inhibition is mediated through CRE/CREB pathway abrogation by HBV. (A) RPMI 8226 
cells were transfected with the TLR9 promoter and incubated with 2 different HBV productions (HBV1 and 
HBV2) at 400 v.g.e or left untreated for 24h and finally harvested in total 48h post transfection. Cells were then 
lysed and luciferase activity was measured. Renilla luciferase co-transfection served as a normalization control. 
(C) RPMI 8226 cells were transfected with different TLR9 promoter deletions presented in (B) and incubated 
24h later with HBV at 400 v.g.e or left untreated for 24h and harvested in total 48h post transfection. Cells were 
then lysed and luciferase activity was measured. (D) Site-directed mutagenesis was performed on TLR9 
promoter to modify 3 nucleotides (in red) within the CRE cis region. (E) RPMI 8226 cells were then transfected 
with these different mutated promoters and incubated with HBV at 400 v.g.e or left untreated for 24h and finally 
harvested in total 48h post transfection. Cells were then processed to detect luciferase activity. Renilla luciferase 
co-transfection served as a normalization control. Graph presents the percentage of relative luciferase activity. 
(F) RPMI 8226 B cells were incubated with HBV (v.g.e 400) or left untreated for 24h. Cytoplasmic and nuclear 
protein fractions were extracted and TLR9, CREB and pCREB expression levels were assessed by 

-tubulin immunodetection were performed as a purity and loading control. 
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Graph presents relative p-CREB/H3 densitometry. (G) CREB activation in RPMI 8226 B cells measured by 
EMSA. Nuclear extracts from RPMI 8226 B cells treated with HBV (v.g.e 400) or left untreated for 24h, were 
used for CREB EMSA. (H) The oligonucleotide pull-down assay was conducted using oligonucleotides with 
wild-type CRE region or mutated CRE (CRE m) region and CREB binding was assessed by Western Blot. RPMI 

-tubulin are presented and served 
as a loading control. 

 

Several HBV proteins have been shown to alter or suppress innate immune responses[20 22]. 
HBV components include HBsAg which is expressed on the surface of virions or secreted 
into the blood of HBV infected patients, HBcAg which is the core protein of the virus 
enveloping the partially double-stranded DNA of the virus and HBeAg which is derived from 
the pre-core protein. As the HBV inoculum contains viral components, we decided to 
determine which viral component downregulates TLR9. Primary B cells were exposed to 
HBV viral components (HBsAg and HBeAg) as well as Dane particles (HBV virions). We 
observed that both HBsAg and HBeAg suppressed TLR9 at the protein level while Dane 
particles (purified virions) had a minor effect on TLR9 levels (Fig 4A). Both HBsAg and 
HBeAg also decreased TLR9 promoter activity comparably to HBV inoculum (Fig 4B). 
These results showed that HBsAg and HBeAg are involved in HBV-mediated suppression of 
TLR9 expression in B cells. Indeed, HBsAg, but not HBeAg lost its inhibitory effect on the 
TLR9 promoter when the CRE site was mutated (Fig 4C, Sup Fig 4). We also observed that 
HBsAg inhibited CREB phosphorylation similarly to HBV (Fig 4D). Furthermore, EMSA 
assay revealed a reduction in the CRE/CREB complex in HBs-treated cells vs non-treated 
cells (Fig 4E). As CREB is phosphorylated by Protein Kinase A (PKA) upstream of the 
CRE/CREB pathway, we wanted to assess the effect of HBsAg on the PKA. Human B cells 
were exposed to HBsAg and total PKA regulatory -PKA protein 
levels were examined. We show in Fig 4F -
PKA levels were decreased in the presence of HBsAg; which correlated with the reduction in 
p-CREB and TLR9 levels. 
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Figure 4: HBsAg inhibits TLR9 expression via CRE/CREB pathway in human B cells. (A) Freshly 
isolated B cells were treated, as indicated, with HBV or purified productions of Dane particles, HBsAg or 
HBeAg. Protein extracts were prepared 24h later. TLR9 protein le -tubulin 

-tubulin densitometry. (B) RPMI 8226 cells were 
transfected with the TLR9 promoter construct, incubated with HBV (v.g.e 400), HBsAg, or HBeAg or left 
untreated for 24h and harvested in total 48h post transfection. Renilla luciferase co-transfection served as a 
normalization control. Cells were then processed to detect luciferase activity. (C) RPMI 8226 cells were then 
transfected with the different mutated promoters previously mentioned (Figure 4 B), incubated with HBV at 400 
v.g.e or HBsAg or left untreated for 24h and harvested in total 48h post transfection. Cells were then processed 
to detect luciferase activity. Renilla luciferase co-transfection served as a normalization control. Graph presents 
the percentage of relative luciferase activity. (D) RPMI 8226 B cells were incubated with HBsAg or left 
untreated for 24h. Cytoplasmic and nuclear protein fractions were extracted and TLR9, CREB and pCREB 
expr -tubulin immunodetection were performed 
as a purity and loading control. Graph presents relative p-CREB/H3 densitometry. (E) CREB activation in RPMI 
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8226 B cells measured by EMSA. Nuclear extracts from RPMI 8226 B cells treated with HBsAg or left 
untreated for 24 h, were used for CREB EMSA. (F)  RPMI 8226 B cells were incubated with HBsAg or left 
untreated for 24h. Protein fractions were extracted and TLR9, pCREB, p-PKA and PKA- levels 

-tubulin immunodetection was used as a loading control. Graphs present 
relative PKA- -tubulin, p- -tubulin and p- -tubulin densitometry respectively. 

 

To assess whether HBV altered other CRE/CREB target genes in B cells, we analyzed the 
mRNA expression of Cyclin D1, implicated in the cell cycle[23] and BCL-2 involved in B 
cell survival and apoptosis control[24]. Regulation of both these targets could explain the 
altering effect of HBV on B cell proliferation as shown in Fig 2C. HBV suppressed the 
expression of Cyclin D1 and BCL-2 thus confirming the involvement of the CRE/CREB 
pathway (Sup Fig 5). In summary, we have shown a new mechanism by which HBV blocks 
TLR9 transcription. HBV uses HBsAg to alter the phosphorylation of PKA and thus the 
activation of CREB to prevent it from binding to the CRE site on the TLR9 promoter.  

 

TLR9 expression and function is inhibited in CHB patients 

Our results demonstrate TLR9 inhibition by HBV using in vitro models. Next we wanted to 
corroborate these results in a clinical cohort; we collected blood samples from patients with 
chronic hepatitis B without any evidence of liver disease and a family history of HCC or 
cirrhosis (Table 1). Demographic characteristics and clinical features of recruited patients are 
described in Table 2. 

 

Table 1: Inclusion and exclusion criteria of recruited patients 

Inclusion criteria Exclusion criteria 
 Chronic Hepatitis B with positive HBsAg  Acute Hepatitis in the year prior to 

recruitment 
   No acute Hepatitis in the year prior to 

the recruitment 
 Other   cause   of   liver   disease   

(alcohol, overweight,..) 
 Absence of obvious cause of liver 

disease (alcohol, overweight ...) 
 Evolving immunological or cancerous 

disease 
 Absence of underlying immunological 

or cancerous diseases 
 Immunomodulatory       or       anti-

neoplastic treatment in progress 
 Anti-HIV negative -anti-HCV-negative  HIV / HCV infected patient 
 Hepatic cytolysis (ALAT > N)  Under treatment for Hepatitis B 
 Not treated for chronic hepatitis B  

HBsAg, Hepatitis B surface antigen; HIV, Human Immunodeficiency Virus; HCV, Hepatitis C Virus; ALAT, 
serum alanine aminotransferase levels 
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Table 2: Demographic characteristics and clinical features of participants 

Parameters CHB patients Healthy donors 
 
Number                                        

 
57 

 
22 

Age (years)   
     Mean±SD 39±12 38±12 
     Median (range)  38 (19  77) 32 (20  70) 
Sex N (%)   
     Male 30 (52,5) 12 (54,5) 
     Female 27 (47,5) 10 (45,5) 
Viremia (log10 copies/mL)   
     Median (range) 2,67 (0,5  9,5) NA 
ALAT (IU/mL)    
     Median (range) 
ASAT (IU/mL) 
     Median (range) 

20 (6  56) 
 

21 (11  34) 

NA 
 

NA 
HBsAg (IU/mL) 
     Median (range) 

 
4813,6 (0,05  80392,8) 

 
                         / 

   
CHB, Chronic Hepatitis B; ALAT, serum Alanine Aminotransferase levels ; ASAT, Aspartate Transaminase 
levels; HBsAg, Hepatitis B surface antigen 

PBMCs were isolated from CHB patients as well as from healthy individuals (HD). TLR9 
expression was analyzed by flow cytometry on different B cell subsets. Concordant with our 
data in vitro we observed that CHB patients had a significant reduction of TLR9 expression in 
total B cells (Fig 5A); and in the different B cell subsets (Fig 5B, 5C and 5D).   
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Figure 5: TLR9 expression is downregulated in chronically infected hepatitis B patients. Fresh PBMCs 
from chronic hepatitis B patients (n=55) (red squares) and from healthy donors (n=18) (black dots) were isolated 
and stained with anti-CD19 to selectively gate CD19+ B cells, as well as anti-IgD, anti-CD27 and anti-CD38 to 
identify the three different B cell subsets: IgD+ CD27- naïve B cells, IgD- CD27+ memory B cells and IgD- 
CD27++ CD38hi plasma B cells. After permeabilization, PBMCs were stained with anti-TLR9 antibody to study 
TLR9 expression. Graphs present TLR9 mean fluorescence intensity (MFI) in healthy donors and CHB patients 
group, in total B cells (A), naïve (B), memory (C) or plasma (D) B cells. 

Next, we investigated if TLR9-mediated functions were also suppressed in CHB patients. In 
HD, TLR9 stimulated with CpG motifs led to the secretion of IL-
significantly reduced in CHB patients (Fig 6A and 6B). We noticed that even the basal 
secretions of IL-  reduced in comparison to controls (Fig 6A 
and 6B). IL-10 has been described to be upregulated in the plasma of CHB patients[25] 
preserving an immune suppressive state. Upon TLR9 stimulation, IL-10 secretion was not 
affected by HBV infection as we observed comparable amounts of IL-10 between control and 
CHB groups (Fig 6C).  
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Figure 6: TLR9 function is abrogated in chronically infected hepatitis B patients. Fresh PBMCs from 
chronic hepatitis B patients (n=55) (red squares) and from healthy donors (n=15) (black dots) were treated with 
CpG 2006 (5 μM) for 24h. Levels of IL- -10 (C) in the supernatants were measured by 
ELISA assay. Graphs represent the levels of cytokines in each group. (D) Fresh PBMCs from chronic hepatitis B 
patients (n=57) (red squares) and from healthy patients (n=15) (black dots) were isolated and were stained with 
CellTrace Violet dye and treated with anti-IgM (10 μM), CD40L (1μM), IL-4 (10nM) and CpG 2006 (5μM) for 
5 days. Only CD19+ B cells were gated by flow cytometry analysis and proliferation was assessed by dilution of 
CellTrace violet dye. Graphs present the percentage of divided B cells in each group. 

Next, we wanted to analyze the ability of B cells to proliferate in CHB patients following 
TLR9 stimulation along with anti-BCR and CD40L. PBMCs were activated with anti-BCR, 
CD40L and CpG for 5 days. PBMCs were then stained with CD19 to identify B cells and 
their proliferation status was analyzed by flow cytometry. TLR9-mediated B cell proliferation 
was reduced in CHB patients in comparison with the control group (Fig 6D). Indeed, 
chronically infected patients displayed a significant decrease in the percentage of proliferating 
B cells by nearly 70% (decrease in the percentage of divided B cells). Furthermore, PBMCs 
from CHB patients displayed an overall reduction of TLR9 mRNA expression in comparison 
to controls (Fig 7A). TLR7 mRNA expression, however, was similar between healthy donors 
and CHB patients (Sup Fig 6). We did not find any significant disruption in B cell subsets 
percentages between HD and CHB patients (Sup Fig 7) as it has been shown in other studies 
[26].  
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Figure 7: TLR9 and BCL-2 mRNA expression are decreased in CHB patients. Fresh PBMCs from chronic 
hepatitis B patients (n=13) (red bars) and from healthy donors (n=8) (black bars) were harvested for RNA 
extraction and RT-PCR reaction. The expression level of TLR9 (A), BCL-2 (B) and Cyclin D1 (C) was assessed 
by qPCR, normaliz -microglobulin expression and expressed relative to untreated cells. Results are 
representative of 1 of 4 experiments that gave similar results. 

To assess the implication of CRE/CREB pathway observed in in vitro data, we also analyzed 
the mRNA expression of Cyclin D1 and BCL-2[27]. While Cyclin D1 mRNA levels were not 
significantly affected by the HBV infection in patients, BCL-2 levels were down-regulated in 
CHB patients compared to the control group (Fig 7B and 7C). This result suggests the 
involvement of CRE/CREB pathway in the TLR9 down-regulation observed in CHB patients. 
In summary, these results show that in HBV chronically infected patients, TLR9 expression 
and function is significantly decreased in PBMCs and specifically in human B cells. 
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DISCUSSION 

Several oncoviruses can escape immune recognition by deregulating TLR9 expression and 
function[13,28 30]. Reported is the ability of each virus to use a unique strategy to target 
transcription factors that regulate the TLR9 promoter, or mRNA stability. LMP-1 from EBV 
as well as E7 from HPV16 activated NF-kB leading to the suppression of TLR9 transcription 
in B cells and keratinocytes respectively[13,28]. The T antigen locus of Merkel cell 
polyomavirus blocked o regulated TLR9 
transcription.[29]. Recently Fischer et al., showed that TLR9 promoter SNPs associated with 
natural clearance of HCV infection showed higher transcriptional activities[19]. We 
previously showed that TLR9 expression on pDCs as well as TLR9-mediated secretion of IFN 
is impaired by HBV[14]. Furthermore, we showed that TLR9 promoter activity was 
deregulated in RPMI 8226 cells. However, the effect and mechanism of HBV on TLR9 
expression and function in peripheral blood B cell subsets is still unknown. 

Our data suggest a novel mechanism by which HBV can block TLR9 transcription and 
function in human B cells. We demonstrated that HBsAg inhibited p-CREB levels and 
function thereby reducing its ability to bind to the CRE site located in the TLR9 promoter. 
Furthermore, HBV via HBsAg could no longer suppress TLR9 promoter activity when we 
introduced a mutation on the CRE site. CREB has a well-documented role in neuronal 
plasticity and long-term memory formation although emerging evidence has revealed specific 
functions of CREB in immune cells by inducing macrophage survival as well as promoting 
the proliferation, survival, and regulation of T and B cells[31]. BCL-2 is also regulated by 
CREB and is implicated in B cell proliferation and inhibiting the actions of pro-apoptotic 
proteins[32]. BCL-2 mRNA levels in B cells were also reduced by HBV, indicating that the 
loss of CREB function could also contribute to a decrease in B cell proliferation, an effect we 
observed in this study. Furthermore, several studies have shown that HBsAg can suppress the 
release of cytokines by interfering with TLR signaling pathways in monocytes/macrophages 
which may contribute to the establishment of chronic infections[10,33,34]. We show that 
HBsAg can abrogate PKA levels upstream of CREB. However further investigation is needed 
to elucidate how HBsAg can affect PKA-as well as CREB phosphorylation in human B cells. 
HBV has been shown to use CREB/PKA signal transduction pathways in hepatocytes to 
enhance HBsAg expression during homeostasis and hepatic inflammation[35,36]. However, 
to our knowledge, this is the first time that CRE/CREB pathway has been shown to 
downregulate the expression of TLR9 to enhance immune evasion by HBV. Therefore HBV 
may use the CRE/CREB pathway to 1) Expand its infection in hepatocytes and 2) To abrogate 
TLR9-mediated B cells functions. 

Here, we showed by electron microscopy that HBV virions, as well as HBsAg, can enter B 
cells. The nature of the cellular site of attachment involved in virus binding to B cells is under 
investigation. While sodium taurocholate co-transporting polypeptide (NTCP) is a potential 
candidate, as shown for hepatocytes[37], unpublished data indicate that B cells do not express 
this receptor and therefore, another cell receptor might be implicated. We found that upon 
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stimulation of the TLR7 pathway, IL-6 secretion is not affected by HBV compared to the 
control showing that in B cells HBV specifically targets TLR9. TLR7 has been shown in 
several studies not to be affected by HBV or HCV infection. Woltman et al. demonstrated that 
HBV and HBsAg were unable to suppress Loxoribine/TLR7-induced immune responses[38]. 
We also showed that HBV particle internalization by pDCs did not lead to suppression of 
TLR7 mediated secretion of IFN- [14]. Moreover, other groups have shown that TLR9 
expression and function is altered in CHB patients. Martinet et al found that pDCs from 
patients infected with CHB displayed poor responses to stimulation with TLR9 ligands and 
were unable to induce cytolytic activity of NK cells[39]. Furthermore, mRNA levels of TLR9 
were negatively correlated with serum levels of liver enzymes, while positively associated 
with HBV viral load in patients with CHB[40]. IL-
implicated in limiting HBV replication[41 44]. We observed that HBV blocked TLR9-
mediated IL-
loss of the antiviral response. Along with the abrogation of IFN observed for pDCs and 
recently shown immunosuppressive monocytes[45], these data show that several innate 
immune responses are abrogated in CHB patients.  

We also studied the effect of HBV on the expression of TLR9 in different peripheral blood B 
cell subsets from CHB patients. Similarly to our in vitro data, TLR9 expression was 
downregulated in naïve, memory and plasma B cells from CHB patients. Of note, this effect 
appeared to be stronger in memory B cells. Our results show that TLR9 inhibition is not 
specific to a peripheral B cell subset. HBV infection did not affect the percentages of these 
three B cell subsets (Sup Fig 7) which has been shown in other clinical studies[26,46]. 
Between memory and plasma, a fourth subset exists called transitional B cells[47]. It would 
be interesting to explore if HBV inhibits TLR9 expression on this population. We also 
observed that HBV does not affect TLR9 mediated global immunoglobulin production. In our 
experimental conditions, neither IgG secretion nor IgA and IgM production were affected by 
HBV treatment. On the contrary, IgG and IgA secretion were up-regulated by the virus. 
Similarly, Oliviero et al. who showed enhanced B-cell differentiation and reduced 
proliferative capacity in a cohort of chronically infected hepatitis C and CHB patients[48]. 
Furthermore, Lin et al. reported that IgA responses are increased in patients with onset liver 
cirrhosis, and as such, they suggested that IgA could be used as a biomarker for cirrhosis[49]. 
TLR stimulation can increase the magnitude of plasma B cells and selection for high affinity 
specific anti-viral IgG responses[50]. Based on this we can conclude that although TLR9 
stimulation of B cells did not alter total Ig production, the loss of TLR9 on B cells may have 
altered the ability to generate anti-HBV antibodies required to prevent chronic HBV infection.  

Our data highlight a key role for TLR9 mediated B cells responses against hepatitis B. Our 
results suggest that TLR9 ligands can be considered as a powerful objective for adjuvants to 
use in HBV vaccination, especially in patients who fail to respond to conventional 
vaccination. Along with antiviral treatment, future studies can be directed to discover new or 
to enhance current ligands for TLR9 to improve immune responses against HBV in patients 
with prolonged chronic infection. 
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Sup figure 3: HBV impairs HSV-2 mediated IL-6 secretion in human B cells. Freshly purified B cells were 
stimulated by HSV-2 or left unstimulated ± HBV (v.g.e 400) and for 24h. Levels of IL-6 in supernatants were measu-
red by ELISA assay. 
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Sup figure 4: HBeAg is not implicated in 
HBV-mediated TLR9 inhibition in B cells. 
RPMI 8226 cells were transfected with different 
mutated promoters, incubated with HBeAg or 
left untreated for 24h and harvested in total 48h 
post transfection. Cells were then processed to 
detect luciferase activity. Renilla luciferase 
co-transfection served as a normalization 
control.

Sup figure 5: BCL-2 and cyclin D1 mRNA 
expression are down-regulated by HBV. 
Freshly isolated primary B cells were incubated 
with HBV (v.g.e 400) or left untreated for 24h. 
Cells were harvested for RNA extraction and 
RT-PCR reaction. The expression level of 
BCL-2 and cyclin D1 was assessed by qPCR, 

and expressed relative to untreated cells.
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Sup figure 6: TLR7 mRNA expression is similar between CHB patients and healthy donors. Fresh PBMCs 
from chronic hepatitis B patients (n=15) (red bars) and from healthy donors (n=8) (black bars) were harvested for 
RNA extraction and RT-PCR reaction. The expression level of TLR9 (A), BCL-2 (B) and Cyclin D1 (C) was 
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Revue: HBV and the importance of TLR9 on B 
cell responses 

 

 

 

 

 

Objectif : 

Cette revue publiée dans le journal « AIMS Allergy and Immunology » discute des altérations 
fonctionnelles des lymphocytes B suite à épatite B. 
De plus, elle établit dans les réponses des cellules B et que la 
déficience observée dans ces réponses est due, entre autres, à 
du TLR9 qui caracté épatite B chronique. Cette revue nous aide donc à se situer dans le 

mmunitaire par HBV et surtout sur la fonctionnalité des cellules B. 
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Abstract: Chronic HBV infection affects more than 240 million people worldwide and is a major 
risk factor for developing cancer in which 10 30% of cases will progress towards liver cirrhosis and 
hepatocellular carcinoma. Infection outcome relies on the immune system maturity. Toll-like 
receptor 9 (TLR9) is a sensor of viral and bacterial DNA motifs and activates plasmacytoid dendritic 
cells (pDCs) and B cells to generate effective immune responses against infection. B cells, especially 
CD38hi plasma cells play a major role in mediating humoral immune responses to clear HBV 
infection. Many studies have shown that TLR9 function is abrogated by HBV in pDCs. We aim to 
discuss the importance of B cell function in CHB patients and summarize concisely studies that 
describe the effect of HBV on TLR9 mediated B cell function. The effect of HBV on TLR9 activity 
in B cells should give insights into oncoviral immune escape strategies providing knowledge that 
will be essential to develop novel immunotherapeutic approaches. 

Keywords: hepatitis B virus; chronic infection; B cells; Toll-like receptor 9; innate immunity 

1. Introduction  

Chronic hepatitis is a global health concern and an economic burden affecting approximately 
240 million people worldwide [1]. HBV causes liver disease ranging from acute self-limiting 
infection, occurring in the vast majority of cases in adulthood, to chronic infection, which occurs 
when the infection persists for more than 6 months [2 5]. The latter condition exhibits different 
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phenotypes, ranging from mild hepatitis to liver cirrhosis, eventually leading to liver cancer and end-
stage liver failure. Worldwide, more than 780,000 die from liver-related disease each year [1]. 

Hepatitis B prevalence is highest in sub-Saharan Africa and East Asia, where between 5 10% 
of the adult population is chronically infected [1]. According to the estimation of the World Health 
Organization, children under 6 years of age who become infected with the hepatitis B virus develop 
chronic infections [1]. B cells play major roles in producing antibodies to clear HBV infection as 
well as protection against reinfection. In chronically infected patients, several studies have shown a 
disruption in B cell subset distribution as well as a hyper-activation of some B cell subsets. However, 
the functional characteristics of these cells that are associated with the outcome of chronic HBV 
infection remain unknown. In this review, we will assess the functional impairment of B cells during 
HBV infection. Moreover, we will discuss how HBV alters the immune system with a particular 
focus on the innate sensor, Toll-like receptor 9 (TLR9).  

2. Virology and Etiology of HBV 

HBV contains a small (3.2 kb), circular, partially double-stranded DNA organized into 4 open-
reading frames. The longest open-reading frame encodes the viral polymerase (P). The core and X 
open-reading frames partially overlap with the envelope open-reading frame [6,7].The covalently 
closed circular DNA (ccc DNA) is the template that is transcribed to generate four major RNA 
species: the 3.5 kb, 2.4 kb, 2.1 kb, and 0.7 kb viral RNA transcripts [8]. HBV produces Hepatitis B 
core antigen (HBcAg), Hepatitis B envelope antigen (HBeAg) called the precore, Hepatitis Bx 
antigen (HBxAg), and Hepatitis B surface antigen (HBsAg). The persistence of HBsAg in the host 
for more than six months generally marks a chronic infection with HBV and incapacity of the 
immune system to produce neutralizing anti-HBs antibodies. Whereas the levels of HBV DNA, 
HBeAg/anti-HBe and inflammatory markers in the liver such as ALT levels are used to differentiate 
between different clinical phases of the chronic infection [9]. 

The natural history of chronic HBV infection generally comprises four phases: immune 
tolerance, immune activation, non/low replication or inactive carrier and reactivation phase. Some 
patients might further clear hepatitis B surface antigen (HBsAg) either spontaneously or through 
antiviral therapy and then progress to the HBsAg seroconversion phase [9,10]. 

The immune response against the virus represents a key factor in determining infection outcome, 
concerning both viral clearance and the perpetuation of liver damage [11]. The dynamic interactions 

disease progression, which are displayed in distinct phases. However, the role of B cell-mediated 
humoral immune responses in disease activity and the progression of chronic hepatitis are not well 
understood. Below we will discuss studies highlighting the status of B cells in HBV infection. 

3. Humoral Adaptive Response Against HBV Infection 

The current knowledge of the humoral response emerges from the routine monitoring of 
serological patterns of patients with acute or chronic HBV infection. This allows their distribution 
into distinct clinical profiles by the humoral response developed against the structural antigens of the 
virus, namely the core antigens (HBcAg) and envelope or surface antigens (HBsAg). Anti-core (anti-
HBc)-specific IgM is the earliest marker of infection, whereas antibodies against HBsAg and HBeAg 
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appear much later and indicate a favorable outcome of the infection [9,11,12,13]. Of note, in certain 
cases, a mutant form of HBeAg can arise, and therefore cannot be cleared by the host immune 
response [14,15,16]. These mutants are important because infections caused by these viruses are 
difficult to treat and can cause infections of prolonged duration and with a higher risk of liver 
cirrhosis. The mutations are changes in DNA bases from guanine to adenine at base position  
1896 (G1896A), and from cytosine to thymine at position 1858 (C1858T) in the precore region of 
the viral genome [14,15,16]. 

Anti-HBc specific IgG responses develop during the acute phase and remain after clinical 
recovery. HBV generated anti-HBs antibodies are viral neutralizing antibodies and mediate 
protective immunity by both complexing with free viral particles and preventing their uptake by 
uninfected hepatocytes [17]. Neutralizing antibodies only develop after HBsAg disappearing from 
the serum and recovery from clinical symptoms. Moreover, they are usually absent in the 
symptomatic phase of infection as well as in the chronic stage. For this reason, no specific role can 
be attributed to anti-HBs-positive B cells in the resolution of infection [18]. The cause of the delayed 
development of neutralizing antibodies is still undefined, even though this feature appears to be 
unique to viral infections caused by poorly or non-cytopathic viruses [19]. Soluble HBsAg is present 
in the blood in excess as subviral but not infectious particles and exceeds the number of virions by a 
factor of 102 105 [20]. Also hepatitis B surface antigen (HBsAg) escape mutations exist which are 
sP120T, sM133I, sS143L, sD144A/E, sG145R, sE164D, sW172*, and sW182*, which is the most 
common pattern. Vaccine/HBIg escape mutations sG145R and sP120T in combination with  
lamivudine (LAM)-associated resistance mutations are often seen in HBV-mono-infected patients 
following LAM or HBIg treatment. Mutations in HBsAg may (1) result in HBV reactivation by 
escape mutants in previously antibody to hepatitis B surface antigen (anti-HBs) immune persons, (2) 
cause diagnostic problems, and (3) result in failure of infection prevention with vaccination or 
hepatitis B immunoglobulin (HBIg) [21,22]. 

B cells can have an important, albeit indirect, role in HBV infection control, acting as antigen-
presenting cells (APCs) for antiviral CD4+ T cells [23]. They contribute towards distinct functions 
during the immune response in vivo and affect lymphoid tissue structures [23,24,25]. Indeed, a 
subset of regulatory, IL-10 producing B cells has been found to be enriched in chronic HBV patients; 
this subset is correlated with hepatic flares and can suppress the HBV-specific CD8 response in an 
IL-10-dependent manner [26]. Recently Xu et al. HCC patients exhibited significantly higher 
frequencies of IL-10 expressing B cells, which were negatively correlated with the frequencies of 
granzyme A, granzyme B, and perforin-expressing CD4+ T cells. The surface molecule Tim-1 was 
preferentially expressed on IL-10 expressing B cells. CD4+ T cells incubated with Tim-1+ B cells 
which exhibited significantly reduced levels of granzyme A, granzyme B and perforin expression, 
compared to the CD4+ T cells incubated with Tim-1  B cells. Blocking IL-10 in culture rescued 
CD4+ T cell cytotoxicity. Compared to peripheral blood, the level of IL-10 expressing B cells was 
upregulated in the resected tumor, while the level of CD4+ cytotoxic T cells was downregulated [27]. 
The work of Liu et al. also highlighted elevated Bregs that suppressed effector T but enhance Treg 
functions in CHB patients [28]. Additionally, it is worth mentioning that a direct pathogenetic role of 
the antibody response has been described in HBV-associated acute liver failure, due to a massive 
intrahepatic accumulation of anti-HBc IgG- and IgM-secreting plasma cells [29]. 

In fact, we speculate that the lack of anti-HBs in chronic infection can be partly attributed to a 
selective exhaustion of specific B cells which has recently been described in different models of 
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chronic antigen exposure [30,31]. A general hyperactivated non-functional phenotype of some B cell 
subsets leading to a disrupted B cell distribution [32] may be responsible of the lack of humoral 
response towards HBsAg in CHB patients. In summary, recent B cell biology research in HBV 
infection has been largely neglected to date and it should now represent a main research focus to 
better understand the mechanisms underlying the interaction between the innate and humoral arms of 
the immune system. These studies will highlight the potential role played by B cells in the 
pathogenesis and outcome of HBV-related liver disease. 

4. Alterations of B Cell Subsets in the Context of HBV Infection 

Persistent viral infections, particularly if accompanied by chronic immune activation, are 
occasionally characterized by an increased frequency of antigen-specific B cells. Some B cells have 
an exhausted phenotype and are, therefore highly dysfunctional, having been exposed to a large load 
of viral antigens at sites of inflammation, as shown in HIV infection [30,33]. Moreover, protracted 
antigenic stimulation may result in B cell activation and polyclonal proliferation, potentially leading 
to autoimmunity and lymphoproliferative disorders [34]. To approach the elusive role of B cells in 
HBV and HCV infection, the paper by Oliviero et al. addressed the extent of B cell activation and 
differentiation in HBV and HCV patients with chronically persisting infections [32]. The authors 
found a high frequency of activated B cells, both in patients with chronic HBV and HCV infection, 
and both in the naive and the memory B cell pool. However, B cells did not exhibit increased 
markers of exhaustion. Upon stimulation by toll-like receptor engagement or combined CD40L and 
interleukin-10 stimulation, the memory B cells both from HBV and HCV carriers showed a 
relatively low rate of differentiation into plasma cells; the proliferative response of stimulated naive 
and memory B cells from virus carriers was lower than that of healthy donors. These findings seem 
to indicate that polyclonal B cell activation may be a feature of chronic HCV infection, as well as of 
chronic HBV infection. Nevertheless, the rate of memory B cell proliferation and differentiation to 
plasma cells was low [32]. 

Overall, limited data are available regarding B-cell dysfunctions in patients with CHB and the 
impact of possible therapeutic strategies on the B cell compartment [35 39]. In a previous report, a B 
cell activation profile with an enhanced differentiation capacity into immunoglobulin-producing cells 
was observed in the context of HBV infection [32]. The lack of appropriate seroconversion 
paralleling the evolution towards chronicity nevertheless demonstrates a dramatic impairment in B-
cell responses. Interestingly, disorders in B-cell subset phenotype and function have been described 
in other chronic viral infections such as in HIV-1 [40,41] and HCV [32,42,43]. The mechanisms 
leading to these dysfunctions as well as the impact of the current therapies on the B cell population 
have not been elucidated in chronic viral infection and need to be further investigated. 

On the other hand, it has been shown that the majority of patients with chronic HCV infection, 
as well as HIV infected patients, carry a substantial proportion of over-activated B cells that belong 
to both the naïve and memory B cell compartment [30,40,43,44]. However, patients with HCC 
demonstrated extreme depletion of memory B lymphocytes, and the ratio of naïve/memory B 
lymphocytes was significantly increased in HCC patients compared with healthy controls. In 
addition, there was a significant inverse correlation between HCC disease stage and the percentage 
of memory B lymphocytes. Thus, humoral immunity was depleted with a progression of HBV 
mediated HCC and that depletion of memory B lymphocytes may be a characteristic phenomenon in 
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chronic viral infections [45]. However, more has to be done to understand the precise events leading 
to this disruption in B cell distribution and consequently an alteration in B cell responses.  

Some cytokines, such as IL-6, IL-10 and IFN- as required for B 
lymphocyte development, and these cytokines are deregulated in HBV-infected patients [46,47,48]. 
In fact, we see an upregulation of IL-10 immunosuppressive cytokine in CHB patients which may 
reflect a weaker immune response. IL-6 levels in hepatitis B early antigen (HBeAg) (+) and HBV-
DNA (+) patients were significantly higher than HBeAg ( ) and HBV-DNA ( ) patients [49]. 

In fact, the deregulation of pro-inflammatory and/or anti-inflammatory cytokines reflects 
precisely the change in B cell subsets distribution in HBV infection. 

These effects were reversed in subjects with HBsAg seroconversion meaning that there is a 
restoration of B cell distribution and function in resolved patients [50]. However, the underlying 
mechanisms of general B cell hyperactivation, an abundance of hyperactive nonspecific-plasma cells 
evidenced by the elevated plasma IgG and IgM levels and the increased secretion of IgG and IgM 
upon stimulation in vitro, in chronic HBV infection remain unknown. 

Additionally, Xu X et al. also suggested that the antigen-presenting capacity of B cells was 
impaired in CHB patients, shown by a decrease in CD80 expression [27]. Because the ligation of 
CD28 on CD4 T cells by CD80/CD86 on B cells represents a dominant co-stimulatory pathway that 
plays a critical role in CD4 T cell activation and proliferation, the downregulation of CD80 on B 
cells in CHB patients may influence the induction of CD4 T cell activation and proliferation. Indeed, 
in chronic HBV infection, not only are HBV-specific CD4 and CD8 T cell responses significantly 
diminished [51,52] but a generalized T cell hypo-responsiveness has also been demonstrated [53].This 
T-cell hypo-responsiveness might be a consequence of functionally impaired dendritic cells [54]. 
Thus, as critical antigen-presenting cells, B cells might also be involved in T-cell impairment in 
chronic HBV infection. This finding also supports the hypothesis that HBsAg might play a key role 
in the inhibition of HBV specific responses, thus leading to the failure of HBV clearance in CHB 
patients and suggest that the promotion of HBsAg-specific B cells would be a favorable new 
therapeutic strategy for this disease. During persistent virus infections, continuous B cell activation 
may result in an accumulation of exhausted B cells that have defective function and increased 
expression of inhibitory receptors as described for HIV [30,33]. However, patients with chronic 
HBV and HCV infections maintain the ability to produce antibodies to recall antigens and are able to 
respond to soluble-protein vaccines. Thus the mechanism of B cell impairment is not yet fully 
understood and requires more investigation. 

5. Role of TLR9 on B Cell Function 

Viruses are recognized by the host through early receptors called Pathogen Recognition 
Receptors (PRR). The main PRR families include the Nod-like receptors (NLRs), the retinoic acid-
induced gene (RIG)-like receptors (RLRs), and Toll-like receptors (TLRs), and all members play a 
key role in the initiation of the innate immune response and link innate to adaptive immunity [55]. 
Among these TLRs, TLR9 recognizes synthetic viral DNA in the form of unmethylated CpG 
oligonucleotides. TLR9 expression is restricted to pDCs and B cells in human. Upon TLR9 
stimulation by distinct classes of CpG oligonucleotides (CpG ODN) B cells are induced to proliferate 
and secrete IgM and pro-inflammatory cytokines such as IL-6, IL-8 and TNF-
Ig isotype switching and cell survival for long-lived plasma cells and memory B cells [56]. In the 
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context of B cell response, TLR7 and 9 stimulation provide a third signal that synergizes with BCR 
triggering (signal one) and T cell help (signal two) resulting in the induction of sustained 
proliferation and differentiation of human naive B cells. While signal one and two together are 
sufficient to drive initial proliferation of naive B cells, they fail to sustain B cell expansion and the 
proliferating B cells die after a few divisions. TLR9/7 stimulation rescues proliferating B cells that 
progressively switch isotype and differentiate to plasma cells [57,58]. 

Thus TLR9 is crucial for B cell priming and therefore B cell function. Below we will have 
summarized how HBV abrogates TLR function, with a particular focus on TLR9. 

6. HBV and TLRs 

It has been well described that innate immunity is compromised in the presence of viral 
infections especially by oncoviruses that will induce this downregulation and abrogation of the 
immune system s components to expand the infection and proliferate within the host. Recent studies 
have highlighted specific interactions of HIV, HBV, HCV, Epstein Barr virus (EBV) and Human 
Papillomavirus (HPV) with regulatory molecules [58,59] that lead to impaired PRR signaling [59 62]. 

HBV is claimed to be a stealth virus  in the early phase of infection because it does not induce 
IFNs and IFN-stimulated genes (ISGs) in acute HBV-infected chimpanzees [63] or patients [64]. 
Two possibilities could explain this fact: the inability of HBV to activate PPRs or viral inhibition of 
PPR signaling pathways. Accumulating evidence supports the latter hypothesis that HBV can 
interfere with PRR signaling pathways. It has been consistently shown that TLR expression and 
function are reduced during HBV infection. Listed in table 1 are mechanisms used by viruses to 
evade TLR specific-mediated responses (Table 1). 

Table 1. Mechanisms employed by HBV to avoid TLR specific-mediated responses.  

Model Mechanism HBV protein involved References 

PBMCs of CHB patients Impaired TLR2 and TLR4 ligands-induced pro-

inflammatory cytokines production 

HBsAg [60] 

Monocytes/macrophages Interference with TLR-induced ERK, JNK, and 

NF-  

HBsAg [65,66,67] 

Myeloid dendritic cell Impair myeloid dendritic cell function HBsAg [68] 

Plasmacytoid dendritic cells Abrogation of TLR9-mediated IFN-  HBsAg [69,70] 

Murine chronic HBsAg carriers Decreased number and declined activation of the 

hepatic NK cells 

HBsAg [71] 

(HBeAg)-positive CHB patients Interference with TLR-mediated innate immune 

responses and regulation of TLR2 

HBeAg [72,73] 

Mouse parenchymal and 

nonparenchymal liver cells 

Suppression of TLR-mediated innate immune 

responses 

HBV, HBeAg and subviral 

particles 

[74] 

HepaRG cell line and primary 

human hepatocytes 

Inhibition of Toll-like receptor 3 and RIG-

I/MDA5 signaling pathways 

HBV [75] 

CHB patients Suppression of the activation of the toll-like 

receptor signaling pathway as well as 

downregulating IL-18-mediated cell signaling 

and IFN-  

HBeAg [76] 
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CHB patients Inhibition of TLR7 and TLR9 HBV [59] 

Human hepatocytes Inhibition of TLR3-mediated IFN-

through interference with IRF3 activation 

HBV polymerase and HBx [77] 

Hepatoma cells Suppression of TNF- -induced 

NF-  signaling by inhibiting the activity of 

IKKs via interaction with Hsp90b 

HBV polymerase [78] 

Hepatocytes, Kupffer cells, and 

peripheral monocytes 

Regulation of TLR2 expression HBeAg [73] 

Hepatocytes Blocks pattern recognition receptor signaling 

(IRF activation) via Interaction with DDX3 

HBV polymerase [79] 

7. HBV and TLR9 

Of note, the role of TLR9 signaling in B cells during HBV acute infection could be relevant in 
light of the importance of the humoral response in the outcome of HBV infection and therefore 
deserves more attention. Indeed TLR9 deregulation by HBV has been noted on other cell types than 
B cells. Martinet et al. found that pDCs from patients infected with CHB displayed inadequate 
responses to stimulation with TLR9 ligands and were unable to induce cytolytic activity of NK  
cells [80]. This result was supported in a study by Xu and colleagues, which used TLR9 ligands to 
stimulate pDCs and found impaired type I interferon responses [81]. Ratnam et al. reported that the 
stimulated 
ligands in comparison with controls [82]. Another study showed that mRNA levels of TLR9 were 
negatively correlated with serum levels of liver enzymes, while positively associated with HBV viral 
load in patients with CHB [83]. Zhou et al. also reported that expression levels of TLR9 were 
significantly decreased in patients with CHB [84]. In parallel with these results, Xie and colleagues 
showed that expression levels of TLR9 mRNA and protein levels were decreased in pDCs of patients 
with CHB in comparison with healthy controls [85]. Taken together, these data highlight the 
efficiency of HBV in silencing the innate response by blocking TLR9 function on pDCs. Therefore, 
to better understand at which step TLR9 is affected, we may propose that TLR9 expression, as well 
as TLR9-mediated functions, should be studied in all four stages of the chronic infection as the 
immune system profile is not the same. 

Indeed an analysis of PBMCs from chronic hepatitis B and HBV associated hepatocellular 
carcinoma patients suggest that TLR9 mRNA levels are downregulated in CHB and that TLR9 
protein is drastically reduced in both CHB and HCC patients [86,87] although some studies 
contradict this data [88]. This can be explained by the differences in the patients profile between 
various clinical studies and can also come from the fact that TLR9 expression is measured during the 
different clinical phases of chronic HBV infection. More recently shown is that the frequencies of 
CD19+ B cells and Bregs were elevated in patients with chronic HBV infection compared with 
healthy control (HC). However compared with the HC group, the expression of TLR9 in Bregs was 
reduced in chronic hepatitis B (CHB) patients [89]. Our group is currently elucidating the 
mechanism of TLR9 transcriptional abrogation by HBV in B cells. Takeshita observed that TLR9 
transcription depends on phosphorylation of cAMP Response Element-binding protein (CREB) [90]. 
Data in our lab show that HBV can block pCREB and thus prevents TLR9 transcription. Furthermore, 
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data from our laboratory suggest that TLR9 expression is downregulated on all peripheral blood B 
cell subsets and that some TLR9-mediated functions (proinflammatory cytokines secretion, B cell 
proliferation) are impaired in CHB patients. Figure 1 represents a scheme of the proposed model for 
HBV chronic infection effect on TLR9 and B cell functionality. 

B cell
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B cell

B cellB cellB cellB cell

B cell
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B cell

CD4+ T cell

B cell

HBV and HBsAg particles

Replication

- Alteration of B cell expansion
- Abrogation of B cell-mediated antiviral responses
- Exhausted phenotype ( remodeling of B cell subsets)

B cellB cell B cell

T cellVigorous T cell
response

B cell

Polyclonal
activation

PD-1 
upregulation

 

Figure 1. HBV virions and HBsAg particles abrogate TLR9-mediated B cell responses:
chronic HBV infection leads to a general B cell exhausted phenotype where B cell 
subsets are remodeled, and thus their functions are impaired. TLR9 impairment by HBV 
will lead to an abrogated cytokine secretion, a reduced B cell proliferation and this will 
impact B cell-mediated antiviral responses (antibodies production) negatively and 
consequently T cell responses (activation of CD8+ cytotoxic T cells). 

Despite these data, another group has suggested that TLR9 stimulation may induce liver  
damage (inflammation, fibrosis, steatosis), involving non-parenchymal liver components [91]. Thus 
HBV-mediated TLR9 inhibition may reduce liver inflammation thus facilitating its persistence 
within the liver. Therefore, understanding TLR9-HBV interactions holds future promise not only for 
the fundamental aspects of HBV persistence but also for the development of novel 
immunotherapeutic strategies for chronic hepatitis B infection. 

8. Conclusion 

While the central role of adaptive immunity in controlling HBV infection is well established, 
the contribution of innate immunity in this regard has been appreciated only in recent years. HBV 
and its viral components are associated with the inhibition of TLR signaling pathways that lead to 
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impaired IFN production but also a disturbance in B cell homeostasis. Whether the innate immune 
responses could control HBV infection if initiated in the early phase of HBV infection must be 
determined. It is documented that the activation of TLR mediated signaling pathways not only 
exhibits direct inhibition of HBV replication but also enhances HBV specific T-cell and B-cell 
responses and could partially restore TLR expression in patients. C Aspord et al. [50] show that Peg- 
IFN-  trigger modulations of the B-cell compartment either directly by influencing B-cell 
differentiation and antibody production or indirectly by activating other immune cells such as 
dendritic cells and T cells that can subsequently modulate B cell differentiation and function.  

In summary, a treatment strategy with a combination of viral suppression [50,86], activation of 
TLR-mediated innate immunity and consequently restoration of HBV-specific immune responses are 
needed to achieve effective long term control of chronic HBV infection. This would also restore 
impaired B cell subsets distribution and restore HBV specific B cell responses even if it is non-
persistent and not correlated with an HBsAg seroconversion. 
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Environ 20% des cancers humains dans le monde sont attribués à des virus 
(401,402), ce qui représente une proportion importante du fléau mondial du cancer. 
HBV figure parmi les virus à ADN qui peuvent causer un cancer. En effet, dès 1970, 

développement du carcinome hépatocellulaire (HCC) (403).    

avec la forme la sévère et étendue, la cirrhose qui met les patients en haut risque de 
développer le carcinome hépatocellulaire (HCC). En outre, HBV lui-même est connu 
pour être cancérogène à travers de multiples mécanismes d'intégration virale dans le 
génome de l'hôte, des actions directes des particules virales sur les cellules hôtes et 
des mécanismes d'inflammation indirects entraînant des dommages génétiques au fil 
du temps. Tous ces processus peuvent conduire à l'oncogenèse chez les patients 
atteints de HBV, même s'ils n'ont pas de cirrhose (404). 

De nombreux oncovirus ont développé des stratégies pour échapper au système 

oncovirus et au cours des infections chroniques est le TLR9. En effet, plusieurs 
oncovirus peuvent échapper à la reconnaissance immunitaire entraînant une perte 
spécifique d'expression et de fonction de TLR9. La capacité de chaque virus à utiliser 
une stratégie unique pour cibler les facteurs de transcription qui régulent le 
promoteur TLR9, ou la stabilité de son ARNm a été largement documenté (393
395,405). La protéine LMP-  ain 16 activent la 
voie NF-kB conduisant à la suppression de la transcription de TLR9 dans les cellules 
B et les kératinocytes respectivement. EBV peut aussi via la protéine BGLF5 (EBV-

mRNA (406). Le T antigen locus of Merkel cell polyomavirus pe
transactivator ce qui entraine également la régulation de la transcription de TLR9 
(394). De plus, les SNPs du promoteur de TLR9 sont associés à la clairance 
naturelle de l'infection par le HCV et ont montré des activités transcriptionnelles plus 
élevées (407)
dans les pDCs a été décrite par Vincent et al. (388). Ces auteurs ont montré aussi 

 transcriptionelle du promoteur TLR9 est dérégulée dans une lignée de 
cellules B, les RPMI 8226. De nombreuses études ont montré que l'expression et la 
fonction de TLR9 sont modifiées chez les patients atteints de CHB. Martinet et al. ont 
constaté que les pDCs provenant de patients CHB avaient des réponses 
défectueuses à la stimulation avec des ligands TLR9 et étaient incapables d'induire 
une activité cytolytique des cellules NK (378). Ce résultat a été soutenu dans une 
étude de Xu et ses collègues, qui ont introduit des ligands TLR9 dans les pDCs et 
ont constaté des réponses d'interféron de type I altérées (377). 
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Nos données suggèrent un nouveau mécanisme par lequel HBV peut bloquer la 
transcription de TLR9 ainsi que les fonctions médiées par ce dernier dans les cellules 
B humaines. Nous avons montré que le composant viral HBsAg peut réduire les 
niveaux de phosphorylation de PKA et donc du facteur de transcription CREB, 
réduisant ainsi sa capacité à se lier au site CRE situé sur le promoteur de TLR9. En 
outre, HBsAg ne pouvait plus affecter  l'activité du promoteur TLR9 lorsque nous 

promoteur de TLR9. CREB a un rôle bien documenté dans la plasticité neuronale et 
la formation de la mémoire à long terme (408), bien que des des données 
émergentes aient révélé des fonctions spécifiques du CREB dans les réponses 
immunitaires, y compris l'inhibition de l'activation du NF-kB, l'augmentation de la 
survie des macrophages et la prolifération, la survie et régulation des cellules T et B 
(378,409). Nous avons également montré que HBsAg peut abroger les niveaux de 
pPKA en amont de CREB ce qui conduit à la diminution de la phosphorylation et 

capacité à se lier au site CRE pour activer la 
transcription de TLR9. Néanmoins, des recherches supplémentaires seront 
nécessaires pour élucider le mécanisme précis par lequel HBsAg peut affecter la 
phosphorylation PKA-CREB dans les cellules B humaines. Ces études doivent 
démontrer 

montré que HBV utilisait les voies de transduction du signal CREB / PKA dans les 
hépatocytes pour augmenter l'expression de HBsAg pendant l'homéostasie et 
l'inflammation hépatique (410,411). Cependant, à notre connaissance, ces données 

aire par HBV. Par conséquent, HBV peut 
utiliser la voie CRE/CREB pour 1. Augmenter son infection dans les hépatocytes et 
favoriser la réplication virale et 2. abroger les fonctions des cellules B médiées par 
TLR9 pour échapper au contrôle du système immunitaire.     
BCL-2, un des gènes cibles de CREB (412), joue un rôle dans la prolifération et la 
différentiation des cellules B (413). Cette étude a montré que les niveaux d'ARNm de 
BCL-2 dans les cellules B ont été réduits par HBV, ce qui indique que la perte de la 
fonction CREB pourrait également contribuer à une diminution de la prolifération des 
cellules B, un effet que nous avons observé à la fois in vitro et chez les patients 
atteints de CHB. 
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Figure 16: Effets répresseurs des oncovirus sur le promoteur TLR9. 

 

de TLR9 en plus de HBsAg. Ce même effet similaire à HBsAg a été démontré aussi 
dans les tests reporteur de luciférase sur le promoteur de TLR9. Dans cette 

 
conserve son effet même si CRE est muté. Il a été montré que HBeAg peut réprimer 
certaines voies de TLRs notamment TLR2 (390). On peut imaginer que HBeAg 
affecte la stabilité de la protéine TLR9 dans notre système et peut aussi 
éventuellement réguler son promoteur via un autre site de la région régulatrice du 
promoteur située à -800 pb du s a transcription : un candidat peut 
être le site de recrutement de NF-

(393,395). Des données non 
publiés de notre laboratoire suggèrent que ce site peut médier certains effets sur le 

 

 

Plusieurs études montrent que HBV peut diminuer la sécrétion de cytokines en 
interférant avec les voies de signalisation TLR dans les monocytes/macrophages ce  
qui peut contribuer à l'établissement d'infections chroniques (212,414,415). Dans 

-6 sécrété par les cellules B suite à la 
stimulation de la voie TLR9 par CpG2006 in vitro diminue en présence de HBV. Cette 
diminution a été observée également dans les PBMCs issus de patients CHB que ce 
soit au niveau basal ou suite à une stimulation de TLR9. Ces résultats montrent 

-6 médié par TLR9 
et donc représente une stratégie virale du HBV à contrer la réponse immunitaire. 

-6 dans le sérum des patients CHB sont  
augmenté suivant la sévérité des atteintes hépatiques et sont positivement corrélé 

ation hépatique (219,416). Cela peut donc suggérer que le niveau 
sériqu -

-6 dans notre cohorte de patients CHB qui 
sont des porteurs inactifs en majorité. Une autre possibilité est le fait que la sécrétion 
d -
cellules B mais par de nombreuses autres populations cellulaires qui participent à 
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r
identifier les populations cellulaires sécrétrices et les fluctuations des cytokines pro 
vs anti inflammatoires. 

Nous avons également remarqué que HBV n'affecte pas la production globale 

expérimentales, ni la sécrétion d'IgG ni la production d'IgA ou d'IgM n'a été affectée 
par la présence de HBV. Au contraire, on observe une hausse du nombre de 
plasmocytes sécrétant IgG et IgA suite à une stimulation TLR9 en présence du virus. 
Ces résultats ont été mis en évidence par Oliviero et al. qui ont montré une 
différenciation améliorée des lymphocytes B et une capacité proliférative réduite 
dans une cohorte de pati
(188). En outre, Lin et al. ont rapporté que les réponses IgA sont augmentées chez 
les patients atteints de cirrhose du foie et, par conséquent, suggèrent que l'IgA 
pourrait être utilisé comme biomarqueur pour la cirrhose (417)
stimulation TLR augmente la magnitude des plasmocytes B pour générer des 
réponses IgG anti-virales spécifiques à haute affinité (418). En se basant sur ces 

médiées par la stimulation TLR9 dans les cellules B mais peut spécifiquement 
atténuer les réponses Ig anti-virales via la répression de TLR9 dans les cellules B.  

compris, ainsi que des transcrits viraux ont été retrouvés dans les PBMCs de 
porteurs chroniques du virus (419,420). Dans cette étude, nous montrons, par 
microscopie électronique, que les virions HBV ainsi que les particules HBsAg 
peuvent être internalisées dans les cellules B primaires. De plus, nous montrons par 
Image Stream flow cytometry que les particules virales peuvent être internalisées au 
bout de 24h dans le cytoplasme des cellules B primaires et cela est confirmé par le 

nternalisation entre la condition 0h vs 24h de traitement avec 
HBsAg ou HBV. 

taurocholate co-transporting polypeptide (NTCP) est un candidat potentiel, comme 
déjà démontré pour les hépatocytes (97), des données non publiées indiquent que 
les cellules B n'expriment pas ce récepteur et, par conséquent, un autre récepteur 
cellulaire pourrait être impliqué dans cette liaison. Nous avons constaté aussi que la 

-
on le voit dans les cellules B stimulées avec TLR9. Ce qui suggère que HBV cible 

et al. 
montrent que HBV et HBsAg étaient incapables de supprimer les réponses 
i
réponses induites par TLR9 (Stimulation par CpG-A) (421). Vincent et al. ont 
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également montré que l'internalisation des particules de HBV par des pDCs 
n'entraînait pas la suppression de la sécrétion de l'IFN- (388) médiée par le TLR7. 

dans la phase de porteurs inactifs, nous avons étudié  
chronique sur l'expression de TLR9 dans les différentes sous-populations de cellules 
B du sang périphérique ainsi que sur les fonctions médiées par TLR9. Similairement 
aux données obtenues in vitro, l'expression de TLR9 a été diminuée dans les cellules 
B naïves, mémoire et les cellules B plasmatiques et cet effet était plus prononcé 
dans les cellules B mémoire. Ce résultat montre que l'inhibition de TLR9 n'est pas 
spécifique à une sous-population de cellules B périphériques et est un effet général 
sur les cellules B exprimant TLR9. De manière surprenante, dans cette étude, 
l'infection chronique par HBV n'a pas affecté les pourcentages de ces trois sous-
populations de cellules B ce qui a été montré dans d'autres études cliniques 
(188,422). Il serait intéressant d'étudier l'expression de TLR9 sur d'autres sous-
populations de cellules B, notamment les cellules B transitionnelles pour essayer de 
comprendre les altérations fonctionnelles des cellules B durant les infections 
chroniques. De manière générale, les infections chroniques induisent une 
hyperactivation des cellules B qui ont parfois un phénotype « épuisé », et par 

(186,423). En 
effet, une stimulation antigénique prolongée peut entraîner une hyperactivation des 
cellules B et une prolifération polyclonale incontrôlée, entraînant potentiellement une 
auto-immunité et des troubles lymphoprolifératifs (424)
phénotype non-fonctionnel hyperactivé de certaines sous-populations de cellules B 
conduisant à une perturbation dans la distribution des cellules B (188) peut être 
responsable du manque de réponse humorale à l'HBsAg chez les patients atteints de 
CHB. Oliviero et al. ont trouvé une fréquence élevée de cellules B activées, à la fois 
chez les patients atteints d'une infection chronique par HBV ou HCV, et à la fois dans 
le compartiment de cellules B naïve

provenant de patients CHB était inférieure à celle des donneurs sains (188). Ces 
résultats semblent indiquer que l'activation polyclonale des cellules B peut être une 
caractéristique de l'infection chronique HCV, ainsi que de l'infection chronique par 
HBV. Dans l'ensemble, les données concernant les dysfonctions des cellules B chez 
les patients atteints de CHB et l'impact de stratégies thérapeutiques possibles sur le 
compartiment des cellules B sont encore limitées (422,425 428). Le manque de 
séroconversion appropriée parallèle à l'évolution vers la chronicité démontre 
néanmoins une altération dramatique des réponses des cellules B. Aspord et al. 
montrent que ces altérations ont été inversés chez les sujets capables de 
séroconversion HBsAg, ce qui signifie qu'il existe une restauration de la distribution 
et de la fonction des cellules B chez les patients qui ont résolu  (422). Dans 

tivation générale des cellules B, 
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évidence par les niveaux plasmatiques d'IgG et d'IgM et la sécrétion accrue d'IgG et 
d'IgM lors de la stimulation in vitro, dans l'infection chronique par HBV, restent 
inconnues demanderaient plus de recherche pour bien comprendre et identifier les 
acteurs de cette « exhaustion » comme pour les cellules T (148,398,399). La figure X 
présente un schéma du modèle proposé pour l'effet de l'infection chronique de HBV 
sur les fonctionnalités du TLR9 et des cellules B. 
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Figure 17: HBV et les particules HBsAg altèrent les réponses des lymphocytes B médiées par 
TLR9. L'infection chronique par HBV conduit à un phénotype épuisé suractivé de cellules B où les 
sous-populations de lymphocytes B sont remodelées et, par conséquent, leurs fonctions sont altérées. 
L'altération de TLR9 par HBV entraînera une sécrétion de cytokines abrogée, une réduction de la 
capacité proliférative de cellules B et cela aura une incidence sur les réponses antivirales médiées par 
les cellules B (production d'anticorps) et par conséquent sur les réponses des lymphocytes T 
(activation des lymphocytes T cytotoxiques CD8 +). 

Toutes ces données suggèrent un rôle de TLR9 dans l'induction des réponses 
immunitaires humorales et cellulaires contre l'hépatite B. Les traitements futurs 
pourraient se concentrer sur des stratégies qui peuvent augmenter l'expression de 
TLR9 et ses molécules de signalisation comme moyen de réactiver les réponses 

augmenter la réponse immunitaire antivirale, et de 

outre, les résultats suggèrent aussi que les ligands TLR9 peuvent être considérés 
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comme une cible puissante pour les adjuvants à utiliser dans la vaccination contre 
HBV, en particulier chez les patients qui ne répondent pas à la vaccination 
conventionnelle. En parallèle avec les traitements antiviraux, des études futures 
peuvent être conduites pour découvrir de nouveaux ligands ou pour améliorer les 
ligands actuels de TLR9 pour améliorer les réponses immunitaires contre HBV 
surtout chez les patients souffrant d'une infection chronique prolongée. 
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Article 1: Characterization of the Inflammasome in 
Human Kupffer Cells in Response to Synthetic 

Agonists and Pathogens 
 

 

 

Le foie est la plus grande glande du corps humain et fonctionne comme un organe 
immunitaire inné. Les macrophages du foie appelés cellules de Kupffer (KC) constituent le 
plus grand groupe de macrophages dans le corps humain. Les réponses immunitaires innées 
impliquant les KC représentent la première ligne de défense contre les agents pathogènes dans 
le foie. Les macrophages dérivés de monocytes humains ont été utilisés pour caractériser les 

IL- -18, mais il n'a pas encore été déterminé si les KC humains contiennent des 
inflammasomes fonctionnels. Cette étude a pour but de déterminer si les KC humains 

plusieurs bactéries et virus. De plus, on veut déterminer la réponse enclenchée face au virus 

la dérégulation des 
système immunitaire. Nos résultats pourraient aider à favoriser les approches thérapeutiques 
contre les maladies chroniques du foie activant l'inflammasome. 

é aux études in vitro  si HBV peut altérer 
somes dans les KCs. 
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Characterization of the Inflammasome in Human Kupffer
Cells in Response to Synthetic Agonists and Pathogens

Claudia Zannetti,* Guillaume Roblot,* Emily Charrier,* Michelle Ainouze,*

Issam Tout,* François Briat,* Nathalie Isorce,† Suzanne Faure-Dupuy,† Maud Michelet,†

Marie Marotel,* Semra Kati,‡ Thomas F. Schulz,‡ Michel Rivoire,†

Alexandra Traverse-Glehen,x Souphalone Luangsay,† Omran Alatiff,* Thomas Henry,*

Thierry Walzer,* David Durantel,† and Uzma Hasan*

The liver is the largest gland in the human body and functions as an innate immune organ. Liver macrophages called Kupffer cells

(KC) constitute the largest group of macrophages in the human body. Innate immune responses involving KC represent the first line

of defense against pathogens in the liver. Human monocyte-derived macrophages have been used to characterize inflammasome

responses that lead to the release of the proinflammatory cytokines IL-1b and IL-18, but it has not yet been determined whether

human KC contain functional inflammasomes. We show, to our knowledge for the first time, that KC express genes and proteins

that make up several different inflammasome complexes. Moreover, activation of KC in response to the absent in melanoma 2

(AIM2) inflammasome led to the production of IL-1b and IL-18, which activated IL-8 transcription and hepatic NK cell activity,

respectively. Other inflammasome responses were also activated in response to selected bacteria and viruses. However, hepatitis B

virus inhibited the AIM2 inflammasome by reducing the mRNA stability of IFN regulatory factor 7, which regulated AIM2 tran-

scription. These data demonstrate the production of IL-1b and IL-18 in KC, suggesting that KC contain functional inflammasomes

that could be important players in the innate immune response following certain infections of the liver. We think our findings could

potentially aid therapeutic approaches against chronic liver diseases that activate the inflammasome. The Journal of Immunology,

2016, 197: 356–367.

T
he inflammasome is an innate immune pathway by which
inflammasome receptors detect pathogens and danger sig-
nals, leading to the recruitment of the apoptosis-associated,

speck-like protein ASC, which contains a carboxyl-terminal CARD.
ASC provides a link between inflammasome receptors and the
proform of caspase-1 through its PYD domain at the N-terminal and

its CARD domain, respectively. This signaling cascade is known as
the inflammasome complex. The activation of caspase-1 is associ-

ated with two events: 1) pyroptosis, a form of programmed cell death

distinct from apoptosis, and 2) the production of the proinflammatory

cytokines IL-1b and IL-18, produced by prior stimulation from

TLR ligands. Once released, mature IL-1b and IL-18 signal their

target cells, thus allowing the expansion of innate and adaptive

immune responses.
Some of the best characterized inflammasomes are the nucleotide-

binding domain and leucine-rich repeat caspase recruitment domain

4 (NLRC4) inflammasome and the nucleotide-binding domain and

leucine-rich repeat pyrin domain 3 (NLRP3) inflammasome. The

NLRC4 inflammasome is activated primarily by bacteria, including

Salmonella typhimurium, via cytosolic flagellin or the type 3 se-

cretion system. However, there is evidence showing that some

inflammasomes are also able to detect viruses. Indeed, the NLRP3

inflammasome can detect adenovirus (1), vaccinia virus (2), and

hepatitis C virus (HCV) (3). In 2009, the protein absent in melanoma

2 (AIM2) was identified as a cytosolic dsDNA sensor, capable of

activating the inflammasome via ASC (4–6). Moreover, this AIM2

inflammasome has been shown to detect vaccinia virus (5) and murine

CMV (7). These studies suggest that the AIM2 inflammasome is a

surveillance system that can monitor the host cytosol for infection

with DNA viruses. Finally, IFI16, another DNA innate sensor be-

longing to the same family as AIM2, was reported to activate a

functional inflammasome in response to Kaposi sarcoma-associated

herpesvirus (KSHV) in the nucleus (8).
Inflammasome activation in response to the liver-borne patho-

gens Francisella tularensis and S. typhimurium has been well described

in myeloid cells such as human monocyte-derived macrophages

(9–12). However, the characterization of the inflammasome in
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Address correspondence and reprint requests to Dr. Uzma Hasan, Centre International
de Recherche en Infectiologie, INSERM U1111, 21 Avenue Tony Garnier, Lyon 69007,
France. E-mail address: uzma.hasan@inserm.fr

The online version of this article contains supplemental material.

Abbreviations used in this article: AIM2, absent in melanoma 2; ChIP, chromatin
immunoprecipitation; F. novicida, Franciscella tularensis subspecies novicida; HBc,
hepatitis B core protein; HBe, hepatitis B early Ag; HBs, hepatitis B surface Ag;
HBV, hepatitis B virus; HCV, hepatitis C virus; IRF, IFN regulatory factor; KC,
Kupffer cell; KSHV, Kaposi sarcoma–associated herpesvirus; LMNC, liver mononu-
clear cell; MOI, multiplicity of infection; NLRC4, nucleotide-binding domain and
leucine-rich repeat caspase recruitment domain 4; NLRP3, nucleotide-binding do-
main and leucine-rich repeat pyrin domain 3; PCHH, primary cultured human hepa-
tocyte; PI, propidium iodide; poly(dA:dT), poly(deoxyadenylic-thymidylic) acid;
PVL, Panton–Valentine leukocidin; qPCR, quantitative PCR; WT, wild-type.

Copyright� 2016 by TheAmericanAssociation of Immunologists, Inc. 0022-1767/16/$30.00

www.jimmunol.org/cgi/doi/10.4049/jimmunol.1502301

 by guest on O
ctober 11, 2017

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 



resident liver macrophages, that is, Kupffer cells (KC), has not yet
been investigated. The liver is constantly exposed to a large va-
riety of Ags from the gastrointestinal tract, including dietary Ags,
pathogens, and toxins. KC constitute the largest group of macro-
phages in humans and play a key, diverse role in the phagocytosis
of pathogens, apoptotic cells, food Ags, and toxins that enter the
portal vein after crossing the intestinal epithelium, as well as in
TLR innate immune activation (13). We sought to characterize the
inflammasome and inflammasome response in purified primary
KC from liver donors. In this study, we aimed to determine, de-
fine, and discuss the level of inflammasome gene expression, as
well as NLRP3, AIM2, NLRC4, and IFI16 function, in response to
several live and synthetic pathogens in KC.

Materials and Methods
Ethics statement

Primary cultured human hepatocytes (PCHH) and liver mononuclear cells
(LMNC) were obtained from surgically resected anatomically normal
human liver tissue from patients diagnosed with hepatic metastases from
colon cancer, thanks to Prof. Michel Rivoire (INSERMU1032, Centre Léon
Bérard), and under the ministerial agreement numbers DC-2008-99 and
AC-2008-1001 approved by the Hopital Civil Review Board. As resected
tissue is considered waste, no patient written or oral consent was required
for this study.

Cell culture

Surgically removed samples from liver donors were perfused with colla-
genase as previously reported (14), and the resultant cell suspension was
centrifuged at 800 rpm for 4 min with no break at room temperature.
Pelleted cells constituted the PCHH, composed of $85% hepatocytes and
3–15% nonparenchymal cells, mainly KC and liver sinusoidal endothe-
lium. Culturing PCHH for 24 h in serum-free medium resulted in the
elimination of most liver sinusoidal endothelium (data not shown). The
suspension cells underwent Ficoll (PAA Laboratories) density gradient
centrifugation and three washes. The retrieved cells constituted LMNC.
KC were prepared by negative selection (Miltenyi Biotec). PCHH and HepaRG
cells were cultured with Williams medium (Life Technologies), supplemented
as described (14). PBMC were obtained from the “Établissement Français du
Sang” as buffy coats and purified as previously reported (15). THP-1 cells were
differentiated into macrophages by adding PMA (Sigma-Aldrich) for 3 h at
0.5 mM. LMNC, KC, PBMC, and THP-1 were cultured in RPMI 1640 medium
(Life Technologies) supplemented with 10% heat-inactivated FBS, 1 mM
L-glutamine, and 10 mg/ml cyproxin. HEK293 cells were maintained as pre-
viously described (15).

Stimuli and inhibitors

LPS (100 ng/ml) and Pam2CSK4 (4 nM) ligands were purchased by Cayla-
InvivoGen and were used for 4 h unless indicated otherwise. ATP (5 mM)
and poly(deoxyadenylic-thymidylic) acid [poly(dA:dT); 1 mg/well] were
provided by Cayla-InvivoGen. Nigericin was from Sigma-Aldrich. IFN-b
(Avonex, Biogenidec, France) was used at 1000 U/ml. Recombinant LukS-
PV and LukF-PV (16) were mixed together to obtain Panton–Valentine
leukocidin (PVL) and used at 100 ng/ml for 4 h. Recombinant human IL-18
BPa (R&D Systems) was used at 50 ng/ml. Anakinra (Amgen) was used at
150 mg/ml. The amounts of ligands used have been established to be optimal
in our in vitro experiments and have been previously described (17).
Recombinant human IL-12 was provided by PeproTech. Small interfering
RNA and its control were purchased from Life Technologies and used
according to the manufacturer’s instructions. Actinomycin D was purchased
from Sigma-Aldrich.

Constructs

The human IL-8 promoter luciferase plasmid was transfected and tested
with PCHH and KC supernatants as previously described (18). AIM2
promoter linked to luciferase was purchased from Switchgear, and the
mutated form was provided by the laboratory of Ruben Tooze (University
of Leeds, Leeds, U.K.) (19).

Cell death assay

Quantification of cell death was performed by analysis of propidium iodide
(PI) incorporation. Briefly, primary KC (2 3 105/well) were seeded in
black, flat-bottom 96-well plates in phenol red minus medium and infected

with F. tularensis subspecies novicida (F. novicida) and S. typhimurium
strains. One hour postinfection, PI (5 mg/ml) was added to the cells. PI
incorporation was measured during a 24-h period using a microplate
fluorometer (Tecan).

Hepatitis B virus production and components

The hepatitis B virus (HBV) is routinely produced in large quantities from
HepG2215 cells (20), but it may also be purified from the plasma of pa-
tients with chronic HBV infection. The virus is concentrated by polyeth-
ylene glycol precipitation or ultracentrifugation as needed, and the various
components of the viral inoculum (i.e., hepatitis B surface Ag [HBs], hep-
atitis B early Ag [HBe], Dane particle nucleocapsids, hepatitis B core protein
[HBc]) can be purified after separation on an iodixanol gradient.

KSHV was supplied by the laboratory of Thomas Schulz (Institute of
Virology, Hannover Medical School, Hannover, Germany).

Bacteria

F. novicida strain U112 and a mutant lacking the whole FPI were cultured
in tryptic soy broth supplemented with 0.1% cysteine. S. typhimurium
wild-type (WT; 12023 strain) and the mutant lacking SIPB (DSIPB) were
grown in Luria–Bertani medium.

Immunoblotting

Protein extracts were obtained by lysing the cells with a protein/RNA
extraction kit (Macherey Nagel) according to the manufacturer’s instruc-
tions. Abs used for immunoblotting were ASC, caspase-1 p10 (Santa Cruz
Biotechnologies), IL-1b (3ZED, NCI), IFN regulatory factor (IRF)7 (Santa
Cruz H-246), and b-actin (MP Biomedicals). Western blots were devel-
oped using the intelligent dark box (Fuji film).

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were performed using the
Shearing Optimization kit and the OneDay ChIP kit (Diagenode) as de-
scribed previously (21). Abs for IRF7 (Santa Cruz H-246) and IRF1 (Santa
Cruz F-2) were used.

ELISA

Supernatants from cultured cells were harvested and diluted up to 40 times
to perform ELISA on IL-1b (BioLegend), IL-18 (MBL International), and
IL-6 (R&D Systems).

Transfection and luciferase assay

Poly(dA:dT) transfection was performed with Lipofectamine 2000 (Life
Technologies) according to the manufacturer’s instructions. One micro-
gram poly(dA:dT) and 2 ml Lipofectamine 2000 were used for each well in
a 24-well plate. Transfection of HEK293 cells or THP-1 cells was performed
in triplicate with FuGENE (Promega), and luciferase assay was performed as
previously described (15, 21)

Real-time quantitative PCR

Total RNA was extracted from cells using the protein/RNA extraction kit
from Macherey-Nagel. cDNA synthesis was performed with 1 mg total RNA
with a first-strand cDNA synthesis kit (Thermo Scientific). Quantitative PCR
(qPCR) was performed using the Mx3000P real-time PCR system (Agilent
Technologies) with Mesa Green qPCR MasterMix Plus (Eurogentec).

Primers

The following primers were used: NLRP3, forward, 59-CAGA-
CTTCTGTGTGTGGGACTGA-39, reverse, 59- TCCTGACAACATGCT-
GATGTGA-39; AIM2, forward, 59-ATGCAGCAGGACTCATTTCA-39,
reverse, 59-CGTCTTCAGGAGGAGAAGGA-39; ASC, forward, 59-CGC-
GAGGGTCACAAACGT-39, reverse, 59-TGCTCATCCGTCAGGACCTT-39;
IFI16, forward, 59-ACTGCGTACAACAAAGCCATTTGA-39, reverse, 59-
TTGTGACATTGTCCTGTCCCCAC-39; caspase-1, forward, 59-AAAATCT-
CACTGCTTCGGACATG-39, reverse, 59-GGAACGTGCTGTCAGAGGTC-
TT-39; IL-1b, forward, 59-AATCTGTACCTGTCCTGCGTGTT-39, reverse, 59-
TGGGTAATTTTTGGGATCTACACTCT-39; IL-18, forward, 59-
ATCGCTTCCTCTCGCAACAA-39, reverse, 59-CTTCTACTGGTT-
CAGCAGCCATCT-39; GAPDH, forward, 59-GCCAAAAGGGTCAT-
CATC-39, reverse, 59-TGCCAGTGAGCTTCCCTC-39; b2-microglobulin,
forward, 59-TGCTGTCTCCATGTTTGATGTATCT-39, reverse, 59-
TCTCTGCTCCCCACCTCTAAGT-39; and AIM2 ChIP primers, for-
ward, 59-TACCTTCATTGTGCTTATTC-39, reverse, 59-ACTGATCT-
CAGAGGGTATCA-39.
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FACS staining

To phenotype KC, 5 3 105 harvested PCHH or KC were resuspended in
staining buffer (0.5% BSA, 2 mM EDTA in PBS) and preincubated with
FcR blocking reagent (Miltenyi Biotec) for 10 min at 4˚C to prevent any
nonspecific binding. Cells then underwent surface and live/dead cell
staining with the Live/Dead fixable dead cell stain kit (Life Technologies)
and intracellular staining. For surface staining, PerCP-Cy5.5–conjugated
anti-CD11b (BioLegend), FITC-conjugated anti-C5aR (AbD Serotec) Abs,
and the respective isotype controls were used. PE-conjugated anti-CD68
and the isotype control (Miltenyi Biotec) were used for intracellular
staining. Cells were analyzed using an LSR II flow cytometer (Becton
Dickinson). Data were processed using FlowJo software (Tree Star). For
intracellular staining in coculture experiments, PBMC or LMNC were
incubated for 5 h with monensin. Cells were stained with the following
Abs: allophycocyanin-Alexa Fluor 750–conjugated anti-CD3 (Beckman
Coulter), electron-coupled dye–conjugated anti-CD3, anti-CD14, and anti-
CD19 (Beckman Coulter), allophycocyanin-conjugated anti-CD56 (Beckman
Coulter), and PE-conjugated anti–IFN-g (eBioscience). Cells were analyzed
using a Navios flow cytometer (Beckman Coulter), and data were processed
using Kaluza software (Beckman Coulter).

Results
Expression and function of the inflammasome pathway in KC

Two subsets of macrophages have been reported to populate the
liver: resident CD68+/CD11b2 KC with high phagocytic activity,
and CD68+/CD11b+-infiltrating macrophages (22). FACS analysis
revealed that our purified primary KC were CD68+/CD11b2 and
thereby corresponded to the resident KC population. Using .15
donors, we obtained between 85 and 95% purity of CD68+/CD11b2

KC (Fig. 1A). Accordingly, 90–95% of KC were able to phagocytose
unopsonized FITC-conjugated zymosan A (Supplemental Fig. 1A,
1B). The NLRP3 gene was expressed at basal levels and this ex-
pression rose in response to LPS (TLR4 ligand), and the AIM2 li-
gand poly(dA:dT) led to the production of pro–IL-1b and AIM2,
whereas procaspase-1, ASC, and pro–IL-18 displayed constitutive
expression (Fig. 1B, 1C). As expected, KC primed with LPS plus
AIM2 or NLRP3 activators triggered the production of mature IL-1b
and IL-18 (Fig. 1D). KC that were primed with LPS followed by
ATP (another NLRP3 ligand) or nigercin (data not shown) also led to
the production of mature IL-1b, as confirmed by immunoblotting
(Fig. 1E). We validated our findings using PVL, a pore-forming toxin
that mediates cytotoxic effects after binding to the C5a receptor (C5aR/
CD88) expressed in KC. PVL treatment killed all CD68+/CD11b2KC
(data not shown) and led to the loss of inflammasome activation via
AIM2 and NLRP3 (Supplemental Fig. 1C). Taken together, we show
the expression of several inflammasome genes and that functional
NLRP3 and AIM2 inflammasomes are present in KC.

KC AIM2-mediated inflammasome activation of IL-8
transcription and NK cell IFN-g production

IL-1b–induced IL-8 transcription in immune cells promotes che-
motaxis and positively regulates the synthesis of proangiogenic
factors. The bioactivity of the supernatant from AIM2-activated
KC led to the induction of the IL-8 promoter, which was blocked
by the IL-1R antagonist anakinra (Fig. 2A). ATP and nigericin
were toxic to KC transfected with the IL-8 promoter, meaning that
luciferase activity could not be measured (data not shown). In re-
sponse to IL-18 and IL-12 costimulation, NK cells produce IFN-g,
which plays an important role in antiviral immunity. Thus, we
cocultured inflammasome-activated KC and PBMC to compare the
percentage of intracellular IFN-g–producing NK cells. FACS
analysis showed that the percentage of IFN-g–producing NK cells
in PBMC increased from 3% in nontreated cells to 24% in
inflammasome-activated cells. The addition of IL-18 binding pro-
tein a reduced the percentage of inflammasome-activated NK cells,
showing that IFN-g production was mostly dependent on IL-18

(Fig. 2B). Similar results were obtained from liver NK cells
(Fig. 2C). These results show that human KC have functional AIM2
and NLRP3 inflammasomes and that AIM2 production of IL-1b
and IL-18 is essential for IL-8 transcription as well as activating
liver and peripheral blood NK cells, respectively.

KC and not primary cultured human hepatocytes have
functional AIM2 and NLRP3 inflammasomes

A functional NLRP3 inflammasome in hepatocytes has been
reported by some (23) and excluded by others (24). Therefore, we
wanted to determine whether PCHH expressed inflammasome
genes. PVL treatment was used to remove KC from PCHH, and
this removal was confirmed by FACS (Fig. 3A) or phagocytosis of
unopsonized FITC-conjugated zymosan A (data not shown). Pro–
IL-1b mRNA and protein expression induced by LPS was com-
pletely abrogated in KC-depleted PCHH (Fig. 3B, 3C) as were
AIM2 transcripts detected upon LPS plus poly(dA:dT) treatment. In
contrast, transcript levels of ASC, procaspase-1, pro–IL-18, and
protein levels of ASC or procaspase-1 did not change in KC-
depleted PCHH (Fig. 3C, 3D). Thus, PVL-mediated KC depletion
led to the complete loss of mature IL-1b and IL-18 production upon
activation of the AIM2 and NLRP3 inflammasomes in PCHH
(Fig. 3D). To determine whether PVL treatment had any toxic effect
on hepatocytes, we primed KC-depleted and undepleted PCHH
with TLR2-L (Pam3CSK4) and TLR4-L (LPS) (20). Both receptors
remained functional following PVL treatment, as determined by
IL-6 secretion (Supplemental Fig. 2A). The lack of functional AIM2
and NLRP3 inflammasomes in hepatocytes was further confirmed in
HepaRG cells devoid of contaminating immune cells (25). As observed
in KC-depleted PCHH, neither IL-1b nor IL-18 production was de-
tected in the HepaRG cells after AIM2 or NLRP3 inflammasome ac-
tivation (Supplemental Fig. 2B, 2C). These data demonstrate that
hepatocytes do not contain functional NLRP3 or AIM2 inflammasomes.

Several pathogens activate the inflammasome response in KC

We addressed whether an inflammasome response could be induced
in KC by liver-related bacterias. F. novicida primarily infects
macrophages and triggers the AIM2 and NLRP3 inflammasome
(26). S. typhimurium is a flagellated bacterium that activates the
NLRC4 inflammasome in response to flagellin secreted into the
host cytosol using the SPI-1–encoded type III secretion system (27).
Infection of primary KC with F. novicidaWT strain U112 led to the
production of IL-1b and IL-18 in a multiplicity of infection (MOI)–
dependent manner (Fig. 4A). In contrast, the deletion of the Francisella
pathogenity island (28) reduced the ability of F. novicida to elicit IL-1b
and IL-18 production in KC. Infection of primary KC with
S. typhimurium also led to the production of IL-1b and IL-18. This
production was strongly impaired when KC were infected with the
Salmonella mutant DSIPB, which lacks the functional SPI-1–
encoded type III secretion system (Fig. 4B). We corroborated our
data by detecting the cleaved forms of both caspase-1 and IL-1b in
the supernatant of KC upon infection by WT strains of F. novicida
and S. typhimurium but not upon infection with mutant strains
(Fig. 4C). Activation of caspase-1 is known to activate a form of
programmed cell death. As assessed by PI incorporation, infection
of KC by WT strains of F. novicida (Fig. 4D) and S. typhimurium
(Fig. 4E) resulted in cell death, which was strongly impaired when
using mutant strains. It has been reported that KSHV can activate
the IFII6 inflammasome (8). Accordingly, 24 h incubation of KSHV
in LPS-treated and untreated KC led to a significant production of
IL-1b (Fig. 4Fi) and IL-18 (Fig. 4Fii). Collectively, these results
show, in a physiological setting, that the liver-associated pathogens
F. novicida and S. typhimurium, as well as KSHV, activated in-
flammasome responses in KC.
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HBV inhibits the AIM2 inflammasome in KC

HBV infects the human liver. It is considered a stealth virus that has
evolvedmultiple strategies to evade host immunity, but inflammasome

activity in response to HBV has not been examined. The addition of

HBV for 3 h on PCHH or purified KC did not induce IL-1b or IL-18

production (Fig. 5A, 5B). Indeed, we observed that HBV virions

were able to enter KC as measured by confocal microscopy (Fig. 5C).

Moreover, it appeared that HBV inhibited AIM2 inflammasome ac-

tivation both in PCHH and KC (Fig. 5A, 5B). These results were

confirmed in differentiated THP-1 monocyte cells, an established cell

line that has been used in previous studies on inflammasomes, using

several different batches of HBV (Fig. 5D). The inhibition of IL-1b

led to a reduction in IL-8 bioactivity (Fig. 5D). We then examined

how HBV affects AIM2 function. Overexpression of AIM2 and the

adapter ASC leads to the formation of an inflammasome complex,

which is visible as a speck when observed by fluorescence microscopy

(5). The addition of HBV had no effect on AIM2/ASC speck for-
mation (Fig. 6A), nor did it affect AIM2 protein levels, which are

driven by an exogenous promoter (Fig. 6B). However, HBV did de-

crease AIM2 transcripts in KC (Fig. 6C). These results show that

HBV can specifically inhibit the AIM2 inflammasome, but not the

NLRP3 inflammasome, in KC and differentiated monocytes.

Hepatitis B surface Ag blocks IRF7 binding to the AIM2
promoter

Wewanted to determinewhich viral component was responsible for
blocking the AIM2 inflammasome. HBV is a DNA envelope virus

that contains HBc, which encapsulates the viral DNA envelope, and

HBs, which forms a complete viral or Dane particle. HBV particles

HBs and HBe (a truncated form of HBc) are secreted by infected

hepatocytes (29). Dane particles and HBe had no effect (Fig. 7B)

on AIM2 function, but HBs was able to block IL-1b production in

a dose-dependent manner (Fig. 7C). AIM2 transcription is induced

FIGURE 1. Purified human KCs dis-

play functional AIM2 and NLRP3 in-

flammasomes. (A) KC were purified by

negative selection using immunomagnetic

beads and cultured for 3 d. Cells were then

harvested and analyzed by FACS with the

CD11b and the CD68 Abs. The percent-

age of total cells in each gate is shown. (B)

KC were treated for 4 h with LPS and then

washed and transfected with poly(dA:dT)

or treated with poly(dA:dT) for 3 h.

mRNA relative levels were determined by

qPCR using either b2-microglobulin or

GAPDH as housekeeping genes. THP-1

cells served as the control. (C) Protein

extracts from KC were treated as in (B)

and analyzed by Western blot for ASC,

procaspase-1, and pro–IL-1b. b-Actin

served as the loading control. (D) LPS-

primed KC were stimulated as indicated

for 3 h, and IL-1b (i) and IL-18 (ii) were

determined by ELISA. The mean and

SD of biological triplicates are shown.

(E) Supernatant from KC primed with

LPS with and without ATP or left un-

treated was analyzed by Western blot to

determine IL-1b protein levels. Data are

representative of three independent ex-

periments performed in triplicate. The

means6 SEM are shown. ***p, 0.0001,

based on an unpaired Student t test.
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by type I IFNs (30), and HBV has been shown to inhibit IRFs,
which are essential for IFN type I production. Indeed, the sup-
pression of AIM2 mRNA by HBV was reversed when additional
IFN-b was added (Fig. 8A). HBV may decrease AIM2 by two
distinct mechanisms: HBV can affect the stability of AIM2
transcript or it can directly inhibit AIM2 transcription. To dis-
criminate between these two possibilities, we have determined
whether HBV could influence the activity of the AIM2 promoter.
The isolated AIM2 promoter cloned in front of the luciferase
reporter gene was introduced by transient transfection in the
THP-1 cell line that expresses endogenous AIM2. High basal
luciferase activity was detected in these cells after transient
transfection, but HBV as well as HBs inhibited luminescence,
indicating that HBV via HBs can block the transcription of the
AIM2 gene (Fig. 8B). Furthermore, a mutation at the IRF site
that has been shown to regulate AIM2 transcription by IRF1 (19)
prevented HBV as well as HBs inhibition of the AIM2 promoter
(Fig. 8B). HBe did not inhibit AIM2 promoter activity (data not
shown). Indeed, the knockdown of IRF7 reduced the basal levels
of AIM2 (Supplemental Fig. 3), indicating that IRF7 in our

system regulates AIM2 expression. We previously reported that
HBV can block IRF7 activity (15). We observed that in THP-1
cells treated with IFN-b–induced IRF7 mRNA expression (Fig.
8C), this expression was blocked by HBs but was restored when
additional IFN-b was added (Fig. 8C). ChIP assays in THP-1
cells revealed that IRF7, and not IRF1 (19), was bound to the
IRF site on the AIM2 promoter; however, HBs reduced IRF7
binding on the IRF site (Fig. 8D). We also noted that bound IRF7
on the AIM2 promoter was further increased in the presence of
IFN-b but was abrogated by HBs (Fig. 8E). Additional IFN-b
treatment overcame IRF7 inhibition by HBs (Fig. 8E). We next
corroborated our findings in KC. As seen in THP-1 cells, IRF7
mRNA levels were reduced in KC when exposed to HBs (Fig.
8F). We next hypothesized that HBs may affect the stability of
IRF7 mRNA, which influences AIM2 levels. KC were treated
with actinomycin D for 24 h and then treated for 3 h with HBs.
We observed that the half-life of IRF7 mRNA was reduced by
HBs in KC (Fig. 8G). Additionally, IRF7 protein levels were
abrogated by HBs, which was correlated with a reduction in
IRF7 binding to the AIM2 promoter (Fig. 8H). We show, to our

FIGURE 2. AIM2 inflammasome activation in KC leads to production of IL-8 and IL-18 and biological activation of NK cells. (A) After 24 h the

supernatant from KC primed with LPS with and without poly(dA:dT) or left untreated was incubated with PBS or anakinra and added to HEK293 cells

transfected with the IL-8 luciferase promoter. ***p . 0.0001. (B and C) Freshly purified KC were primed overnight with LPS, washed, and then

transfected with poly(dA:dT) or left untreated. After 3 h, PBMC (B) or LMNC (C) were added to each well with and without recombinant IL-18 binding

protein a (IL-18BPa) and 6 h later were analyzed by FACS following cytokine intracellular staining. FACS plots show cells population following gating

on CD42, CD142, CD192, CD32, CD56+ cells. The percentage of IFN-g+ NK cells is shown. Results shown are from one experiment representative of

three independent experiments.
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knowledge for the first time, that different pathogens behave
differentially on the same cell type. We demonstrated that human

KC have active inflammasomes that respond to liver-borne bacterial

infections as well as to KSHV. However, HBV can abrogate AIM2

responses by deregulating IRF7 expression and binding on the

AIM2 promoter.

Discussion
Many different microbial and viral signals activate innate immunity
in the presence of liver disease. The inflammasome response may
inhibit or contribute to several of these pathologies. This balance
was extensively discussed in the review by Szabo and Csak (31),
and several recent findings speculate on the role of different liver

FIGURE 3. KC, not hepatocytes, represent the primary source of NLRP3, AIM2, and IL-1b production and display inflammasome functionality. (A) KC

populations in PCHH cultures were analyzed by FACS using CD68 and CD88 Abs. (B) PCHH with and without PVL and/or LPS were treated for 4 h, and

cells were transfected with poly(dA:dT) or left untreated for a further 3 h. The mRNA levels of NLRP3, AIM2, NLRC4, IFI16, ASC, procaspase-1, pro–IL-1b,

and pro–IL-18 were determined by qPCR and normalized to GAPDH. PMA-differentiated THP-1 served as control. (C) PCHH primed with LPS with and

without PVL as in (A) were primed with the AIM2 and NLRP3 inflammasome activators for 3 h and harvested and protein extracts were used for monitoring

procaspase-1, pro–IL-1b, and b-actin protein levels; b-actin served as the loading control. One out of three experiments is represented (Western blot); den-

sitometry was performed for IL-1b levels on all three experiments and is represented in graph form. (D) The supernatant of PCHH treated as in (C) was

harvested, and IL-1b (i) and IL-18 (ii) levels were assessed by ELISA. Data are representative of three independent experiments performed in triplicate. The

means 6 SEM are shown. ***p , 0.0001, based on an unpaired Student t test.
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cells in various liver pathologies. However, there is still no clear
study on which liver cells contribute to liver inflammasome ac-
tivity. We deduced that KC would be the major contributor in liver
inflammasome responses, as it has been historically characterized
in murine bone marrow and human monocyte-derived macrophages.
In this study, we characterized the expression of inflammasome

genes and signaling molecules, as well as the inflammasome re-
sponse to ligands and pathogens in KC. We have shown that IL-1b
and IL-18 are produced in response to AIM2, NLRP3, IFI16, and
NLCR4 activators. Moreover, our data show inflammasome acti-
vation of human KC in response to F. tularensis and S. typhimurium.
Although PCHH did not show functional NLRP3 or AIM2

FIGURE 4. Induction of the inflammasome pathway in purified KC in response to live pathogens. (A) KC were infected with F. novicida WT or DFPI

mutant strains at the indicated MOI. Eight hours after infection, supernatant was harvested and analyzed for IL-1b (Ai) and IL-18 (Aii) concentration by

ELISA. (B) The supernatant of KC infected for 3 h at an MOI of 5 with S. typhimurium WT and DSIPB mutant strains was harvested, and IL-1b (Bi) and

IL-18 (Bii) concentration was assessed by ELISA. (C) The supernatant from KC treated as in (A) and (B) was analyzed by Western blot to determine IL-1b

and caspase-1 protein levels. (D and E) Cell death of KC infected with F. novicida (D) and S. typhimurium (E) at the indicated MOI and time after infection

was assessed by measuring PI fluorescence using a 96-well microplate fluorometer. (F) KC were primed with LPS for 4 h and then incubated with KSHVor

MOCK (MOI of 25). After 24 h, supernatant was harvested and IL-1b (Fi) and IL-18 (Fii) concentration was determined by ELISA. The means 6 SEM are

shown. ***p , 0.0001, based on an unpaired Student t test. MFI, mean fluorescence intensity; NT, not treated.
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inflammasomes, we cannot exclude the possibility that other
functional inflammasomes exist in hepatocytes, and we think that
further investigations in this area are warranted.
KC tightly adhere to sinusoidal endothelial cells and are often in

contact with NK cells. This cross-talk between KC and NK cells is
essential for immune activation. We demonstrated that stimulation

of AIM2 with poly(dA:dT) led to IL-18 production in KC, and
coculture with NK cells led to IFN-g production. A recent study
linked inflammasome activation to NK cell–mediated tumor attack
to suppress metastasis in the liver, demonstrating the importance
of the innate immune system in this organ (32). Mice with colorectal
cancer who were deficient in NLRP3 inflammasome components

FIGURE 5. The AIM2 inflammasome is blocked by HBV. (A) PCHH were primed with LPS for 3 h and then incubated with HBV, MOCK, or left

untreated for 3 h. Nigericin (ligand for NLRP3) and poly(dA:dT) (ligand for AIM2) were added for 3 h. IL-1b (Ai) and IL-18 (Aii) was measured by ELISA.

(B) KC were primed with LPS for 3 h. After 3 h of incubation with HBVor MOCK, nigericin and poly(dA:dT) were added for 3 h. IL-1b (Bi) and IL-18 (Bii)

levels were assessed by ELISA. (C) Kupffer cells were purified as described, and 20 ml 2 3 1010 Alexa Fluor 488–labeled HBV virions was added for

2 h. Images were taken 3 h after HBV treatment using the Olympus FVI10 confocal microscope. Scale bars, 25 mm. (D) THP-1 cells were differentiated

and primed with LPS for 3 h, and then three different viral productions of HBV were added for 3 h. Cells were washed three times with PBS, and

nigericin and poly(dA:dT) were added for 3 h. IL-1b levels were assessed by ELISA. (E) Supernatant from cells primed with LPS with and without HBV

with and without poly(dA:dT) or left untreated was incubated with PBS or anakinra and added to HEK293 cells transfected with the IL-8 luciferase

promoter for 24 h. Data are representative of three independent experiments performed in duplicate. The means 6 SEM are shown. ***p , 0.0001,

based on an unpaired Student t test.
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had exacerbated metastatic growth in the liver, which was mediated
when the inflammasome production of IL-18 in KC was impaired,
reducing the maturation of hepatic NK cells, the surface expression
of the death ligand FasL, and the capacity to kill FasL-sensitive
tumors. Indeed, the inflammasome might have a crucial role in
mediating multiple immune response signals in the liver, which can

vary in their timing, cellular location, and intensity, and can deter-
mine the pathological outcome. Recent works described the role of
IL-1b in the pathogenesis of several different chronic liver diseases
(33–36). Jo et al. (37) revealed a link between hepatic inflammation
and disease in patients with chronic HCV, which was attributed to
IL-1b secretion following activation of the NLRP3 inflammasome

FIGURE 6. AIM2/ASC speck formation

was not affected by HBV. (A) (i) AIM2-CFP

and ASC-YFP plasmids were transfected in

HEK293 cells for 36 h. HBV was added at a

viral genome equivalent of 2000 and speck

formation was observed. Scale bars, 20 mm.

(ii) Specks were counted in five different

fields and are represented as a graph. Data

are representative of three independent ex-

periments performed in duplicate. (B) As in

(A), after HBVaddition, HEK293 cells were

lysed and immunoblotting was performed

using a GFP Ab to detect AIM2 protein

levels. (C) PMA-differentiated THP-1 were

primed with IFN-b with and without HBV

for 6 h and AIM2 mRNA was measured by

qPCR and normalized to housekeeping gene

expression GAPDH. ***p . 0.0001.

FIGURE 7. HBs inhibits AIM2 mRNA

expression. (A) THP-1 cells were differen-

tiated and primed with LPS for 3 h, and then

Dane particles or a control (ranging from

2000 to 500 viral genome equivalents) at a

viral genome equivalent of 1000 were added

for 3 h. Cells were washed three times with

PBS, and poly(dA:dT) was added for 3 h.

IL-1b levels were assessed by ELISA. (B)

THP-1 cells were differentiated and primed

with LPS for 3 h and then exposed to a de-

creasing concentration of HBe particles or

control. After 3 washes with PBS, poly(dA:dT)

was added for 3 h. IL-1b levels were

assessed by ELISA. (C) THP-1 cells were

differentiated and primed with LPS for 3 h

and then exposed to a decreasing concen-

tration of HBs particles or control. Cells

were washed three times with PBS and

poly(dA:dT) was added for 3 h. IL-1b levels

were assessed by ELISA. ***p . 0.0001.
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in liver macrophages (CD68+/CD14+). TLR8 induction of IL-18 and
IL-12 was reported in infiltrating liver macrophages and MAIT cells
in normal and in HBV- and HCV-infected livers (25).
However, certain works have highlighted the role of IL-1b and

other innate cytokines in controlling HBV infection in liver cells.
Watashi et al. (38) found that priming with IL-1b and TNF-a
remarkably reduced host cell susceptibility to HBV infection.
Furthermore, Hösel et al. showed that HBV particles and HBs
induce IL-1b, IL-6, CXCL8, and TNF production by human
CD68+ cell–enriched nonparenchymal cells via NF-кB activation
(14) and subsequently inhibit HBV replication in primary hepa-
tocytes. This inhibitory effect was mainly ascribed to IL-6, but
also to TNF-inhibited HBV replication in a noncytopathic manner.
More recently, Boltjes et al. (39) showed that HBs is internalized
by KC, leading to NK activity. In contrast, Li et al. (40) demon-
strated that rat ED1+-adherent KC exposed to HBV virions hardly
expressed IL-1b, IL-6, or TNF, but produced the immunoregulatory

cytokine TGF-b. Our data suggest that targeting AIM2 prevents the
recognition of dsDNA expressed by the HBV, and that the limited
innate response observed upon HBV infection may be due to viral-
mediated immune evasion. There are several studies that support
this hypothesis. HBe has been implicated in the downregulation of
TLR2 functionality (41) and expression in hepatocytes, KC, and
PBMC. HBs has been reported to inhibit TLR9 functionality and
expression in plasmacytoid dendritic cells and PBMC (15). The
nonstructural HBx protein encoded by HBV has been shown to
affect RIG-I–MDA5 signaling in vitro (42). Furthermore, a previous
study showed diminished IL-18 responses and reduced IFN-g of
NK cells in differentiated monocytes from PBMC (43). HBV po-
lymerase and HBs have been shown to affect the signaling of
transcription factors associated with IFN transcription, such as IRF3
and IRF7 (15, 44, 45). In the present study, we showed that HBV
via HBs can block IRF7 mRNA stability, which in turn affects AIM2
expression. These novel findings demonstrate another strategy used

FIGURE 8. IRF7 expression is abro-

gated by HBV, which prevents AIM2

expression. (A) THP-1 cells were differenti-

ated and treated with MOCK or HBV at a

viral genome equivalent of 400 for 3 h with

and without IFN-b (200 ng/ml). Cells were

washed three times with PBS and IFN-b was

added for another 3 h. The mRNA levels of

AIM2 were determined by qPCR using

GAPDH and/or b2-microglobulin as the

housekeeping gene. (B) THP-1 cells were

transfected with the AIM2 WT or mutated

promoter linked to luciferase gene and pro-

cessed as previously described (15, 20). (C) As

in (A). IRF7 mRNA expression was examined

by qPCR. (D) ChIP assay using anti IRF1,

IRF7, or IgG was performed on the IRF site

using THP-1 cells treated with HBs at 400

viral genome equivalent for 3 h. (E) THP-1

cells were treated as in (A) and ChIP assay

performed for IRF7. (F) KC were treated with

HBs or MOCK for 3 h and mRNA levels for

IRF7 were examined by qPCR using GAPDH

and/or b2-microglobulin as the housekeep-

ing gene. (G) KC were treated with acti-

nomycin D for 24 h and then treated for 3 h

with HBs or MOCK at 200 viral genome

equivalent, and an RT-PCR was performed

for IRF7 and GAPDH. Imunoblot analysis

for IRF7 and b-actin was performed on

THP-1 cells treated with Hbs or MOCK for

3 h. (H) ChIP assay for IRF7 binding to the

IRF site on the AIM2 promoter was performed

on KC treated for 3 h with HBs or MOCK.

The means 6 SEM are shown. ***p ,
0.0001, based on an unpaired Student t test.

Data are representative of three independent

experiments performed in duplicate.
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by HBV to evade innate immune responses. Therefore, understand-
ing inflammasome–pathogen interactions in the liver holds promise
not only for our understanding of the fundamental aspects of HBV
persistence, but also for our understanding of resolving other liver
pathologies.
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Article 2: TLR9 re-expression in cancer cells extends 
the S-phase and stabilizes p16 (INK4a) protein 

expression 
 

 

 

 

Objectif  2 

Le récepteur Toll-like 9 (TLR9) reconnaît l'ADN bactérien, viral et celui associé aux lésions 
cellulaires, ce qui déclenche des réponses immunitaires innées. Les résultats précédents ont 
indiqué que la régulation négative de l'expression de TLR9 est impliquée dans la perte de 
l'immunité innée antivirale ce qui va permettre une réplication virale efficace. Ici, nous avons 

Dans les cellules dérivées de patients atteints de cancer cervical et de cancer du cou, on veut 
savoir si la réintroduction de TLR9 conduira à une modification de la prolifération cellulaire. 

sont impliqués tels que TLR3 et TLR7. Par ailleurs, on aimera savoir si cette réduction de la 

régulation et  les protéines impliquées. Cette étude souligne le rôle de TLR9 dans les 
événements conduisant à la carcinogenèse. 
Dans cet article, j ai contribué aux manipulations pour identifier la spécificité de cette 
régulation à TLR9 et non pas à TLR7 ou TLR3. De plus, j ai aidé à comprendre le mécanisme 
de cette régulation et les proteines impliquées. 
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TLR9 re-expression in cancer cells extends the S-phase and
stabilizes p16INK4a protein expression
P Parroche1, G Roblot1, F Le Calvez-Kelm2, I Tout1, M Marotel1, M Malfroy3, G Durand2, J McKay2, M Ainouze1, C Carreira2, O Allatif1,
A Traverse-Glehen4, M Mendiola5, JJ Pozo-Kreilinger6, C Caux3, M Tommasino2, N Goutagny3,7 and UA Hasan1,7

Toll-like receptor 9 (TLR9) recognizes bacterial, viral or cell damage-associated DNA, which initiates innate immune responses. We
have previously shown that TLR9 expression is downregulated in several viral induced cancers including HPV16-induced cervical
neoplasia. Findings supported that downregulation of TLR9 expression is involved in loss of anti-viral innate immunity allowing an
efficient viral replication. Here we investigated the role of TLR9 in altering the growth of transformed epithelial cells. Re-introducing
TLR9 under the control of an exogenous promoter in cervical or head and neck cancer patient-derived cells reduced cell
proliferation, colony formation and prevented independent growth of cells under soft agar. Neither TLR3, 7, nor the TLR adapter
protein MyD88 expression had any effect on cell proliferation, indicating that TLR9 has a unique role in controlling cell growth. The
reduction of cell growth was not due to apoptosis or necrosis, yet we observed that cells expressing TLR9 were slower in entering
the S-phase of the cell cycle. Microarray-based gene expression profiling analysis highlighted a strong interferon (IFN) signature in
TLR9-expressing head and neck cancer cells, with an increase in IFN-type I and IL-29 expression (IFN-type III), yet neither IFN-type I
nor IL-29 production was responsible for the block in cell growth. We observed that the protein half-life of p16INK4a was increased in
TLR9-expressing cells. Taken together, these data show for the first time that TLR9 affects the cell cycle by regulating p16INK4a

post-translational modifications and highlights the role of TLR9 in the events that lead to carcinogenesis.

Oncogenesis (2016) 5, e244; doi:10.1038/oncsis.2016.49; published online 25 July 2016

INTRODUCTION
Normal tissues carefully control the production and release of
growth-promoting signals. These signals will allow entry and
progression through the cell development and division cycle,
thereby ensuring cell numbers and thus maintenance of normal
tissue architecture and function. Cancer cells, by deregulating
these signals, permit chronic proliferation. The G1/S checkpoint
controls progression of cells through the restriction point into the
DNA synthesis S-phase. The p16INK4a and Kip/Cip family inhibitors
control CDK activity and prevent entry into S-phase. p16INK4a acts
as a tumor suppressor through multiple biological functions,
including the inhibition of cell cycle progression,1 the induction
of senescence2 and differentiation,3 and its involvement in
apoptosis4 and DNA repair.5 Overexpression of the p16INK4a gene
induced the inhibition of cell proliferation, which has mainly been
considered to result from arrest in G1 phase of the cell cycle6 as
well as the lengthening of S-phase.7

Toll-like receptors (TLRs) are expressed in many hematopoietic
cell types, and their role in immune responses has been
well documented.8 However, TLRs are also expressed in non-
hematopoietic cells and have an important role in tissue
homeostasis as well as cell proliferation.9–13 In certain cell types,
TLR-dependent signaling results in apoptosis with a mechanism
that, in part, depends on the production of type I interferon
(IFN).14–16 The link between TLR signaling and cell cycle control

has been addressed in our previous studies in which we found
that flagellin, a TLR5 agonist, can induce cell cycle entry by
overcoming p27-induced cell cycle arrest fibroblasts. Our findings
also suggested that the differential capacity of TLR3 and TLR4
ligands to induce cell cycle progression is dependent on the
ability of these ligands to produce IFN.14,17 TLR9 was the first
innate immune receptor identified to recognize unmethylated
double-stranded DNA CpG motifs expressed in the genome of
viruses and bacteria. TLR9 can become activated in response to
endogenous double-stranded DNA motifs released as danger-
associated molecular patterns (DAMPs).18 We and others have
observed that oncoviruses such as human papillomavirus 16 and
38 (HPV16 and 38), Epstein Barr virus, Hepatitis B virus and Merkel
cell virus impair the expression and function of the innate immune
receptor TLR9 (1, 2, 14, 27). Furthermore, overexpression of TLR9
(with an exogenous promoter) in human keratinocytes transduced
with HPV38E6E7 decreased their ability to grow.19 Thus, in
addition to its role in innate immunity, TLR9 could control events
that promote transformation of epithelial cells or cell growth by
itself. Here, we describe a role for TLR9 in cell cycle regulation in
viral and in non-viral-induced cancers. We observed that as well as
in viral induced cancers, we demonstrated in patients with head
and neck cancer (that are HPV negative) that TLR9 levels were
downregulated. Re-constitution of TLR9 expression in head and
neck cancer cells lengthened the S-phase of the cell cycle as well
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as increase p16INK4a stability. TLR9 overexpression in head and
neck cancer cells also prevented colony formation under soft agar.
These data highlight the importance of TLR9 in controlling the
events that lead to transformation.

RESULTS
TLR9 expression affects the doubling population of
HPV16-transformed cells
We have previously reported the ability of HPV16 viral oncopro-
teins E6 and E7 (HPV16E6E7) to suppress TLR9 transcription in
human primary keratinocytes (HK). To determine the biological
significance of HPV16-mediated downregulation of TLR9 transcrip-
tion, we re-introduced TLR9 into HK and HPV16E6E7 cells by
retroviral transduction (Figure 1a). As previously reported, we
observed endogenous TLR9 expression in HK but not in

HPV16E6E7-transduced cells20 (Figure 1a). HK, but not HPV16E6E7
cells, were able to produce IL-8 when stimulated with the
oligonucleotide CpG 2006, a TLR9 ligand. Yet re-expression of
TLR9 restored HPV16E6E7 cells to produce IL-8 in response to CpG
2006 at levels that were comparable to HK (Figure 1b), indicating
that exogenous TLR9 was functional. To determine whether TLR9
expression influenced HK or HPV16E6E7 cell growth we monitored
the doubling population over a period of 14 days. HK over-
expressing TLR9 failed to grow compared with HK transduced with
pbabe alone. Similarly, HPV16E6E7-pbabe-TLR9 cells slowed the
growth rate in comparison to HPV16E6E7-pbabe cells from 60 to
20 doublings at day 14 (Figures 1c and d). To corroborate our data,
we analyzed the effect of overexpressing TLR9 (using the pbabe
retroviral system) in cells derived from cervical cancer patients
(SiHa) positive for HPV16. At 4, 9 and 14 days SiHa cells expressing
TLR9 doubled at a slower rate than pbabe alone expressing cells
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Figure 1. The effect of TLR9 overexpression on cell proliferation. (a) HK-(left panel) or HPV16E6E7-expressing keratinocytes (right panel) were
stably transduced with empty or TLR9-expressing pbabe. TLR9 protein levels were determined by western blotting. (b) Cells were stimulated
with increasing concentrations of CpG 2006 and IL-8 levels were determined by ELISA. (c) HK expressing or not HPV16E6E7 were stably
transduced with pbabe or pbabe-TLR9 and plated for a doubling population assay. The cells were harvested and reseeded every 5 days and
the doubling populations were counted. (d) At day 15 cells were visualized by microscopy at four different planes. (e) SiHa cells were stably
transduced with pbabe or pbabe-TLR9 and plated for a doubling population assay. The cells were harvested and reseeded every 5 days and
the doubling populations were counted. Data are representative of three independent experiments performed in triplicate. The mean± s.e.m.
are shown. ***Po0.0001, based on an unpaired Student’s t-test.
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Normal epithelia Dysplasia or cancerous tissue
Patient ID Histology TLR9 staining TLR9 staining
3039082 Infiltration/ cancer +/- -
3020734 Infiltration/ cancer + -
0617480B Dysplasia ++ +
0307521A1 Carcinoma infiltration + +/-
3090024 Infiltration/ cancer +++ -
0306353Z Aggressive Infiltration/ cancer +/- -
6280423 Micro lesions, not aggressive ++ +
12B08481 Carcinoma infiltration no epithelia ++
6158032 Dysplasia/ cancer + +
0621059 A9 Cancer ++ +
629639 Hyperplasia +
62765200 Cancer infiltrate ++ +
626570 Cancer differentiated ++ ++
0619316B2 Carcinoma infiltate ++ ++
312110 Cancer no epithelia +
610835 Cancer carcinoma no epithelia ++
305118 Cancer no epithelia +/-
616534 Cancer no epithelia +++
303122 Cancer no epithelia +
6294921 Cancer + -
Control 1 Normal +++ N/A

Control  2 Normal +++ N/A

no epithelia

Control 1
TLR9H and E

Control 1

62949216294921

0619316B20619316B2

Figure 2. For figure caption please see next page.
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Figure 2. TLR9 expression in HNSCC is suppressed. (a) Tumor tissue biopsies were taken from 20 patients with head and neck cancer (HPV) from
the IdiPAZ Biobank, La Pas University Hospital, Spain. Two blind histological analysis was performed by two independent pathologists and
classified sections were stained by immunohistochemistry for TLR9. (b) Histology and immunohistological staining (IHC) for TLR9 of normal head
and neck tissue vs cancer biopsies. (c) Table listing the origin and p53 status in HNSCC derived cell lines. (d) TLR9 expression mRNA expression in
HNSCC patient-derived cell lines vs control by RT-qPCR, using β2-microglobulin as a house keeping gene. The expression of TLR9 was expressed as
percentage over the control. (e) HNSCC 136 cells was stably transduced with PLVUT’-GFP or PLVUT’-TLR9. For PLVUT’-TLR9 cells were cloned by
limiting dilution. Cells were induced for 3 days and seeded. After 3 days a MTT assay was performed. The proliferation is expressed as a percentage
of the HNSCC 136 PLVUT’-GFP proliferation. TLR9 protein level was analyzed by western blotting. (f) HNSCC 136 PLVUT’-GFP or TLR9 were induced
by doxycycline and plated for a doubling population assay. The cells were harvested and reseeded every 5 days and the doubling populations
were counted. (g, h) Measurement of cell impedance of HNSCC136GFP or TLR9 treated with doxycycline for 3 days. Cells were then plated in
Xcelligence 96-well E-16 plate. Doxycycline were added every 2 days. Impedance was measured every 15 min for 7 days. Both cell index and curve
slopes are presented for each condition. Data are representative of three independent experiments performed in triplicate. The mean± s.e.m. are
shown. ***Po0.0001, **Po0.001, *Po0.01, based on an unpaired Student’s t-test.
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(Figure 1e). Taken together, these data show that TLR9 expression
prevents cell growth by reducing the doubling population of
normal and HPV16-transformed cells.

TLR9 expression is lost in head and neck cancer patients
We and others have reported the loss of TLR9 expression in
several viral induced cancers.21–25 Our next aim was to examine if
TLR9 levels were also altered in non-viral induced tumors. Tumor
tissue biopsies were taken from 20 patients with head and neck
cancer (−HPV) from the IdiPAZ Biobank, La Pas University
Hospital, Spain. Two blind histological analysis was performed
by two independent pathologists and classified (see table in
Figure 2a); sections were stained by immunohistochemistry for

TLR9 (Figure 2a). As a positive control for TLR9 staining we
selected skin tissues with a normal histological profile (Figure 2b).
In agreement with the endoplasmic localization of TLR9, basal
cells from the normal epidermis showed strong cytoplasmic
staining in control tissues (Figures 2a and b). In head and neck
cancer patients weak or no TLR9 staining was observed (Figures 2a
and b). We also analyzed normal areas in the patient tissue for
TLR9 expression and observed that in most cases TLR9 expression
was also reduced (data not shown). Furthermore, in cell lines
derived from an independent set of head and neck cancer
patients.26 TLR9 mRNA levels were reduced (Figures 2c and d).
We next determined whether restoring TLR9 expression would
have an effect on cell growth in head and neck cancer cells.
As constant TLR9 exogenous expression in certain experiments
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Figure 3. The effect of TLR9 on cell proliferation is not affected by TLR9 engagement. HNSCC 136 were stably transduced with PLVUT’-GFP,
PLVUT’-TLR7, PLVUT’-MyD88 and PLVUT’-TLR9 (tet-ON system). Half of the cells were treated with doxycycline during all the experiments.
(a) After 3 days cells treated with doxycycline or not were seeded and a MTT assay was performed. The proliferation index was calculated as
the ratio of the formazan concentration given by the doxycycline condition divided by the one of the no doxycycline condition. (b) After
3 days cells treated with doxycycline or not were seeded, stimulated after 24 h for 2 days with CpG A or CpGB, then a MTT assay was
performed. The proliferation index was calculated as the ratio of the formazan concentration given by the doxycycline condition divided by
the one of the no doxycycline treatment. (c, d) Cell impendance± TLR9 inhibitor or control. HNSCC 136 TLR9 treated 3 days with doxycycline
were plated in Xcelligence 96-well E-16 plate. Doxycycline were added every 2 days and TLR9 inhibitor or control (5μM) at day 1. Impedance
was measured every 15 min for 7 days. Curve slopes are presented for each condition. (e) TLR9 stably expressing ELAM-luc reporter cells
was used to test the TLR9 antagonist. Data are representative of three independent experiments performed in triplicate.
The mean± s.e.m. are shown. **Po0.001, based on an unpaired Student’s t-test.
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caused cell death, we decided to generate an inducible TLR9
expression vector under the control of tetracycline (doxycycline)
using the lentiviral vector pLVUT’.27 TLR9 expression was optimal
between 3–5 days post induction with doxycycline in HEK293 cells
(data not shown). We chose the head and neck cancer cell lines
(HNSCC) 124 and 136 to generate TLR9-expressing clones.

Induction of TLR9 in the 124 cell line led to immediate cell death.
We were able to obtain clones for HNSCC 136 in which we
observed optimal TLR9 expression 5 days post induction with
doxycycline (Figure 2e and Supplementary Figure 1A,B). We
observed calreticulin (an ER marker in red) and TLR9 (in green)
were localized and expressed at similar levels HNSCC 136 cells
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Figure 4. The role of TLR9 on colony formation and transformation. (a) HNSCC 136 cells stably transduced with PLVUT’-GFP and PLVUT’-TLR9
and were induced with doxycycline. After 3 days the cells were seeded (41, 123 or 370 cells per well) and 3 weeks after a crystal
violet coloration was performed. (b) The number of colonies for the HNSCC 136 PLVUT’-GFP (white bars) and the HNSCC 136 PLVUT’-TLR9
(black bars) were counted and reported as noted in the chart. (c) PLVUT’-GFP (left panel) and PLVUT’-TLR9 (right panel) HNSCC 136 cells were
either induced with doxycycline (lower panel) or left untreated (upper panel). Cells were included in agar and pictures were taken 11 days
post inclusion. (d) The mean area of the colonies doxycycline+were counted with the software image from the pictures taken 11 and 28 days
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compared with a TLR9 naturally expressing cell line (C33A)
(Supplementary Figure 1A,B). We also found that TLR9 over-
expression in the HNSCC 136 cell line led to a decrease in cell
proliferation compared with the green fluorescent protein (GFP)
vector control (Figure 2f). These results show that TLR9 is also
downregulated in non-viral induced HNSCC and its re-expression
influences cell growth.

TLR9 expression and not TLR7 or MyD88 affects cell growth
TLR9 and TLR7 share the same adapter protein MyD88 in their
signaling pathway in order to induce immune gene activation.28

We therefore tested if MyD88 or TLR7 would also alter cell growth.
We observed that neither TLR7 nor MyD88 affected cell growth
(Figure 3a). However, using the same inducible system, we
observed that in the presence of doxycycline, MyD88-, TLR9- or
TLR7-overexpressing cells that were stimulated with CpG and
R848, respectively, were able to induce the transient expression of
the nuclear factor-κB reporter gene (Supplementary figure 1C,D).
Furthermore, the addition of TLR9 ligands CpG oligo type A (CpG
2216) or type B (CpG 2006) (nuclear factor-κB activation) did not
influence further the inhibition of cell growth (Figure 3b). We next
hypothesized that the anti-proliferative response was ligand
mediated and an endogenous DAMP released due to TLR9
expression. The DAMP released would then activate TLR9 to block
cell growth. To test this hypothesis, we treated stable TLR9- or
GFP-expressing cells with increasing concentration of different

cell death inducers, that is, cisplatin, H2O2 and doxorubicin.
No enhanced defect in cell growth was observed as measured by
MTT assays (data not shown). Addition of a TLR9 ligand antagonist
to block potential TLR9 self-ligands did not alter the effects seen
on cell growth (Figures 3c and d) but did inhibit TLR9 CpG
activation of the nuclear factor-κB reporter gene (Figure 3e).
Therefore, we concluded that TLR9 expression per se inhibited cell
growth.

Colony formation and transformation of head and neck cancer
cells are altered by TLR9 expression
Clonogenic assay or colony-formation assay is an in vitro cell
survival assay based on the ability of a single cell to grow into a
colony. We observed that overexpressing TLR9 abrogated the
ability of 136 cells to form colonies (Figures 4a and b). Anchorage
independent growth of cells in soft agar is one of the hallmarks of
cellular transformation and uncontrolled cell growth, with normal
cells typically not capable of growth in semisolid matrices. We
tested the ability of our 136 head and neck cancer-derived cells to
growth under soft agar (Figures 4c and d). We observed that these
cells could grow under soft agar. However, the induction of TLR9
expression led to smaller colony growth under soft agar. Our
above findings demonstrate that TLR9 expression alone decreases
cancer cell proliferation and colony formation as well as inhibit the
events that promote transformation.
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Figure 5. Transcriptome changes induced by TLR9 re-expression. (a) Schematic representation of the experiment. HNSCC 136 PLVUT’-GFP and
HNSCC 136 PLVUT’-TLR9 were induced for 36 h with doxycycline. The mRNA was extracted and analyzed by microarray. (b) 'the true log2 of
the quantile normalized expression signals in four samples belonging to two groups, GFP & TLR9 (No ratio and no scaling). In order to
enhance data reading, color separation (blue= low and red=high) was based on the 50th theoretical percentile of the expression matrix
range' (c) cDNA from HNSCC 136 PLVUT’-GFP and HNSCC 136 PLVUT’-TLR9 induced for 36 h was subjected to qPCR to determine the level of
expression of IFI16, STAT1, IRF7, IL-29, TLR9 and PLS3. The ratio of expression TLR9 divided by GFP was calculated and plotted on the chart.
Data have been disposed on the GEO: number being generated.
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Figure 6. Type I and type III IFN are not involved in TLR9-mediated effects. (a) HNSCC 136 PLVUT’-GFP or TLR9 were treated 3 days with
doxycycline. Cells were then plated at 104 cells/ml in 96-well plate in presence or not of recombinant IFN-β (100–1000 UI/ml) (a) or (b) IL-29
(20–200 ng/ml). Doxycyclinee was added every 2 days and proliferation was measured by MTT assay over 4 days. Data are presented as
proliferation index of dox conditions only as a percentage over the medium conditioned. (c) HNSCC 136 PLVUT -GFP or TLR9 were treated
3 days with doxycycline cells were then plated at 104 cells/ml in 96-well plate in presence or not of ctrl antibodies (20 μg/ml), anti- IL-29 and
anti-IL-10Rb (20 μg/ml) or and IFN-β (1000 or 100 UI/ml) and anti-IFNAR2 (5 μg/ml). Doxocycline was added every 2 days and proliferation was
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condition. (d,e) Activation of HEK293-Tcells stably transfected ISRE reporter was measured by luciferase assay. 293T cells were plated in 96-well
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(100 or 1000 UI/ml), IL-29 (200ng/ml) or medium were added for an additional 24 h. Data are represented as fold over the medium conditions.
Data are representative of three independent experiments performed in triplicate. The mean± s.e.m. are shown. ***Po0.0001 and **Po0.001
based on an unpaired Student’s t-test.
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Figure 7. TLR9 expression affected the cell cycle but not apoptosis. (a) Caski cells stably transduced with GFP (left panel) or TLR9 (right panel)
encoded pbabe were stained with Annexin V and propidium iodide to determine percentage of apoptotic and necrotic cells. (b) HNSCC 136
cells were stably transduced with pbabe (left panel), pbabe -GFP (middle panel) or pbabe-TLR9 (right panel). Cells were pulsed with BrdU for
20 min and cell cycle analysis was performed after BrdU and 7-AAD staining by flow cytometry. (c) HNSCC 136 PLVUT’-GFP (left panel) and
HNSCC 136 PLVUT’-TLR9 (right panel) were induced with doxycycline and serum deprivated for 2 days. Cells lysate were collected 0, 4, 8 or
24 h after serum addition. Expression of cell cycle proteins were analyzed by western blotting. (d) Densitometry analysis of the western blot
band from (c).
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TLR9-expressing cells activate an IFN signature
We wanted to determine the molecular processes that might be
involved in TLR9 control of cell growth and the events that lead
to transformation. We therefore performed microarray-based
whole-genome expression profiling analysis on HNSCC 136 cells
with inducible TLR9 or GFP control at 36 h post induction with
doxycycline (Figure 5a). A microarray-based whole-genome
expression profiling analysis on HNSCC 136 cells with inducible
TLR9 or GFP control at 36 h post induction with doxycycline
(Figure 5a). Using the BRB-ArrayTools Version: 4.2.1 program,
we noted that at 36 h post TLR9 induction, 415 genes were
significantly up- or downregulated ranging from 2 to 14.6 absolute
fold differences (P-valueo0.001; false discovery rate o0.05; data
not shown). From Gene ontology annotation implemented in the
Database for Annotation, Visualization and Integrated Discovery
program (https://david.ncifcrf.gov/), we selected genes that were
upregulated and grouped under the ‘response to virus’ and
‘negative effect on cell proliferation’ at the 5% false discovery rate
level, and used the analysis of variance model to visualize the
differentially deregulated genes into a heat map analysis
(Figure 5b and Supplementary Figure 2). We selected some IFN

related and others important genes for validation by quantitative
PCR (qPCR; Figure 5c).
IFIH1, IL-29, IRF9, IFNB1 and IRF7 were upregulated under the

responses to virus classification. IFN genes IL-29, IFNB1 and STAT1
were upregulated and also grouped under negative effect on
proliferation. A panel of selected IFN-regulated genes as well as
control genes TLR9 and pLS3 (a gene that was downregulated)
were validated by qPCR (Figure 5c). We then postulated that
autocrine production of IFN-I or IL-29 by TLR9-expressing HNSCC
136 cells may contribute to the decrease in cell proliferation. We
examined if type I (IFNα/β) or type III IFN (IL-29) per se affected cell
growth. IFN-β decreased cell growth in 136 cells that expressed
TLR9 or GFP (Figure 6a); however, addition of IL-29 did not
(Figure 6b). Moreover, neither IL-29R nor type I IFNR-blocking
antibodies altered the inhibitory effect on cell proliferation by
TLR9 on 136 cells (Figures 6c–e). Although TLR9 overexpression
does induce an IFN-type signature; our data demonstrate that IFN
or IL-29 were not responsible for cell growth inhibition.

TLR9 induces a slowdown of the S-phase in head and neck cancer
cells mediated by p16INK4a

We next wanted to determine cell growth inhibition observed in
TLR9-expressing cells also promoted cell death by late apoptotic
or necrotic process using PI or 7-AAD inclusion. TLR9-expressing
cells did not induce significant cell death (Figure 7a) as shown by
PI or 7-ADD staining. As TLRs have been shown to alter cell
proliferation11,14,19 we examined if TLR9 affected the cell cycle.
Therefore, the cell cycle length in the head and neck cancer cell
line 136 post TLR9 induction was analyzed after cell synchroniza-
tion using thymidine double blockage. Successive labeling BrdU
for 15 min demonstrated that TLR9 induced an accumulation of
the G1 phase and lengthening of S-phase (Figure 7b). Reported by
Chien W et al.29 was the ability of p16INK4a in human cancer cells to
lengthen the S-phase along with the accumulation G1 phase in
the cell cycle. Synchronized cells showed that p16INK4a levels were
increased in TLR9-expressing cells (Figures 7c and d). Recently
Yu et al. showed that DNA damage in mammalian cells can
signal cell-autonomously to induce endogenous IFN-β in an IRF3-
dependent manner. The expression of endogenous IFN-stimulated
genes further activated the p53–p21 axis and increased the levels
of p16INK4a concurrent with robustly promoting cell senescence
in vitro.30 Although TLR9 expression did lead to induce IFN
stimulatory factors (Figure 5b) it did not lead to significant
changes in p16INK4a mRNA levels (data not shown) or promoter
activity (Figure 8a). As p16INK4a levels were already elevated in
TLR9-expressing cells at time point 0, we hypothesized that the
protein stability of p16INK4a may be affected owing to TLR9
expression. To test our hypothesis, 136 cells were transduced with
TLR9 or the GFP control and were cultured in a medium
containing cycloheximide to inhibit protein synthesis. p16INK4a

half-life was determined by immunoblotting. In TLR9-expressing
cells we observed an increase in p16INK4a stability compared with
the GFP control (Figures 8b and c). These findings demonstrated
the mechanism by which TLR9 expression can mediate cell growth
slowdown by increasing p16INK4a stability. Our data highlight a
central role for TLR9 in cancer development, therapeutic strategies
to reactive its expression should be targeted.

DISCUSSION
The major role of TLRs is to defend the host against pathogens via
pathogen-associated molecular pattern recognition, which trig-
gers the innate immune response. We and others share evidences
suggesting that loss of TLR9 expression may lead to a poor
immune response in viral related cancers. Wu et al.,31 showed that
a SNP on the TLR9 promoter at position − 1237, allows increased
TLR9 expression that correlated to earlier HBeAg seroconversion.
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Figure 8. TLR9 increases p16 protein stability. (a) HEK293T cells were
co-transfected with the p16 promoter linked to the luciferase gene
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The − 1237 was also identified by our group as being the site of
interaction in which nuclear factor-κBp65/ERα suppressed TLR9
transcription and thus IFN production.20 Earlier findings from our
team revealed that Epstein Barr virus infection of primary B cells
led to a decrease in TLR9 mRNA levels, which became increasingly
distinct upon immortalization, signifying that the reduction in
TLR9 expression may be linked to cellular transformation (19).
Indeed, TLRs also has a role in tissue repair, cell proliferation,
apoptosis and angiogenesis.10,11,14,16,17 The later activities link TLR
signaling to cancer. Although there are evidences that demon-
strate specifically that TLR9 is altered in cancer cells,19,32,33 proving
their role in carcinogenesis remains changeling. A recent study by
Zambirins et al.,13 suggest that TLR9 ligation in pancreatic stellate
cells promoted tumorigenesis. Also in a model of hepatocellular
carcinoma; hypoxia induced HMGB1 with released mitochondrial
DNA lead to the activation of TLR9-mediated tumor growth.34

On the contrary, TLR9 is downregulated in a several viral and
non-induced cancers and that different oncoviruses.19,23–25,33,35–37

Here we have shown that TLR9 expression was reduced in
several HNSCC derived from patients. These results were
corroborated in tissue biopsies from an independent cohort of
head and neck cancer patients. Our new data have showed that
the loss of TLR9 expression may also disable its ability to control
the cell cycle and events that may control transformation. These
results highlight the association of TLR9 in cell cycle control in
cancer cells. We show for the first time that TLR9 per se in head
and neck cancer cells was able to slowdown the cell cycle during
the S-phase. p16INK4a can act as a tumor suppressor that is
implicated in the prevention of cancers, notably melanoma,
oropharyngeal squamous cell carcinoma, cervical cancer and
esophageal cancer.29 Chien et al.,29 described that p16INK4a
overexpression led to an extended S-phase in cancer cells that
contained WTp53. We showed that HNSCC 136 cells, which
contained p53WT, which TLR9 expression increased p16INK4a,
which coincided with an extension in the S-phase. The S-phase
has an essential role in that any problems with DNA replication
trigger a 'checkpoint'—we hypothesize that TLR9 expression leads
to signaling events that puts the S-phase on hold until the
problem is resolved. It has recently been shown that TLR9
expression is strongly activated via p53 in primary human blood
lymphocytes and alveolar macrophages upon exposure to
different types of DNA-damaging insults.27 We speculated that
the inhibitory role of TLR9 on cellular proliferation was induced by
DAMPs. However, in our experimental setting we were unable to
demonstrate that DAMPs released owing to cell death were
responsible for TLR9-mediated slowdown in cell growth. Our
collaborative work with Pacini et al.19 also showed that re-
expression of TLR9 in HPV38 E6/E7 HFK resulted in a strong
accumulation of the cell cycle inhibitors p21WAF1 and p27Kip1 and
a clear decrease in cellular proliferation. The increase of p21WAF1

due to TLR9 re-expression was also observed in our model of head
and neck cancer (also upregulated in our microarray data: Series
record GSE78858). Unlike the study from Pacini et al.19 we did not
observe increased p-p38 or as our previous work has shown
p27Kip1 (data not shown). In our experiments we observed that
TLR9-expressing cells increased p16INK4a protein, which has been
shown to positively control the expression of p21(WAF1).38 We still
have to elucidate how TLR9 re-expression allows for p16INK4a

stability. p14ARF has been shown to stabilize p16INK4a. p14ARF
regulates the stability of p16INK4a protein via REGγ-dependent
proteasome degradation. Kobayashi et al.,39 therefore, it would be
interesting to determine whether TLR9 re-expression in our model
can induce p14ARF. We cannot exclude that certain IFN regulatory
transcription factors may also influence the stability of
p16INK4a.30,40 In conclusion, in addition to escaping immune
recognition, we have shown that the deregulation of TLR9 in viral
and non-viral induced cancer may also favor carcinogenesis. Most
importantly, our study highlights a novel function of TLR9 in

negatively regulated cellular proliferation by increasing the
stability of p16INK4a.

MATERIALS AND METHODS
Expression plasmids
The human TLR9 sequence was previously cloned and described.41 Human
TLR9 and GFP were cloned in the retroviral vector pBabe-puro.42 The
pLVUT is a lentiviral vector expressing GFP downstream from the ubiquitin
promoter in a doxycycline-inducible manner.27 PLVUT’ was created from
pLVUT to generate a unique EcoRI site downstream of the GFP gene.
The EcoRI site at position 6235 was removed by digestion with BstB1.
Human TLR9, MyD88 and TLR7 cDNA were cloned into lentiviral pLVUT’
vector. Tetracyclin-inducible PLVUT’ vector, TLR9, MyD88 and TLR7 were
generated by the ISP (Innate Sensors Platform). The pLXSN, HPV16E6E7,
pGL3-NF-kB luciferase, pGL3-ELAM luciferase, pGL4-TK and Renilla
constructs have been previously described.20,36 The p16INK4a-luciferase
construct was cloned as described by.43

Cell lines
HEK293 and cervical cancer-derived cell lines, SiHa and Caski were
obtained from American Type Culture Collection. HNSCC cell lines have
been previously described.44 Cells were maintained in Dulbecco's Modified
Eagle Medium supplemented with 10% fetal bovine serum and 10μg/ml
ciprofloxacin. Primary human foreskin and embryonic keratinocytes were
isolated and grown together with NIH 3T3 feeder cells in FAD medium
(Cascade) as previously described,36 or when in the absence of feeder cells,
keratinocytes were grown in EPI-LIFE medium (Cascade) supplemented
with growth factors (Cambrex, New Jersey, NJ, USA) and 10 ng/ml human
epidermal growth factor (R&D Systems, Lille, France). Cells were cultured at
37 °C with 5% CO2. The Caski and HNSCC 136 PLVUT’-GFP and TLR9 were
generated after lentiviral transduction and cloned by limited dilution. Ten
clones for each cell line positive for WPRE were selected and amplified.

Lentiviral and retroviral infections
Retroviral infections have been previously described.36 Infected cells were
selected with puromycin (1 μg/ml) for 3 days (corresponding to 100% of
killing of uninfected cells). Lentiviral particles were produced by the
'plateau technique analyse genetique et vectorologie' (SFR Biosciences
UMS3444/US8, Lyon, France). Lentiviral infections were done accordingly
to the protocol of the ISP.

RNA extraction, reverse transcriptase-PCR and qPCR
RNA was extracted using Nucleospin RNA/protein kit following the
manufacturer protocol (Macherey-Nagel, Germany). Reverse transcriptase
reaction was performed using 500–1000ng of RNA. For qPCR, complemen-
tary DNA were diluted 1/20 for quantitative PCR (qPCR) reactions using Mesa
green qPCR Master Mix (Eurogentec, Angers, France). PCR was conducted
using the Mx 3000P real-time PCR system (Stratagene, La Jolla, CA, USA). Two
sets of PCR assays were conducted for each sample, the TLR9 and β2-
microglobulin primers have been described.35,45 Amplification specificity was
assessed for each sample by melting curve analysis, and the size of the
amplicon checked by electrophoresis (data not shown). Relative quantifica-
tion was performed using standard curve analysis. TLR9 mRNA levels were
normalized to β2-microglobulin mRNA levels and are presented as a ratio of
gene copy number per 100 copies of β2-microglobulin in arbitrary units.

Functional analysis
Synthetic phosphodiester oligodeoxynucleotides (CpG 2006 and GpC
2006) were synthesized by InvivoGen (Toulouse, France) and used at
indicated concentration. IFN-β was used at 100 or 1000 UI/ml (Avonex,
Biogen, Nanterre Cedex, France), anti-IL-29, anti-IFNβ (R&D) and anti-
IFNAR2 (PBL, New Jersey, NJ, USA). Cells were stimulated overnight and the
response was monitored by luciferase assay or enzyme-linked immuno-
sorbent assay. For luciferase assay transient transfection of the reporter
plasmid NF-kB, or ELAM luciferase was performed as previously
described.41 Enzyme-linked immunosorbent assays were done in accor-
dance to manufacturer’s instructions (R&D system).
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Immunoblot analysis
In brief, harvested cells were lysed in mild lysis buffer containing
50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% Triton X-100, 1 mM DTT,
0.5 mM and complete protease inhibitor (Roche, Meylan, France). Cellular
protein content was determined by the Bradford assay (Bio-Rad,
Marnes-la-Coquette, France); used for sodium dodecyl sulphate-polyacryl
amide gel and immunoblotting onto a polyvinyl difluoride membrane.
After incubation with primary antibodies, proteins were detected with
secondary peroxidase-conjugated antibodies (Promega, Madison, WI, USA)
and ECL. All the primary antibodies for western blotting were from Cell
Signaling but the β actin (MP biomedicals, Santa Ana, CA, USA).

Proliferation assay
Doubling population assay and clonogenicity assay were previously
described.46 For MTT assays, cells were plated at 50 000, 100 000
and 150 000 cell/ml in 96-well plate in quadruplicate. After 48 h 10% of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (5 mg/ml)
(Sigma-Aldrich, St Louis, CA, USA) was added for 4 h then supernatants
were removed and the cells resuspended in dimethyl sulphoxide. The
550nm absorbance was read on a plate reader. For the flow cytometry
proliferation analysis, the cells were either stain with PHK 26 fluorescent dye
(Sigma-Aldrich, France) or CellTrace violet Cell proliferation kit (Life
technologies, France) following manufacturer recommendations. Cell Pro-
liferation Assays: for each cell type, the indicated number of cells/well was
seeded into 100 μl of media in 96X microplates (E-Plate). The attachment,
spreading and proliferation of the cells were monitored every 30 min using
the RT-CES system. Cell proliferation was monitored for 48–72 h, depending
on the experiment. Cell-sensor impedance was expressed as an arbitrary unit
called the Cell Index. The rate of cell growth was determined by calculating
the slope of the line between two given time points.

Flow cytometry analysis
For synchronization experiments, 200 000 cells/ml were plated in a six-well
dish. The next day thymidine (2 mM final) was added to the cells, 18 h later
the cells were washed three times with PBS and complete medium was
added for 9 h. Then thymidine (2 mM final) was added for 18 h. The cells
were then washed three times in PBS and complete medium containing
BrdU was added. For BrdU cell cycle analysis of non-synchronized cells,
100 000 cells per well were plated. The next day BrdU was added to the
plate for 20–30 min. The cells were harvested and washed in PBS then
fixed in 70% ethanol overnight at 4 °C. The cells were treated with 3N HCl
that was neutralized with 0.1 M Na2B4O7 pH 8.5. The cells were then
blocked and stained with an anti-BrdU (Biolegend, London, UK) and 7-AAD
(Life Technologies). For apoptosis experiment, Apoptosis detection kit I
(Becton Dickinson, Le Pont de Claix, France) was used following
manufacturer protocol. For TLR9 intracellular staining, one million cells
were fixed with 2% paraformaldehyde and permeabilized in PBS contain-
ing 0.25% saponin. After blocking the cells were stained with a rat anti-
human TLR9 (eBioscience, Paris, France) and with a secondary goat anti-rat
Alexa 633. The staining was analyzed on a BD LSRII using the software Diva
and FlowJo (Treestar, Ashland, OR, USA).

Histology
IdiPAZ biobank, La Pas University Hospital, Spain. TLR9 staining was
performed as previously described36 and scoring was performed by
pathologist Alexandra- Traverse Glehen (Department Laboratoire
d'Anatomie et cytologie pathologiques, Hopital Lyon Sud, France).

Soft agar
TLR9 or GFP HNSCC 136 cells were plated (150 000 cell/well) in six-well dish
and induced in presence or not of doxycycline for 48 h. Cells were then
trypsined and counted to include in soft agar assay. Soft agar assay
consisting of a 2.5 ml lower layer of 0.75% agar in double-strength
Dulbecco's Modified Eagle Medium supplemented with 7.5 g/l NaHCO3
and 10% fetal bovine serum was placed in a six-well plated and permitted
to solidify at room temperature. Cells to be tested for colony formation
were suspended (22 500 cell/well) in a plating layer of 0.45% agar in
double-strength Dulbecco's Modified Eagle Medium containing 10% fetal
bovine serum in presence or not of doxycycline. About 100 μl of double-
strength Dulbecco's Modified Eagle Medium containing fetal bovine
serum, and doxycycline if indicated, was added to soft agar every 3 days.
Pictures were taken 11 days post inclusion.

Isolation of RNA from HNSCC 136 cells
HNSCC 136 cells transduced with pLVUT’ TLR9 or GFP where plated with
the same number of cells and cells were harvested and RNA extracted
post as mentioned above post 36 h treatment with doxycyline. RNA
concentration and purity were evaluated with the Nanodrop (Thermo
Scientific, Illkirch, France). RNA integrity and quantification were character-
ized by measuring the 28 s/18 s rRNA ratio and RIN (RNA Integrity Number)
using the Agilent 2100 bioanalyzer instrument and the RNA 6000 Nano kit.
The RIN software classifies the integrity of eukaryotic total RNAs on a scale
of 1–10, from most to least degraded.

Microarray-based whole-genome expression profiling and data
analysis
Genome-wide gene expression profiling analysis was performed on
Illumina HumanHT-12 v4 Expression BeadChips, providing a coverage of
424 000 annotated genes (48 783 probes corresponding to 1–3 probes
per gene) including well-characterized genes and splice variants.
Candidate probe sequences included on the HumanHT-12 v4 Expression
BeadChip derive from the National Center for 8 Biotechnology Information
Reference Sequence RefSeq (Build 36.2, Rel22) and the UniGene (Build 199)
databases. Using the Illumina TotalPrep RNA Amplification Kit (Ambion,
Thermofisher, Illkirch, France), 500 ng of extracted RNAs were converted to
complementary DNAs and subsequent biotin labeled single-stranded
cRNAs. The distribution of homogeneous in vitro transcription products
(cRNAs) was checked with the Agilent 2100 bioanalyzer instrument and the
RNA 6000 Nano kit. In total, 750 ng of biotin labeled cRNAs of the four
(biological triplicates) samples were hybridized overnight to four
HumanHT-12 Expression BeadChips. Subsequent steps included washing,
streptavadin-Cy3 staining and scanning of the arrays on an Illumina
BeadArray Reader. Fluorescence emission by Cy3 was quantitatively
detected for downstream analysis. The Illumina Genome Studio V2010.2
was used to obtain the signal values (AVG-Signal), with no normalization
and no background subtraction. Data quality controls were performed
using internal controls present on the HumanHT-12 beadchip and were
visualized as a control summary plot and for each sample as noise-to-
signal ratios calculated by P95/P05 signal intensities. All samples had P95/
P05 410, defined as sample quality threshold (data not shown).
Differential expression analysis was performed using BRB-ArrayTools

software v4.2 developed by Dr Richard Simon and BRB-ArrayTools
Development Team.47 The raw signal intensities of all samples were
log-transformed and quantile normalized with background subtraction
with the exclusion of any probe showing excess dispersion (defined by
485% of individual probe values differing from the median by 41.5-fold).
Class comparison for Microarray Analysis using the t-test method was
performed for identification of differentially expressed probes. Probes
with a P-value of o0.001, with a minimum of twofold change and a false
discovery rate of o0.05 were considered significantly differentially expressed.
The Database for Annotation, Visualization and Integrated Discovery v 6.7
was used for classification of the differentially expressed genes.48

Heat map generation
Pre-treatment of data and graphics were carried out with the R statistical
langage–Version 3.2.2. In brief, we used the R limma program to perform
background correction & quantile normalization.49 After normalization, the
intensities were transformed into log2 and the control probes were removed.
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Abstract: 19 
 20 
Oncoviruses block innate immune responses in order to persist in the host. 21 
However to avoid persistence the immune response attempts to clear the 22 
infection. IL- viral motifs are detected 23 
by innate inflammasome receptors. Whether oncoviruses such as human 24 
papillomavirus can activate the inflammasome pathway remains unknown. 25 
Here, cells infected with HPV16 quasivirions were found to produce IL- . Yet, 26 
upon replication and expression of the viral oncoprotein E6, IL-27 
was blocked. Silencing of endogeneous E6 in HPV16-positive cervical cancer 28 
cells restored IRF6 expression and IL-  Mutations in E6 altered 29 
p53 transcriptional control of IRF6, which we demonstrated was essential for 30 
IL- The involvement of p53 and IRF6 in the down-31 
regulation of IL- by HPV16 was fully confirmed in cervical cancer cells and 32 
tissues from patients. Our findings reveal a struggle between oncoviral 33 
persistence and host immunity; which is centered on IL-  34 
 35 
Introduction 36 
The innate immune system is the first line of defense in response to non-self and 37 
danger signals from microbial invasion or tissue injury. Viruses are sensed by several 38 
immune receptors that activate signaling pathways leading to cytokine production. 39 
Many oncogenic viruses can deregulate several immune-related pathways to 40 
guarantee the persistence of the infection. High Risk Human Papilloma Viruses (HR 41 
HPV) are the etiological factor of cervical as well as in certain head and neck 42 
neoplasia and is responsible for approximately 20% of all human cancers linked to 43 
infection 1. Persistence and progression of the infection can only be achieved by 44 
deregulating both cellular and immune defense mechanisms. Among the HR types, 45 
HPV16 is the most prevalent type in premalignant and malignant cervical lesions 2. 46 



2 
 

E6 and E7 can target many cellular proteins such as binding and degrading the 47 
tumor suppressor gene products, p53 and pRb, respectively. In parallel E6 and E7 48 
are able to deregulate several innate immune-related pathways. The viral 49 
mechanisms of immune evasion range from modulation of cytokines and chemo-50 
attractant expression to alteration of antigen presentation and down-regulation of 51 
IFN-pathways and adherence molecules 3. Recently Lau et al showed that E7 binds 52 
to innate adapter STING and supresses the pathway of the DNA sensor cGAS 4. 53 
Similarly, some antiviral genes inducible by interferon such as IFIT1, MX1 and innate 54 
sensors RIG-I, TLR3 and TLR9 are also inhibited by HPV 5, 6. On the flip side, host 55 
cells have also evolved strategies to thwart viral immune escape. When HPV infects 56 
keratinocytes (host cell) type 1 interferon should be produced as well as pro-57 
inflammatory cytokines such as IL- . IL-  is a crucial pro-inflammatory effector 58 
molecule that activates the production of chemokines such as IL-8 and CXCL5 59 
promoting specific adaptive immune responses against viral infections, yet there are 60 
few evidences demonstrating the role of IL-  61 

 62 

Our current understanding is that the regulation of IL- is controlled by two 63 
checkpoints: transcription of the pro-form and maturation of the active form. The 64 
transcription factor nuclear factor- B (NF- B) induces the transcription of the pro-IL-65 
1  gene. Post translation regulation of the pro- form of IL-66 
inflammasome cytosolic multi-protein complex. NLRP3 and AIM2 are the most 67 
characterised inflammasome complexes that have been shown to control caspase-1 68 
activity and IL- Activation of NLRP3 and AIM2 will initiate the pro-69 
inflammatory caspases to cleave the precursor pro-IL- ; resulting 70 
in a strong inflammatory response. AIM2 is responsible for detecting DNA viruses, 71 
while NLRP3 associates with recognition of RNA viruses by cells 7-9. Recent 72 
evidences suggest that host protective immunity requires the NLRP3 inflammasome 73 
for fighting against various kinds of viruses, including Influenza A virus, modified 74 
Vaccinia virus Ankara, Sendai virus, Respiratory Syncytial virus, 75 
Encephalomyocarditis viruses, as well as Adenoviruses. Furthermore, 76 
inflammasome-mediated innate immune responses were shown to impact the 77 
adaptive immune responses to influenza virus 10. Whether the inflammasome has a 78 
protective role in HPV16 infection remains to be investigated. 79 

 80 
Here we strongly demonstrate HPV16-mediated induction of IL- in human primary 81 
keratinocytes. IL- production by infected keratinocytes controlled viral replication 82 
for several hours. However, this control was lost after 8h due to the ability of the viral 83 
oncoprotein HPV16E6 (16E6) to inhibit IL-  secretion. We found that the 16E6 84 
binding domain essential for p53 degradation played a crucial role in regulating IL-85 
transcription. The 16E6 viral oncoprotein induced a block in the p53 transcriptional 86 
regulation of Interferon Regulatory Factor 6 (IRF6), which we found was essential to 87 
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bind to and activate the ISRE site on the IL- promoter. The identification of this 88 
inhibitory transcriptional loop represents an undiscovered mechanism of oncoviral 89 
immune hijacking in the infected host cell. This study demonstrates the balance 90 
between host and pathogen immune evasion which is pivotal to viral persistence.  91 
 92 
Results 93 
 94 
HPV16 induces IL-   95 
Most inflammasome studies use human monocyte-derived macrophages or murine 96 
bone marrow derived macrophages to measure IL- .  We first determined whether 97 
inflammasome activation could be achieved in normal primary human keratinocytes, 98 
the host of HPV infection. Addition of poly dA:dT (an AIM2 activator) or Nigericin (a 99 
NLRP3 activator) led to the production of IL- -stimulate pro-100 
IL- We next examined whether HPV16 could induce IL-101 
human keratinocytes. To do this we generated HPV16 virus (called Quasivirions 102 
[16QsV]) and control Pseudovirions (PV) 6. Infection of primary keratinocytes with 103 
16QsV between 2-4 h led to an increase in IL-104 
post 8h infection, we observed a decrease in IL- mRNA expression (Figure 1A) 105 
while E6 mRNA expression gradually increased (Figure 1B). Viral genes E1 and E7 106 
also increased (data not shown). Even at a low v.g.e, 16QsV IL-107 
4h but was lost at 24h (Figure 1C). Furthermore IL- was secreted when cells were 108 
stimulated with 16QsV, but not with non-encapsidated DNA or late proteins L1/L2 109 
(Figure 1C).  110 
 111 
IL-  reduces HPV16 replication in the host cell. 112 
IL- 11, 113 
therefore we evaluated whether IL- could also affect HPV16 replication. 114 
Keratinocytes were infected with 16QsV or PV in the presence of IL-1 . We observed 115 
that recombinant IL- HPV16 viral replication as measured by E6 transcript 116 
levels (Figure 1D). HPV16 replication was reversed when blocking the effect of IL-117 
with an antagonist for the IL-1 receptor (Anakinra) (Figure 1E). These initial data 118 
indicate that HPV16 activates the production of IL-  by keratinocytes as a means to 119 
control viral replication. However the decrease of IL-1  transcripts at >8h suggests 120 
the virus has developed an escape mechanism to block host anti-viral immunity.  121 
 122 
IL-  123 
The viral oncoproteins E6E7 have been shown to block several innate immune 124 
pathways such TLR9, STING and IRF signalling 4, 6, 12. We hypothesized that E6 125 
and/or E7 were responsible for the inhibition of IL-  126 
transduced with recombinant retrovirus expressing HPV16 E6 and E7 (16E6E7) or 127 
with the empty vector control (pLXSN). 16E6E7 blocked both AIM2-mediated and 128 
NLRP3-mediated secretion of IL-129 
oncoproteins using siRNA for 16E6E7 restored the ability of cells to produce IL-130 
(Figure 2B). In the epidermis, keratinocytes are the first cells to be encountered by 131 
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external stimuli to induce IL- IL-8 expression by human 132 
dermal fibroblasts 13. We established an IL-8 bioassay in which addition of IL-133 
induced IL-8 luciferase reporter activity expressed in HEK293 cells (Figure 2C).  134 
Specificity of the assay was controlled using IL-1R inhibitor (Anakinra) (Figure 2C). 135 
We observed the induction of IL-8 luciferase gene transcription from supernatants 136 
that were derived from AIM2 stimulated cells, however supernatants from cells 137 
transduced with 16E6E7 failed to induce IL-8 transcription (Figure 2D). Knock down 138 
of the viral oncoproteins using siRNA for 16E6E7 restored the ability of HPV16-139 
positive cells (SiHa) to produce IL-140 
(Figure 2E). To corroborate our findings we took supernatants from cell lines derived 141 
from cervical cancer patients infected with HPV16 (CaSki and SiHa) that were 142 
stimulated with the NLRP3 ligand. We observed that supernatants from cervical cell 143 
line negative for HPV(C33A) induced IL-8 luciferase activity (Figure 2F) whereas 144 
luciferase activity was reduced or absent in SiHa and CaSki cells (Figure 2F). In 145 
addition Anakinra blocked the ability of IL-8 induction by supernatants derived from 146 
C33A cells stimulated with poly dA:dT.  147 
 148 
These data demonstrate the ability of HPV16 E6 and/or E7 to block IL-149 
and consequent gene transcription of IL-8 in human keratinocytes as well as in 150 
HPV16-positive cell lines derived from cervical tumours. 151 
 152 
HPV16E6E7 abrogates mRNA expression of pro-IL-  153 
We speculated that the loss of IL-  the ability of 16E6E7 154 
to block NLPR3 and AIM2 transcription as we previously reported for TLR9 6. Neither 155 
AIM2 nor NLRP3 transcript levels were altered in human primary keratinocytes 156 
transduced with16E6E7, compared to the pLXSN control (Sup Figure 2A). HPV16 E6 157 
and E7 interact with p53 and retinoblastoma (pRb), respectively, and promote their 158 
degradation via the proteasome pathway 14. Therefore, we next determined whether 159 
a similar mechanism affected NLRP3 or AIM2 protein expression in 16E6E7-160 
expressing keratinocytes. Human NLRP3-CFP, AIM2-CFP or p53 constructs were 161 
co-transfected with 16E6E7 or pLXSN in human primary keratinocytes and their 162 
expression was examined by immunoblotting. We did not observe any alteration in 163 
AIM2 or NLRP3 protein levels. As expected we observed that p53 was degraded 164 
(Sup Figure 2B).  As we did not detect any alteration at the receptor level, we next 165 
focused our attention on the downstream signalling molecules that are shared 166 
between NLRP3 and AIM2. Inflammasome activation requires ASC dependent 167 
caspase-1 maturation of pro-IL1 . Neither ASC nor caspase-1 transcript levels were 168 
altered in 16E6E7 compared pLXSN transduced cells (Sup Figure 2C). In addition 169 
cleavage of pro-caspase-1 was detected in 16E6E7 transduced cells stimulated with 170 
NLRP3 or AIM2 ligands (Sup Figure 2D). We next determined if IL-171 
affected by 16E6E7. We observed that the levels of the pro-form of IL-  172 
already reduced in 16E6E7 compared to LXSN transduced cells, indicating that the 173 
synthesis of IL- d by the viral oncoproteins prior to AIM2 or NLRP3 174 
stimulation (Figure 3A-C). These data were also demonstrated in cervical cancer cell 175 
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lines (Figure 3D). All these observations indicate that 16E6E7 exerts an inhibitory 176 
effect on the synthesis of the pro-form of IL-  While Niebler et al. previously 177 
reported the ability of 16E6 to degrade pro-IL- , under our 178 
experimental conditions the addition of a specific proteasome inhibitor on 16E6E7 179 
keratinocytes did not restore the pro-IL-  protein (Figure 3E). p53 increased in the 180 
presence of 16E6 confirming the specificity of the proteasome inhibitor (Figure 3E). 181 
Indeed an alternative idea was that 16E6E7 proteins can alter IL-  mRNA 15. We 182 
observed that 16E6E7 blocked the number of IL-183 
cells (Figure 3F). Little or no IL-184 
to C33A cells (Figure 3G). These data indicated that 16E6E7 in human keratinocytes 185 
as well as in cervical cancer cells block the mRNA expression of IL-  186 
 187 
The viral oncoprotein 16E6 as well as E6 from other high-risk HPV types block 188 
IL-  189 
HPV16 may decrease IL-  by two distinct mechanisms; E6 and/or E7 can affect the 190 
stability of IL-  mRNA or can directly inhibit IL-1  transcription. To discriminate 191 
between these two possibilities, we wanted to determine whether HPV16 E6 and E7 192 
proteins influence the activity of the IL-  promoter. The isolated IL- promoter 193 
fused to luciferase reporter gene was introduced by transient transfection into 194 
spontaneously immortalised human keratinocytes (NIKs) that expresses high protein 195 
levels of endogenous pro-IL- . High basal luciferase activity was detected in these 196 
cells after transient transfection, however 16E6E7 inhibited luminescence even at a 197 
low DNA concentration (Figure 4A left), indicating that 16E6E7 can block directly the 198 
transcription of the IL- . Subsequently, we checked in transient 199 
transfection experiments whether the inhibition of IL-  expression could be ascribed 200 
to 16E6 or E7. Figure 4A middle and right panels shows that both HPV16 proteins 201 
have the ability to inhibit the IL-  promoter, although E6 appeared to be more 202 
efficient than E7 (Figure 4A-B). Knock down of 16E6 restored pro-IL-203 
primary keratinocytes expressing 16E6 (Figure 4C). We also compared the efficiency 204 
of other high-risk human papillomavirus types 18E6, 31E6 and HPV6 (not associated 205 
to cancer) in repressing IL-  transcriptional activity. Although the HR types 18E6 206 
and 31E6 inhibited IL-  transcription, they did so less efficiently than 16E6 (Sup 207 
Figure 3A). HPV6E6 had no effect on IL-208 
Transient expression of the transfected constructs was controlled by qPCR for E6 209 
expression (data not shown). 210 
 211 
The inhibition of IL- transcription by 16E6 involves an ISRE cis element on 212 
the IL-  213 
To determine where 16E6 exerts its inhibitory effect on the IL- cloned 214 
four IL- D). WT and IL- -215 
transfected with 16E6. We observed that deletion 2 contained an area that was 216 
required for 16E6 inhibition of the IL- E) 16. Within the deletion 2 217 
an area called LILRE was previously characterised by Unlu and colleagues 17. The 218 
LILRE element has a high degree of inter-species conservation and plays and 219 
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important role in IL- . Unlu et al., showed the involvement of 220 
at least three different protein binding sites 17, an ETS·site that could bind Spi-1; an 221 
IRF8 ISRE-binding site and a GAS-like site reported to bind a Stat1-like molecule 17. 222 
We decided to test the role of 16E6 on the regulatory LILRE site. Primary human 223 
keratinocytes were co-transfected with WT, a LILRE deletion, mutations for ISRE, 224 
Spi-1 or GAS IL-  ± 16E6 or pLXSN (control vector). We observed no 225 
repressive effect on the LILRE site indicating that 16E6 exerts IL-226 
this regulatory region of the promoter (Figure 4G). Luciferase activity was not altered 227 
in cells transfected with ETS mutant indicating that this region was not involved is the 228 
down regulation of IL-  (Figure 4G). Luciferase activity was 229 
rescued in cells transfected with the IL- (from 50% to 230 
30%) and complete rescue was observed in cells that were transfected with the IL-231 
promoter mutation for ISRE (from 50% to 0%). These results suggested that IL-232 
down regulation by 16E6 principally involves the ISRE site on the IL- . 233 
 234 
16E6 expression inhibits the binding of IRF6 and not IRF8 to the IL- promoter 235 
As well as inducing IL-1  transcription in monocytes, several reports have shown that 236 
IRF8 is required for the development of monocytes, macrophages, dendritic cells 237 
(DCs), basophils, and eosinophils, while it inhibits the generation of neutrophils 18, yet 238 
nothing has been described for its role in keratinocytes. We observed no difference in 239 
the level of gene or protein expression of IRF8 in primary human keratinocytes vs 240 
16E6 or E7 transduced cells (Sup Figure 3B). Although IRF8 binding on the ISRE 241 
element was observed by ChIP experiments using human macrophages, we failed to 242 
demonstrate binding using human keratinocytes (Sup Figure 3C). With these data we 243 
concluded that IRF8 did not regulate the IL-1  promoter in human keratinocytes. 244 
Therefore we focused our attention on another member of the IRF family. In contrast 245 
to most IRFs, IRF6 has no identified function in innate immunity, but is essential for 246 
normal keratinocyte epidermal development and differentiation 19. Very little is known 247 
about IRF6 function as a transcriptional factor and several studies have failed to 248 
characterize this function 20. We hypothesized that IRF6 may be involved in IL-1  249 
transcription in human keratinocytes. We transiently co-transfected HEK293 cells 250 
with pUNO (backbone vector control) IRF8 or IRF6 expression vectors with the IL-1  251 
promoter linked to the luciferase gene. IRF8 over expression was associated with a 252 
significant increase in IL-1  luciferase activity when compared to pUNO transfected 253 
cells (Figure 5A). We showed for the first time that IRF6 expression also increased 254 
IL-1  transcription in a dose depended manner (Figure 5A). Oligopull down assays 255 
revealed IRF6 as well as IRF8 specific binding to the ISRE site on the IL-1  promoter 256 
(Figure 5B). Having established that IRF6 binds to the IL-1  promoter and induces 257 
IL- 6 may interfere with IRF6. Indeed, IRF6 258 
expression in human keratinocytes was lost in cells expressing 16E6 (Figure 5C and 259 
D). Furthermore, immunofluorescence labelling of IRF6 in primary keratinocytes 260 
showed that IRF6 was expressed in the nucleus but de-localised into the cytoplasm 261 
in 16E6 cells (Figure 5E). We next aimed to corroborate our findings in a human 262 
derived cervical cancer cell line positive for HPV16 ie CaSki in comparison to our 263 
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control cell line (NIKs). Immunoblot analysis of IRF6 as well as mRNA levels revealed 264 
that IRF6 expression was lower in CaSki versus NIKs (Figure 5F and G). We also 265 
observed that epithelial cells treated with increasing amounts of HPV16 viral particles 266 
induced a reduction of IRF6 mRNA and protein levels (Figure 5H and I). Furthermore, 267 
ChIP analysis revealed reduced IRF6 binding to the ISRE element in the presence of 268 
HPV16 (Figure 5K). 269 

Here, we confirmed that IRF8 is involved in IL-  but not in human 270 
keratinocytes. Here we showed for the first time that IRF6 regulates IL-1  271 
transcription which is blocked by 16E6 in primary human keratinocytes as well as in 272 
patient derived cervical cancer cells. 273 

16E6 mutants reveal that E6 binding to p53 is required for the inhibition of 274 
IL-1  transcription  275 
The HPV16 oncoprotein E6 recognizes numerous host proteins, in large part by 276 
hijacking cellular domain-motif interaction networks. To gain further insight into the 277 
mechanistic role of 16E6 on IL- -transfected the IL-278 
with a panel of 16E6 constructs that contained point mutations that effect E6 binding 279 
to cellular host proteins 21, 22. We observed potentially three point mutations on E6 280 
which altered p53, E6AP and/or binding to proteins that have a PDZ domain (PBM) 281 
(Sup Figure 4A-B and Figure 6A). We then co-transfected increasing amounts of 282 
16E6 WT or mutants with the IL-283 
enhanced luciferase activity with 16E6F47RdelPBM mutant, and partial luciferase 284 
activity with delPBM and 4C/4S K11E. These data indicated that the F47R mutation, 285 
which fully disrupts the ability of E6 to degrade p53 23, 24 also suppressed the ability 286 
of E6 to block IL- that the degradation of p53 was 287 
required to block IL-  288 
 289 
p53 drives IRF6 transcription which is deregulated by 16E6. 290 
We next investigated the role of p53 on IL-291 
technology to block p53 expression in primary human keratinocytes (Figure 6C). 292 
Over expression of p53 restored IL-293 
(Figure 6D). In addition, p53 or IRF6 expression in primary keratinocytes transduced 294 
with 16E6 also reconstituted pro-IL-295 
these data show that 16E6 domain required for p53 binding alter pro-IL-296 
human keratinocytes. 297 

So far we have shown that both IRF6 and/or p53 regulate IL-298 
and that both proteins are blocked by 16E6, but whether both proteins are interlinked 299 
to control IL-300 
completely or partly defective for p53 degradation, we observed that IRF6 301 
transcription was no longer inhibited (Figure 7A). We hypothesized that p53 regulates 302 
IRF6 transcription. Indeed, using the genecard software we identified a p53 binding 303 
site on the IRF6 promoter. We therefore performed ChIP experiments in human 304 
primary keratinocytes ±16E6 to determine if p53 bound to the IRF6 promoter (Figure 305 
7B). p53 bound to the predicted site in human keratinocytes (Figure 7C and D). 306 
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Occupation of this site was reduced in 16E6 expressing cells (Figure 7C-D). In 307 
summary we have shown for the first time a specific transcriptional function for IRF6 308 
in regulating IL- . Furthermore we demonstrated 309 
the existence of a negative feedback loop leading to degradation of p53 by 16E6 310 
prevents the transcription of IRF6 and the subsequent transcription of IL-  311 
 312 
IRF6 transcriptional regulation by p53 is lost in cervical neoplasia. 313 
Our next approach was to validate our in vitro findings in patients with cervical 314 
cancer. Tumor and normal tissue biopsies were taken from 6 patients with cervical 315 
cancer and snap frozen. After pathological analysis and HPV typing, sections were 316 
stained by immunofluorescence for IL- 3. Basal cells of normal 317 
epidermis showed strong cytoplasmic staining for IL-318 
(Figure 8A). No staining for IL-319 
(representative staining in Figure 8A). Quantification of the cytoplasmic staining 320 
clearly showed that IL- -regulated in cancerous as 321 
compared with normal tissue (Figure 8B). In addition, qPCR of IL-322 
tumour tissues were also reduced compared to normal biopsies (Figure 8B).  323 
 324 
We next explored if IRF6 levels were altered in patients during the progression of 325 
cervical intraepithelial neoplasia positive for HPV16. We obtained biopsies from 326 
normal cervical tissues (n = 4) as well as HPV16-positive CINI (n=4), II (n=3) and III 327 
(n = 3; Figure 8C). We observed a decrease in both IRF6 and IL-328 
disease progression ie: in normal to CIN biopsies (Figure 8C and D). 329 
Immunohistochemical staining of normal cervical tissue revealed high nuclear 330 
expression of IRF6 in the basal layers; which decreased as CIN status increased 331 
(Figure 8E). ChIP experiments using chromatin extracted from patient tissue revealed 332 
that IRF6 binding to the ISRE site on the IL-333 
progression (Figure 8F), indicating that loss of IRF6 inversely correlates to cervical 334 
neoplasia progression. Furthermore, p53 binding was observed in normal cervical 335 
biopsies but binding was reduced in patients with cervical tumors (Figure 8G and H). 336 
These data strongly suggest that the p53/IRF6 regulation of IL-337 
during the disease stages that lead to cervical cancer. 338 
 339 
Discussion 340 
 341 

We showed that primary human keratinocytes produce levels of IL-1  at levels 342 
comparable to human macrophages; demonstrating strongly the role of non-343 
haemopoietic cells in generating innate immune responses. We also elucidated that 344 
IL- -viral effect on HPV16. Increasing doses of IL- infected 345 
keratinocytes led to a block in viral replication. Viral replication was restored in the 346 
presence of an antagonist for the IL-1 receptor. We observed an autocrine affect 347 
during the early stages of infection that blocked viral replication. These data highlight 348 
the role of IL-349 
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the control HPV infection, however at >8h the virus displayed mechanisms to prevent 350 
further production of IL-1 .  351 

Several new findings were discovered whilst elucidating the mechanism of IL-352 
down regulation by HPV16. IRF6 has previously been shown to play an important 353 
role in embryonal development of craniofacial region. Mutations of this gene have 354 
been found in two human syndromes: Van der Woude and Popliteal Pterygium 355 
Syndrome, which are characterized by cleft palate and lip pits, skin webbings, 356 
syndactyly, genital deformities and oral adhesions 25. Other IRF family members 357 
have been shown to be hijacked during HPV mediated carcinogenesis, such as IRF1 358 
and IRF3 12, 26. In contrast to most IRFs shown to be essential in IFN gene regulation, 359 
IRF6 had no identified function in innate immune gene activation. We showed that 360 
IRF6 has an innate function in controlling IL-361 
and that the loss of IL-1  was mediated by the oncoprotein E6. The expression of 362 
HPV16 virions or E6 alone blocked IRF6 nuclear translocation as well as mRNA 363 
levels and therefore IL-1  transcription was abrogated.  364 

Previous studies have shown that IRF6 mutations are significantly higher in 365 
squamous cell carcinomas (SCC) 27. Botti et al demonstrated that IRF6 expression is 366 
down-regulated in squamous cell carcinoma compared with noncancerous epithelial 367 
tissues 28. In vitro invasion assays showed that IRF6 down-regulation promotes 368 
invasive behaviour and that reintroduction of IRF6 into SCC cells strongly inhibits cell 369 
growth. These studies ascribed IRF6 with a tumour suppressor function in squamous 370 
cell carcinomas. In line with our findings a recent study by Rotondo et al, evaluated 371 
the gene expression changes involved in neoplastic progression of cervical 372 
intraepithelial neoplasia compared to normal keratinocytes. Micro array analysis 373 
revealed that IRF6 was one of the 24 genes significantly down-regulated during CIN 374 
progression 29.  375 

Besides its role in keratinocytes differentiation and proliferation, IRF6 has been linked 376 
to cell cycle regulators such as p63 30. IRF6 and p63 (a member of the p53 family) 377 
interact during development of the secondary palate. Knowing that E6 targets p63, 378 
supports our findings that IRF6 and p53 are linked. We observed keratinocytes that 379 
were knocked out for p53 had less IL-380 
using E6 mutants that blocked fully or partially p53 degradation. IRF6 mRNA levels 381 
were restored in the presence of E6 mutants as well as IL-382 
Indeed p53 occupancy on the IRF6 promoter was lost in the presence of E6. More 383 
importantly we have shown that loss of p53/IRF6/IL-384 
proportional to cervical neoplasia progression. Early works revealed that p53 is highly 385 
responsive to cellular stress. Upon its activation in the nucleus, p53 binds to 386 
numerous promoters and thereby mediates a functionally expansive transcriptional 387 
program. Consequently, several DNA tumour viruses have consequently developed 388 
oncogenes that target p53. This would favour a preferable environment for viral 389 
replication and persistence in the host. p53 has also been shown to amplify the 390 
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intracellular IFN response. IFN-stimulated genes (ISG) promoters do not generally 391 
contain p53 consensus binding sites, however Munoz-Fontela et al. identified IFN 392 
regulatory factor 9 (IRF9), a component of the ISG factor 3 (ISGF3) complex, as a 393 
p53 target gene. ISGF3 directly induces the expression of ISRE-containing genes, 394 
and so could represent a mechanistic link between p53 and ISG induction 31. Several 395 
additional IFN-stimulated mediators of ISG expression, including IFN regulatory 396 
factor 5 (IRF5), immune-stimulated gene 15 (ISG15) and the Toll-like receptor 3 397 
(TLR3), have been identified as direct p53 target genes. In all, these data highlight 398 
the central dual role of p53 in regulating innate immune responses as well as cell 399 
growth. 400 
 401 

In summary, our work demonstrates that the oncovirus HPV16 induces a negative 402 
transcriptional loop that suppresses IRF6 and IL-403 
suggests that IL- an important role in blocking HPV16 replication and 404 
persistence in the host. As well as being a tumour suppressor, our work revealed that 405 
p53 plays a central role in the auto-regulatory feedback via IRF6 on IL-406 
transcription Thus, interfering with the regulation of IL-407 
transcriptional agonists that target p53 and/or IRF6 levels may provide a novel 408 
therapeutic strategy for cervical cancers. 409 

 410 

Methods and Materials 411 
Cell culture 412 
Cervical cancer cell lines C33A (HPV negative), SiHa (HPV16 positive), CaSki 413 
(HPV16 positive), HeLa (HPV18 positive) and Human embryonic kidney 293 (HEK 414 
293) cells were purchased from American Type Culture Collection (Manassas, VA) 415 
and cultured in DMEM medium (Life technologies), supplemented with 10% foetal 416 
bovine serum (FBS), L-glutamine, pyruvate and 0.1% ciprofloxacin (Euromedex). 417 
Cells were cultured at 37°C with 5% CO2. Immortalized near-diploid human 418 
keratinocyte cell line (NIKS) and Human Primary Keratinocytes were cultured as 419 
previously described 6. High-titer retroviral supernatants (>5 × 106 IU/ml) were 420 
generated as previously described 32. The 16QsV and PV production, infection, and 421 
viral genome expression quantification of HPV16 have been performed as previously 422 
described 6. 423 
 424 
Angonists and antagonists. 425 
NLRP3 ligand Nigericin was used at 1μg/mL (Sigma), AIM2 ligand poly(dA:dT) was 426 
used at 1μg/well (Invivogen) and transfected using lipofectamine 2000 (Invitrogen). 427 
ANAKINRA (Biovitrum) was used at 200μg/ml. 428 

 429 
Oligopull down 430 
Oligo pulldown was performed as previously described 33, 34  with cellular extracts as 431 
stated in the figure legend and oligo probes as listed in table 1. IRF8 and IRF6 432 
antibodies were purchased from cell signaling. 433 
 434 
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ChIP 435 
ChIP assays were performed using the Shearing Optimization kit and the OneDay 436 
ChIP kit (Diagenode). For C33A cells or primary keratinocytes, cell sonication cycles 437 
last 15s with 5s on and 2 s off at 20% of amplitude and were repeated four times. For 438 
tissue, immunoprecipitation was performed overnight on a rotating wheel at 4°C. 2.5 439 
μl/reaction of DNA solution was used for qPCR. The primers used to amplify IL-440 
IRF6 binding regions are available on request. ChIP on tissue was performed 441 
according to the protocol from Epigenome Network of Excellence for tissue 442 
preparation, after the Red ChIP kit from diagenode was used to prepare chromatin 443 
and the 1-d ChIP kit for the immunoprecipitation. Immunoprecipitation was performed 444 
overnight on a rotating wheel at 4°C. 2.5 μl/reaction of DNA solution was used for 445 
qPCR. 446 
 447 
Plasmid constructs 448 
The constructs pLXSN empty, pLXSN-16E6E7, pLXSN-HPV16E6, pLXSN-HPV16E7 449 
and pLXSN-HPV18E6E7 were obtained from M.Tommasino (IARC, Lyon, France) 450 
(6). The pGL3 Luc vector was purchased from Promega. The constructs The full 451 
length IL- -Luc, LILRE (IL-1 response element) and mutants were obtained from 452 
Philip E.Auron (University of Pittsburgh, Pittsburgh, PA 15261, USA). IL- deletions 453 
were cloned using the primers listed in table 1. Nine E6 mutants were obtained from 454 
Dr Gilles Trave (CNRS, Illkirch, France); these mutants were cloned into the pX5 455 
plasmid. The retroviral pBabe-puro encoding HPV16 and 6 E6 and or E7 have been 456 
previously described 35. The constructs pLXSN-HPV16 E6 , HPV18 and HPV38 E6 457 
and HPV6 E6 were a gift from D. Galloway (Fred Hutchinson Cancer Research 458 
Center, Seattle, WA). The plasmids used for HPV16 structural genes and control PV 459 
production, the target HPV16 genome, and GFP (for PV control) were kindly donated 460 
from the laboratories of Martin Muller and Angel Alonso (DKFZ, Germany). pUNO, 461 
human IRF6 and IRF8 constructs were purchased from Invivogen. p53 plasmid was 462 
obtained from Addgene. siRNA for HPV16E6E7 and E6 was purchased from 463 
Dharmacon and Sigma respectively. CRISPR for p53 was purchased from Santa 464 
Cruz. 465 
 466 
Immunofluorescence and immunohistochemistry 467 
Keratinocytes transduced with pLXSN or HPV16E6 were fixed as previously 468 
described 36. Biopsies of normal and cancer cervical tissues were taken from patients 469 
and paraffin embedded (Department Laboratoire d'Anatomie et cytologie 470 
pathologiques, Hopital Lyon Sud, France). Approval was obtained according to local 471 
ethic committees. Sections of 5-μm thickness were cut and either stained for 472 
immunofluorescence using the TSA system (PerkinElmer). p53 antibody was 473 
purchased from Cell Signalling and the anti-474 
Trinchieri, NCI). The IRF6 antibody (F12) was purchased from Santa Cruz. Cells or 475 
tissues were washed, the coverslips were mounted onto slides using a 1/10 dilution 476 

-diamidino-2-phenylindole (nuclear stain; Invitrogen) in fluoromount (Southern 477 
Biotechnology Associates), and protein expression was detected by direct 478 
fluorescence microscopy. Photographs were taken at 40× magnification.  479 
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 480 
ELISA 481 
NIK, primary keratinocytes, HPV16E6 and/or E7 induced keratinocytes were plated in 482 
a six well plate at 250 000 cells per well with NIH 3T3 feeders. Two days later the 483 
feeders were removed and the medium was replaced. After two hours resting the 484 
cells were stimulated either with 20uM of Nigericin (Sigma) or transfected with 485 
1ug/mL of poly (dA:dT) (Invivogen) using lipofectamine 2000 (Invitrogen). After the 486 
indicated period of time, the supernatant was harvested and quantified for IL-  by 487 
ELISA (Bender Med System). 488 
 489 
Luciferase assay 490 
Twenty-four hours before transfection HEK 293 cells were plated at 20% of 491 
confluency in 96 well plates with 180μl of complete medium per well. Cells were 492 
transfected using GeneJuice Transfection Reagent (Novagen) following the 493 

Cells were transiently co-transfected with HPV 494 
constructs as indicated with pGL3-LILRE, mutants or pGL3-XTLuc. A Renilla plasmid 495 
with a CMV promoter was used to normalise transfection efficiency. Twenty-four 496 
hours after transfection cells were lysed at room temperature in passive lysis buffer 497 
(Promega) for 20 minutes. Luciferase buffer was composed of MgSO4 (2,67mM), 498 
EDTA pH8 (0,1 mM), DTT (33,3 mM), ATP (0,53 mM), acetyl-coA (207 μg/ml), 499 
luciferin (0,13 mg/ml), Magnesium carbonate hydroxide (0,265 mM) and tricine (20 500 
mM). Renilla buffer was made by diluting coelenterazine. Luciferase and renilla 501 
activity from transfected cells were measured using a luminoskan Ascent (Thermo). A 502 
single read program with an integration time of 1000 ms was used. Firefly luciferase 503 
(Photinuspyralis) activity of individual cell lysates was normalized against renilla 504 
(Renillareniformis) activity to correct for transfection efficiency in each reaction.  505 
 506 
IL-8 Bioassay 507 
Supernatants from stimulated cells were added onto HEK 293 cells transfected with 508 
IL-8 luciferase promoter and a Renilla plasmid with a CMV promoter was used to 509 
normalise transfection efficiency 37 .Twenty four post stimulation cells were 510 
processed as listed above. 511 
 512 
Protein/RNA extraction 513 
Cells were preserved in RP1 lysis buffer complemented with -mercaptoethanol (1%) 514 
until RNA and total proteins extraction using the NucleoSpin® RNA/protein extraction 515 
kit (Macherey-Nagel). Supernatants from stimulated cells where concentrated using 516 
MeOH/chloroform. 517 
 518 
Western Blot analysis 519 
Eighteen μg of total cellular protein were incubated during 5 minutes at 95°C. The 520 
protein samples were separated by electrophoresis using Novex® 4-20% Tris-521 
Glycine gels (Life Technologies) for 1 hour at 100V. Proteins then were transferred 522 
on a PVDF membrane (PerkinElmer) during 1 hour at 100V. After blocking with PBS 523 
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0.1% tween and 5% milk for 1 hour, membranes were probed with the following 524 
primary antibodies: anti-caspase1 P10 (SantaCruz Biotechnology), anti-525 
(kindly provided by Dr Trinchieri, NCI) and anti-ASC (Santa Cruz Biotechnology) over 526 
night at 4°C. -tubulin (Sigma) primary antibodies were added for 2h at RT. After 527 
three PBS 0.1% tween washes, secondary antibodies are added for two hours at RT. 528 
Anti-Rabbit and anti-mouse HRP conjugate secondary antibodies were provided by 529 
Promega. Proteins were revealed with Lumiglo chemiluminescent substrate system 530 
(Kpl). Western blots were developed using the intelligent dark box (Fuji film). 531 
 532 
qPCR 533 
We retro transcribed 1,5 μg of RNA extracted from cells using first strand RT-PCR kit 534 
with oligodT primers (Fermentas) The reverse transcriptase reaction was diluted 535 
according to detection sensitivity. 1 μl of the diluted samples was added to a 20 μl 536 
PCR mixture containing 0.4 μl of primers forward and reverse (10 μM) and 10 μl of 537 
Master Mix. Mx300P real-time PCR system (Stratagene, La Jolla, CA) was used to 538 
performed qPCR with Mesa Green qPCR Master Mix Plus (Eurogentec) on CasKi, 539 
C33A and SiHa cells. AIM2, NLRP3, ASC, IL-1 , 2-microglubulin and GADPDH 540 
(two housekeeping genes where used for each qPCR) specific primers were used as 541 
previously described 38. Primers for IRF6, IRF8 and p53 are listed in table 1.  542 
 543 

Table 1 544 

Deletions IL-  OLIGO PULL DOWN IL-  
FWD 1 CTAGCTAGCTCTAGACCAGGGA FWD Biotin

TTTGACATAAGAGGTTTCACTTCC 
FWD 2 CTAGCTAGCTAAGAGGTTTCACT REV GGAAGTGAAACCTCTTATGTCAAA 
FWD 3 CTAGCTAGCCTCCAGCCTGGGG IRF6 qPCR 
FWD 4 CTAGCTAGCCCTGAATGTACATGCC FWD GGCATAGCCCTCAACAAGAA 
FWD 5  CTAGCTAGCTTAGGCAGAGCTCAT REV CACCCCTTCCTGGTACTTCC 
REV 1 GAAGATCTAAGAGGTTGGTA IRF8 qPCR 
REV 2 GAAGATCTAAGAGGTTTG FWD ACGAGGTTACGCTGTGCTTT 
 REV GACATCTCGGCAGGGCTATG 
 p53 qPCR 
 FWD GGTTTGTAATGCAGGGCTGAGG 
 REV  GGGTATGGTGGTGTATGCCTGT 
 545 

 546 

 547 

 548 

 549 

 550 

 551 
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 641 
Figure legends 642 
 643 
Figure 1 644 
HPV16 induces transient IL-   645 
(A) Human primary keratinocytes were treated as indicated with 16QsV or PV (at 107 646 
viral genome equivalents (v.g.e)). IL-  transcripts were determined by qPCR relative 647 
to the expression using the house keeping gene (RE). n=4. 648 
(B) As in A,. E6 transcripts were determined by qPCR. n=4. 649 
(C) Human primary keratinocytes were treated with 16QsV with different v.g.e at the 650 
indicated times, supernatants were harvested and IL-651 
ELISA. HPV16 DNA or L1/L2 fractions were added as controls. n=5. 652 
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(D) Human primary keratinocytes were treated with 16QsV or PV for 24 h ± IL-  653 
(200pg/ml). Cells were harvested and E6 transcripts were measured by qPCR. n=5. 654 
(E) Human primary keratinocytes were treated with 16QsV or PV for 24 h ± IL-1R 655 
inhibitor (Anakinra). Cells were harvested and E6 transcripts were measured by 656 
qPCR. n=5. Data are representative of n experiments. Shown are the mean ± SEM 657 
with ***, P < 0.0001,  658 
 659 
Figure 2. 660 
16E6E7 block IL-1661 
cancer derived cells lines. 662 
(A) Analysis of the IL-663 
16E6E7 expressing cells in response to NLRP3 or AIM2 ligands. n=10 664 
(B) Human primary keratinocytes ±16E6E7 were transfected with a siRNA targeting 665 
16E6E7 or the scramble control. Cells were stimulated with the NLRP3 ligand 666 
nigericin and IL-  n=4  667 
(C) IL-8 bioassay: HEK293T cells transiently expressing the IL-8 were treating with 668 
increasing concentrations of recombinant IL- Twenty four hours post treatment 669 
cells were harvested and luciferase activity was measured. n= 4 670 
(D) IL-8 bioassay using supernatants from human keratinocytes of 16E6E7 671 
transduced cells ± AIM2 ligand poly dA:dT. n=4  672 
(E) Cervical cancer cells (SiHa) were transfected with a siRNA targeting 16E6E7 or 673 
the scramble control. The cells were stimulated with the NLRP3 ligand nigericin, 674 
AIM2 ligand poly dA:dT or 16QsV and IL- . n=4 675 
(F) IL-8 bioassay using supernatants from cervical cancer cell lines ± NLRP3 ligand 676 
nigericin. n=6. 677 
Data are representative of n independent experiments performed in triplicate. Shown 678 

 679 
 680 
Figure 3 681 
HPV16 oncoproteins inhibit pro-IL-1  levels.  682 
(A) Human keratinocytes ± HPV16E6E7 were stimulated with AIM2 and  683 
(B) NLPR3 ligands and both pro-IL- - analysed in cell lysates or in 684 
the supernatant by immunoblotting. -actin was used as a loading control. n=3  685 
(C) Immunoblotting of pro-IL-  686 
(D) Cervical cancer cell lines were lysed and immunoblotting for pro-IL-687 
performed. n=4  688 
(E) Human keratinocytes ± 16E6E7 were treated for 24 h with N-CBZ-Leu-Leu-Leu-689 
al. Cells were harvested and p53 as well as pro-IL-690 
immunoblotting. Immunoblotting were performed n=4.  691 
(F) RNA was extracted from Human keratinocytes ± 16E6E7 and IL-692 
relative expression (RE) was determined by RT-qPCR were normali -693 
microglpbulin or GAPDH house-keeping genes n=5  694 
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(G) RNA was extracted from patient derived cervical cancer cell lines and IL-695 
transcripts were determined by RT-qPCR. Results presented for IL- -qPCR 696 

-microglpbulin or GAPDH house-keeping genes.  697 
n=6 698 
Data are representative of n independent experiments performed in triplicate. Shown 699 

 700 
 701 
Figure 4 702 
HPV16 E6 down-regulates the IL- vical cells via the ISRE site. 703 
(A) NIKs were co-transfected with the IL-  promoter with increasing concentrations 704 
of pLXSN HPV16E6E7 or 16E6 or 16E7 as indicated. After 48 h, cells were 705 
harvested and luciferase activity was measured. n=5  706 
(B) Relative expression of 16E6E7, 16E6 or 16E7 alone were measured by RT-707 
qPCR. n=5 708 
(C) Primary human keratinocytes transduced with 16E6 and treated with a scramble 709 
or siRNA against 16E6 and protein levels of pro-IL- -tubulin 710 
were evaluated by immunoblotting. n=4  711 
(D) Schematic representation of IL-  deletion mutants.  712 
(E) The constructs shown in E were co-transfected in NIKs with empty vector pLXSN 713 
or 16 E6. After 48 h, cells were measured for luciferase activity. n=4  714 
(F) Schematic representation of the IL-  715 
(G) Co-transfection IL- FL or mutated at the LILRE site with pLXSN or 716 
16E6, data were plotted as the percentage of inhibition. n=4 717 
Data are representative of n independent experiments performed in triplicate. Shown 718 

  719 
 720 
Figure 5 721 
IRF6 and not IRF8 is recruited to the IL- which is blocked by 722 
HPV16E6  723 
(A) HEK293 cells were co-transfected with IL-724 
with the empty vector pUNO, IRF8 or IRF6 plasmid at the indicated concentration. 725 
Post 48 h cells were lysed and luciferase activity measured. n=4  726 
(B) Oligo pulldown assay for WT or the mutated ISRE site using protein lysates from 727 
HEK293 cells transfected with IRF6 or IRF8. Bound proteins were assessed by 728 
immunoblotting for IRF8 or IRF6. Input controls (10%).  n=4 729 
(C) Immunoblot analysis of IRF6 protein levels in in pLXSN and 16E6 transduced 730 
human primary keratinocytes. n=4 731 
(D) IRF6 relative levels were measured in pLXSN, 16E6 and 16E7 transduced 732 
human primary keratinocytes by RT-qPCR and were normalised to -microglpbulin 733 
and GAPDH house-keeping genes. n=4 734 
(E) Immunofluorescent staining of IRF6 in primary human keratinocytes transduced 735 
with pLXSN or HPV16E6. n=4 736 
(F) Immunoblot analysis of IRF6 protein levels in C33A and NIKs. n=4 737 
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(G) IRF6 mRNA levels detected by RT-qPCR and normalised to -microglpbulin 738 
and GAPDH house-keeping genes in NIKs and CaSki cells. n=4  739 
(H) NIKs and CaSki cells were co-transfected with IL-740 
construct ± siRNA for 16E6. Post 48 h cells were lysed and luciferase activity 741 
measured.  742 
(I) C33A cells were treated with control PV or HPV16 at different v.g.e and IRF6 743 
protein levels were examined by immunoblot. n=3 744 
(J) C33A cells were treated with control PV or HPV16 at different v.g.e and IRF6 745 
mRNA levels were examined by RT-qPCR. Data were normalised to -746 
microglpbulin and GAPDH house-keeping genes. n=3 747 
(K), ChIP using IgG, IRF6 or IRF8 antibodies was performed for the ISRE site on 748 
C33A cells infected with HPV16 or PV for 24 h. n=3 749 
Data are representative of n independent experiments performed in triplicate. Shown 750 

 751 
  752 
Figure 6 753 
Loss of p53 inhibition by 16E6 restores IRF6 activity. 754 
(A) Table defining the 16E6 mutants that alter p53, E6AP or PDZ binding sites.  755 
(B) NIKs were co-transfected with IL-756 
HPV16E6 WT and mutated constructs at the indicated concentration. n=5 757 
(C) Human primary keratinocytes were transfected with cas9/sgRNA for p53 or 758 
control and 36h later cells were examined for mRNA levels for p53, IL-759 
n=4 760 
(D) NIKs were co-transfected with the IL- , E6, p53 or E6 with 761 
p53. Luciferase activity was measured 48 h post infection. n=4 762 
(E) 16E6 transduced primary keratinocytes  were transfected with vector control (-), 763 
p53 or IRF6 expression vectors. Twenty-four hours later cells were harvested and 764 
pro-IL- n=4 765 
Data are representative of n independent experiments performed in triplicate. Shown 766 

  767 
Figure 7 768 
p53 is a transcription factor required for IRF6 transcription in human 769 
keratinocytes.  770 
(A) HPV16E6WT or mutants were transfected into NIKs and IRF6 mRNA levels were 771 
measured by RT-qPCR. n=4  772 
(B) Schematic diagram of the p53 binding site and sequence on the IRF6 promoter. 773 
(C, D) ChIP assay of p53 binding on the IRF6 promoter in human primary cells 774 
(LXSN) as well as in 16E6 transduced cells. n=4 Data are representative of n 775 
independent experiments performed in triplicate. Shown are the mean ± SEM with 776 

. 777 
Figure 8 778 
HPV16-positive cervical cancer lesions contain less IRF6 and IL- .  779 
(A) Immunofluorescence of normal cervical issue and HPV16+ cervical cancer 780 
biopsies. IL-  with trace indicating the basal layer and nucleus 781 
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782 
patient out of eight tested with similar results is shown. Bars represent a scale of 10 783 
μm.  For each stained biopsy, six fields were examined IL-784 
manually and the percentage scored out of 100 cells. n=4. IL-785 
levels were measured by RT-qPCR and -microglpbulin and 786 
GAPDH house-keeping genes. n=4 787 
(B) Table of immunohistochemical scoring IRF6 in patients at different stages of 788 
cervical neoplasia. Scoring, *** being the strongest and  no staining.  789 
(C) IRF6 and IL- relative mRNA levels in controls and patients with cervical 790 
neoplasia.  791 
(D), Immunohistochemical images of IRF6 in cervical tissue in patients with either 792 
CINI, II or III. n=2  793 
(E) Dot plot representing the cellular distribution for IRF6 in control 794 
neoplastic and cancerous cervical tissue. For each stained biopsy, six fields were 795 
examined and cytoplasmic or nuclear staining of IRF6 was counted manually and the 796 
percentage scored out of 100 cells. Data are representative of three independent 797 
experiments performed on 16 biopsies (2 normal, 4 CINI, 3 CINII, 3 CINIII and 4 798 
cancers biopsies). n=2 799 
p53 can no longer bind to the IRF6 promoter in cervical cancer tissues 800 
(F) ChIP analysis was performed on cervical tissue described for IRF6 binding on 801 
ISRE site on the IL-  n=2  802 
(G) ChIP analysis was performed on cervical tissue described for p53 binding site on 803 
the IRF6 promoter. n=2 804 
 805 
Supplementary figure legends: 806 

Figure 1 807 

IL-1 production by primary human keratinocytes  808 
IL- was measured by ELISA in human keratinocytes (pLXSN) in response to 809 
NLRP3 or AIM2 ligands. n=10 810 
 811 

Figure 2 812 

16E6E7 has no effect on the inflammasome activation of caspase-1 813 

(A) RNA was extracted from Human keratinocytes ± 16E6E7 and NLRP3 or AIM2 814 
transcripts relative expression (RE) was determined by RT-qPCR. Results were 815 

-microglobulin or GAPDH house-keeping genes n=5 816 

(B) Immunoblot analysis of keratinocytes transduced with LXSN or 16E6E7 where 817 
transfected with NLRP3-CFP or AIM2-CFP. Membranes were probed with GFP, p53 818 

-actin n=5. 819 
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(C)  RNA was extracted from Human keratinocytes ± 16E6E7 and ASC or caspase-1 820 
transcripts relative expression (RE) was determined by RT-qPCR. Results were 821 

-microglobulin or GAPDH house-keeping genes n=5 822 

(D) Human keratinocytes ± HPV16E6E7 were stimulated with AIM2 and  823 
NLPR3 ligands and both pro-or mature caspase-1 were analysed in cell lysates or in 824 

-actin was used as a loading control. n=3  825 
 826 

Figure 3 827 

Other HPV HR types but not LR blocks IL-  promoter activity 828 

(A) NIKs were co-transfected with the IL-  promoter with pLXSN, 16E6, 18E6, 31E6 829 
or 6E6 as indicated. After 48 h, cells were harvested and luciferase activity was 830 
measured. n=5 831 

IRF8 is not involved in IL- transcription in human keratinocytes 832 

(B) IRF8 relative levels were measured in pLXSN, 16E6 and 16E7 transduced human 833 
primary keratinocytes by RT-qPCR and were normalised to -microglpbulin and 834 
GAPDH house-keeping genes. n=4 835 
Immunoblot analysis of IRF8 protein levels in in pLXSN, 16E6 and 16E7 transduced 836 
human primary keratinocytes. n=4 837 
(C) ChIP assay of IRF8 binding on the IL-838 
as well as in human macrophages. n=4 839 
 840 
Figure 4 841 

Mutations in 16E6 restore IL-  activity 842 

(A) Table describing 16E6 mutants. NIKs were transfected with 16E6Wt and mutants 843 
were co-transfected with IL- . Forty-eight hours post 844 
transfection cells were lysed and luciferase activity measured. n=4 845 

(B) NIKs were transfected with 16E6Wt and mutants. Forty-eight hours post 846 
transfection proteins were probed using 16E6 antibody. n=3 847 

Data are representative of n independent experiments; graphs shown are the mean ± 848 
SEM from triplicate values. 849 
 850 
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