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« La vie n’est facile pour aucun de nous. Mais quoi, il faut avoir de la persévérance, et surtout de 

la confiance en soi. Il faut croire que l’on est doué pour quelque chose, et que, cette chose, il faut 

l’atteindre coûte que coûte. » 

Marie Curie (1867-1934) 

 

 



Thesis Manon Desmares  Preamble 
   

6 
 

   



Thesis Manon Desmares  Preamble 
   

7 
 

RRésumé 
Etude des mécanismes d’action de ligands de TLR2 contre la réplication du VHB 

Le virus de l’hépatite B (VHB) est un problème de santé publique majeur qui infecte chroniquement 
près de 250 millions d’individus dans le monde. Les personnes infectées ont un risque élevé de 
développer des maladies du foie, telles que la stéatose ou la fibrose pouvant évoluer en cirrhose 
décompensée ou en carcinome hépatocellulaire. Les traitements actuels basés sur l’administration 
d’interféron-α pegylé (Peg-IFN-α) ou d’analogues de nucléosides ne sont pas assez efficaces pour 
garantir l’éradication du virus, ni pour éliminer l’ADNccc (ADN circulaire-covalemment-clos), 
responsable de la persistance du VHB. De plus, l’interféron-α pegylé est faiblement toléré chez les 
patients, entrainant notamment de nombreux effets secondaires et les traitements à base d’analogues 
de nucléosides doivent, quant à eux, être administrés à vie. Il est donc nécessaire de développer de 
nouvelles stratégies thérapeutiques, incluant les immunothérapies, afin de restaurer/améliorer les 
fonctions immunitaires, nécessaires pour contrôler l’infection par le VHB à long terme. Pour cela, de 
nombreux stimulateurs de l’immunité innée, dont le rôle est de stimuler les cellules du système 
immunitaire pour produire des cytokines pro-inflammatoires ou des interférons, sont actuellement en 
cours d’essais cliniques. Ces médiateurs de l’immunité innée secrétés sont capables, par la suite, 
d’inhiber la réplication virale au sein des hépatocytes et d’activer la réponse des lymphocytes T. Notre 
équipe a précédemment caractérisé différents senseurs de l’immunité exprimés dans des cellules 
primaires isolées du foie ainsi que des lignées cellulaires hépatiques et étudié l’activité antivirale de 
différents ligands. Nous avons identifié que Pam3CSK4, un agoniste du récepteur Toll-like (TLR) 2, 
induisait le plus fort effet antiviral sur la réplication du virus et sur l’ADNccc, au sein des hépatocytes.  

Les objectifs de la thèse étaient, dans un premier temps, d’étudier en détails l’activité antivirale induite 
par Pam3CSK4 ainsi que ses mécanismes d’action dans nos modèles in vitro. Pour cela, nous avons 
déterminé la cinétique de l’effet antiviral, identifié les étapes de la réplication virale ciblées par le 
ligand, étudié sa spécificité d’action et cherché les effecteurs de l’hôte impliqués dans les phénotypes 
antiviraux durables. Dans un second temps, nous avons évalué, à la fois in vitro et in vivo, le potentiel 
usage thérapeutique de Pam3CSK4, encapsulé dans un vecteur nanoparticulaire (NPs-Pam3CSK4) 
délivrable au foie. Nous avons également étudié les propriétés antivirales de ces vecteurs, 
fonctionnalisés par le peptide PreS1 pour un meilleur ciblage et une délivrance préférentielle aux 
hépatocytes (NPs-Pam3CSK4-PreS1). 

Pam3CSK4 a montré une forte et durable inhibition de la réplication du VHB en impliquant le récepteur 
de l’immunité innée TLR1/2 et la voie sous-jacente NF-κB canonique. Le phénotype antiviral durable 
est la double conséquence d’un effet immédiat sur la biogénèse des ARNs viraux, via la réduction de 
la transcription, l’accélération de la dégradation des ARNs ainsi que la diminution de l’ADNccc. Ce 
dernier phénotype, qui apparait dans un second temps, renforce le premier, l’ADNccc étant la matrice 
principale pour la synthèse des ARNs viraux. Une analyse de séquençage d’ARN et des approches de 
pertes de fonctions ont permis d’identifier un effecteur de l’hôte, FEN-1, impliqué dans le phénotype 
antiviral. De façon similaire à Pam3CSK4, les nanoparticules NPs-Pam3CSK4 ont montré une forte et 
durable diminution de l’ensemble des paramètres viraux et cet effet antiviral a été confirmé in vivo, 
dans un modèle de souris transduites par un virus adeno-associé contenant le génome du VHB. In vitro, 
les nanoparticules NPs-Pam3CSK4-PreS1 ont présenté un effet additionnel d’inhibition de l’entrée du 
virus. En outre, dans un protocole de vaccination prophylactique, ces NPs-Pam3CSK4-PreS1 ont induit 
une réponse humorale efficace, produisant des anticorps hautement neutralisants. 

Nos travaux de recherches devraient aboutir à l’évaluation clinique d’agonistes de TL1/2 en tant 
qu’adjuvants immunologiques dans des stratégies d’immunothérapies plus complexes impliquant des 
combinaisons thérapeutiques avec des vaccins ou des thérapies ciblées. 

Mots-clés :  Virus de l’hépatite B ; Récepteur Toll-like 2 ; Pam3CSK4 ; Traitements 
immunomodulateurs; Nanoparticules  
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AAbstract 
Insights on the mode of actions of TLR2 agonists against HBV replication 

Hepatitis B virus (HBV) is a major health issue that chronically infects over 250 million people 
worldwide. Infected people are at high risk of developing liver diseases, such as steatosis or fibrosis 
that can lead to decompensated cirrhosis or hepatocellular carcinoma (HCC). Current available 
treatments either based on pegylated interferon-α (Peg-IFN-α) or nucleos(t)ides analogues (NAs) 
administration are not efficient enough to guarantee the total eradication of the virus and to affect 
the cccDNA (i.e. covalently closed circular DNA), responsible of the persistence of the virus. Besides, 
Peg-IFN-α presents a poor safety profile in patients, inducing numerous side effects and NA therapies 
need to be taken lifelong, as their arrest generally lead to a viral rebound. It is therefore necessary to 
develop new therapeutic strategies, including immune-therapies, which would restore/enhance 
immune functions, needed to control HBV infection in the long term. To this end, several innate 
immune stimulators, whose aim is to induce the production of pro-inflammatory cytokines or 
interferons by stimulation of professional immune cells, are currently under clinical trials. These 
secreted mediators of innate immunity are subsequently able to inhibit HBV replication, occurring in 
hepatocytes, and to activate T cell responses. Our team previously characterized the different immune 
sensors expressed by primary liver cells along with some liver cell lines, and studied the antiviral 
activity of different agonists. We identified that Pam3CSK4, a Toll-like receptor (TLR) 1/2 agonist, had 
the strongest antiviral effects on HBV replication and cccDNA in hepatocytes. 

The objectives of this thesis was first to get further insights on the description of the antiviral activity 
of Pam3CSK4 and to decipher its mode of action in our in vitro models. To this end, we determined the 
kinetic of antiviral events, identified the upstream and most relevant step of blockade of HBV 
replication, worked-out its specificity of action and looked for host-effectors involved in the long-
lasting antivirals phenotypes. Finally, we assessed both in vitro and in vivo, the potential therapeutic 
use of Pam3CSK4 in a liver-deliverable and nanoparticular vector (NPs-Pam3CSK4). We assessed, as 
well, the antiviral properties of these vectors functionalized with the PreS1 peptide for a better 
targeting and delivery to the hepatocytes (NPs-Pam3CSK4-PreS1).    

Pam3SCK4 strongly and durably inhibited HBV replication by engaging the TLR1/2 innate receptor and 
the downstream canonical NF- B pathway. The overall long-lasting antiviral phenotype is the double 
consequence of an immediate effect on HBV RNA biogenesis, by both reduction of RNA transcription 
and acceleration of RNA decay, as well as a reduction of cccDNA level; the latter phenotype, which 
kinetically occurs second, reinforce the first, as cccDNA is the main template of HBV RNA synthesis. 
RNA-sequencing analyses and loss-of-function approaches allowed the investigation of a host effector, 
FEN-1, as involved in the antiviral phenotype. In the same way as Pam3CSK4, we observed that NPs-
Pam3CSK4 efficiently and durably decreased all viral parameters and anti-HBV effects of NPs-
Pam3CSK4 was confirmed in vivo, using mice transduced by an adeno-associated virus containing HBV 
genome. In vitro, NPs-Pam3CSK4-PreS1 gained properties regarding inhibition of virus entry. Besides, 
in prophylactic vaccination procedure, these NPs-Pam3CSK4-PreS1 have led to a very potent humoral 
response with highly neutralizing antibodies.  

Our research efforts should support the clinical evaluation of TLR1/2 agonists as immune adjuvants in 
more complex immune-therapeutic strategies implying therapeutic combinations with vaccines or 
targeted therapies.  

Keywords: Hepatitis B virus; Toll-like receptor 2; Pam3CSK4; Immune-modulatory drugs; Nanoparticles 
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DLEU2 Deleted in Lymphocytic Leukemia 2 
DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic acid 
DR Direct repeat 
dsDNA Double-stranded DNA 
dslDNA Double-stranded linear DNA 
EGFR Epidermal growth factor receptor 
ELISA Enzyme-linked immunosorbent assay 
EnI Enhancer I 
EnII Enhancer II 
ER Endoplasmic reticulum 
ERGIC ER-Golgi intermediate compartment 
ERK Extracellular signal-regulated kinase 
ESCRT Endosomal sorting complex required for transport 
ETV Entecavir 
Exo1 Exonuclease 1 
EZH2 Enhancer of zeste homolog 2 
FBS Fetal bovine serum  
FEN-1 Flap endonuclease 1 
FRET Fluorescence resonance energy transfer 
FXR Farnesoid X receptor 
GAF Complex gamma-activated factor 
GAS IFN-γ activated site 
GM-CSF Granulocyte-macrophage colony-stimulating factor 
HAP Heteroaryldihyropyridine 
HAV Hepatitis A Virus 
HBcAg Core protein 
HBeAg HBe antigen 
HBIG HBV immunoglobulin 
HBsAg HBs antigen 
HBSP Hepatitis B splicing-regulated protein 
HBV Hepatitis B Virus 
HBV Pol HBV Polymerase 
HBx HBx protein 
HCC Hepatocellular carcinoma 
HCV Hepatitis C virus  
HDAC Histone deacetylase 
HDV Hepatitis D Virus 
HIV Human Immunodeficiency Viruses 
HNF1 Hepatocyte nuclear factor 1 
HNF3 Hepatocyte nuclear factor 3 
HNF4α Hepatocyte nuclear factor alpha 
hnRNPs Heterogeneous nuclear ribonucleoproteins 
Hsc70 Heat stress cognate 70 
HSC Hepatic stellate cell 
HSP Heat shock protein 
HSPGs Heparan sulfate proteoglycans 
IAD IRF association domain 
ICI Immune checkpoint inhibitor 
iE-DAP gamma-D-glutamyl-meso-diaminopimelic acid 
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IFI16 IFN-gamma inducible protein 16 
IFIT IFN-induced proteins with tetratricopeptide 
IFN Interferon 
IFNAR IFN  receptor 
iHep Induced human hepatocyte-like cells 
IKKε NF-κB kinase-epsilon 
IL Interleukin 
IL-1β Interleukin-1 beta 
IL-6 Interleukin-6 
ILC Innate lymphoid cell 
iMATEs Intrahepatic myeloid-cell aggregates for T cell population expansion 
Indel  Insertion deletion  
IRAK Interleukin-1 receptor-associated kinase 
IRF  Interferon regulatory factor 
ISG Interferon Stimulated Gene 
ISGF3 IFN-stimulated gene factor 3 
ISRE IFN-stimulated response element 
IT Immune tolerant 
JAK1 Janus kinase 1 
KC Kupffer cells 
kDa Kilo Dalton 
KO Knock out  
LAM Lamivudine 
LGP2 Laboratory of genetics and physiology 2 
L-HBsAg Large HBsAg  
LP Lipoprotein 
LPS Lipopolysaccharide 
LRR Leucine-rich repeat 
LRRFIP1 Leucine rich repeat flightless-interacting protein 1 
LSEC Liver sinusoidal endothelial cell 
LTβR Lymphotoxin beta receptor 
LZ Leucine zipper 
m6A N6-methyladenosine modification 
MAIT Mucosal-associated invariant T-cells 
MAPK Mitogen-activated protein kinase 
MAVS Mitochondrial Antiviral-Signalling 
MCPIP1 Monocyte chemotactic protein-1-induced protein-1 
MD-2 Myeloid differentiation-2 
MDA5 Melanoma differentiation-associated protein 5 
mDC Myeloid DC 
MDP Muramyl dipeptide 
M-HBsAg Middle HBsAg 
MHC Major-histocompatibility complex 
mMDSCs Monocyte myeloid-derived suppressor cells 
MoA Mode of action  
MPLA  Monophosphoryl lipid A 
mRNA Messenger RNA 
mTORC1 Mammalian target of rapamycin complex 1 
MVBs Multivesicular bodies 
MxA Myxoma resistance protein 1 
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MyD88 Myeloid differentiation primary response 88 
NA Nucleoside analogue 
NAP Nucleic acid polymer 
NEMO NF- B essential modulator 
NF-κB Nuclear factor-κB 
NHEJ Nonhomologous end joining  
NIK NF-κB-inducing kinase 
NK Natural killer cell 
NKT Natural killer T cell 
NLR Nucleotide oligomerization domain receptor 
NLS Nuclear location signal 
NOD Nucleotide-binding and oligomerization domain 
NPs-Pam3CSK4 Nanoparticles Pam3CSK4 
NPs-Pam3CSK4-PreS1 Nanoparticles-Pam3CSK4-PreS1 
NT Non-treated 
NTCP Sodium taurocholate cotransporting polypeptide 
NTD N-terminal assembly domain 
ODN Oligodeoxynucleotide 
ORF Open reading Frame 
P300/CBP P300 CREB-binding protein 
PAM Protospacer adjacent motif 
PAMP Pattern-associated molecular pattern  
Par Parvulin protein  
PBMC Peripheral blood mononuclear cell  
PCAF P300/CBP-associated factor 
PCNA Proliferating cell nuclear antigen  
PCR Polymerase chain reaction 
PD-1 Programmed cell death 
pDC Plasmacytoid DC 
PD-L1  Programmed death ligand 1 
PCNA Proliferating cell nuclear antigen 
Peg-IFN-α Pegylated Interferon-α 
pgRNA Pregenomic RNA 
PHH Primary human hepatocyte 
PI3K Phosphatidyl-inositol 3-kinase 
PIAS Protein inhibitors of activated STAT 
PLA Poly lactic acid 
PLGA Poly(D,L-lactide-co-glycolide) 
POLδ DNA polymerase delta 
PPA Phenylpropenamide 
PPARα Peroxisome proliferator-activated receptor alpha 
PRC2 Polycomb repressive complex 2 
PRE Post-transcriptional regulatory element 
PRPF31 Pre-mRNA processing factor 31 
PRR Pattern Recognition Receptor 
qPCR Quantitative PCR 
rcDNA Relaxed-circular DNA 
RD Repressor domain  
RFC Replication factor C 
RHD Rel homology domain 
RIG-I Retinoic acid-inducible gene I  
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RISC RNA-induced silencing complex 
RLR RIG-I like receptor 
RNA Ribonucleic acid 
RNASEH2 Ribonuclease H2 Subunit A 
RP105 Radioprotective lipoprotein 105kDa 
RT Reverse transcription 
RXRα Retinoid X receptor alpha 
SD Standard deviation  
sgRNA Single guide RNA 
S-HBsAg Small HBsAg 
SHP-2 Src Homology phosphatase 2 
siRNA Small interfering RNA 
SIRT Sirtuin 
SOCS Suppressor of cytokine signalling 
Sp1 Specificity protein 1 
ssDNA Single-stranded DNA 
STAT Signal transducer and activator of transcription 
STING Stimulator of Interferon Genes 
SVP Subviral particle 
Syk Spleen tyrosine kinase 
TAB TAK-1 binding protein 
TAD Transcription activation domain  
TAF Tenofovir alafenamide fumarate 
TAK1 Transforming growth factor- -activated kinase-1 
TALE Transcriptional activator-like effector 
TALEN  Transcription activator-like effector nuclease 
TARDBP Trans-active response DNA binding protein 
TBK1 TANK-binding kinase I 
TBS-T Tris-Buffered Saline - Tween 
TBV Telbivudine 
TCR T-cell receptor 
TDF Tenofovir disoproxil fumarate 
TDP2 Tyrosyl-DNA phosphodiesterase 2 
TENT Terminal nucleotidyl-transferase 
TFV Tenofovir 
TGF-β Tumor growth factor beta  
Th T helper cell  
TIR Toll interleukin-1 receptor 
TLR Toll-like receptor 
TNF-α Tumor necrosis factor alpha 
TP Terminal protein 
TR2 Testicular receptor 2 
tracrRNA Trans-activating crRNA 
TRAF TNF receptor associated factor  
TRAIL TNF-related apoptosis-inducing ligand 
Treg Regulatory T cell  
TRIM22 Tripartite motif 22 
Tyk2 Tyrosine kinase 2 
ULN Upper limit of normal  
UNC93B1 Unc-93 homolog B1 
USP18 Ubiquitin carboxy-terminal hydrolase 18 
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WHO World Health Organization 
WNV West Nile Virus  
YTHDF2 YTH-domain family 2 
ZF Zinc finger 
ZFN Zinc finger nuclease 
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AA. Background   

1. Hepatitis B 

1.1 Generalities about HBV  

1.1.1 History  

De morbus Internis written by Hippocrates (460-375BC) first described epidemic jaundice and the 

clinical syndrome of fulminant hepatitis (Khuroo and Sofi 2020). It is only in 1908 that McDonald 

assumed that jaundice could be cause by a virus and it was later confirmed by autopsy studies made 

by Eppinger (Harenberg J. and Lesch L, Mackay I.R.,  Zimmermann H.J. 1976). It was considered as a 

war infectious disease as it occurred in numerous conflicts such as American Civil war in 1915 and 

above all, World War II, with more than five millions people affected by it among soldiers and civilians 

(Sherlock 1984). Large number of cases were observed in venereal disease, diabetic and rheumatology 

clinics, leading McCallum to think that the disease could be transmitted from one patient to another 

via syringes and needles that were not correctly sterilized (Harenberg J. and Lesch L, Mackay I.R.,  

Zimmermann H.J. 1976). Voegt demonstrated that oral route could be another path of transmission of 

hepatitis, by feeding human volunteers with duodenal contents of patients suffering of acute forms of 

hepatitis (Voegt H. 1942). Krugman’s experiments at the Willowbrook State School allowed to 

hypothesize that two distinct viruses were associated with these two types of hepatitis. One was 

associated with a short incubation period, a short period of raised transaminase and was highly 

contagious (currently hepatitis A virus; HAV) and, by contrast, the second showed a long period of 

incubation and a longer period of raised transaminase, now hepatitis B virus (HBV) (Krugman, Giles, 

and Hammond 1967). In 1964, during his studies on lipoprotein polymorphisms, Blumberg observed 

an immunoprecipitation between the sera from transfused haemophilic patients and an Australian 

aborigine using double immunodiffusion test. The unusual lipoprotein was therefore called “Australia 

antigen” (Blumberg and Alter 1965).  This antigen was first thought to be associated to several 

conditions, including leukaemia, Down’s syndrome or/and hepatitis, as high prevalence of Australia 

antigen was observed in the sera of those patients (Blumberg et al., 1967). A bit later, different 

research groups showed that Australia antigen was related to HBV infection and to be the surface 

protein of the virus (Prince A. M. 1968; Giles et al. 1969). Australia antigen-positive sera were 

submitted to electron microscopic for further examination, the presence of two types of particles 

without nucleic acids was observed, spheres with a diameter of 22nm and long filaments with the same 

width (Millman et al., 1971).   
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Figure 1: Major breakthroughs in HBV research and development

Adapted from (Thomas, Yoneda, and Schiff 2015).
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The same year, David Dane and his group studied the sera of 16 Australia antigen positive sera by 

immune electron microscopy; all sample contained the spheres and few long filaments. In addition to 

those structures, tree sera presented larger particles with an inner nucleocapsid and a protein-rich 

envelope similar to that found in spheres and long filaments. They were suggested to be infectious 

particles of the virus and were consequently called the “Dane particle” (Dane et al., 1970).The 

Australian antigen, present at the surface of Dane particles, spheres and long filaments, was later 

renamed by the World Health Organization (WHO) “HBV surface antigen” (HBsAg).  Then, in 1971, 

Almeida and colleagues applied detergent treatment to disrupt Dane particles and they could separate 

the outer coat from a 27nm inner icosaedric structure, which was later defined as nucleocapsid 

(Almeida et al., 1971). In 1972, Magnius and Espmark described a new antigen complex in Australia-

antigen positive sera using immunodiffusion tests. This new antigen complex, called e-antigen at that 

time (later called HBeAg), was found in persistent carriers of Australian antigen and Australian-positive 

hepatitis cases but no in Australian-antigen carrying blood donor. The latter group even presented 

antibodies against the e-antigen leading the research team to think about evidences for the possible 

association of this antigen complex with infectivity (Magnius and Espmark, 1972). Hirschman and 

colleagues’ experiments detected the presence of a DNA polymerase activity in patient’s sera, which 

were beforehand concentrated by ultracentrifugation (Hirschman et al., 1971). Robinson and 

colleagues discovered the DNA template of the polymerase reaction. They treated Dane particles with 

Nonidet P-40 detergent and could retrieve radioactive DNA product thanks to a sedimentation in a 

sucrose density gradient; further examination of the radioactive DNA band by electron microscopy 

showed a circular double stranded DNA molecule of 0.78μm in length (W. S. Robinson and Greenman 

1974). To go further into the examination of the biology of the virus, Burrell and colleagues isolated 

HBV-DNA from Dane particles of HBsAg-/HBeAg-positive donors and digested with endonucleases, the 

digested fragment were then cloned into Escherichia coli (Burrell et al., 1979). Subsequently, those 

experiments led to the complete nucleotide sequence of HBV genome using Maxam and Gilbert 

method and the dideoxynucleotide method (Galibert et al. 1979). Finally, HBV-specific DNA sequences 

were detected in the serum and liver of chimpanzees inoculated with cloned HBV DNA that had led to 

acute viral hepatitis. It demonstrated that HBV DNA contained in Dane particles is the infectious 

particle of the virus (Will et al., 1982). The main breakthrough in HBV research and development are 

summarized in Figure 1.  

 

 

 



Thesis Manon Desmares                                                                                                                     Background 

26 
 

 

 

  

Figure 2: Geographical distribution of HBV different genotypes  

Distribution of HBV genotypes by regions (Classified in decreasing order, from more prevalent to lower prevalent). Adapted from (Velkov 

et al. 2018). 
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1.1.2 Viral Classification   

HBV is a partially double-stranded DNA virus, which uses its own polymerase to replicate itself via a 

pregenomic RNA (pgRNA) intermediate; it is therefore classified in the group VII, established by David 

Baltimore. This particularity renders it similar to many retroviruses found in animals and pararetrovirus 

in plants (Schaefer, 2007). HBV is a member of the Hepadnaviridae family, which is characterized by: 

(i) transient or persistent hepatotropic infections, (ii) a partially double-stranded DNA genome of 3.0-

3.4 kb in length, (iii) expression of at least five distinct proteins (preC/HBeAg, Core/HBcAg (i.e. capsid 

protein), polymerase (HBV pol), as well as preS and S envelop proteins, collectively defining HBsAg), 

(iv) a bone fide replication step involving reverse-transcription of pgRNA that occurs within 

nucleocapsids in the cytoplasm of infected hepatocytes (L. Magnius et al. 2020). Five genera of 

hepadnaviruses have been identified: parahepadnavirus and metahepadnavirus that can both infect 

teleost fish and the majority of the viruses in these two genera have been identified via metagenomics 

approaches; herpetohepadnavirus infect reptiles and frogs; avihepadnavirus infect birds and 

orthohepadnavirus that infect mammals. HBV is therefore a member of this latter group (L. Magnius 

et al. 2020). HBV isolates were initially classified into eight genotypes from A to H, with > 8% nucleotide 

differences between them. Most genotypes have a genome size of 3215 nucleotides, except for 

genotypes A (3221 nt), D (3182 nt), E (3212 nt) and G (3248 nt), which is due to nucleotide insertion or 

deletion. Distribution of the HBV genotypes is mainly dependent on the geographical region. 

Genotypes A-D are the most described; they are essentially found in North America and Africa for 

genotype A, East Asia for genotypes B and C and Southern Europe and India for genotype D. Genotype 

E is more prevalent in Sub Saharan Africa, and genotypes F and H are mainly found in South America. 

Genotype G is often found in co-infection with other HBV genotypes, generally A or H, or in co-infection 

with HIV (Human Immunodeficiency Viruses), and it affects mostly men who have sex with men (Tong 

and Revill 2016). Two other genotypes have recently been identified:  genotype I, found in Vietnam 

and Southern China, constitutes a recombination of genotypes A, C and G; and genotype J, initially 

found in a Japanese soldier probably infected in the forests of Borneo during World War II, resembles 

to gibbon HBV and may result from a recombination with human genotype C. Most of the genotypes 

can further be divided into sub-genotypes based on the nucleotide sequence divergence of at least 4% 

to 8% of their full genome. Only E, G and H do not have sub-genotypes, which is attributed to their 

recent genesis (Locarnini et al. 2015). It has been shown that different genotypes and sub-genotypes 

not only present different geographical distribution, but also different disease progression, clinical 

progression, response to antiviral treatment and prognosis (Sunbul 2014). For instance, a study 

realised in China investigated the differences between HBV patients infected with genotype C 

compared with genotype B:  higher level of viral replication, high hepatic histological activity, recurrent 

or persistently high ALT (alanine aminotransferase) levels and low response to treatment were 
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observed (Xibing et al. 2013). Moreover, five of the ten genotypes causes approximately 96% of chronic 

HBV infections:  genotype C, the most common (26%), genotype D (22%), E (18%), A (17%) and B (14%) 

(Velkov et al. 2018). Different genotypes and their localization are summarized in Figure 2.  

 

 

 

Figure 3:  HBV transmission pathways 

HBV is most commonly transmitted from mother to child during birth. It is also transmitted through contact with blood or body fluids, 

including sex with an infected partner, drug injection with sharing needles, unsterilized equipment or exposure to sharp intrusments. 

Adapted from (World Health Organization, World Health Organization, and Global Hepatitis Programme 2017). 
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1.1.3 Transmission pathways 

 Mother to child transmission: represents an important mode of transmission, either vertically 

via intrauterine transmission and through breastfeeding, or horizontally via daily contact, 

particularly during the first five years of life (Y. Yan, Xu, and Wang 1999). About 70-90% of 

babies born to HBsAg and HBeAg double positive mothers will be infected and become HBsAg 

carriers within 6 months (Cladd E. Stevens et al. 1979; Z. Y. Xu et al. 1985)  

 Horizontal transmission: infection can occur through infected blood or other body fluids such 

as saliva, menstrual, vaginal and seminal fluids from an infected person. Common routes of 

transmission include tribal tattooing and scarification, piercing, sexual contact, blood 

transfusion, unsafe injection practices, injecting drug use and exposure of health care workers 

(Locarnini et al. 2015). HBV is particularly stable in comparison to other hepatotropic viruses. 

It can survive outside the body for at least seven days, remaining infectious. On average, the 

incubation period of the virus is about 75 days, and can be detected within 30 to 60 days after 

infection and can persist and develop into chronic infection (WHO data 2020). Transmission 

pathways are summarized in Figure 3.  

 

1.1.4 Epidemiology 

Infection by hepatitis B virus is a major global health challenge and remains the most common chronic 

viral infection, with approximately 2 billion people that have been exposed to HBV according to WHO 

estimations. In 2015, WHO estimates that 257 million people were living with a chronic HBV infection, 

which is defined by the presence of HBsAg in patient’s sera for more than six months (Schweitzer et al. 

2015). That year, HBV infections were responsible for 887 000 deaths, mostly caused by HBV-related 

liver disease including cirrhosis and hepatocellular carcinoma (HCC). Endemic disease, assessed by 

HBsAg prevalence, is extremely variable depending on the geographical zones (Figure 4). In 2015, 

prevalence was the highest in the African and Western Pacific regions with respectively 6.1% and 6.2% 

of the population infected by the virus. HCC affects particularly those regions with up to two-thirds of 

HCC cases found to be HBsAg seropositive (de Martel et al. 2015). In the Eastern Mediterranean Region 

and South-East Asia Region, an estimated 3.3% and 2.0%  
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Figure 4 : Prevalence of HBV infection (HBsAg) in the general population by WHO region in 2015 

Prevalence of HBV infection, represented by the presence of HBsAg, in different regions of the world. African and Western 

Pacific regions present the highest prevalence and the largest number of people living with HBV. Adapted from (World Health 

Organization, World Health Organization, and Global Hepatitis Programme 2017). 
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of the general population are infected. In contrast to those regions, Europe and region of the Americas 

had lower prevalence with respectively 1.6% and 0.7% of the population infected by HBV. Prevalence 

is often underestimated due to the lack of public awareness of the disease. In 2016, 27 million people, 

which represented 10.5% of all people living with hepatitis B, were aware of their infection, and only 

4.5 million were under treatment (World Health Organization, World Health Organization, and Global 

Hepatitis Programme 2017). The diversity of the prevalence of chronic HBV infection in different parts 

of the world is closely related to the age of infection, which is inversely correlated to the risk of 

chronicity. In perinatally acquired infection, the progression from acute to chronic HBV infection is 

about 90% (C. E. Stevens et al. 1975), 20-50% for infections occurring before 5 years (Wasley et al. 

2008) and less than 5% for infection acquired during adulthood (Tassopoulos et al. 1987). An Increase 

proportion of liver diseases and HCC is observed when chronic HBV patients are coinfected with: (i) 

HIV, which represents 2.7 million people (WHO data 2020); (ii) hepatitis C virus (HCV), whose 

worldwide prevalence is about 1 to 15% (Mavilia and Wu 2018); (iii) hepatitis D virus (HDV), a satellite 

virus of HBV, which represent at least 4.5%, likely more, of HBsAg-positive people (Stockdale et al. 

2020).  

1.2 HBV biology: molecular features of the virus 

1.2.1 HBV genome 

As previously seen, HBV is a member of the Hepadnaviridae family and possesses a 3.2 kb double-

stranded DNA genome, making it the smallest human DNA viruses and one of the most compact. Its 

genome (as featured in infectious particles) presents a relaxed-circular conformation, commonly called 

rcDNA, with a complete minus-strand, which is the template for transcription and is covalently linked 

to the viral polymerase via a phosphodiester bond at its 5’ end, and an incomplete positive-strand, 

leaving a gap that can be filled in vitro by the viral polymerase (Summers, O’Connell, and Millman 

1975). HBV genome has four open reading frames (ORFs) (Figure 5), which are unidirectional and 

partially overlap each other, and encompass the entire genome: the PreC/C, polymerase (P), 

PreS1/PreS2/S and X ORFs.  Four distinct promoters control them: PreS1 (also called S1), PreS2 (also 

called S2 or S) and Core (also called PreC/C). Transcription results in the formation of mRNAs that are 

modified by 3’ polyadenylation signal, which is common to all transcripts, and the addition of a 5’ cap, 

5’ ends that are variable and are determined by the location of each promoters. The P ORF, the longest, 

which covers 80% of the viral genome, encodes for the viral polymerase (Pol). The X ORF encodes the 

X protein, called HBx (Moolla, Kew, and Arbuthnot 2002). Three envelope glycoproteins are coded by 

the alternative use of preS, preS2 and S in the PreS1/PreS2/S ORF, generating a small (S), middle 

(preS2+S), or a large (preS1+preS2+S) envelope proteins. In a similar way, translation initiation from 

the precore AUG or core AUG from PreC/C ORF generates Core protein and HBeAg (also called PreC) 
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respectively (Tong and Revill 2016). Other important elements are also presents in HBV genome: (i) 

two direct repeats (DR1 and DR2) of 11 nucleotides in the 5’ ends of the plus strand, which are essential 

for strand-specific DNA synthesis during replication (Liang 2009); (ii) two enhancers EnI and EnII that 

exhibit binding sites for liver specific transcription factors, including HNF4 and HNF3 and are required 

for the activity of the promoters (Seeger and Mason 2016); (iii) a glucocorticoid-responsive element 

(GRE) sequence within the S domain; (iv) a polyadenylation signal within the core gene and (v) a 

posttranscriptional regulatory element overlapping EnI and a part of X ORF (Liang 2009). Viral 

transcripts and proteins will be further described.  

 

Figure 5 : HBV genome organisation 

HBV genome presents a relaxed circular form, called rcDNA, and is composed of minus-strand ((-) strand) and a positive-

strand ((+) strand), with four open reading frames (ORFs), PreS1/PreS2/S (encoding HBsAg proteins), P (encoding HBV 

polymerase, Pol), PreC/C (encoding HBcAg and HBeAg) and X (encoding HBx). It also contains two direct repeats (DR1 and 

DR2), two enhancers (EnI and EnII) and a glucocorticoid-responsive element (GRE). Pol is linked to the (-) strand. Adapted 

from (Liang 2009).  
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1.2.2  Viral structures 

1.2.2.1 Dane particles and subviral particles 

As previously seen, the Dane particle is the infectious form of the virus, present in patient’s sera up to 

10-log10 copies/ml. It has a diameter of 42nm and is composed of an outer envelope of surface 

proteins, small (S), middle (M) and large (L) (see 1.2.3.1) (in a S:M:L ratio of 5:2:3) and a 27nm-inner 

icosahedral nucleocapsid, formed by 120 dimers of the core protein, which contained one single copy 

of the rcDNA linked to the viral polymerase (Nassal 2015) (Erreur ! Source du renvoi introuvable.).  

HBV infection in characterized by the generation of a large quantity of subviral particles (SVPs) lacking 

capsid and consequently the viral genome. In host sera, their presence exceed that of Dane particles 

by a factor comprised between 102 and 105. Two types of SVPs exists: 22nm-sphere or filament with 

the same width, but a variable length. The proportion of surface proteins in SVPs is different from Dane 

particles. Filaments contains L-HBsAg, M-HBsAg and S-HBsAg at a ratio of approximately 1:1:4, spheres 

contain less M-HBsAg, and traces of L-HBsAg. Even their presence in large excess they do not seem to 

interfere with the entry of the virus into hepatocytes, besides, they can represent a decoy for virus-

neutralizing antibodies. As they share immunological determinants with Dane particles, SVPs can be 

efficient immunogens for the induction of a protective immune response (Ho, Jeevan-Raj, and Netter 

2020).  

Recently, empty (genome-free) virions, containing surface proteins and the viral capsid with no 

genome, have been described and were found at 100-fold higher levels over Dane particles in the blood 

of infected patients. Besides, HBV RNA containing particles were also described, and found at 100 to 

1000 fold lower than Dane particles in infected patients. However, the existence of RNA virions 

remains a matter of debate, as some in vitro experiences use supernatants of hepatoma cell cultures 

as a source of HBV virions without taking care to the fact that naked capsids containing pgRNA, ssDNA 

(single-stranded DNA) or dsDNA (double-stranded DNA) are released in those supernatants. In addition 

to this, the DNase digestion could not be efficient enough to completely remove HBV DNA, and 

consequently it could be measured in some cases (J. Hu and Liu 2017).  

Finally, the secretion of non-enveloped nucleocapsids has been described in HBV-replicating cell lines; 

however, they are hardly detected in the bloodstream of infected patients or chimpanzees. In vitro 

studies as well as analysis of sera from HBV patients revealed that extracellular RNAs were 

preferentially incorporated into naked nucleocapsids rather than in virions containing the envelope 

and the nucleocapsid (Jiang and Hildt 2020).   
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Figure 6: Viral components secreted by HBV-infected hepatocytes and their protein composition

The viral inoculum is composed of the Dane particles (infectious form of the virus), two forms of subviral particles (spheres 

and filaments) lacking HBV genome and secreted HBeAg. Other forms of enveloped nucleocapsid have been observed in 

patients’ sera. Presence of naked nucleocapsids have been described in vitro.  The different viral proteins are presented in 

the lower panel. Viral particles and proteins designed by Marion Delphin.

Viral inoculum 

Dane particle 

(42nm)

Subviral particles 

(SVPs; 22nm)

HBeAg

Enveloped nucleocapsid Naked nucleocapsid

Viral proteins

S-HBsAg

M-HBsAg

L-HBsAg

HBV Pol

HBxAg

HBeAg

HBcAg



Thesis Manon Desmares                                                                                                                     Background 

35 
 

1.2.2.2 Viral DNAs 

As indicated previously, HBV virion presents a DNA genome with a relaxed circular form, called rcDNA. 

In the nucleus of hepatocytes, cellular factors modify HBV genomic DNA to form the cccDNA (more 

detail in section “rcDNA conversion into cccDNA”). CccDNA, present in nuclei of infected cells, is a 

stable episomal “minichromosome” that serves as a template for the transcription of all viral RNAs, 

amongst which is the pre-genomic RNA (pgRNA) (Summers and Mason 1982) (Figure 7). It interacts with 

cellular histones and nucleosomal proteins (C.-T. Bock et al. 1994) which is epigenetically regulated by 

host and viral factors (Hong, Kim, and Guo 2017). CccDNA level is maintained in nucleus via re-

infection, or in part due to intracellular recycling of newly synthesized rcDNA (Ko et al. 2018). CccDNA 

half-life has been estimated around 40 days, using hepatocellular model system (Ko et al. 2018), which 

was closed to in vivo studies, with 33 to 50 days in infected-woodchucks and 35 to 37 days in infected-

ducks (Y. Zhu et al. 2001; Addison et al. 2002). Even if the half-life has not been evaluated in humans, 

cccDNA forms a stable pool in the liver of non-treated patients, with a mean of 3 copies/cell in HBeAg-

positive patients [0.0003-40 copies/cell) and 0.31 copies/cell in HBeAg-negative patients [0.0003-6.8 

copies/cell] (Laras et al. 2006). New method of detection of the cccDNA based upon droplet digital (dd) 

PCR have been implemented in order to quantify residual intrahepatic cccDNA and overcome 

detection issues. Around 68% of nucleoside-treated patients had undetectable cccDNA when 

evaluated by common qPCR, whereas 98% of patients presented cccDNA when assessed by ddPCR 

(Lebossé et al. 2020). This residual cccDNA could explain rebound of HBV infection observed after 

treatment arrest (Nassal 2015), highlighting the need of eliminating this cccDNA from infected cells or 

at least permanently silencing it to achieve a functional cure.  
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Figure 7 : Schematic representation of various HBV transcripts and the proteins they encode 

Two classes of transcripts are synthesized: greater from the genomic length and sub-genomic length. All transcripts are of 

positive orientation, capped at the 5’-end and polyadenylated at the 3’ end. Pregenomic RNA (pgRNA; 3.5kb) is translated 

into HBcAg and viral polymerase; Precore mRNA (3.5kb) is translated into the precore protein and the soluble and secreted 

HBeAg; PreS1 mRNA (2.4kb) is translated into L-HBsAg; PreS2/S mRNA is translated into M- and S-HBsAg; X mRNA (0.7kb) is 

translated into HBx protein. Adapted from (Liang 2009). 
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1.2.2.3 Viral RNAs 

The viral episome or cccDNA is the main template for the transcription of viral RNAs from the four 

promoters already described. Two classes of transcripts are synthesized: greater from the genomic 

length and sub-genomic length. All transcripts are of positive orientation, capped at the 5’-end and 

polyadenylated at the 3’ end.  

 Pregenomic RNA of 3.5kb is translated into the cytoplasm to produce the core antigen or 

capsid protein (HBcAg) and the viral polymerase. Besides, it acts as the template for reverse 

transcription of the viral genome 

 Precore mRNA of 3.5 kb is translated into the precore protein (a dimer of it forms HBeAg) and 

the soluble and secreted HBeAg  

 PreS1 mRNA of 2.4kb is translated into the large envelope protein, L-HBsAg  

 PreS2/S mRNA of 2.1 kb is translated into medium and small envelope proteins M-HBsAg and 

S-HBsAg  

 X mRNA of 0.7kb is translated into the HBx protein (or HBx) (Locarnini and Zoulim 2010).   

 

1.2.3 Viral proteins and their functions 

1.2.3.1 Surface proteins, forming HBsAg: small, medium and large  

As previously mentioned, HBV is an enveloped virus. Its genome encodes three glycoproteins, small (S-

HBsAg), middle (M-HBsAg) and large (L-HBsAg) which are incorporated into a host-derived lipid 

membrane to constitute the viral envelop. They are translated from two HBV sub-genomic mRNA 

transcripts, with three different ATG but ends at the same terminal stop codon: the 2.4kb-PreS1 mRNA 

that encodes L-HBsAg and the 2.1kb-PreS2/S mRNA that encodes M-HBsAg and S-HBsAg in the 

endoplasmic reticulum (ER). Dane particles and the two types of subviral particles contain the three 

forms but in different ratio. A majority of HBsAg is found in Dane particles and filaments with an equal 

amount of M-HBsAg and L-HBsAg, whereas spheres mainly contain S-HBsAg and M-HBsAg and traces 

of L-HBsAg (Cornberg et al. 2017). HBsAg is therefore the smallest protein and has a length of 226 

amino acids, which is the common part of the three proteins at their C-terminus. M-HBsAg presents 

an additional 55 amino acids at its N-terminus, which is encoded by PreS2, and L-HBsAg further 

includes an extended region of 108-119 amino acids (depending on the genotype) from the PreS1 

region (Karayiannis 2017). The common S-HBsAg region contains four putative trans-membrane 

domains and an antigenic loop (AL). The AL is located from residues 100 and 164, between the second 

and third trans-membrane domains, and it is translocated to the luminal compartment of the ER during 

synthesis and present at the surface of secreted particles. It bears the immune-dominant “a” 

determinant, conserved in all strains, and includes a single N-glycosylation site at residue asparagine 
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146 (50% of HBsAg are glycosylated at this residue). All three proteins have a glycosylated form 

responsible for viral secretion; L-HBsAg and S-HBsAg may also appear unglycosylated in the viral 

envelope (therefore, depending on glycosylation S-HBsAg, M-HBsAg and L-HBsAg possess variable 

sizes, 24 to 27 kDa, 33 to 37 kDa and 39 to 42kDa respectively). AL is determinant for the virus 

infectivity as it can attach to the hepatocyte membrane via a heparan sulfate-binding motif (Julithe, 

Abou-Jaoude, and Sureau 2014). The preS1 domain from L-HBsAg is also essential for virus infectivity: 

its N-terminus, initially inserted into the membrane via the first trans-membrane domain, is modified 

by a myristic acid that induces a complex translocation process and results at the virion surface. Its 

domain from 2 to 48 amino acid specifically binds the sodium taurocholate cotransporting polypeptide 

receptor (NTCP, encoded by SLC10A1) on hepatocytes allowing virus entry (Urban et al. 2014). L-HBsAg 

also facilitates the envelopment of the core particles. Despite the fact that it is conserved among other 

hepadnaviruses (Gerlich 2013), function of M-HBsAg is still not clear. Some studies found that it is not 

important for virion envelopment and secretion, whereas others thought that its glycosylation may be 

involved in the assembly of virions (Schmitt et al. 2004). Structures of envelop proteins are described 

in Figure 8.  

 

 

 

Figure 8: Envelope proteins of HBV 

Schematic representation of envelop proteins. They are composed of a common domain S (corresponding do HBsAg), and 

two extensions PreS2 and PreS1 corresponding to M-and L-HBsAg. Four transmembrane domains are present in the S domain, 

as well as one antigenic loop and two cytosolic loops. The myristic acid responsible of conformational change necessary for 

infection is pointed out. The region from 2 to 48 amino acid responsible of NTCP binding is hatched. TD: transmembrane 

domain; aa: amino acids; Myr: myristic acid. Adapted from (Ho, Jeevan-Raj, and Netter 2020). 
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1.2.3.2 Core protein, HBcAg  

As previously mentioned, HBV genome is found in a viral capsid. Core protein (HBcAg), which contains 

183 amino acids and a size of 21 kDa, composes that capsid. HBcAg is translated starting with the 

second AUG of the preC/Core gene, but the first AUG of pgRNA. Its first 140 amino acids form the N-

terminal assembly domain (NTD) that possesses five α helices connected by loops, and it also contains 

an arginine-rich C-terminal domain (CTD) from 150 to 183 amino acids; a linker of 9 amino acids 

residues connects these two domains (Viswanathan et al. 2020). HBcAg preferentially form dimers via 

the formation of four helix bundles with two helices coming from each half-dimer. HBcAg dimers are 

able to self-assemble to form the icosahedral virus capsid, which is 34nm in diameter with an inner 

radius of 13 nm and a thickness of 2nm. It has mainly a T=4 symmetry structure containing 120 HBcAg-

dimers, in 95% of cases, while few T=3 capsid are observed in infected human liver (Zlotnick et al. 

2015). The CTD is crucial for capsid assembly and for the viral regulation: it contains four arginine –rich 

domains with nucleic acid binding activity, their interaction with pgRNA and viral DNA is essential for 

the viral genome replication; and seven serine/threonine residues, either phosphorylated or 

dephosphorylated. Recent studies show that hyperphosphorylation was associated with empty capsids 

whereas lower phosphorylation status regulate specific HBV replication intermediate formation, 

highlighting the importance of HBcAg dephosphorylation for pgRNA encapsidation (Z. Zhao and 

Zlotnick 2018). It may also induces template switching, primer translocations and DNA chain elongation 

during viral DNA synthesis, highlighting its potential role as a link between viral and cellular factors 

(Viswanathan et al. 2020). Finally, the linker region may also be involved in empty virion 

morphogenesis (K. Liu et al. 2018).   

1.2.3.3 Pre-Core protein and HBeAg 

PreCore/C mRNA translation produces the non-structural PreCore protein, composed of core protein, 

thus contains the three domains, previously described, and an additional N-terminus of 29 residues, 

which is an ER signal sequence for further processing (Yeh, Liaw, and Ou 1990). HBeAg protein, a 

soluble, secreted and dimeric protein composed of two polypeptides of 159 residues and 

approximately 18kDa, is formed by two cleavages: 34 amino acids from the C-terminus by a furin-like 

protease and 19 amino acids from the N-terminal signal, leaving behind a 10-residue propeptide (Z. 

Zhao and Zlotnick 2018). HBeAg is conserved in all hepadnaviruses, but its exact function during 

infection is not clear and need further investigation. Various studies showed that it is not involved in 

viral infection, replication and assembly. Clinically, HBeAg presence in infected patient’s sera is used 

as a surrogate marker of viral replication, infectivity, inflammation, severity of disease and response 

to treatment. Its presence in high quantity is linked to an active replication of the virus, whereas the 

seroconversion to anti-HBe, a long-lasting and dynamic process, ends this active replication phase and 
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it evolves towards a chronic infection or chronic hepatitis state (Kramvis et al. 2018). Mutations in the 

BCP (basal core promoter) and preC/C ORF also impair or abolish HBeAg expression at the 

transcriptional, translational and post-translational levels (Kramvis 2016). Besides, HBeAg may act as 

an immune-regulator. Even if HBeAg and HBcAg share a common part conferring them common 

antigenic epitopes, they possess different antigenic properties (Salfeld et al. 1989).   

 

 

Figure 9: Molecular structures of HBcAg, PreCore and HBeAg 

Schematic representation of HBcAg, PreCore and HBeAg, with their protein domains and their positions in the amino acid 

chains. All three proteins contain a N-terminal assembly domain (NTD), which possesses five α helices connected by loops 

and a linker of 9 amino acids residues; HBcAg and PreCore possess an arginine-rich C-terminal domain (CTD) from 150 to 183 

amino acids; PreCore protein contains an additional N-terminus of 29 residues; HBeAg is formed by two cleavages: 34 amino 

acids from the C-terminus by a furin-like protease and 19 amino acids from the N-terminal signal, leaving behind a 10-residue 

propeptide. NTD: N-terminal domain; CTD: C-terminal domain. Adapted from (Viswanathan et al. 2020). 

 

1.2.3.4 Viral polymerase, Pol 

The HBV viral polymerase (Pol) is the longest protein encoded by HBV,  with its 832 amino acids and a 

size of 90kDa (Nassal 2008). It contains four structural domains from the N- to C- terminus: a TP 

(Terminal Protein) domain from 1 aa to 178, a spacer domain from aa 179 to 336, an RT (Reverse 

Transcription) domain  from aa 337 to 680 and a RNaseH domain from aa 681 to 832 (S. A. Jones et al. 

2014).  

The TP domain, unique to Hepadnaviridae, possesses a tyrosine Y63 whose hydroxyl group serves as 

the substrate for initiating DNA synthesis, step called as protein priming (Scott A. Jones et al. 2012). 

This tyrosine is able to covalently bind, via a phosphodiester bond, the 5’ Epsilon stem-loop of the 

pgRNA, which acts as the packaging signal (Nassal 2008). This binding induces a conformational change 

in Pol that allows the delivery of the Y63 residue to the active site in the RT domain (Tavis and Ganem 

1996). The RT domain, which contains the main catalytic subdomain of Pol, allows the reverse 

transcription of the pgRNA into the minus-strand of HBV DNA as well as the DNA synthesis of the 

positive-strand from the minus-strand cDNA. This domain is the target of current antiviral therapy that 
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uses nucleoside analogues, preventing the reverse transcription. Mutations of a conserved tyrosine, 

methionine or two aspartate motif (YMDD) into this domain have been identified as resistance 

mutations to those treatments (see treatment) (Nassal 2008).  

The RNaseH domain is responsible for the pgRNA degradation after synthesis of the minus-strand, yet 

leaving intact the 5’extremity of the pgRNA, which serves as primer for DNA synthesis of the plus strand 

(Clark and Hu 2015).  

Finally, the spacer domain, often considered as a bridge between the TP and RT domains, is not critical 

for polymerase function. However, mutations within the spacer has been shown to affect the function 

of HBsAg, as Pol and S gene overlaps (P. Chen et al. 2013).   

 

Figure 10: Viral polymerase structure 

The viral polymerase contains four domains, a terminal protein domain (TP), a spacer, a reverse transcription domain (RT) 

and an RNaseH domain. Tyrosine 63 (Y63), necessary for reverse transcription is pointed out, as well as the YMDD, the domain 

in which mutations induce resistance to nucleoside analogues treatment. aa= amino acids. Adapted from (Clark and Hu 2015). 

 

1.2.3.5 X protein, HBx  

HBx is the smallest non-structural protein encoded by HBV with 154 amino acids and a size of 17kDa. 

It is thought to have diverse roles, not yet well determined due to the complexity of studying this small 

protein in the context of a proper infection, yet avoiding overexpression approaches. HBx is required 

to initiate and maintain viral replication in vitro (Lucifora et al. 2011), as well as in vivo in human-liver-

chimeric mice (Tsuge et al. 2010) or in the woodchuck model (F. Zoulim, Saputelli, and Seeger 1994).  

In the nucleus, HBx is able to interact or associate with the cccDNA and modulate its epigenetic 

regulation (L. Belloni et al. 2009). In order to facilitate viral replication, it has been shown that HBx 

could bind to DDB1(DNA binding protein 1)-containing E3 ligase, in order to promote the degradation 

of the structural maintenance of chromosome (Smc) complex 5/6, which has been shown to inhibit 

transcription from the cccDNA (Livingston et al. 2017). HBx has been shown to stimulate transcription 

of viral and cellular genes in various cell lines and in vivo (Bouchard and Schneider 2004). This could be 

done not by DNA binding but via direct interaction with transcription factors, such as nuclear factor 

NF-κB or activator protein AP-1 and AP-2, and the stimulation cellular signal-transduction pathways 

that regulate transcription, such as mitogen-activated protein kinase (MAPK) or extracellular signal-

regulated kinase (ERK); it cannot be excluded that the increased transcription could be the indirect 
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result of Smc5/6 complex degradation. HBx, both in vitro and in vivo, may also alter hepatocyte’s 

metabolism by increasing the phosphatidylinositol 3-kinase (PI3K)/ protein kinase B (AKT), mammalian 

target of rapamycin complex 1 (mTORC1) and adenosine monophosphate-activated protein activated 

protein kinase (AMPK) pathways (Slagle and Bouchard 2018). HBx has also been linked to the 

regulation of other mechanisms including cell cycle, calcium-signalling pathway, cellular apoptosis and 

damaged DNA responses. All those regulations induced by HBx suggest that it may contribute to the 

development of HBV-associated hepatocellular carcinoma (Slagle and Bouchard 2016). 

 

Figure 11: Pleiotropic effects of HBx 

HBx is required for virus replication, intervening at different stages of chronic infection. Its effects on apoptosis and 

metabolism are vital for chronic infection. This multifunctional protein also exhibit activities affecting the cell cycle regulation, 

calcium-signalling pathway, cellular apoptosis, damaged DNA responses and the immune system. All those regulations 

induced by HBx suggest that it may contribute to the development of HBV-associated hepatocellular carcinoma.  Adapted 

from (Quetier and Kremsdorf 2014), (Slagle and Bouchard 2018) and (X.-D. Zhang, Wang, and Ye 2014) 
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Recent studies showed that HBV pgRNA could be subjected to single or multiple splicing. The major 

2.2kb-spliced variant, called SP1, lacks intron 2447/489 and can represent up to 30% of total HBV 

pgRNA depending on conditions. It encodes for the hepatitis B splicing-regulated protein, protein of 

12kDa and 93 amino acids. This protein shares its first 46 amino acids with the viral polymerase as its 

translation begins at the same AUG codon, but the splicing leads to a different C-terminal moiety from 

other viral proteins (Soussan et al. 2000). HBSP has been detected in liver biopsies from HBV chronic 
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hepatitis infected patients and, in another study, approximately 50% of them presented antibodies in 

their sera directed against HBSP (Soussan et al. 2000; Soussan et al. 2003). Although the biological 

roles of HBSP remain to be well determined, evidence suggest that it may be involved in the 

pathogenesis and persistence of HBV infection (Soussan et al. 2003). In fact, HBSP can alter liver 

immunity: it modulates tumour necrosis factor-α (TNF-α) signalling pathway in vitro and reduces 

hepatic infiltration of monocytes and macrophages in vivo through the down regulation of C-C motif 

chemokine ligand 2 (CCL2), which results in attenuated liver damage during fibrosis (Pol et al. 2015; 

Duriez et al. 2017). In vitro, a role of HBSP in apoptosis is still under debate: it possesses a BH3 

homology domain in its N-terminal part, which may act as pro-apoptotic motif following interaction 

with Bcl-2 proteins (Y. W. Lu et al. 2006), or it can prevent apoptosis by increasing resistance of infected 

hepatocytes to Fas-mediated cell killing (S.-X. Wu et al. 2018). 

 

Figure 12: Synthesis of HBSP protein 

The pgRNA (3.5 kb) may be spliced into SP1 variant, which lacks intron 2447/489. It encodes for the hepatitis B splicing-

regulated protein (HBSP; 12 kDa), which shares its first 46 amino acids with the viral polymerase as its translation begins at 

the same AUG codon, but the splicing leads to a different C-terminal moiety from other viral proteins. pgRNA: pregenomic 

RNA; Pol: polymerase ORF; AUG: initiation codon. Adapted  from (Kremsdorf et al. 2006).  
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Figure 13: Viral life cycle 

1) HBV virion first eletrostatically interacts with heparan sulfate proteoglycans. 2) It then binds to its specific receptor, the 

sodium taurocholate cotransporting polypeptide (NTCP) receptor. 3) Epidermal growth factor receptor (EGFR) has been 

shown to act as a cofactor of the viral entry, in vitro. 4) Envelop loss and nuclear import. 5) The relaxed-circular form of the 

genome (rcDNA) is converted into closed covalently circular DNA (cccDNA). 6) cccDNA is transcriptionally regulated. 7) HBV 

RNAs are transcribed and they undergo co- and post.-transcriptionally regulation. 8) pgRNA is encapsidated with the viral 

polymerase. 9) pgRNA is reverse transcribed into minus strand, and the plus strand is further synthesized 10a) The 

nucleocapsid is transported to the nucleus allowing the amplification of the cccDNA pool. 10b) The nucleocapsid is enveloped 

through multivesicular bodies (MVBs) and (11) it is then secreted out of the cell. (12) SVPs are secreted using the general 

secretory pathway dependent on the Golgi apparatus. Viral life cycle designed by Marion Delphin.
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1.2.4 Viral life cycle 

All steps of the viral life cycle are sum up in Figure 13.  

1.2.4.1 Virus entry into cells 

1.2.4.1.1 Attachment of HBV particles to the cell surface 

In order to enter hepatocyte, HBV particle interacts first with heparan sulfate proteoglycans (HSPGs) 

(1), which are glycoproteins with one or more heparan sulfate chains at the cell surface or in the 

extracellular matrix (A. Schulze, Gripon, and Urban 2007). This electrostatic interaction is made 

between negatively charged HSPG and two positively charged residues Arg122 and Lys141, present in 

the antigenic loop region of the S domain of envelope proteins (Sureau and Salisse 2013). HSPGs, 

present in large majority in the space of Dissé, are required to stabilize the virus at the cell surface, 

before its interaction with its specific receptor (Urban et al. 2014).  

1.2.4.1.2 And to its specific receptor  

In 2012, Yan et al. identified the receptor required for HBV entry; the sodium taurocholate 

cotransporting polypeptide (NTCP) receptor (2) (H. Yan et al. 2012). Encoded by the SLC10A1 gene, 

NTCP is located on the basolateral membrane of hepatocytes and play a role in enterohepatic 

circulation of bile salts, via the uptake into the liver of conjugated bile acids from blood (Anwer and 

Stieger 2014). Following the low-affinity binding with HSPGs, HBV particle specifically binds the NTCP 

receptor via its PreS1 domain. More precisely, the region comprised between amino acids 2 and 48 

with the sequence 9-NPLGF(F/L)P-15 are crucial for NTCP binding, and amino acids 49-75 are required 

for infection (Urban et al. 2014).  

1.2.4.1.3 Internalization via cellular factors  

NTCP expression alone may not be sufficient for an efficient viral internalization into hepatocytes; 

other host factors seem to be required for infection, as infection remains low in cell lines 

overexpressing NTCP (J. Wang et al. 2019). In vitro, epidermal growth factor receptor (EGFR) may play 

a critical role as a host-entry cofactor for HBV particle internalization, indeed, when the interaction 

between NTCP and EGFR is disrupted, cells are no longer able to support HBV entry (3) (Iwamoto et al. 

2019). In the same manner, the host protein E-cadherin, a calcium-dependent cell-cell adhesion 

protein, was shown to be involved in the cell-surface distribution of NTCP and therefore in the HBV 

entry (Q. Hu et al. 2020). In hepatoma cell lines, glypican 5 was also found as a co-entry factor of HBV 

(Verrier et al. 2016).  

Following these interactions, HBV enter the cell by endocytosis, but the exact nature of this entry 

remains to be elucidated: two internalization pathways could be involved, either via caveolin-1, an 
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important plasma membrane component, or via clathrin, a vesicle component. In vitro, cells expressing 

mutants for caveolin-1 showed decreased levels of HBV transcripts and antigens (Alina Macovei et al. 

2010). However, in primary Tupaia hepatocytes, this hypothesis was not confirmed as the use of 

caveolin-mediated endocytosis inhibitors did not impair HBV infection (Bremer et al. 2009). Other 

studies report the use of clathrin-mediated endocytosis for HBV entry in vitro instead. In primary 

human hepatocytes, PreS1 domain interacts both with clathrin and protein adaptor 2 (AP-2), the 

silencing of those two molecules induces a decrease of HBV infection (H.-C. Huang et al. 2012). HBV 

internalization was also impaired via RNA-mediated silencing (siRNA) of the clathrin heavy chain, AP-2 

and dynamin-2 in hepatoma cell lines expressing NTCP (Herrscher et al. 2020). 

1.2.4.2 Nuclear replication steps of the virus 

1.2.4.2.1 Nuclear import  

(4) After entry into cells, HBV genome needs to be transported to the nucleus. Endosome-associated 

cellular Rab GTPases Rab5A and Rab7A may be involved in HBV trafficking: after internalization, the 

virion is transported to Rab5-containing early endosomes followed by the Rab7-containing late 

endosomes (A. Macovei et al. 2013). EGFR-sorting machinery may also coordinate the transport of 

incoming hepatitis B virus to the endosomal network (Iwamoto et al. 2020).  These observations 

suggest that transport into late endosome is crucial for infection.  

However, the delivery of nucleocapsids into the cytoplasm by viral particles is not clearly understood. 

Escape from the endosome by membrane fusion or translocation process are two mechanisms that 

can explain this delivery (Jiang and Hildt 2020). Then, nucleocapsids are transported to the nucleus by 

the microtubular system (Rabe, Glebe, and Kann 2006).  

The entry of the nucleocapsid into the nucleus is a matter of debate. It may enter the nucleus directly 

through the nuclear pore, its size being compatible to nuclear pore size. Another hypothesis suggests 

the direct disintegration of the capsid within the nuclear pore: capsid proteins, expressing nuclear 

location signals (NLS) in their C-terminus, can bind nuclear pore complexes, including importins α and 

β (Yeh, Liaw, and Ou 1990), which induces the capsid disintegration and further release of the rcDNA 

in the nucleus.  In vitro, it has been shown that C-terminus exposure on the capsid surface is linked to 

genome maturation, suggesting that only mature capsid containing rcDNA and not immature 

nucleocapsids containing pgRNA can disassemble (Kann 2007).  

1.2.4.2.2 rcDNA conversion into cccDNA 

(5) Once in the nucleus, rcDNA is converted into cccDNA. This conversion requires a multi-step process:  
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 Removal of the viral polymerase from the 5’ minus-strand of the rcDNA, leading to a 

deproteinated rcDNA as a putative intermediate of cccDNA formation (H. Guo et al. 2007). In 

vitro, a DNA repair enzyme tyrosyl-DNA phosphodiesterase 2 (TDP2) has been shown to detach 

the viral polymerase from rcDNA (Cui et al. 2015).  

 Removal of RNA primers: recently, another mechanism including a host factor flap structure-

specific endonuclease 1 (FEN-1) has been shown to be involved in cccDNA formation: it may 

cleave the 5’ flap-like structure on the negative strand of the rcDNA, which therefore removes 

the terminal redundant sequence with the viral polymerase (Kitamura et al. 2018).  

 The positive-strand is synthesized to form a full-length dsDNA. In vitro, it has been shown that 

different host polymerases seem to be more implied in this process rather than the viral 

polymerase itself (Qi et al. 2016; L. Tang et al. 2019). Topoisomerases I and II have also been 

shown to be involved in the circularization of both strands (Sheraz et al. 2019).  

 Ligation of both strands mediated by DNA ligase 1 and 3 (Long et al. 2017).  

Chromatinization of rcDNA occurs all along this process. Histones and non-histone proteins allow the 

cccDNA to remain stable in infected hepatocytes (C.-T. Bock et al. 1994). Besides, cccDNA is maintained 

stable by intracellular genome recycling and secondary infection (Ko et al. 2018).  

More rarely, nucleocapsid can contain double-stranded linear DNA (dslDNA) that can be converted 

into cccDNA, but this latter may be integrated into the host genome at site of double-stranded DNA 

breaks by non homologous end-joining process (Bill and Summers 2004). In HBV dslDNA, HBcAg 

promoter is separated from its ORF, resulting in a replication-incompetent form of the virus, but it can 

induce the expression of HBsAg (Wooddell et al. 2017). Integration is a process found in 10 to 100% of 

hepatocytes by the time liver cancer starts to develop in chronic carriers (Seeger and Mason 2016). 

1.2.4.2.3 Transcriptional regulation of cccDNA 

1.2.4.2.3.1 By transcription factors  

(6) As previously seen, cccDNA transcription is controlled by two enhancers and four promoters that 

possess binding sites for ubiquitous and liver-enriched transcription factors and nuclear receptors.  

Enhancer I (EnI) is 270 bp long and is located between PreS1/PreS2/S and X ORFs. It induces the 

activation of HBx mRNA transcription. It contains binding sites for hepatocyte nuclear factor 1 and 3 

(HNF1 and HNF3), nuclear factor 1 (NF1), CCAAT-enhancer-binding protein (C/EBP), peroxisome 

proliferator-activated receptor α (PPARα), retinoid X receptor α (RXRα), the chicken ovalbumin 

upstream promoter transcription factor (COUP-TF) 1 and 2 and human testicular receptor 2 (TR2) (Xia 

and Guo 2020). It also contains an interferon-stimulated response element (ISRE), which binds signal 

transducer and activator of transcription 1 (STAT1) after IFN-α stimulation, resulting in transcriptional 
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repression (Laura Belloni et al. 2012).  Enhancer II (EnII) is 148 bp in length and is located upstream of 

the core promoter, and it is involved in the expression of other transcripts. It contains HNF1, HNF3, 

HNF4α, C/EBP, specificity protein (Sp) 1 and farsenoid X receptor binding sites (Turton et al. 2020).  

PreS1 promoter contains binding sites for HNF1 and HNF3. PreS2/S promoter is regulated by SP1, 

RXRα, PPARα and HNF4α. PreC/C promoter possesses HNF4α, RXRα, PPARα, COUP-TF and TR2 binding 

sites. Finally, X promoter possesses an activating protein-1 binding site (AP-1) (Xia and Guo 2020). 

The NF-κB transcription factors family (detailed in chapter 2), critical regulator of the immediate early 

pathogen response, was shown to down regulate viral transcription in HepG2 cell line (Xiong et al. 

2004). Lin et al demonstrated that NF-kB subunit p65 (RelA) indirectly inhibits HBV gene expression, 

through its interaction with Sp1 transcription factor, repressing the Sp1-mediated activation of core 

promoter (Y.-C. Lin, Hsu, and Ting 2009).Interestingly, NF-κB binding sites have been identified in the 

HBV genome: HBcAg has been shown to activates HBV EnII and pregenomic promoter through the 

upstream activation of NF-κB binding site (GGGACGTACT, nt 1408-1417) (Kwon and Rho 2002); a NF-

κB binding site located at nt 207-216 has also been identified and been shown to be activated by 

overexpressed p65 (Y.-C. Lin, Hsu, and Ting 2009).  

 

Figure 14: Positions of the binding sites of transcription factors on HBV genome 

Both promoters and enhancers are represented by boxes, and angled arrows represent HBV RNA start sites. “An” represents 

the polyadenylation sites in the linearized HBV genome. Transcription activity has been highlighted in red for inhibition and 

green for activation. Adapted from (Turton et al. 2020).  
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1.2.4.2.3.2 By epigenetic modifications 

CccDNA is a stable episomal form of the genome that can be decorated with host histones and non-

histone proteins (6) (C.-T. Bock et al. 1994). Immunoblotting with HBcAg revealed that histone proteins 

H3 and H2B were the most present on the cccDNA while lower level of H4, H2A and H1 were also 

detectable (C. T. Bock et al. 2001). Chromatin immune-precipitation (ChIP) assay confirmed those 

observations and found that acetylation status of H3/H4 histones regulates HBV replication (Pollicino 

et al. 2006).  Indeed, histones deacetylases and acetyl-transferases can be recruited to modify those 

histones linked to cccDNA and regulate transcription. An increase of acetylation of histones was 

associated to initiation of transcription, while a decrease of acetylation allows the recruitment of 

methyl transferases that methylate histones and DNA, and therefore repress transcription (Levrero et 

al. 2009).

In addition to histone modifications, cccDNA transcription is regulated by the methylation status of six 

CpG islands (Yongmei Zhang et al. 2013). Methylation may be associated to the evolution of the 

disease, and to hepatocarcinogenesis (Jain et al. 2015).

Numerous chromatin-modifying enzymes can bind the cccDNA and promote its transcription, such as 

cAMP response element-binding protein (CREB), CREB-binding protein (p300/CBP), and p300/CBP-

associated factor (PCAF). On the contrary, others such as HDAC1, sirtuin (SIRT1) 1 and 3, chromosome 

5/6 complex (Smc5/6) and enhancer of zeste homolog (EZH2) induce its silencing (Xia and Guo 2020).

Table 1: Type, site and function of known chromatin marks

Numerous histone-modification sites have been identified on the cccDNA, inducing either repression or activation of 

transcription. The number into brackets identifies the aminoacid residues involved in specific modifications. Adapted from 

(Levrero et al. 2009).

Mark (DNA or histones) Site Effects on transcription

DNA methylation

Methylated cytosine (meC) CpG islands Repression

Histones Post-translational modifications

Acetylated lysine (K Ac)
H3 (9,14,18,56)
H4 (5,8,13,16)

H2A, H2B
Activation

Phosphorylated serine/threonine (S/T) H3 (3,10,28) Activation

Methylated arginine (R Me) H3 (17,23), H4 (3) Activation

Methylated lysine (K Me)
H3 (4,36,79)

H3 (9,27), H4 (20)
Activation
Repression

Ubiquitylated lysine (K Ub)
H2B (120)
H2A (119)

Activation
Repression
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1.2.4.2.3.3  By HBx 

HBx plays a crucial role in cccDNA regulation either directly by transactivator function, or indirectly, by 

modulating other host factors, which regulate in turn directly cccDNA transcriptional activity (7). It is 

implied in epigenetic modifications of the cccDNA, as its recruitment to cccDNA positively correlates 

with the recruitment of histone acetyltransferases p300, CBP and PCAF and negatively correlates with 

the recruitment of histones deacetylases HDAC and SIRT1 (Cougot et al. 2007; L. Belloni et al. 2009). It 

allows the establishement of active chromatin on cccDNA preventing transcriptional repression by 

SETDB1-mediated histone 3 di- and tri-methylation (H3K9me3) and heterochromatin 1 (HP1) to the 

cccDNA (Rivière et al. 2015) and PRMT5 (W. Zhang et al. 2017). HBx was shown to activate the 

expression of the long non-coding RNA (lncRNA), DLEU2 (Deleted in Lymphocytic Leukemia 2), which 

modulates cccDNA transcription preventing the transcriptional repression by chromatin-modifying 

enzymes like EZH2 and PRC2 (polycomb repressive complex 2) (Salerno et al. 2020). HBx was shown to 

interact with parvulin proteins 14 and 17, stabilizing HBx and promoting its translocation to the nucleus 

and mitochondria; in the presence of HBx the Par 14 and Par17 bind to the cccDNA to promote its 

transcriptional activation (Saeed et al. 2019). 

Furthermore, HBx was shown to promote cccDNA degradation by redirecting DNA-damage binding 

protein 1 (DDB1)-CUL4 E3 ubiquitin ligase to degrade the host restriction factor Smc5/6 (Decorsière et 

al. 2016; Rivière et al. 2019). HBx is able to upregulate E3 ubiquitin ligase MSL2, which favours cccDNA 

activation via degradation of the cytidine deaminase APOBEC3B (Apolipoprotéins B mRNA editing 

enzyme, catalytic polypeptide-like 3B), responsible of cccDNA deamination leading to its degradation 

(Y. Gao et al. 2017; Lucifora et al. 2014).  

Finally, HBx may promote cccDNA formation via its association with host pre-mRNA processing factor, 

PRPF31 (Kinoshita et al. 2017).  

1.2.4.2.3.4 By HBcAg  

HBcAg was shown to regulate cccDNA via epigenetic mechanisms, and in particular via the modulation 

of the nucleosome spacing of cccDNA-histone complex (C. T. Bock et al. 2001). 

HBcAg is a positive regulator of HBV transcription and regulation. ChIP experiments showed that it 

preferentially binds to cccDNA at CpG island 2, inducing hypo-methylation of that region. This leads to 

increase binding of CREB protein and in contrast, lower amount of HDAC1 binding, resulting in 

increased cccDNA transcription (Y.-H. Guo et al. 2011).  

Besides, HBcAg has also been shown to promote viral proliferation by binding to PCNA (proliferating 

cell nuclear antigen), a coordinator of DNA polymerases in maintaining genome integrity and inducing 

proliferation. Both in vitro and in vivo experiments showed that this binding not only enhanced HBV 
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replication but it accelerated the growth of HCC (Feng et al. 2019).  Allosteric modifications of HBcAg 

structure by core protein allosteric modulators (CpAMs) not only inhibit nucleocapsid assembly but 

also modulate the biosynthesis of cccDNA from de novo infection (F. Guo, Zhao, et al. 2017).  

Interestingly, HBcAg was also shown to ease the interaction of APOBEC3A and APOBEC3B with the 

cccDNA, promoting deamination and creation of Apurinic/Apyrimidinic (AP) sites for degradation, 

respectively up regulated by IFN-α and lymphotoxin-β receptor (LTβR) stimulation (Lucifora et al. 

2014).  

 

 

Figure 15: Regulation of cccDNA by histone modifications and transactivation of different transcription factors 

Upper panel represents cccDNA under a configuration in which transcription is repressed. Numerous repressive histone 

marks are present including H3K9me3, and complex proteins induce its silencing, including SIRT1 and SIRT3, EZH2, Smc5/6, 

SETDB1, HDAC1 or HP1. The lower panel represent cccDNA under an active state of transcription, where numerous active 

histone marks are present, among those, H3K4me3. Protein complex such as CREB, p300/CBP or PCAF are associated with 

increase transcriptional activity. Additionally, the role of HBx in the regulation of transcription has been represented. It 

induces the degradation of Smc5/6, and prevents the repressive role of SETDB1, PRMT and HP1. It activates MSL2, which in 

turn degrade APOBEC3B, responsible of the cccDNA degradation. Additionally HBx increases the binding of Parvulin proteins 

(Par) to cccDNA, resuβing in transcriptional activation. Adapted from (Z. Wang, Wang, and Wang 2020). 
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1.2.4.3 Co and post-transcriptional regulation of HBV RNAs 

CccDNA serves as a template for viral transcription, and mRNAs are synthesized by polymerase II. All 

transcripts undergo several modifications to ensure their stability and their expression (7).  

1.2.4.3.1 Post-transcriptional regulatory element (PRE)  

HBV presents a 3’ post-transcriptional regulatory element (PRE), which is a cis-acting RNA element of 

approximately 450 nucleotides encompassing nt 1151 to 1582. It is divided into 3 sub-elements PREα 

(nt 1151-1346), PREβ1 (nt 1347-1457) and PREβ2 (nt 1458-1582) (Schwalbe et al. 2008; Smith et al. 

1998). The three sub-elements synergistically induces the cytoplasmic localization of intron-less 

surface antigen transcripts without the involvement of any viral protein (Donello, Loeb, and Hope 

1998). However, cellular proteins La protein and polypyrimidine tract protein have been shown to 

interact with PRE in order to increase mRNA stability and nuclear export (Heise, Guidotti, and Chisari 

1999; Zang et al. 2001). Two stem loops have been identified by bioinformatics analysis SLα, located 

in PREα and SLβ located in PREβ (C. S. Lim and Brown 2016).   

 

Figure 16: Organisation of the Post-transcriptional regulatory element (PRE) 

The PRE domain resides in the 3’ region of all viral transcripts. It encompasses nucleotides 1151 to 1582, and possesses three 

domains: Preα, PREβ1 and PREβ2. Adapted from (Schwalbe et al. 2008). 
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HBV transcripts, as many other viral RNAs, undergo RNA tailing, which is a non-templated nucleotide 

addition to the 3’ end by non-canonical poly(A) polymerases, known as terminal nucleotidyl-

transferases (TENTs) (D. Kim et al. 2020). The poly-adenylation signal (UAUAAA) on the terminally 

redundant genomic transcript of HBV functions poorly, it needs a second encounter with the poly-

adenylation machinery to be recognized (Simonsen and Levinson 1983). However, in long poly(A) tails, 
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guanylation may occur protecting mRNAs from deanylation by CCR4-NOT (CNOT) complex. TENT4A 

(also known as PAPD7 or TUT5) and TENT4B (also known as PAPD5 or TUT3) are in charge of extending 

mRNA poly(A) tails with non-adenosine residues, mainly guanosine, in order to generate mixed tails. 

More precisely, the stem loop SLα binds Zinc Finger CCHC-type containing 14 (ZCCHC14) protein, which 

in turns recruits TENT4 (D. Kim et al. 2020). The molecule RG7834 has been shown to inhibit the 

enzymatic activity of TENT4A/B within the ZCCHC14-HBV PRE complex (Hyrina et al. 2019). 

 

 

Figure 17: RNA tailing 

The stem loop SLα of the PRE domain binds the ZCCHC14 that is able to recruit TENT4, which is in charge of the generation 

of the mixed tails. RG7834 has been shown to inhibit the enzymatic activity of TENT4A/B, resulting in RNA destabilization. 

Adapted from (D. Kim et al. 2020) and (Hyrina et al. 2019). 
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Figure 18: Model for how m6A at 5’ or 3’ epsilon stem loops of HBV transcripts regulates their stability and reverse 
transcription 

Schematic representation of the position of the m6A indicated by the green filled circle in all HBV transcripts. It is present at 

both the 5’ and 3’ ends of pgRNA and only at 3’ ends of the other HBV transcripts. Its position on 5’ end of the pgRNA positively 

regulates reverse transcription, while on 3’ ends, it negatively regulates RNA stability. Adapted from (Imam et al. 2018) 
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processing, nucleocapsid assembly and could interact with pgRNA to prevent its splicing during nuclear 

export (Makokha et al. 2019).   

1.2.4.4 PgRNA encapsidation and reverse transcription 

TP domain from the viral polymerase binds the epsilon stem loop at the 5’ end of the pgRNA to form 

a ribonucleoprotein complex, which is copackaged into the nucleocapsid by interaction of pgRNA with 

the C-terminal domain of HBcAg (8) (Bartenschlager, Junker-Niepmann, and Schaller 1990; Nassal 

2015). Host chaperones such as heat shock protein 90 (Hsp90), Hsp40, and heat stress cognate 70 

(Hsc70) interact with Pol to optimize its conformation and thus to facilitate this process (Beck and 

Nassal 2003).  

PgRNA possesses an internal bulge in its the epsilon stem loop that serves as a template for priming 

and the Pol binding to the pgRNA triggers protein-primed initiation of reverse transcription: a tyrosine 

residue in the TP domain of Pol at aa 63 is phosphodiester-linked to the short epsilon bulge-templated 

DNA oligo, which is further translocated to the DR1 sequence at the 3’ end of the pgRNA to allow for 

minus strand DNA synthesis. During synthesis, the pgRNA template is degraded by the RNaseH domain 

with the exception of the 5’ end, which serves as the primer for positive-strand synthesis. While direct 

extension leads to double-stranded linear DNA, generation of rcDNA is more complex. RNA primer is 

transferred to DR2 at the 3’ terminus and is extended to the 5’ terminus of the minus strand DNA, the 

small terminal redundant sequence allows exchange against the identical 3’ redundant sequence on 

the minus strand DNA, which allows further elongation of the plus strand DNA (9) (Nassal 2015) (Figure 

19). In the meantime, nucleocapsid (HBcAg) undergo a phosphorylation status change, from hyper-

phosphorylated (immature capsid) to dephosphorylation (mature capsid) that will allow both 

interaction with envelope proteins and its entry into the nucleus (Bruss 2007; Kann, Schmitz, and Rabe 

2007). 

At this stage, there are two possibilities for the rcDNA in the nucleocapsid: it can be transported to the 

nucleus thanks to the exposure of the NLS sequence in the CTD of core proteins, this allow the 

amplification of the cccDNA pool (10a); or it can be enveloped in order to generate new virions (10b).  
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Figure 19: Reverse transcription and rcDNA synthesis

The TP domain of the viral polymerase binds to the internal bulge in the epsilon stem loop at the 5’ end of the pgRNA. The 

short epsilon bulge-templated DNA oligo is further translocated to the DR1 sequence at the 3’ end of the pgRNA allowing the 

minus strand DNA synthesis. During the synthesis, the pgRNA template is degraded by the RNaseH domain with the exception 

of the 5’end, which further serves as primer for positive-strand synthesis. RNA primer is transferred to DR2 at the 3’ terminus 

and is extended to the 5’ terminus of the minus strand; the small terminal redundant sequence allows exchange against the 

identical 3’ redundant sequence on the minus strand DNA, which allows further elongation of the plus strand DNA. DR: Direct 

repeat; Pol: polymerase; TP: terminal protein domain; RT: reverse transcription domain; RH: RNase H domain; r: small 

terminal redundant sequence; AAA: poly A tail. Adapted  from (Nassal 2015). 
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1.2.4.5 Assembly and virus exit 

Two different pathways are used for virions and subviral particles (SVP) secretion.  Nucleocapsids are 

released into multivesicular bodies (MVBs) where envelope proteins are present. The assembly is 

facilitated by interaction between nucleocapsid and the PreS1 domain of L-HBsAg. Endosomal sorting 

complex required for transport (ESCRT) and Vsp4 protein complex are recruited for the budding of the 

viral capsid at the MVB membrane and their secretion (11) (Selzer and Zlotnick 2015; Glebe and Urban 

2007). SVPs are secreted using the general secretory pathway dependent on the Golgi apparatus. First, 

S-HBsAg assemble into filament within the endoplasmic reticulum and then they are transported to 

the ER-Golgi intermediate compartment (ERGIC). There, they can be converted into spheres in order 

to be secreted out of the cells (12) (Selzer and Zlotnick 2015).  

Once out of cell, new viral particles can infect other hepatocytes and spread the viral infection in all 

the liver.  

1.3 Models for HBV replication  

1.3.1 In vitro models 

 Primary human hepatocytes 

PHH, in particular when they are freshly prepared, represent the most relevant model to study HBV 

infection in vitro; indeed HBV strongly replicates in them, even when they are cultivated in simple 2D 

conditions (Lucifora et al. 2020). They possess functional metabolic and innate immune pathways 

rendering them suitable for interaction studies of those pathways with the virus. However, their use is 

limited due to accessibility to fresh human liver resections, variation between batches, limited life span 

(1 month) and rapid dedifferentiation (Zeisel et al. 2015).  

 Differentiated HepaRG cell line 

HepaRG is a bipotent liver progenitor cell line, which is able to differentiate in both hepatocyte-like 

cells and cholangiocyte-like cells. HepaRG cells can support HBV infection, as they possess NTCP 

receptor and an entire HBV life cycle can be obtained (Gripon et al. 2002; J. Hu et al. 2019). Like PHH, 

they possess functional innate immune pathways, making it suitable for further immune studies 

(Luangsay, Ait-Goughoulte, et al. 2015). However, they present limitations such as a low rate of 

infection and a long-time differentiation (1 month).  

 Human hepatoma cell lines 

For years, HBV studies were impaired because of the human hepatocyte tropism of the virus and the 

difficulty to culture human hepatocytes. To circumvent this, human hepatoma cell lines were used. 

HepG2, derived from hepatoblastoma or Huh7, derived from hepatocellular carcinoma: they lack the 
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NTCP receptor, and are therefore transfected by HBV DNA clones, leading to expression of all viral 

products, as well as the formation and secretion of viral particles. They are mainly used to study later 

steps of viral replication, after transcription (J. Hu et al. 2019). The recent discovery of the viral receptor 

NTCP led to the characterization of new cell cultures such as HepG2-NTCP or Huh7-NTCP that can 

support infection (W. Li and Urban 2016). In those cell lines, innate immune pathways are impaired, 

rendering them not convenient for immune studies.  

 Induced human hepatocyte-like cells  

Induced human hepatocyte-like cells (iHep) are obtained from differentiation of human embryonic 

stem cells, and they have been shown to support complete life cycle of HBV. Despite the fact that they 

mimic normal hepatocytes better than hepatoma cell lines, their conditions of differentiation may be 

complicated (Kaneko et al. 2016).  

1.3.2 In vivo models 

Natural infection: Some animals can also be infected by hepadnaviruses that are quite similar to HBV 

and therefore served as surrogate models to get insights on HBV biology. Among them, they are the 

woodchuck, (infected by woodchuck hepatitis B virus) and the Pekin duck (infected by duck hepatitis 

B virus) (J. Hu et al. 2019). However, divergence between viral sequence of those models and HBV 

restrict their use in HBV researches. Tupaia is a non-primate animal susceptible to HBV infection. 

Despite low levels of HBV replication, Tupaia hepatocytes were used to discover HBV receptor, NTCP 

(Walter et al. 1996; Glebe et al. 2005).  

Primate models: Chimpanzees are the only primate to be susceptible to HBV infection and develop 

cellular immune response similarly to humans. Studies in this model were crucial to develop HBV 

vaccines in the 1970s. However, due to ethical considerations, studies in chimpanzees is no longer 

permitted (S. F. Wieland 2015). The recent discovery of NTCP receptor enables appearance of new 

non-human primate models, including macaques expressing human NTCP, through an AAV-NTCP, that 

can be infected by HBV (Burwitz et al. 2017). Recently, it has been shown that squirrel monkey (Saimiri 

sciureus) was susceptible to HBV infection, notably thanks to high homology sequence of NTCP 

between humans and this species (C. Y. Chen et al. 2020). Non-endangered nature of both macaque 

and squirrel monkey models, render them promising for the in vivo study of HBV.  

Mice models: 

 HBV transgenic mice: models enabling the studies of late steps of HBV replication such as 

rcDNA synthesis, transcription, viral assembly and virus secretion. Besides, production of all 

HBV antigens and transcripts are found at similar levels of what is observed in human liver. 
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However, there is no cccDNA detected during HBV infection in transgenic mice, and they are 

immune-tolerant, preventing immune studies (Burwitz, Zhou, and Li 2020).  

 Hydrodynamic injection model: obtained with hydro-dynamically injection of a saline solution 

containing an HBV plasmid or a cccDNA-like minicircle into mouse-tail vein. Viral genome is 

not integrated into mouse genome, but it is useful for HBV persistence investigations, as well 

as immune response and pathogenesis studies. However, injection may lead to liver injury 

rendering results difficult to interpret (Maura Dandri and Petersen 2017).  

 AAV-HBV model: model in which liver-targeted adeno-associated virus (AAV) containing 

replication competent HBV DNA is injected in immune competent mice by tail vein injection 

(Dion et al. 2013). In this model, all HBV viral steps can be studied except viral entry, persistent 

infection may be observed, recapitulating patients chronic infection features and besides, 

cccDNA could be detected (Lucifora et al. 2017).   

 Human liver chimeric mice: transplantation of primary human hepatocytes (PHH) into the 

murine hepatic parenchyma. Two major models have been described so far. Immunodeficient 

urokinase-type plasminogen activator transgene under the control of mouse albumin 

promoter (uPA) mice, in which transgene expression results in repopulation of mice liver by 

PHH resulting in a model supporting HBV infection (M Dandri 2001). The second model are 

immunodeficient fumaryl acetoacetate hydrolase (Fah) knockout mice, FRG mice. They 

present the advantage to be easy to handle and transplantation can be performed at any age 

(Azuma et al. 2007).   

 

1.4 Pathogenesis 

1.4.1 From acute infection… 

HBV is particularly difficult to diagnose. Indeed, primo-infection is generally silent and time before the 

declaration of the pathology is variable. Acute infection is the first step of the disease, and in 

approximately two thirds of cases, this phase is asymptomatic. However, the last third of patients may 

experience jaundice, dark urine, extreme fatigue, nausea, vomiting and abdominal pain. The 

incubation period of the virus range from 1 to 6 months, and is correlated with the level of virus 

exposure. Following incubation, a 1 or 2 week pre-icteric phase occurs with general symptoms 

observed (such as fever, nausea, anorexia and body aches) and high level of serum alanine 

aminotransferase (ALT), HBsAg and HBV DNA detected. This phase is also characterized by high level 

of antibodies (IgM) directed against HBcAg and HBeAg, suggesting a high replication rate of the virus. 

The icteric phase is characterized by jaundice and dark urine, and may last approximately 1-2 weeks 

during which HBsAg and viral DNA decrease, and become undetectable (Liang 2009). In 90% of cases, 
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infection resolves itself via efficient innate and adaptive immune response. A strong T cell response 

induces the control of infection by expression of antiviral cytokines, and cytotoxic activity; a 

neutralizing antibody response by B-lymphocytes can also occur (Lampertico 2017). In less than 1% of 

cases, acute liver failure can occur, characterized by sudden appearance of symptoms such as 

disorientation, confusion and coma and a rapid decrease of HBsAg and HBV DNA levels (Liang 2009). 

In less than 5% of acute infection in adults will lead to chronic hepatitis, whereas infection during 

infancy leads to chronic hepatitis in 95% of cases (WHO data 2020).  

1.4.2 …to chronicity: infection vs hepatitis 

Evolution of chronic infection by hepatitis B is divided into five phases taking into account viral factors 

(HBV DNA or viral load and HBeAg), hepatic factors (ALT) and the presence or absence of liver 

inflammation. Those five phases establish clear distinction between two main characteristics of 

chronicity, either infection (with minimal inflammation or immune activity) or hepatitis (driven by 

inflammation or immune activity) (Lampertico 2017).  

1.4.2.1 HBeAg-positive chronic HBV infection 

Patients, positive for HBeAg, present normal ALT levels (under 40 IU/ml), and nor or little liver injury 

(necroinflammation or fibrosis) is observed. However, high levels of viral DNA (>107IU/ml) and 

hepatocyte proliferation without any liver damage are observed, which might play a role in viral DNA 

integration phenomenon, leading sometimes to HCC in this early phase.  

1.4.2.2 HBeAg-positive chronic hepatitis B 

Patients, still positive for HBeAg, develop severe liver injuries associated with high levels of ALT (> ULN, 

upper limit of normal). The viral load is a bit less important than in the previous phase, but is still high. 

This stage is characterized by strong to moderate hepatic inflammation as well as fibrosis progression. 

The evolution of this phase toward HBeAg-negative phase is variable and may last several years; it 

depends on the ability of patients to produce directed against HBeAg and reduce viral load. 

1.4.2.3 HBeAg-negative chronic HBV infection 

Patients developed HBeAg seroconversion characterized by the presence of anti-HBe antibodies, 

present a low viral load (<2,000 UI/ml) and a normal ALT level. Those patients present low levels of 

HBsAg, and seroconversion may even occur in 1 to 3% of cases. Although risk of cirrhosis and HCC 

remain low in this phase, progression toward chronic hepatitis B may occur.  

1.4.2.4 HBeAg-negative chronic hepatitis B 

HBeAg-negative patients present a fluctuation of the viral load, high ALT level and severe to moderate 

hepatic inflammation or fibrosis. HBeAg loss could be also due to mutation in core promoter region of 

HBV genome, which is therefore associated to a low rate of remission of the disease.   
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1.4.3 Occult HBV infection  

This phase is characterized by absence of HBsAg in the serum, as well as HBcAg seroconversion, and 

HBsAg in few cases. Patients present a normal ALT level and a low to undetectable viral load.  However, 

cccDNA is still present in patients’ liver and reactivation of viral replication may be possible, in case of 

immunosuppression. Cirrhosis and/or HCC occurrence remain low in those patients, except for those 

who developed cirrhosis before HBsAg loss.  
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Figure 20: Natural course of chronic hepatitis B infection 

Natural evolution of chronic infection by HBV over time with virological monitoring (HBV DNA, HBV antigens), hepatic 

functions’ monitoring (ALT for alanine aminotransferases) and serological monitoring (antibodies anti-HBe, anti-HBs and anti-

HBc).  Adapted from (Dény and Zoulim 2010) 
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1.4.4 Severe liver injuries induced by chronic HBV   

Chronic hepatitis B virus infection is a high risk factor for development of fibrosis, cirrhosis, and finally 

HCC. Indeed, HCC caused by HBV is responsible for 50 to 80% of HCC cases in the world (Venook et al. 

2010). Risk of progression towards those pathologies is variable and depends of the stage of the 

disease. The development of cirrhosis in HBeAg-positive patients is around 4-7%, and 2-3% in HBeAg-

negative patients if left untreated (van Bömmel and Berg 2013). Cirrhotic patients are at high risk of 

developing HCC: indeed, in 70 to 90% of HBV-induced HCC cases, patients were beforehand in a fibrotic 

late stage or cirrhosis (El-Serag 2012). Diverse risk factors are associated to high progression rates such 

as age of infection, gender, coinfection with another virus, alcohol, exposure to aflatoxin B1, 

comorbidities (diabetes, obesity), host genetic factors and tobacco (Locarnini et al. 2015). Evolution 

towards the pathology is also closely linked to host immune response involved against HBV infection. 

This host immune response is studies in details in chapter 2.  

1.4.5 Treatment according to the phase of the disease 

1.4.5.1 Currently approved 

Currently, the indications for treatment are based on the combination of three criteria: serum HBV 

DNA levels, serum ALT levels and the severity of liver disease, which determine patients eligible to 

treatment (mainly treatments based on nucleos(t)ide analogue, NAs):  

 All patients with HBeAg-positive or –negative chronic hepatitis B (defined by HBV DNA > 2,000 

IU/ml and ALT > ULN) and/or at least moderate liver necroinflammation or fibrosis. 

 Patients with compensated or decompensated cirrhosis with any detectable HBV DNA level 

and regardless of ALT levels.  

 Patients with HBV DNA> 20, 000 IU/ml and ALT > 2xULN. 

 Patients with HBeAg-positive chronic HBV infection older than 30 years. 

 Patients with HBeAg-positive or HBeAg-negative chronic HBV infection and family history of 

HCC or cirrhosis and extrahepatic manifestations. 

Treatment is therefore not recommended for patients with HBeAg-positive chronic HBV infection, 

younger than 30 years, patients with HBeAg-negative chronic infection and serum HBV DNA < 2,000 

IU/ml and patients with HBeAg-negative chronic infection and serum HBV DNA ≥ 2,000 IU/ml, but a 

strong monitoring of HBV DNA and ALT levels is required, as well as liver fibrosis assessment 

(Lampertico 2017).  
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However, these recommendations have recently been challenged. Patients with HBeAg-positive 

chronic infection phase, originally called “immune tolerant” (IT) phase, characterized by high levels of 

circulating HBV DNA and normal ALT level, are not considered for antiviral treatment, because of 

dormant histological activity and the risk of disease progression is low (Tseng and Kao 2015). However, 

it has been showed that the IT phase is not immunologically inert, as HBV-specific immune responses 

can occur (P. T. F. Kennedy et al. 2012). Furthermore, fair proportion of patients have been showed to 

present significant histologic fibrosis and inflammation, comparable to patient in “immune-active” 

phase (Lai et al. 2007; Manoj Kumar et al. 2008), suggesting that serum ALT levels is an imperfect 

surrogate of anti-HBV immunity. Interestingly, HBV-DNA integration and clonal hepatocyte expansion, 

modifications predisposing to HCC, have been observed in this early phase (Mason et al. 2016); 

untreated patients from this IT phase being at higher risks of HCC and death/transplantation 

developement than treated patients from the “immune-active” phase (G.-A. Kim et al. 2018).  

These results suggest that therapeutic interventions should be considered earlier in the course of 

infection. A recent study showed that NA therapy for patients with HBeAg-positive chronic HBV 

infection and have a high load reduces the risk of HCC, despite normal ALT level (Y. Chang et al. 2017).  

1.4.5.2 When should immunotherapy be administered?  

Patients with HBeAg-positive chronic HBV infection, or IT patients, are not recommended for 

treatment, however, they are at high risk of developing HCC (G.-A. Kim et al. 2018). A possible 

explanation might be that patients ,presenting this level of HBV DNA, possess residual HBV-specific T 

cell immunity (Webster et al. 2004) and persistent activation of few and partially functional T cells is 

not able to control HBV replication but might be sufficient to sustain inflammation, predisposing to 

HCC development (Bertoletti, Kennedy, and Durantel 2018). Even if, NA therapies have been shown to 

suppress liver inflammatory events (Lampertico 2017), but prolonged or even indefinite   

administration is generally needed. A study showed that administration of an immune stimulator, 

alpha interferon (IFN-α), combined with NA for one year induced transition from immunotolerance to 

HBV immune control, characterized by efficient HBV-specific immune responses and prevent viral 

evasion (Carey et al. 2011). However, considering that IT patients are generally young, the benefits and 

severe side effects induced by IFN-α (see chapter 3), and the long term administration of NAs should 

be taken into account (Tseng and Kao 2015). The use of immunotherapies in this “immune-tolerant” 

phase, prior to the appearance natural inflammation, remains an interesting strategy; it could 

efficiently boost anti-HBV immunity, needed to control HBV replication, and therefore to prevent 

inflammation, responsible of HCC development; there is, therefore, a need to develop new immune 

stimulators.  
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2. Innate immunity of the liver and its interaction with HBV 

2.1 Actors of innate immunity in the liver  

2.1.1 Cells and structures responsible of a strong hepatic innate immunity 

The liver is the largest organ of the body that accounts for approximately 2 to 3% of the body weight. 

It plays roles in numerous important physiological processes for a proper functioning and viability of 

the body. Its main functions are linked to macronutrient metabolism including glucose fabrication, 

storage and delivery, as well as lipid delivery to the rest of the body. Detoxification is another major 

role of the liver, allowing elimination of toxic residues and xenobiotic compounds. Besides, it is 

involved in the destruction and recycling of blood cells, which is linked to blood regulation. It is also 

involved in endocrine control of growth signalling pathways, and the synthesis of numerous proteins 

involved in transport, osmosis, or coagulation (Trefts, Gannon, and Wasserman 2017).   

Importantly, the liver receives blood from both the systemic circulation and intestine, exposing it to 

various antigens and microbial products from the intestinal bacteria. In order to defend itself from 

potential intrusions, it contains numerous immune cells allowing the efficient elimination of pathogens 

and making it a secondary lymphoid organ (Ian Nicholas Crispe 2009). Besides, the liver is also a 

tolerogenic organ that can limit hypersensitivity to food-derived antigens and pathogens (Zheng and 

Tian 2019).   

2.1.1.1 Hepatocytes 

Hepatocytes are the major parenchymal cells in the liver, accounting for approximately 80% of the 

mass and volume. They possess a distinct polarity, and their plasma membrane contains three 

domains: the sinusoidal (basolateral), the intercellular and the canalicular (apical) membranes. The 

sinusoidal and intercellular domains are in close contact, via the space of Disse, with liver sinusoidal 

endothelial cells (LSECs), which possess fenestrae allowing the direct uptake of proteins and particles 

from the sinusoidal blood by hepatocytes. Canalicular membrane contains transporter proteins 

allowing bile transport (R. J. Schulze et al. 2019). Such characteristics make hepatocytes essential for 

hepatic metabolic and homeostatic functions, as they such as nutrient uptake, blood detoxification as 

well as secretion of proteins, lipids and bile. Hepatocytes dysfunction may lead to serious damage and 

diseases such as haemophilia and jaundice, but they are able to renew in order to prevent liver damage 

and to restore vital functions of the organism. Hepatocytes also play an important role in liver 

immunity. Indeed, they express a wide variety of pattern recognition receptors or innate sensors (see 

2.1.2), including Toll-like receptors (TLR), or cytoplasmic receptors, allowing an efficient response 

against pathogens by triggering inflammatory and therefore recruiting/alerting professional immune 

cells. They are able to secrete proinflammatory cytokines such as interleukin-6 (IL-6) or type I 

interferon (IFN-I), and even chemokines such IP-10 (Schmidt-Arras and Rose-John 2016; Lercher et al. 
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2020; Nishioji et al. 2001). Hepatocytes also respond to IL-6, interleukin 1β (IL-1β) and other cytokines 

stimulation, and produce “acute-phase” proteins that kill the pathogen and regulate the immune 

response. For instance, hepatocytes are able to secrete complement proteins, whose role is to create 

pores in the membrane of invading bacteria or pathogens to directly kill them or activate immunity by 

targeting liver non-parenchymal and immune cells (Zhou Zhou, Xu, and Gao 2016). Hepatocytes may 

act as antigen-presenting cells, directly priming naïve CD8+ T-cells or by cross-presentation, but fail to 

provide the necessary survival factor to activated CD8+ T-cells resulting in their deletion. In vitro

experiments demonstrated that under inflammation, hepatocytes could express major-

histocompatibility complex (MHC) II leading to CD4+ T-cells activation (Mehrfeld et al. 2018).

Therefore, hepatocytes are immunological agents in their own.

Figure 21: Schematic representation of the anatomy of the liver 

Each liver lobe is composed of hepatic lobules in a hexagonal shape, composed of hepatocytes and the central vein in the 

center. The hepatocytes are arranged in cords with vascular space, called sinusoid, separating them. A portal triad, composed 

of a bile duct branch, a portal vein branch and a hepatic artery branch, is present at each vertex of the hexagon.  Blood flows 

from the portal vein and the hepatic artery through the sinusoids and ends in the central vein, part of the hepatic vein. Bile 

leaves the liver in the bile ducts. Adapted from (Vernon, Wehrle, and Kasi 2021).
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2.1.1.2 Liver sinusoidal endothelial cells (LSECs) 

LSECs are endothelial cells that form the wall of the liver sinusoids and represent approximately 15 to 

20% of liver cells (3% of the total liver volume). They are the most permeable endothelial cells due to 

the presence fenestrae in the endothelium and lack of basement membrane, serving for exchanges 

between blood cells on the one side and hepatocytes and hepatic stellate cells (HSCs) on the other 

side. Besides, they can scavenge molecules from the bloodstream in a transcytotic manner and transfer 

them to the hepatocytes surface.  LSECs ensure the maintenance of a low portal pressure and inhibit 

intrahepatic vasoconstriction and fibrosis development by maintaining quiescent hepatic stellate cells 

(Poisson et al. 2017; Knolle and Wohlleber 2016). 

Due to their direct contact with the bloodstream, LSECs are in frontline with pathogens, and thus, 

LSECs play crucial immunological functions. Indeed, they express scavenger receptors and various TLRs, 

localized on the plasma membrane at the cell surface or in endocytic compartments, allowing the 

production of pro-inflammatory cytokines, including IL-6. This release is especially essential to activate 

the production of complement factors by hepatocytes. Their scavenging function allows them to cross-

present endocytosed soluble antigens to CD8 T cells via MHC I.    

In addition to this, LSECs express C-type lectin receptors (see 2.1.2.5), such as LSECtin, which are 

involved in the uptake of pathogens presenting mannose residues on their surface, and therefore their 

degradation. It has been shown that LSECtin is involved in the inhibition of T-cell activation and 

proliferation, suggesting that LSECs may play a crucial role in the tolerogenic aspect of the liver (Knolle 

and Wohlleber 2016). 

2.1.1.3 Hepatic stellate cells (HSCs) 

Hepatic stellate cells (HSCs) are liver-specific mesenchymal cells counting for approximately 5%-8% of 

liver cells. Located in the space of Disse, between LSECs and hepatocytes, they are quiescent in a 

healthy liver and serve as storage for dietary vitamin A in the body. In case of liver injury, they undergo 

trans-differentiation into contractile myofibroblasts and secrete extracellular matrix, including 

collagen and proteoglycan, to protect the liver from further damage. However, in chronic liver 

diseases, repeated activation of hepatic stellate cells may cause the formation of permanent scar 

tissue, replacing damaged hepatocytes, which results in liver fibrosis and later in cirrhosis (C. Yin et al. 

2013). HSC also present immunological functions, as they can act as antigen presentation cells after 

recognition of pathogen-associated molecular pattern (PAMPs) and damage-associated molecular 

pattern (DAMPs) by their PRR and is a source of soluble immunological active factors including 

cytokines, chemokines and interferon-γ that can modulate immune cells properties. Such as LSECs, 

HSCs are involved in balancing between immunity and tolerance against pathogens, as they can 
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promote immune-suppressive responses by inhibiting CD8 T cells, inducing regulatory T cells (Treg), 

and promoting T cell apoptosis via programmed death-ligand (PD-L1). Finally, during regression of liver 

fibrosis, it has been shown that myofibroblasts may either undergo apoptosis or acquire phenotype 

similar to quiescent HSC (Weiskirchen and Tacke 2014).  

2.1.1.4 Kupffer cells  (KCs) 

Kupffer cells (KC) are the resident macrophages of the liver, constituting the largest population of 

resident tissue macrophages in the body. If liver macrophages can self-renew from resident stem cells 

during homeostasis, circulating blood monocytes can infiltrate the liver and lead to monocyte-derived 

macrophages in case of liver injury. However, no specific marker exists to differentiate the two 

populations of macrophages (Ju and Tacke 2016).   

KCs are localized within blood vessels, in the hepatic sinusoid, and they can pass the sinusoidal 

fenestrae using pseudopods (cytoplasmic extensions) to interact with hepatocytes.  Due to their 

strategic localization, they play the crucial role of sentinels of the liver, phagocytizing pathogens 

entering from the portal or arterial circulation. KCs also play a role in the elimination of dead and dying 

erythrocytes and cells in the hepatic parenchyma. As LSECs and HSCs, they exhibit a tolerogenic 

phenotype, needed to prevent undesired immune responses, and avoid hepatocellular injury and 

damage (Dixon et al. 2013).  

KCs present certain plasticity and their mature phenotype is dependent on the local metabolic and 

immune environment. KCs, and macrophages in general, are historically classified into two extreme 

polarization: proinflammatory macrophages (also called M1) producing TNF-α, IL-6 or inducible NO 

synthase (iNOS) and anti-inflammatory macrophages (also called M2) expressing IL-10 (Gordon and 

Taylor 2005). This plasticity is crucial to efficiently regulate inflammatory immune responses 

(phagocytosis, secretion of proinflammatory cytokines, antigen presentation…) and eventual damage 

reparation (secretion of anti-inflammatory cytokines, elimination of died cells …). Additional 

phenotypes for liver macrophages have been identified, such as macrophages inducing resolution of 

hepatic fibrosis, called scar-associated macrophages (Fallowfield et al. 2007).   

They possess an important function in the innate immune response in the liver. They express various 

TLRs, such as TLR2, TLR3, TLR9 and TLR4, recognizing PAMPs, inducing either tolerance or activation of 

macrophages. However, an increased exposure to PAMPs removes the tolerogenic phenotype of KCs 

and results in an activation of transcription factors such as NF-κB, activator protein (AP-1) and 

interferon regulatory factors (IRFs) producing an inflammatory response (Nguyen-Lefebvre and 

Horuzsko 2016). Similarly, KCs play the role of antigen presenting cells (APC), as they express MHC 

class I and II, and can either activate or inactivate specialized immune cells, in particular Natural Killer 
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(NK) cells depending on innate immune signals they receive (Ian Nicholas Crispe 2011). Besides, KCs 

possess functional inflammasomes, such as the absent in melanoma 2 (AIM2) inflammasome or 

leucine-rich repeat pyrin domain 3 (NLRP3) inflammasome, which induce the secretion of 

proinflammatory cytokines including IL-1β and IL-18. Those two cytokines have a strong anti-

pathogenic effect and can activate or recruit other immune cells (Zannetti et al. 2016).   

KCs are therefore crucial to maintain homeostasis in the liver, generate a strong inflammatory 

response in case of danger, recruit and activate adaptive immunity due to their APC role and to restore 

an equilibrium after an inflammatory state.  

2.1.1.5 Innate cells with lymphoid origins  

2.1.1.5.1 Natural killer cells  

NK cells are a heterogeneous population of innate lymphocytes, playing crucial roles in host defence 

against microbial infection and are also able to attack and eliminate altered or infected self-cells. They 

display at least three effector functions contributing in infection control: directly kill infected cells by 

releasing cytolytic granules, induce apoptosis of the targeted cell via the crosslinking of death 

receptors and produce immune-modulative cytokines.  

They are able to identify and kill tumour-transformed and stressed cells via the decreased expression 

or the absence of MHC-I on those target cells, known as the “missing-self” principle.  

NK cells are found in greater abundance in the liver immune compartment rather than in other tissues 

and represent approximately 50% of total hepatic lymphocytes. Two populations of NK cells have been 

described. A population that highly expresses the CD56 marker, (CD56bright ), associated with large 

secretion of cytokines such as IFN-γ, TNF-α or IL-10 allowing the recruitment, activation and regulation 

of innate and adaptive immune cells; and a population that modestly expresses the CD56 marker 

(CD56dim) and are specialized in cytotoxic activity. Contrary to peripheral NK cells, which are composed 

of 90% of cytotoxic NK cells, both populations are present in similar proportion in the liver. CD56dim  

are able to spontaneously lyse infected or tumour-transformed cells by using perforin, granzyme B and 

TNF-related apoptosis-inducing ligand (TRAIL)-mediated induction of apoptosis.  

NK cells express various receptors on their surface allowing either their activation or their inhibition. 

Activation receptors include among others Fc receptor for IgG, which eliminate IgG-coated target cells 

or the NKG2C molecule that binds the stress-inducible MHC class I polypeptide-related proteins A and 

B (MICA and MICB) on target cells. Killer immunoglobulin-like receptors expressed by NK cells allow 

their inhibition by recognizing normal levels of MHC class I. Similarly, their activation and inhibition is 

regulated by cytokines environment (Doherty 2016). 
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Several studies showed that NK cells express their own PRR including TLR or RLR, allowing the direct 

sensing of pathogens, and therefore they can participate with other immune cells to the establishment 

of an inflammatory response (Oth et al. 2018).  

NK cells are therefore crucial in liver immunity, but their activity need to be tightly regulated; immune 

cells such as dendritic cells endow that role.  

2.1.1.5.2 Natural killer T cells 

NKT cells are innate-like and tissue-resident lymphocytes named as such because they express specific 

markers of NK cells and additional T cell receptor (TCR)-αβ chains. They recognize lipid antigen and can 

be activated by self or microbial-lipid antigens leading to secretion of pro-inflammatory or anti-

inflammatory cytokines and chemokines, which subsequently regulate immune cells functions 

including DCs, KCs, or NK cells. They are the main producer of IFN-γ. Two types of NKT cells have been 

described depending of the TCR chains they possess. Their innate-like phenotype allows them to act 

as a link between innate and adaptive immunities, to respond rapidly to stimuli and regulate immune 

cells directly or indirectly (S. Zhu, Zhang, and Bai 2018).   

2.1.1.5.3 Innate lymphoid cells (ILCs) 

Recently described, innate lymphoid cells (ILCs) are a group of heterogeneous innate immune cells that 

lack antigen-specific receptors and are able to mediate immune responses. They are localized in 

mucosal surfaces and play crucial role in regulating tissue homeostasis and inflammation. They are 

divided into three subsets (ILC1, 2, 3) depending on their expression of cytokines. 

ILCs are detected in abundance in the liver, mainly ILC1s (95% of total ILCs), producing IFN-γ, high 

amount of TNF-related apoptosis-inducing ligand (TRAIL) and Fas ligand (FasL), and exhibiting strong 

cytotoxic activity. Despite their protective role, an excessive activation may lead to chronic pathologies 

(M. Liu and Zhang 2017).   

2.1.1.5.4 Mucosal-associated invariant T-cells (MAIT) 

Such as ILCs, mucosal-associated invariant T-cells (MAIT) are newly identified innate-like T cells 

abundantly found in the liver (10-50% of T cells), which also express TCR-α (in majority) and TCR-β 

(limited) chains.  They promote the liver inflammation by secreting inflammatory and regulatory 

cytokines, inducing macrophage polarization. They can be activated either by riboflavin metabolites 

derived from microorganisms presented by MHC class 1-related molecule on APCs surfaces, or by 

inflammatory cytokines such as IL-12 or IL-18. Such as NKT cells, they are important innate effector 

cells secreting IFN-γ. However, they may be involved in autoimmune disease to promoting liver fibrosis 

via enhancing activation of HSCs (Yujue Zhang, Kong, and Wang 2020).   
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2.1.1.6 Dendritic cells (DCs) 

Dendritic cells, characterized by their specific morphology with dendrite-shaped cytoplasmic 

extension, are a relative rare population of efficient APC in the organism, distributed through lymphoid 

and non-lymphoid tissues. Their have a central role in linking the innate and adaptive immunity and 

they are involved in the maintaining of homeostasis in the organism. They express multiple PRR 

including TLR and C-type lectin receptors (CLR) that subsequently lead to production of large amount 

of cytokines, especially type I and III interferons, and possess the ability to perform antigen cross-

presentation and prime T cells. Generally, DCs can be divided into two major subsets depending on 

their localization, surface markers, molecular phenotype, and antigen-presentation ability: classical or 

myeloid DCs (mDCs) and plasmacytoid DCs (pDCs).  pDCs, expressing TLR7 and TLR9, are important 

producers of type I interferons (IFNs), mainly IFN-α. mDCs are efficient APC, expressing MHC class II, 

and can be further divided into two subsets mBDCA1+ and mBDCA3+, the latter being responsible for 

IFN-  production through the activation of TLR3 (Ouaguia et al. 2019;   van der Aa et al. 2015 ; Rahman 

and Aloman 2013).  

In the liver, although rare, hepatic dendritic cells (DCs) are also the most important APC. In a healthy 

liver, they are typically localized around portal areas, and occasionally in the parenchyma, and are 

equipped to migrate from liver to lymphoid organs where they present antigens to T cells. They can 

recruit immune cells either via direct cellular contact or via secretion of cytokines and chemokines. 

Resident hepatic DCs may be different from DCs from other tissues due to the environment of the liver, 

constantly in contact with foreign antigens blood-borne pathogens. Exposition of DC progenitors to 

anti-inflammatory IL-10 or tumor growth factor (TGF)-  generates suppressive or tolerogenic DCs (A. 

H. Lau 2003). DCs may play a role in regression of liver fibrosis through regulation of other immune 

cells (NK cells or HSCs) and by secreting metalloproteinase (Rahman and Aloman 2013).   

Despite the fact that those cells remain difficult to study due to their weak survival ex vivo and their 

limit number in samples, it is acknowledged that DCs play a crucial role in liver immunity.  
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Figure 22: Schematic organisation of the sinusoids 

Hepatocytes, the major parenchymal cells of the liver are in close proximity with hepatic stellate cells and liver sinusoidal 
endothelial cells (LSEC), forming the space of Dissé, in which extracellular matrix (EM) is found. The blood sinus contains 
immune cells:  including liver resident macrophages, the Kupffer cells (KCs), circulating monocytes, dendritic cells (myeloid 
or plasmacytoid), NK or NKT cells (natural killer and natural killer T receptor), innate lymphoid cells (ILC), mucosal-associated 
invariant T-cells and different lymphocytes T cells (CD4+, CD8+ or Treg).   
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2.1.1.7 Intrahepatic myeloid-cell aggregates for T cell population expansion (iMATEs) 

The generation of sufficient number of cytotoxic T lymphocytes is needed to control pathogen 

infection in the liver. However, due to local regulatory cues this expansion may be limited. It has been 

shown that after a prolonged hepatic inflammation, during PRR activation and viral infection, 

monocytes-derived inflammatory DCs can form aggregates in the liver, which are functionally and 

structurally similar to secondary lymphatic tissue. T cells that enter those tertiary structures undergo 

important proliferation, rendering the liver an expansion site for CD8+ T cells and justifying its 

secondary lymphoid organ status (L.-R. Huang et al. 2013).  

2.1.2 Innate immune sensors  

Infection by a pathogen leads to an innate immunity response due to the recognition of this intrude 

by the host. Molecular sensors, called Pattern Recognition Receptors (PRR) allow this recognition via 

structural or genomic motifs conserved by microorganisms, called Pathogen-Associated Molecular 

Patterns (PAMPs). Immune cells, such as dendritic cells, macrophages and neutrophils, but also “non-

professional” cells, express PRRs. Several families have been described.  

2.1.2.1 Toll-like receptors family (TLR) 

TLRs are the most described PRR, because they were the first innate immune sensors to be identified 

in the mid-1990s, as essential receptors for Drosophila embryo development (Morisato and Anderson 

1994) and their anti-fungal immune responses (Lemaitre et al. 1996). Thirteen mammalian TLRs have 

been identified, and only ten have been identified so far in human, TLR10 remaining less characterized.  

TLRs are type I transmembrane proteins composed of a leucine-rich ectodomain that favours PAMP 

recognition and attachment; a transmembrane domains and an intracellular Toll interleukin (IL)-1 

receptor (TIR) domains required for the signal transduction via the interaction with downstream 

adaptor proteins. Five adaptor molecules have been described to facilitate TLR signalling: MyD88, TRIF, 

TRAM, TIRAP/Mal and Sarm1. MyD88 and TRIF are recruited to their respective TLRs via TRAM and 

TIRAP. MyD88 recruitment induces a cascade of phosphorylation, beginning with interleukin-1 

receptor-associated kinase (IRAK) 4, then IRAK 1 and 2. The IRAK complex then interacts with TNF 

receptor associated factor 6 (TRAF6), which undergoes auto-ubiquitination and further ubiquitinates 

NF- B essential modulator (NEMO). It also activates transforming growth factor- -activated kinase-1 

(TAK1) that is able to phosphorylate IKK  and IKK , which form the IKK complex with NEMO. This 

complex further phosphorylates I B , inducing nuclear translocation of NF- B subunits, p50/p65, 

resulting in proinflammatory cytokine production. TRIF-dependent pathway induces downstream 

kinases TANK binding kinase 1 (TBK1) and IKK , which activate interferon regulatory factor 3 (IRF3), 

leading to the production of type I interferon (Caplan and Maguire-Zeiss 2018). All TLRs signal via 
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MyD88 pathway, except for TLR3, which signals through TRIF. TLR4 is the only one that can signal 

through both (Farhat et al. 2008).  

TLRs can be divided in two classes depending on their cellular localization. TLRs 3, 7, 8, 9 are 

intracellular TLRs and are exclusively expressed inside endocytic compartments such as endosomes or 

endolysosomes. They can form homodimers or heterodimers and undergo a conformational change 

after binding to their ligand (Pandey, Kawai, and Akira 2015). TLR3 can recognize viral dsRNA (either 

from viral genomes or ssRNA using a dsRNA replication intermediate); it has been shown to recognize 

several viruses such as West Nile virus (WNV), respiratory syncytial virus (RSV) or herpes simplex virus. 

It can also recognize the synthetic analog polyinosinic-polycytidylic acid (poly I:C). TLR7, mainly 

expressed in plasmacytoid dendritic cells, recognize guanosine- or uridine-rich single-stranded RNA 

(ssRNA) from viruses such as human immunodeficiency virus, vesicular stomatitis virus and influenza 

virus (Heil et al. 2003; Lund et al. 2004; Diebold 2004). It can also recognize bacterial ssRNA from group 

B streptococcus (Mancuso et al. 2009). TLR8, mainly expressed in monocytes, mediates the recognition 

of resiquimod (R-848) and viral ssRNA and is closely related to TLR7, as their genes are highly 

homologous (Takeda and Akira 2015). So far, TLR9 is the only described TLR to recognize DNA. More 

specifically, it recognizes unmethylated 2’-deoxyribo(cytidine-phosphate-guanosine) (CpG) motifs 

frequently found in bacterial or viral DNA. It is therefore a sensor of DNA virus infection such as murine 

cytomegalovirus, HSV-1 and HSV-2 (Taro Kawai and Akira 2006). In order to avoid detection of host 

nucleic acids, endosomal TLRs are sequestered in the endoplasmic reticulum in unstimulated cells and 

traffic to the endolysosomes after ligand stimulation (Y.-M. Kim et al. 2008). The ER-localized protein 

Unc-93 homolog B1 (UNC93B1), a 12 membrane spanning protein, mediates this trafficking from 

endoplasmic reticulum to endolysosomes through Golgi complex (Pelka et al. 2018).  TLRs finish their 

maturation in endolysosomes, and they are cleaved by various proteases such as cathepsins, 

asparagine endopeptidase, and furin-like proprotein convertases (Ewald et al. 2008;  Ewald et al. 2011; 

Park et al. 2008 ; Sepulveda et al. 2009 ; Garcia-Cattaneo et al. 2012 ; Maschalidi et al. 2012 ; Hipp et 

al. 2013).  

TLRs 1, 2, 4, 5 and 6 are mainly expressed at the external surface of the cell and mainly recognized 

structural elements from pathogens (proteins, lipids, lipoproteins). TLR4, mainly express in 

macrophages and DCs, is essential for the recognition of LPS, membrane component of Gram-negative 

bacteria such as Escherichia Coli as well as the fusion protein of respiratory syncytial virus (RSV). This 

activation is mediated either via LPS-binding protein (LBP) and glycosylphosphatidylinositol (GPI)-

anchored molecule cluster of differentiation 14 (CD14), or via myeloid differentiation 2 (MD-2) protein 

(Takeda and Akira 2015). TLR5 is known to recognize flagellin, the major structural protein of bacterial 

flagella. Neglected for a long time in the liver due to low levels of expression in hepatocytes, KCs and 
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hepatic DCs, recent studies showed that TLR5 might promote bacterial clearance and protection from 

chronic inflammatory diseases in the liver (J. Yang and Yan 2017).  

In 1998, TLR2-molecular characterization was published, with other TLRs, and since, numerous 

researches demonstrated its important role in immunity (Rock et al. 1998). It is described to form 

heterodimers with TLR1 and TLR6, and to recognize a wide variety of ligands, including lipoproteins 

(LP), peptidoglycans, lipoteichoic acids and glycolipids. The latter are expressed by all bacteria, which 

present a unique NH3-terminal lipo-amino acid and three (triacyl) or two (diacyl) lipid chains. Triacyl 

lipoproteins are recognized by TLR2/TLR1, whereas diacyl lipoproteins are recognized by TLR2/TLR6 

(Beutler et al. 2006). Crystallographic studies showed that the leucine-rich-repeats molecules of the 

TLR ectodomains possess a horseshoe shaped structure, and the heterodimer forms an “m” shaped 

complex together with the ligand, resulting in a stabilization of the two TLRs. In the absence of ligand, 

the two TLRs do not interact between their intracellular moieties, resulting in the absence of a 

downstream signal. Besides, TLR1 ectodomain has been showed to possess a channel able to bind the 

amide-bound lipid chain of the triacylated LP, channel that is blocked by amino acid residues in TLR6. 

TLR2 hydrophobic pocket allows the interaction with the remaining lipid chains (Jin et al. 2007). 

Heterodimers may be assisted by co-receptors such as CD14, which can either facilitate recognition of 

triacylated lipoproteins by TLR2/TLR1, or associate with CD36 (cluster of differentiation 36), a ditopic 

glycosylated plasma membrane protein, belonging to scavenger receptor family, to ensure the 

recognition of diacylated ligand by TLR2/TLR6 (Di Gioia and Zanoni 2015).  Radioprotective lipoprotein 

105kDa (RP105) was also shown to bind mycobacterial lipoproteins, which are TLR2/1 ligands, in order 

to improve response against this pathogen by acting as an accessory molecule (Blumenthal et al. 2009). 

Even if recognition of lipoproteins by TLR2 in the absence of TLR1 or TLR6 was observed, in TLR-

knockout mice or using modified ligands, homodimerization has not been observed with current 

techniques (Buwitt-Beckmann et al. 2006; Jin et al. 2007) (Figure 23).  

 

2.1.2.2  Retinoic acid-inducible gene-I- like receptors family (RLR)  

Retinoic acid-inducible gene I-like receptors are a family of DExD/H box RNA helicases that function as 

cytoplasmic innate sensors and are able to recognize single or double stranded RNAs, viral or processed 

self- RNAs. Recently, some studies showed their presence to the cell nucleus (G. Liu et al. 2018). They 

induce activation of type I IFN production and of large range of innate immune gene expression to 

control infection. Three members have been identified so far: retinoic acid-inducible gene I (RIG-I), 

melanoma differentiation associated gene (MDA5) and the protein Laboratory of genetics and 

Physiology 2 (LGP2). They are expressed in most tissues and are able to trigger innate immune 

activation in different type of cells including myeloid cells, epithelial cells, and cells of the central 
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nervous system. Their expression, maintained at low levels in resting cells, is strongly increased in the 

presence of IFN and viruses.  Concerning their structural aspects, RIG-I and MDA5 are quite similar. 

They are composed of two caspase activation and recruitment domains (CARD) in N-terminal, a 

DExD/H box RNA helicase domain with the capacity to hydrolyse ATP and to bind RNA, and a C-terminal 

domain (CTD) containing a C-terminal repressor domain (RD). The last two domains are essential for 

attaching and the recognition of foreign RNAs (Loo and Gale 2011). LGP2 only possesses a DEAD 

helicase and C-terminal domains, and it thought to act as a regulator of RIG-I and MDA5. It can act as 

a feedback regulator of RIG-I signalling by sequestrating immune-stimulatory RNA, preventing the 

binding between RIG-I and MAVS or inhibiting RIG-I ubiquitylation, and it promotes MDA5-mediated 

antiviral responses (Mitsutoshi Yoneyama et al. 2005). RIG-I mainly recognizes RNA sequences marked 

with 5’ triphosphorylated ends, which are necessary to define non-self RNA PAMP, whereas MDA5 

preferentially recognizes long double stranded RNA possessing a 5’ phosphate group or not. This 

recognition results in the recruitment of MAVS (Mitochondrial Antiviral-Signalling) adaptor molecule 

(also known as VISA, IPS-1 or Cardif), MAVS then activates TBK1 and IKKε, leading to the activation of 

IRF3/7 and NF-κB transcription factors and, finally the production of type I interferon and pro-

inflammatory cytokines respectively. Numerous proteins were shown to be involved in RLRs’ 

regulation: the zinc-finger protein ZCCHC3 was shown to act as a co-receptor for RIG-I and MDA5 

binding; DEAH-box helicase 15 was shown to bind dsRNA facilitating the ATP hydrolyse by RIG-I and 

therefore the downstream signal; Riplet, an E3 ligase, was shown to promote RIG-I signalling by 

inducing aggregates of RIG-I; PACT protein was shown to interact with the CTD of RIG-I and to stimulate 

its ATPase activity. RIG-I has been shown to be implicated in the recognition of numerous viruses 

including influenza virus or Sendai virus, and also DNA viruses such as adenovirus, herpes simplex virus 

that produce small dsRNA during their replication (Rehwinkel and Gack 2020; N. Chen et al. 2017). 

MDA5 recognizes encephalomyocarditis virus, poliovirus but it was recently shown to be the key 

sensor for the recognition of HDV, and active replication induces an IFN-β/λ response (N. Chen et al. 

2017; Zhenfeng Zhang et al. 2018) (Figure 23).   
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Figure 23: TLR and RLR signalling pathways

Foreign components are recognized by TLRs and RLRs, which recruit adaptor molecules (TIRAP, MyD88 or TRIF), different 
signalling cascade are then activated leading to the production of interferons and cytokines. dsRNA: double stranded RNA; 
ssRNA: single stranded RNA; Ub: ubiquitin. Adapted from Cell Signalling.

Cell membrane

T
LR

4

T
LR

4

T
LR

5

T
LR

5

T
LR

2

T
LR

1

T
LR

2

T
LR

6

dsRNA

Triacyl
Lipopeptide

Diacyl
LipopeptideCD14

MD-2

LPS

TRIF

TRAM

TIRAP MyD88

MyD88

TIRAP

MyD88
TIRAP

MyD88

dsRNA

MAVS
TRAF3 IRAK-4

IRAK-1

TRAF6

TAK1

TAB1/2

IKKγ/

NEMO

IKKαIKKβ

IKKε

TBK1

p65/RelA

NF-κB

IκBα
IRF7

IRF7

IRF3

IRF3

Ub
Ub

Ub

Cytoplasm

Nucleus

Proteasomal
degradation

T
LR

9

T
LR

9

T
LR

3

T
LR

3

UNC93B1 TRIF

Endosome

Flagellin

CpG

MyD88

T
LR

7

T
LR

8

MyD88MyD88

ssRNAssRNA

RIG-I or 

MDA5

Transcription factorAdaptor

Other Stimulatory modification

IFN-α IFN-β Proinflammatory cytokines

NF-κBISRE3
ISRE7



Thesis Manon Desmares                                                                                                                     Background 

78 
 

2.1.2.3 Nucleotide oligomerization domain receptors family (NLR) 

NLRs family, composed of 22 members are cytoplasmic sensors involved in bacteria detection and 

sharing similar structural features, in particular a C-terminal leucine-rich repeat (LRR) domain and a 

nucleotide-binding and oligomerization domain (NOD) but possess different N-terminal domains (Ting 

et al. 2008). This family can be divided in five subfamilies depending on the nature of the N-terminal: 

acidic transactivation domain (NLRA), a baculoviral inhibitory repeat-like domain (NLRB), a caspase 

activation and recruitment domain, CARD (NLRC), a pyrin domain (NLRP) and a NLRX (unknown 

domain). Their stimulation can induce two signalling pathways, NF-kB or MAPK-dependent leading to 

the production of pro-inflammatory cytokines or the activation of multi-protein complexes called 

inflammasomes. Inflammasomes are assembly of multiple proteins including an NLR, the most 

common are NLRP1, NLRP3, and NLRC4 (but also non-NLR proteins can also form inflamasomme such 

as AIM2, IFI16 and Pyrin), an adaptor protein apoptosis-associated speck-like protein containing a 

CARD domain (ASC) and the pro-caspase 1 (Broz and Dixit 2016). The activation of those inflamasomes 

needs a second signal triggered by the detection of DAMPs (Danger-Associated Molecular Patterns), 

crystals or microbial toxins in order to produce inflammatory cytokine such as interleukin 1-family 

(Evavold and Kagan 2019). Activation of inflammasomes can lead to inflammatory programmed cell 

death, called pyroptosis (Groslambert and Py 2018). In particular, NLRP3 recognizes the cytosolic 

dsRNA/ssRNA of influenza virus and Sendai virus, inducing production of IL-1 and IL-18. NOD1 and 

NOD2 (also called NLRC2 and NLRC1), are quite different from the other NLRs as they do not induce 

the inflammasome formation.  They recognize bacterial glycopeptides such as iE-DAP (γ-D-glutamyl-

meso-diaminopimelic acid) or MDP (muramyl dipeptide), respectively, both found in gram- positive 

and -negative bacteria. Their activation recruits RIP2 that induces NF-κB activation, NOD2 is also able 

to induce MAPK pathway, activating AP-1, which leads in both cases to the production of 

proinflammatory cytokines. NOD2 is quite similar to RLRs as it possesses two caspase activation and 

recruitment (CARD) domains, and it was shown to recognize RNAs from respiratory syncytial virus, 

influenza virus or human cytomegalovirus, which aggregates MAVS, leading to IFN production (N. Chen 

et al. 2017) (Figure 24).  
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Figure 24: NLR signalling pathway

Activation NOD1 and NOD2 allows the recruitment of RIP2, activating either NF-κB or MAPK signalling pathway, leading to 
the production of proinflammatory cytokines. Activation of other NLRs induces the recruitment of inflammasomes leading to 
the maturation of caspase-1, which further promotes the generation of IL-1β and IL-18, with the need of a second signal from 
TLR activation. Non-NLR proteins such as AIM2 can also form inflammasomes. Adapted from Invitrogen
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2.1.2.4 Cytosolic DNA sensors (CDS) 

For a long period, TLR9 was considered as the only sensor for foreign DNA. Later, the production of 

interferon was reported in models lacking TLR9, in response to DNA. Since then, the recognition of 

DNA from plasmids, from dying self-cells or pathogens (virus, bacteria) has been shown to elicit 

cytokine and IFN-I induction in a TLR-9 independent pathway (Stetson and Medzhitov 2006). 

Numerous DNA sensors have been identified so far, including absent in melanoma 2 (AIM2), IFN-γ 

inducible protein 16 (IFI16), leucine rich repeat flightless-interacting protein 1 (LRRFIP1), cGAMP 

synthase (cGAS), MRE11 or Ku70 (proteins involved in DNA repair), DNA-dependant activator of IFN-

regulatory factors (DAI), and stimulator of interferon genes (STING) (Dempsey and Bowie 2015).  

STING has recently been described to play a crucial role in DNA sensing either by sensing bacterial 

derived cyclic dinucleotides (Burdette et al. 2011) or by being an adaptor molecule for other DNA 

sensors. For instance DAI or IFI16 used STING as an adaptor molecule to induce production of IFN-  

(Takaoka et al. 2007; Unterholzner et al. 2010). cGAS induces the production of cyclic-guanosine 

monophosphate-adenosine monophosphate (cGAMP) in response to DNA stimulation, which itself is 

recognized by STING. This activation not only lead to endogenous STING activation but was also shown 

to be involved in the spread of innate immunity from infected cells to uninfected neighbouring cells. 

This spread is done by the transfer of cGAMP through gap junctions, leading to STING activation and 

IFNs’ production (Ablasser et al. 2013).  

Members of DExD/H-box helicase superfamily have been identified as cytosolic DNA sensors, such as 

DHX9 and DHX36 that induce, using Myd88 adaptor molecule, the production of pro-inflammatory 

cytokine and IFN via NF-kB and IRF7 respectively. DDX41, another member of this family, localize with 

STING to induce IFN  production (Zhiqiang Zhang et al. 2011).  

In a STING-independent manner, IFI16 and AIM2 can recruit ASC and procaspase 1 to form 

inflammasomes after DNA sensing. With a second signal from PRR stimulation, this lead to the 

expression of IL-  and IL18 (Briard, Place, and Kanneganti 2020).   

Those sensors recognize numerous viruses for instance: IFI16 and cGAS are able to detect HIV-1 

(Jakobsen et al. 2013; D. Gao et al. 2013); IFI16 detects herpes virus (HSV-1, EBV) (Dempsey and Bowie 

2015); DAI recognizes CMV (DeFilippis et al. 2010). Recently, HBV rcDNA was shown to activate DNA 

sensors in hepatocytes when transfected in sufficient amounts, however, this was not observed in an 

infection context (Lauterbach-Rivière et al. 2019) (Figure 25).  
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Figure 25: CDS signalling pathway

Foreign dsDNA or altered self dsDNA are recognized by CDS that recruit diverse adaptor molecules (MyD88, STING…), which 

activate transcription factors (IRF3, IRF7, NF-κB) leading to the production of interferons and proinflammatory cytokines. 

Adapted from Invitrogen.
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2.1.2.5 C-type lectin receptors (CLRs) 

C-type lectin receptors are a large family, of transmembrane and soluble receptors acting in cellular 

adhesion, serum glycoprotein homeostasis, pathogen recognition and innate immunity classified in 17 

different groups depending on phylogeny, structural and functional properties (Mayer, Raulf, and 

Lepenies 2017). They recognize a wide range of pathogens (bacteria, parasite, virus, fungi) via their 

glycan ligands, proteins, lipids, crystals or inorganic molecules in a calcium dependent manner for most 

of these receptors (Chiffoleau 2018). They can be divided in four groups depending of their intracellular 

motifs: hemiTAM motifs (Dectin-1, CLEC-2, CLEC-9A, and SIGN-R3), ITAM motifs (Dectin-2, Mincle, 

MDL-1, and DCAR), ITIM motifs (DCIR, MICL, and CLEC-12B) and ITAM and ITIM-independent motifs 

(DC-SIGN, LSECtin, Langerin, DEC-205, and MGL). They do have an impact on immunity at several levels, 

phagocytosis, production of effector cytokines and chemokines, and to activation of adaptive 

immunity, as they are mainly expressed by antigen-presenting cells, such as dendritic cells and 

macrophages. Many of them were shown to signal via the spleen tyrosine kinase (Syk), Raf1 or 

SHP1/SHP2 activating transcription factors (NF-kB, NFAT, AP-1), and further inducing the expression of 

various effectors including pro-inflammatory cytokines (Osorio and Reis e Sousa 2011). However, some 

CLRs were shown to promote viral transmission and dissemination: DC-SIGN, presents on DCs, 

mediates endocytosis of HIV-1 and keep virions in multivesicular bodies, which are further disseminate 

to T-cells (Bermejo-Jambrina et al. 2018). Similarly, DC-SIGN was shown to bind HCV particles and they 

are then stored in non-lysosomal compartments in immature DCs, which allow their further 

transmission to hepatocytes (Ludwig et al. 2004)(Figure 26) .  
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Figure 26: CLR signalling pathway 

Foreign compounds are recognized by CLRs, which recruit adaptor molecules (Syk or SH1/SH2), inducing diverse signalling 

cascades in which numerous complex molecules are involved: Raf-1, PKCγ, CARD9, Bcl10, and Malt1. They induce the 

recruitment of transcription factors leading to production of proinflammatory cytokines. List non-exhaustive of CLRs.  

Adapted from (Chiffoleau 2018).
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2.1.3 Downstream signalling pathways 

2.1.3.1 NF-κB signalling pathway 

2.1.3.1.1 NF-κB family, structures and dimers 

In 1986, Sen and Baltimore identified a protein, able to interact with a defined site in the κ 

immunoglobulin enhancer and to be induced by stimulation with lipopolysaccharide (LPS) in B 

lymphocytes; thus, they called it NF-κB (Nuclear factor κ light chain enhancer of activated B cells) (Sen 

and Baltimore 1986). Since then, numerous studies have been realized to pursue the biology of this 

family of transcription factors. NF-κB transcription factors are key actors of many physiological 

processes such an innate and adaptive immune responses, cell proliferation, cell death and 

inflammation. However, aberrant regulations of NF-κB signalling pathway is source of numerous 

pathologies, including cancers, inflammatory and auto-immune disease (Baud and Karin 2009), 

highlighting the need of a perfect understanding of this family and dynamic of signalling pathways that 

it induces.  

The NF-κB family possesses five members, p65 (also called RelA), RelB, c-Rel, p105 and p100. Both 

proteins p105 and p100 require proteolytic cleavage to produce the active proteins p50 (NF-κB1) and 

p52 (NF-κB2), respectively. They all undergo posttranslational modifications such as phosphorylation, 

ubiquitination or proteolytic cleavage important for their biological functions (L. Zhang et al. 2019). 

All family members possess a Rel homology domain (RHD), which is 300 aa and able to recognize a 

DNA sequence with a consensus of 5’-GGGRNWYYCC-3’ (N for any base; R for purine; W for adenine 

and thymine; Y for pyrimidine). Its N-terminal subdomain contains the DNA-binding domain and 

specifies DNA recognition and its C-terminal subdomain possess hydrophobic residues responsible of 

the homo- or hetero-dimerization with other NF-κB family member and the binding to inhibitory 

proteins. Following the RHD, a nuclear localization sequence is present, responsible of their nucleus 

translocation. This family can be further divided into two class: 

 p65, RelB and c-Rel that possess a transcription activation domain (TAD), needed to activate 

target gene expression. This domain is missing in p105 and p100 proteins, as well as in their 

active forms p50 and p52, which render them unable to activate gene transcription. 

 p105 and p100 that contain ankyrin repeats (AnkR), of 33 aa in C-terminal subdomain and 

death domains (DD), post-translationally cleaved to form p50 and p52 respectively.   

In addition, RelB possess a leucine zipper (LZ) domain, whose function is not clearly defined yet (Figure 

27) (Q. Zhang, Lenardo, and Baltimore 2017).  
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Figure 27: Structures of NF-κB family member 

Each family member share the Rel homology domain (RHD), responsible of DNA recognition and binding, dimerization and 

binding to inhibitory proteins. p65, RelB and c-Rel contain a transactivation domain (TAD) essential for transcription 

activation. p105 and p100 proteins possess ankyrin repeats, separated from RHD by glycine-rich regions, and death domains 

(DD). After maturation, p105 and p100 are cleaved to form active protein p50 and p52, respectively. RelB also contains a 

leucine zipper (LZ) domain. Regulatory phosphorylation (P) and ubiquitination (Ub) sites are shown, as well as the number of 

amino acids (aa) contain in each protein. Adapted from (Q. Zhang, Lenardo, and Baltimore 2017).  

 

The NF-κB subunits, forming homo- and hetero-dimers, are kept inactive in the cytoplasm by inhibitor 

of κB proteins (IκB), including IκBα, IκBβ, IκBε, Bcl3, IκBζ, and IκBNS, which mask then NLS. Similarly, C-

terminal extremities of p105 (IκBγ) and p100 (IκBδ) are responsible of this NLS masking (Ghosh et al. 

2012). The first step of NF-κB activation involves modifications of IκB, occurring via two well-defined 

pathways: canonical and non-canonical pathways (detailed in next paragraphs). The most well-known 

and studied NF-κB dimer is p50/p65, but several other dimer combinations with different and 

important functional outputs exist. Dimers containing TAD domain are activator dimers while others 

have a repressive activity (Concetti and Wilson 2018).  
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Figure 28: Dimeric combinations of NF-κB subunits 

Dimers are divided into three groups. Dimers containing only p50 and 52 in a homo or hetero dimers do not possess any 

transcription activation activity. RelB homo-dimers or RelB in heterodimers with RelA or c-Rel possess a transcription 

activation activity, but their binding to DNA is limited. Other potential dimers are transcriptional activators. TAD= 

transcription activation domain. Adapted from (Concetti and Wilson 2018). 

 

2.1.3.1.2 Canonical Pathway 

Numerous cell surface receptors activate the canonical NF-κB pathway, such as T-cell receptor (TCR), 
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transiently during immune activation, and leads to cell proliferation, survival and inflammatory 

cytokine production (IL-1, IL-6, Tumor necrosis factor alpha (TNF-α)…) (L. Zhang et al. 2019). This 

pathway is regulated by an IKK complex, composed of NEMO (also known as IKKγ) and two IκB kinases 

(IKKα and IKKβ). In resting cells, NEMO prevents the activation of both IκB kinases. They are activated 

in a different way according to the upstream receptor stimulated: 

 TNF receptor engagement induces the recruitment of TRADD (Tumor necrosis factor receptor 

type 1-associated DEATH domain protein), TRAF2 (TNF receptor-associated factor 2), cIAP 
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1) proteins into a big complex with the linear ubiquitin assemble complex (LUBAC), which 

further incorporates NEMO/ IKKα/IKKβ (Q. Zhang, Lenardo, and Baltimore 2017).  

 Activation of NF-κB pathway by IL-1R or TLR induces the association of IRAK1/2 and IRAK4 to 

the adaptor molecule MyD88 to form a complex, called Myddosome. This complex 

autophosphorylates and is further K-63 ubiquitinated by Pellino-3 (Butler, Hanly, and 

Moynagh 2007). This complex induces the association and activation of the E3 ubiquitin (Ub) 

ligase TNF receptor-associated factor 6 (TRAF6). TRAF6 then complexes with TAK1-complex, 

composed of TAK1 and TAK-1 binding protein 1 (TAB1) and TAB2/3, which further stimulate 

the activation of IKK complex (Balka and Nardo 2019).  

TAK1 then activates IKKα and IKKβ, which in turn phosphorylate the NF-κB inhibitor IκBα, leading to 

ubiquitin-dependent IκBα degradation. The unmasked NLS signal allows NF-κB dimers to be imported 

to the nucleus to regulate the transcription of numerous genes (T. Liu et al. 2017). Even if all NF-κB 

dimers can be involved, p50/65 remains the most common and most abundant hetero-dimer activated 

by the canonical pathway (Giridharan and Srinivasan 2018) (Figure 29). 

Negative feedback loops ensure the termination of the NF-κB response, in an organized manner. Some 

proteins, such as IκBα and A20 (also called TNFAIP3 for tumor necrosis factor, alpha-induced protein 

3), are produced by NF-κB activation, to terminate NF-κB response. In addition, NF-κB response can be 

prevented at all levels of this signal-transduction cascade via inhibition of the receptor, inhibition of 

signal transducers, reversing post-translational modifications, degradation of signalling proteins or 

inhibition of NF-κB nuclear activity (Renner and Schmitz 2009).  

2.1.3.1.3 Non-canonical Pathway  

Another signalling pathway, called non-canonical or alternative pathway, has been described to 

modulate NF-κB dimers activity, based on the processing of p100 and the predominantly activation of 

the dimer RelB/p52. It responds to different ligands of TNFR superfamily members such as LTβ-R, 

BAFFR, CD40 and RANK (T. Liu et al. 2017). A central component of the non-canonical pathway is NF-

κB-inducing kinase (NIK) (Sun 2017). In steady state, NIK is targeted for degradation by cIAP-TRAF2-

TRAF3 E3 ubiquitin ligase complex, to avoid NIK accumulation and activation of downstream signalling 

pathway. Stimulation of receptors of TNFR family induces the recruitment of cIAP-TRAF2-TRAF3 to the 

receptor complex, resulting in TRAF3 degradation, and both stabilization and accumulation of NIK. It is 

then able to phosphorylate IKKα, which dimerizes. The association NIK-IKKα phosphorylates serines 

residues; including Ser866 and Ser870 that are essential for p100 processing. These phosphorylations 

allow the recruitment of the E3 ubiquitin ligase βTrCP, which further induces the p100 ubiquitination 
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and the generation of p52, allowing the p52/RelB hetero-dimer to enter the nucleus to activate 

transcription of numerous gene (Yu et al. 2020) (Figure 29).

Figure 29: Canonical and non-canonical NF-κB signalling pathway

NF-κB signalling pathway can be induced by two distinct sub-pathways. In canonical pathway, repressor of IKK, NEMO, is poly-

ubiquitinated and degraded. IKKα/IKKβ complex phosphorylate IκBα that dissociate from NF-κB dimer p65:p50. NF-κB dimer 

is imported to the nucleus and act as a transcription factor. In the non-canonical pathway (also called alternative pathway), 

NIK phosphorylates IKKα that dimerize, and phosphorylates in turn p100. This causes proteolytic cleavage of p100 and the 

generation of p52. P52: RelB dimer is then translocated to the nucleus and act as a transcription factor. Dashed arrows 

indicate previous steps not represented in this figure. Adapted from (Yu et al. 2020).

TAB2/3

TLRs, TCR, IL-R, TNFR

IKKβIKKα

NEMO

Canonical Pathway

P

IκBα
p50 p65

P

IκBα P

Non-canonical Pathway

NIK

IKKα
P

p100 PRelB

p100 P

RelB p52

LTβR, BAFF-R, CD40, 

Ox40, CD27

IKKα
P

Cytoplasm

Ub
Ub

Ub

Proteasomal
degradation

Nucleus

p50 p65

TAK1

Ub
Ub

Ub

RelB p52

Gene expressionGene expression

TBK1



Thesis Manon Desmares                                                                                                                     Background 

89 
 

2.1.3.1.4 Functions of NF-κB signalling pathways 

2.1.3.1.4.1 Mediator of inflammation and activation of innate immune cells 

Inflammation is a protective process in response to host infections and tissue damage, characterized 

by vasodilatation, allowing both the recruitment of immune cells to the injured tissue and secretion of 

pro-inflammatory cytokines and chemokines. NF-κB plays a crucial role in this inflammation process. 

Innate immune cells, including macrophages, dendritic cells and neutrophils express PRRs able to 

recognize different PAMPs and DAMPS (as previously described) to activate NF-κB pathways, leading 

to the transcriptional induction of pro-inflammatory cytokines, chemokines and inflammatory 

mediators (T. Liu et al. 2017).  NF-κB activation leads to the release of mediators, including TNF-α, 

allowing vasodilation and recruitment of circulating leukocytes to the site of infection (Alcamo et al. 

2001). This response is tightly controlled by the release of anti-inflammatory mediators and the 

induction of leukocyte apoptosis during resolution of inflammation (Lawrence et al. 2001).  

Furthermore, macrophages are rapidly activated upon stimulation by PRRs and are mainly 

differentiated into M1 macrophages, responsible of the production of a large number of pro-

inflammatory cytokines, including IL-1 , IL-6, IL-12, TNF-  and cyclooxygenase-2 and chemokines.  IL-

12, IL-23 and TNF are mainly responsible of the activation and differentiation of T cells into pro-

inflammatory Th1 and Th17 (N. Wang, Liang, and Zen 2014; Sica and Mantovani 2012).  

Finally, NF-κB is crucial for the priming signal of inflamasome activation. As previously seen, 

inflamasome is a multi-protein complex that assembles in response to stimuli, PAMPs or DAMPS (H. 

Kumar, Kawai, and Akira 2011). It is composed of an NLR protein (the main studied being NLRP3), AIM2 

and ASC. Its main activity is the maturation of pro-caspase 1 (Davis, Wen, and Ting 2011). Upon 

stimulation, inflamasome recruits pro-caspase-1 via ASC and generates an active caspase 1. Caspase-

1 is further able to cleave pro-IL-1  and pro-IL-18, producing their mature forms and leading to the 

secretion of pro-inflammatory cytokines  (Schroder and Tschopp 2010). NF-κB activation induces the 

transcriptional expression of NLRP3 and pro-ILβ , via stimulation of TLRs, TNFR or IL-1R (Sun 2011; 

Sutterwala, Haasken, and Cassel 2014). However, in addition to NF-kB stimulation, the activation of 

those inflamasomes needs a second signal triggered by the detection of DAMPs (Danger-Associated 

Molecular Patterns), such as crystals or microbial toxins (Evavold and Kagan 2019). 
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2.1.3.1.4.2 Regulation of adaptive immunity 

NF-κB transcription factors play crucial roles in mediating T-cell activation, differentiation and effector 

function (Lawrence et al. 2001). 

The recognition of an antigen by its receptor T-cell receptor, TCR, presented by APCs, mediates the 

induction of NF-kB responses. Activation of naïve T cells is biphasic, p50/p65 hetero-dimer is rapidly 

transported to the nucleus while c-Rel, despite is presence in the cytoplasm of naïve T-cells, is activated 

later, resulting in the induction of IL-2, necessary for proliferation and survival of T cells (Steve 

Gerondakis and Siebenlist 2010).   

Upon activation, T cells differentiate into different subsets, secreting diverse and distinct cytokines: 

Th1 (secreting IFN-  secretion), Th2 (secreting a large range of cytokines including IL-4) and Th17 

(secreting IL-17) (T. Liu et al. 2017). NF-κB is implied at different levels of their differentiation. Indeed, 

Th1 responses is impaired in c-Rel-deficient mice, mice expressing a non-degradable form of IkB and 

in the absence of p65 subunit, resulting in a default of IFN-  production, which is active against 

intracellular pathogens, including viruses (Aronica et al. 1999; Hilliard et al. 2002 ; Balasubramani et al. 

2010).  Both in vivo and in vitro experiments showed that p50 is needed for Th-2 differentiation, as it 

induces the expression of GATA3, a major regulator of Th2 development (Das et al. 2001). 

Furthermore, it has been shown that NF-κB deregulation might promote Th17 responses via indirect 

hyper-production of IL-6, responsible of Th17 differentiation (M. Chang et al. 2009); other studies 

showed that c-Rel and p65 were implied in the expression of ROR t, major transcription factor 

responsible of generation of Th17 cells (Ruan et al. 2011). Parallel to the differentiation of T-cells, NF-

kB might be involved in the control of Treg, needed to control immune response, avoiding 

autoimmunity and chronic inflammation (Josefowicz, Lu, and Rudensky 2012). C-Rel, in particular, is 

implied in development of Treg, via the induction the transcription factor Foxp3 (Ruan et al. 2009).  

NF-kB pathways also play a major role in memory functions of T cells. Deletion of NIK was associated 

to an altered development and maintenance of T cell memory subsequently to an acute viral infection 

(Rowe et al. 2013).  

Finally, the development of B cells is also highly dependent on NF-kB activity. Indeed, deficiency in p50 

subunit or p52 is associated with a decreased number of B cells. Absence of both p50 and c-Rel or IKK-

 completely eliminates them (Pohl et al. 2002; S. Gerondakis et al. 2006; Pasparakis et al. 2002; 

Claudio et al. 2002). NF-kB pathways also promotes B-cell proliferation via B cell receptor, CD40 and 

TLR4 or TLR9 signals (Steve Gerondakis and Siebenlist 2010).  
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2.1.3.2 IRF signalling pathway 

Interferon regulatory factors (IRF) are transcription factors playing a key in interferon induction; thus, 

they are major actor of antiviral defense, cell growth regulation and apoptosis. Nine human cellular 

IRF genes have been identified so far, including IRF-1, IRF-2, IRF-3, IRF-4/Pip/ICSAT, IRF-5, IRF-6, IRF-7, 

ICSBP/IRF-8 and ISGF3γ/p48/IRF-9 (Paun and Pitha 2007).  

All IRF members possess an N-terminal DNA-binding domain (DBD), containing five tryptophan-rich 

repeats. It forms a helix-turn-helix able to recognize a consensus DNA-sequence 5’-AANNGAAA-3’, 

called IFN-stimulated response element (ISRE). The C-terminal region, less conserved, present IRF 

association domains (IAD), mediating the interaction between IRF members. All IRF members, except 

IRF1 and IRF2, possess IAD1, while IAD2 is only shared by IRF1 and IRF2 (Yanai, Negishi, and Taniguchi 

2012). The resulting complex may acts as an activator or repressor of transcription depending on the 

proteins forming the complex (Taniguchi et al. 2001).  

The “antiviral IRF”, IRF-3 and IRF-7, are critical for the activation of type I IFN genes (Honda, Takaoka, 

and Taniguchi 2006). Activation of numerous PRRs, including different TLRs (TLR3, TLR4, TLR7, TL8 or 

TLR9), DAI and IFI16, NOD2, DHX9 and DHX36, RNA Pol III, STING or RIG-I/MDA5 have been shown to 

activate IRFs (S. Ning, Pagano, and Barber 2011). Following activation, adaptor molecules are recruited: 

TRIF (TLR3 or TLR4), Myd88 (TLR 7, TLR8, TLR9) or MAVS (RIG-I/MDA5) depending on the PRR involved, 

and other proteins, TRAF3 (for TLR3, TLR4, RIG-I/MDA5, NOD2) (Saha et al. 2006 ; Oganesyan et al. 

2006; Häcker et al. 2006) and TRAF6 (TLR7, TLR8, TLR9)  (Konno et al. 2009 ; Kawai et al. 2004) are also 

implied in the signalling cascade.   

TLR3 and RIG-I/MDA5 signalling recruits the noncanonical I B kinases, TBK1 (TANK-binding kinase 1) 

and IKK- , which phosphorylates IRF-3 at serine 386 (Honda, Takaoka, and Taniguchi 2006 ; Fitzgerald 

et al. 2003). Once phosphorylated and activated, it is able to homo- or hetero-dimerizes with IRF-7, 

and the resulting complex is imported to the nucleus (S. Ning, Pagano, and Barber 2011). In the 

nucleus, the complex binds CREB binding proteins CBP/300 to activate type I interferon gene 

transcription, including IFN- , but also different interferon stimulated genes (ISG), such as RANTES, 

ISG56 and ISG54  (M. Yoneyama et al. 1998; Peters et al. 2002; Grandvaux et al. 2002).   

IRF7 is mainly expressed in pDCs, which are high producers of IFN-  in responses to TLR7/8 and TLR9 

stimulation (Izaguirre et al. 2003). This production relies on a big complex containing MyD88 and IF7, 

but also TRAF3, TRAF6, IRAK4, IRAK1, IKK , Opn-i (intracellular osteopontin) and Dock2 (Shinohara et 

al. 2006; Gotoh et al. 2008), in which IRF7 is phosphorylated by IRAK1 and/or IKK , allowing its 

translocation to the nucleus in order to regulate IFN gene expression.  
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2.1.3.3 IFNAR signalling pathway 

2.1.3.3.1 Type I IFNs   

Type I IFNs are the largest family of IFN and contains five subgroups, IFN- , IFN- , IFN-ω, IFN-ε and 

IFN-κ. The IFN-  subgroup is the largest and the most studied, which can be further divided into 12 

subgroup (Chyuan, Tzeng, and Chen 2019). They are  (mainly IFN-  and IFN- ) induced after the sensing 

of pathogens by PRRs (as described in 2.1.4), bind in a autocrine manner, a hetero-dimeric 

transmembrane receptor, IFN  receptor (IFNAR), composed of two subunits, IFNAR1 and IFNAR2 

(Ivashkiv and Donlin 2014). Activation of IFNAR was shown to recruits two receptor-associated protein 

tyrosine kinases, Janus kinase 1 (JAK1) and tyrosine kinase 2 (Tyk2), which then phosphorylate 

transcription factors STAT1 and 2 (signal transducer and activator of transcription) (Levy and Darnell 

2002; Stark and Darnell 2012). Once phosphorylated, STAT1 and 2 dimerizes and they bind to IRF9, 

forming a complex called IFN-stimulated gene factor 3 (ISGF3). This complex further translocates to 

the nucleus where it binds consensus DNA sequence, called ISRE (IFN-stimulated response elements), 

activating transcription of hundreds of ISGs, which lead to the establishment of a cellular antiviral 

response (Schoggins et al. 2011), via inhibition of viral transcription, translation, replication or 

alteration of viral nucleic acids (MacMicking 2012). Interestingly, the inhibitor of NF-κB kinase-ε (IKKε) 

has been shown to induce STAT1 phosphorylation, facilitating the antiviral complex ISGF3 (Tenoever 

et al. 2007). In addition to the canonical ISGF3 complex, other combinations of STAT heterodimer have 

been identified, which preferentially bind to the IFN-γ activated site (GAS) element, located within the 

promoter of ISGs (Stanifer, Pervolaraki, and Boulant 2019). 

This pathway is tightly regulated by suppressive signals to limit toxicity and to avoid chronic 

inflammation. Parallel to the activation of ISGF3, IFNAR can activate STAT3 hetero-dimers, which 

suppress inflammatory responses (Murray 2007). IFNAR also activates negative regulators, such as 

suppressor of cytokine signalling 1 and 3 (SOCS1 and SOCS3), ubiquitin-specific peptidase 18 (USP18) 

or miRNAs to limit IFN response. SOCS suppress JAK activity via competitive-binding to IFNAR  

(Yoshimura, Naka, and Kubo 2007); USP18 blocks the interaction between JAK1 and IFNAR, via 

competitive binding to IFNAR2 (Sarasin-Filipowicz et al. 2009); miR-146a and miR-155 have been 

shown to control STAT1 expression and suppress expression of effectors of the IFNAR/JAK/STAT 

pathway, respectively (L.-F. Lu et al. 2010; Gracias et al. 2013). Besides, other cellular kinases interfere 

JAK/STAT signalling pathway to limit its activation such as the Src Homology phosphatase 2 (SHP-2), 

which prevents phosphorylation of STAT1, STAT2 and JAK1, and protein inhibitors of activated STAT 

(PIAS) family members that have been show to inhibit STAT1 phosphorylation (T. R. Wu et al. 2002; 

Niu et al. 2018). Another mechanism to limit activation of signalling pathway is the internalization of 

receptor IFNAR, by clathrin-mediated endocytosis (K. G. S. Kumar et al. 2007), while IFNAR1 is rapidly 
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degraded by lysosome (Marijanovic et al. 2006), IFNAR2 can be recycled back to the surface (Chmiest 

et al. 2016). 

2.1.3.3.2 Type II IFN  

Type II IFN only comprises IFN-γ, which present a dimeric structure consisting of two polypeptides with 

antiparallel symmetry. It is secreted predominantly by activated lymphocytes T cells, and by NK cellsn 

and to a lesser extent by NKT cells, B cells and APCs. Its binding to its receptor, IFN-γR, composed of 

IFN-γR1 and IFN-γR2, activates JAK1 and JAK2, which phosphorylate IFN-γR1, creating a docking site 

for STAT1. Once phosphorylated, STAT1 homodimerizes in an antiparallel configuration, resulting in a 

complex gamma-activated factor (GAF), which translocates to the nucleus to bind gamma-activated 

site (GAS) (Castro et al. 2018). It can also activate signal transduction cascades leading to the canonical 

translocation of the ISGF3 complex, such as type I and II IFNs (Matsumoto et al. 1999).  IFN-γ induces 

the expression od numerous ISGs, including CXCL-9, CXCL10, ADAR-1, IDO-1 and IRF1, the latter bearing 

the broadest antiviral activity (Ahmed and Johnson 2006; Schoggins et al. 2011). 

The IFN-γ signalling pathway is negatively regulated by SHP2 from the SHP phosphatases family, or 

SOCS1 and SOCS3 in the cytoplasm; and protein inhibitor of activated STATs (PIAS) prevents STAT1 

phosphorylation (Jorgovanovic et al. 2020).  

2.1.3.3.3 Type III IFNs  

Type III IFNs are the most recent IFN members identified; they are composed of IFN-λ1 (IL-29), IFN-λ2 

(IL-28A), IFN-λ3 (IL-28B) and IFN-λ4 (Chyuan, Tzeng, and Chen 2019). Even if they can be produced by 

diverse cells, pDCs remain the main producers, as type I IFN (Z. Yin et al. 2012). They are produced 

following PRRs (such as TLRs, RLR or cytosolic sensors) stimulation by PAMPs (Ank et al. 2008; Onoguchi 

et al. 2007; X. Zhang et al. 2011). Type III IFN receptors are heterodimers composed of high-affinity 

IFN-λ receptor (IFNLR)1 chains (IL-28Rα) and low affinity IL-10R2 chains (Stanifer, Pervolaraki, and 

Boulant 2019). Contrary to IFNAR, which is expressed in different cell types, IFNLR1 expression may be 

limited to epithelial cells, including hepatocytes and intestinal cells (Sommereyns et al. 2008). Similarly 

to type I IFN, the activation of receptor leads to the activation of JAK/STAT signalling cascade via STAT1 

and STAT2 phosphorylation, recruitment of IRF9 and formation of the antiviral complex ISGF3, which 

translocates to the nucleus to activate ISGs transcription (Chyuan, Tzeng, and Chen 2019). This 

pathway is also tightly regulated by SOCS1, acting as a negative regulator (Blumer et al. 2017). 

In addition to classical JAK/STAT signalling pathway described upper, studies reported that both type I 

and III IFN to involve other signalling pathway including Crk-like protein (CrkL)-Ras related protein 1 

(RAP1) pathway (Platanias and Fish 1999), the phosphatidyl-inositol 3-kinase (PI3K)-signalling pathway 

(Kaur, Uddin, and Platanias 2005) and the MAPK pathway (Zhangle Zhou et al. 2007). 
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2.1.3.3.4 Activation of innate immune cells and regulation of adaptive immune 

responses 

Type I IFNs are able to boost innate immune response via control of DCs by the different mechanisms:  

generation of DCs with potent antigen-presenting cells from PBMCs along with granulocyte-

macrophage colony-stimulating factor (GM-CSF) (Paquette et al. 1998); maturation of DCs by 

increasing expression of major histocompatibility complex (MHC) class II (Simmons et al. 2012) ; 

enhanced migration of DCs via cell adhesion molecules secretion (Rouzaut et al. 2010).  

Type I IFNs are also able to regulate the adaptive immune responses either by activating it or by 

inhibiting it. IFN-α has been shown to induce the production of CXC-chemokine ligand 9 (CXCL9) and 

CXCL10 by DCs, which attract and stimulate CD8+ effector T cells (Padovan et al. 2002). However, in 

case of chronic viral infection, DCs have been shown to exhibit an immune-tolerant phenotype, due to 

a persistent type I IFN signalling, attenuating T-cell priming against pathogens (Teijaro et al. 2013).  In 

addition to T cells, type I IFN may also promote B cell responses, via the secretion of B-cell activating 

factor (BAFF) (A. Le Bon et al. 2001) and enhancement of humoral responses (Le Bon et al. 2006), or 

inhibit B lymphopoiesis (Q. Lin, Dong, and Cooper 1998).  

Type III IFNs have also been shown to modulate T and B responses. Indeed, IFN-λs have been linked to 

a greater Th1 response, increasing IFN-γ secretion (Koltsida et al. 2011) and reduction of  Th2 responses 

via suppression of IL13 (Srinivas et al. 2008). Interestingly, IFN-λs possess immune-regulatory functions 

as it was shown to either up regulate the production of specific antibodies against HIV (Morrow et al. 

2009), and also to inhibit B cell proliferation and IgG production during influenza infection (Egli et al. 

2014). 
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Figure 30: IFN signalling pathway

Production of type I and III interferons can be induced by pathogens sensed by various PRRs, including TLRs and RLR. Diverse 

downstream molecules lead to the activation of interferon regulatory factors (IRFs) and nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) transcription factors. The secreted IFNs bind their receptors, type I IFNs bind to 

IFNAR1/IFNAR2 receptor while type III IFNs bind to IFNAR1/IL-10R2 receptor. Activation of these receptors leads to the 

recruitment of Janus kinase 1 (JAK1) and tyrosine kinase 2 (Tyk2), which phosphorylate signal transducer and activator of 

transcription 1 (STAT1) and STAT2. Phosphorylated STAT1 and STAT2 form with IRF9 a complex called IFN-stimulated gene

factor 3 (ISGF3), which translocates to the nucleus to activate transcription of interferon-stimulated genes (ISGs). IFN-γ
binding to its receptor, IFN-γR, composed of IFN-γR1 and IFN-γR2, activates JAK1 and JAK2, which phosphorylate IFN-γR1, 

creating a docking site for STAT1. Once phosphorylated, STAT1 homodimerizes in an antiparallel configuration, resulting in a 

complex gamma-activated factor (GAF), which translocates to the nucleus to bind gamma-activated site (GAS). Adapted from  

(Chyuan, Tzeng, and Chen 2019) and (Isorce et al. 2015).
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2.1.4 Pro- an anti- inflammatory cytokines 

PAMPs and DAMPs, recognized by PRR, activate downstream signalling pathways, such as NF-κB 

pathways, which induce a cellular response (Takeuchi and Akira 2010) . This cellular response involves 

the induction of adhesion molecules, which accelerates diapedesis of effector cells of innate immunity; 

it also induces the production and release of pro-inflammatory cytokines including tumor necrosis 

factor-alpha (TNF-α), interleukin (IL)-1, IL-6 and IL-10, or interferons (Lawrence 2009 ; T. Kawai and 

Akira 2006). This release leads to the activation of immune cells, which produce further cytokines 

(Schaper and Rose-John 2015).  

Immune response is tightly regulated in order to achieve pathogen control without inducing excessive 

inflammation and tissue damage. Anti-inflammatory cytokines, secreted from immune cells, such as 

regulatory T cells and macrophages allow inflammation and immunity suppression, and the 

return/maintenance of homeostasis. Major anti-inflammatory cytokines include IL-4, IL-10 and TGF-β 

(Cicchese et al. 2018).  

However, it is important to highlight that cytokines called “pro-“or “anti-inflammatory” may induce 

unexpected responses. Indeed, it has been shown that IL-6 also have anti-inflammatory properties 

(Scheller et al. 2011);  similarly TGF-β and IL-10 have been shown to be involved not only in the 

differentiation of Treg, but also in the differentiation of T cells (M. O. Li and Flavell 2008; Maynard and 

Weaver 2008). The immune response is therefore not only dependent on secreted cytokines, but it 

also due to their amounts and the inflammatory environment.  

Due to its strategic position, the liver needs this tightly regulation, performed by professional immune 

cells or not (Rehermann 2013; Schmidt, Nino-Castro, and Schultze 2012). However, this balance may 

be dysregulated due to important toxic absorption, autoimmune diseases, pathogen infections or 

proliferation of tumoural cells. This inability to resolve inflammation leads to chronic pathological 

inflammation, tissue homeostasis disruption, leading to fibrosis, cirrhosis and HCC (M. W. Robinson, 

Harmon, and O’Farrelly 2016). Besides, some pathogens have been shown to take advantage of the 

tolerogenic environment of the liver to establish chronic infection, such as HBV (detailed in chapter 2) 

(Protzer, Maini, and Knolle 2012).  
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Table 2: Functions of different cytokine families 

Abbreviations: BM: bone marrow; DCs: dendritic cells; NK cells: Natural killer cells; pDCs: plasmacytoid dendritic cells; Th 

cells: T helper cells. Adapted from (Turner et al. 2014).  

Cytokine Main sources Target cell Major function

Interleukins

IL-1
(IL-1α,IL-1β, IL-1ra, IL-18, IL-33, IL-
36α,IL-36β,IL-36γ, IL-36Ra, IL-37 

and IL-1Hy2)

Macrophage, B cells, DCs B cells, NK cells, T-cells

Pyrogenic, pro-inflammatory, 
proliferation and 

differentiation, BM cell 
proliferation

IL-2 T cells
Activated T and B 

cells,NK cells
Proliferation and activation

IL-3 T cells, NK cells Stem cells
Hematopoietic precursor 

proliferation and 
differentiation

IL-4 Th cells
B cells, T cells, 
macrophages

Proliferation of B and 
cytotoxic T cells, enhances 

MHC class II expression, 
stimulates IgG and IgE

production

IL-5 Th cells Eosinophils, B-cells
Proliferation and maturation, 

stimulates IgA and IgM 
production

IL-6
(IL-6, IL-11, IL-31)

Th cells, macrophages,fibroblasts
Activated B-cells, 

plasma cells
Differentiation into plasma 

cells, IgG production

IL-7 BM stromal cells,epithelial cells Stem cells B and T cell growth factor

IL-8 Macrophages Neutrophils Chemotaxis

IL-9 T cells T cells Growth and proliferation

IL-10 T cells B cells, macrophages 
Inhibits cytokine production 

and mononuclear cell function

IL-11 BM stromal cells B cells
Differentiation, induces acute 

phase proteins

IL-12 T cells NK cells Activates NK cells

IL-17
(IL-17A-F, IL-25 (IL-17E))

Th cells
Epithelial, endothelial

and stromal cells
Neutrophil recruitment

Tumour necrosis

factors

TNF-α Macrophages Macrophages
Phagocyte cell activation, 

endotoxic shock

TNF-β T cells
Phagocytes, tumour

cells
Tumour cytotoxicity

Interferons

Type I IFN
(IFN-α,IFN-β,IFN-ω,IFN-κ)

pDCs Various Anti-viral, anti-proliferative

Type II IFN
(IFN-γ)

T cells Various

Anti-viral, macrophage 
activation, increases 

neutrophil and monocyte 
function, MHC-Iand -II 

expression on cells

Type III IFN
(IFN-λ1 (IL-29), IFN-λ2 (IL-28A), IFN-

λ3(IL-28B))
pDCs Various Anti-viral

Others TGF-β T cells and B cells Activated T and B cells

Inhibit T and B cell 
proliferation, inhibit 

haematopoiesis, promote 
wound healing
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2.2 HBV recognition by innate immunity   

2.2.1 Activation of host innate immunity 

2.2.1.1 Weak or lack of IFN and/or proinflammatory responses in vivo and in vitro… 

Previously, Wieland and colleagues reported that HBV was unable to induce ISGs in the liver of infected 

chimpanzee model, considering therefore HBV as a “stealth virus”, not recognized by the immune 

system (Wieland et al., 2004). Similarly, in a study enrolling 21 HBV-infected patients during the pre-

symptomatic phase, the cytokine quantification showed that HBV was not able to induce a strong IFN 

production; however, it induced production of anti-inflammatory cytokine IL-10 (Dunn et al. 2009). In 

addition to this observation, detectable cytokines including IFN-α, TNF-α, IL-10, IL-6 and IL-1β were 

also found in HBV-infected patient sera, before the peak of viremia (Stacey et al. 2009). A weak 

induction of cytokine production does not mean total absence of cytokines’ production. This dogma 

was recently challenged by several studies suggesting that HBV could be detected by innate immune 

system and finally induces innate immune response, including interferon response. Indeed, in chimeric 

uPA-SCID mice harbouring human hepatocytes a weak activation of ISGs could be detected 

(Lütgehetmann et al. 2011). In vitro, transduction of HepaRG cell line with a baculovirus vector 

expressing HBV induced a strong and specific innate antiviral response, resulting in a noncytopathic 

clearance of HBV DNA. Cellular gene expression analyses showed that IFN-β and ISGs were upregulated 

(Lucifora et al. 2010). Transduction of HepaRG with baculovirus allowed an elevated replication of HBV, 

therefore suggesting that HBV could induce an interferon response when the replication is important. 

However, in a more physiologic context, infected dHepaRG leads to a transient and modest increase 

of IFN and pro-inflammatory gene expression (Luangsay, Gruffaz, et al. 2015). Besides, type III IFN were 

shown to be predominantly induced in PHH after infection with HBV genotype C (Sato et al. 2015).  

In addition to interferon, other cytokines could be induced by HBV. Upon infection of primary human 

liver cells, HBV is recognized by KCs, although not infected, which leads to the release of IL-6 and other 

proinflammatory cytokines including TNF-α and IL-1β. The control of viral infection was attributed to 

IL-6 via NF- B activation (Hösel et al. 2009). TNF-α and IL-1β were shown to inhibit the early phase of 

HBV infection as well as the replication in HepaRG (Watashi et al. 2013; Isorce et al. 2016). IL-1β was 

also present in liver biopsies of chronic HBV patients (Bortolami et al. 2008). Besides, a recent study 

showed that HBV-infected patients’ sera as well as HBV-stimulated peripheral blood mononuclear cells 

(PBMCs) harbour high level of IL-1, IFN-  and IL-32 transcripts and protein, suggesting that these 

cytokines may be useful for HBV detection and infection monitoring (Tian et al. 2019).  

Finally, several in vitro experiments showed that cytokines could be produced in presence of specific 

HBV molecules: IL-18, produced in presence of HBcAg or HBx in PBMCs or hepatoma cell lines (Lee et 

al. 2002;Manigold et al. 2003) or TNF- α, produced in presence of HBx, HBcAg or HBsAg in hepatocytes, 
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in mice model or circulating monocytes respectively (Lara-Pezzi et al. 1998; Tzeng et al. 2014; Boltjes 

et al. 2014).   

2.2.1.2 Potential host PRRs involved in HBV recognition  

Several PRRs have been shown to be involved in HBV recognition. Nucleocapsid was shown to activate 

TLR2 signalling pathway in THP-1 macrophages, resulting in induction of pro-inflammatory cytokines 

(A. Cooper et al. 2005). Similarly, a recent study showed that HBV particles are sensed by TLR2 in 

primary human hepatocytes leading to NF- B activation and IL-6 production (Zhenhua Zhang et al. 

2020). However, the existence of naked nucleocapsids in vivo remains a matter of debate. In HBV-

transfected HuH7 cell line and in HBV-hydrodynamically injected mice, MDA5 expression was 

upregulated and was shown to associate with HBV nucleic acids, hypothesizing that MDA5 might sense 

HBV (H.-L. Lu and Liao 2013). However, other studies identified RIG-I as a sensor of the 5’-  region of 

pgRNA, resulting in induction of type-III IFN, mainly IFN- , in primary human hepatocytes and 

hepatoma cell lines (Sato et al. 2015). Naked HBV DNA, rcDNA or DNA replication intermediates, may 

be recognized by cGAS/STING pathway in primary human hepatocytes and may induce an immune 

response. However, in an infection context, the shielding of the viral DNA in the nucleocapsid avoid 

this recognition (Lauterbach-Rivière et al. 2019). IFI16, another CDS, has recently been found to sense 

cccDNA and bind to it leading to inhibition of transcription and HBV replication (Yuanyuan Yang et al. 

2020). Moreover, HBsAg was reported to interact with CD14, a co-receptor of TLR4 in myeloid cells in 

vivo, resulting in their activation (van Montfoort et al. 2016).  

Finally, the molecular recognition of HBV PAMPs by PRR is poorly defined, in particular due to 

suboptimal in vitro models to study HBV replication, and to the “quality” of HBV inoculum used for 

those experiments. For instance, HBcAg synthesized in bacteria and then purified may be 

contaminated with LPS structures, resulting in activation of TLRs and confusing results (Vanlandschoot 

et al. 2007). It also challenged by recent publications showing that HepaRG cell line, primary human 

hepatocytes and model for liver biopsies induce neither activation nor inhibition of antiviral signalling 

(Mutz et al. 2018; Suslov et al. 2018).  

2.2.1.3 Activation of immune cells by HBV  

As seen previously, Hösel and colleagues observed a rapid production of IL-6, TNF-α, IL-8 and IL1-β by 

non-parenchymal cells and particularly KCs. The latter, despite not replicating the virus are able to 

sense HBV resulting in up-regulation of IL-6; this secretion occurs few hours post infection and relies 

on NF-κB activation (Hösel et al. 2009). Besides, pro-inflammatory cytokines produced upon HBV 

recognition produced by KCs, might recruit NK and NKT cells during acute HBV infection in the liver 

(Boltjes et al. 2015). Indeed, NK and NKT cell activation has been described in numerous studies 
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following acute HBV infection. In the woodchuck model, early activation of NK and NKT cells was 

observed after 48 to 72 hours of infection (Guy et al. 2008). In chimpanzees, the clearance of HBV 

infected hepatocytes by adaptive immunity was preceded by an increase of IFN-γ and TNF- α, which 

may be produce by NK cells (L. G. Guidotti et al. 1999). In primary human hepatocytes, murine 

hepatocytes and transgenic mice injected with an adenovirus vector containing HBV, it was shown that 

presence of HBV in hepatocytes induce the association of lipids, mainly lysophospholipids, to the 

endoplasmic reticulum that may lead to the direct activation of NKT cells (Zeissig et al. 2012).  In 

humans, increase in NK cell frequencies is observed before the ALT and HBV DNA reached their peaks. 

Similar kinetics are observed for their cytotoxic activity and IFN-γ production (P. Fisicaro et al. 2009).

Figure 31: Schematic representation of HBV recognition

Despite low production of IFN and pro-inflammatory cytokines upon infection, it has been seen that HBV and its components 

are sensed by different PRRs both in hepatocytes and in macrophages, leading to the recruitment of immune cells. DC: 

Dendritic cells; NK: Natural killer cells; NKT: Natural killer T cells; ISG: IFN-stimulated gene; ISRE: IFN-stimulated response 

elements. 
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2.2.1.4 Control of HBV by cytokines 

Cytokines and interferons, secreted upon HBV recognition, play an important role in limiting acute HBV 

infection in patients, mediating a non-cytolic clearance of the virus. They are able to control HBV 

infection at different steps of the viral cycle (Xia and Protzer 2017).  

IFN-α, IL-6 and IL-1β were shown to inhibit virus entry. Indeed, in vitro expriments showed that IFN-α 

treatment induced the release of soluble factors, able to bind HSPGs, preventing HBV attachment (Xia 

et al. 2017). NTCP expression has been shown to be regulated by IL-6 and IL-1β, preventing virus entry 

(Bouezzedine, Fardel, and Gripon 2015; Le Vee et al. 2008).  

cccDNA is also targeted by cytokines, inducing its degradation and epigenetic or transcriptional control. 

IFN-α has been shown to activate the nuclear deaminase APOBEC3A, resulting in deaminated cccDNA 

further degraded by nucleases (Lucifora et al. 2014). Similarly, in vitro studies showed that type III IFNs, 

and both IFN-γ and TNF-α produced by T cells were also able to reduce cccDNA levels via cccDNA 

deamination (Bockmann et al. 2019; Xia et al. 2016). TGF-β were shown to trigger cccDNA deamination 

and degradation in a activation-induced cytidine deaminase (AID)-dependent manner (Qiao et al. 

2016). IFN-α has been shown to epigenetically control cccDNA, via the hypoacetylation of histones, 

bound on the cccDNA, or recruitment of transcriptional corepressors, such as HDAC (Laura Belloni et 

al. 2012; Tropberger et al. 2015; F. Liu et al. 2013). IL-6 was shown to induce reduction of histone 

acetylation on cccDNA, resulting in a decrease of transcription (Palumbo et al. 2015) and to reduce the 

transcription factors HNF4α and HNF1α, inhibiting even more HBV replication (Hösel et al. 2009). IL-4 

was shown to suppress HBV surface and core promoter activity via the downregulation of CAAT-

enhancer-binding protein α (C/EBPα) (S.-J. Lin et al. 2003). IL-32γ, induced by TNF and IFN-γ in 

hepatocytes was shown to inhibit viral enhancer activities, by down regulation of HNF4α and HNF1α 

(D. H. Kim et al. 2018). Finally, IL-1β was shown to induce the binding NF-κB subunits to cccDNA, 

silencing cccDNA transcription (Isorce et al. 2016).  

Cytokines have been shown to interfere with HBV replication at post-transcriptional level. Indeed, IFNs 

and TNF-α were shown to alter the formation of functional HBV capsids (S. F. Wieland, Guidotti, and 

Chisari 2000; Biermer, Puro, and Schneider 2003). Finally, IFN-α induces numerous ISGs inhibiting HBV 

replication, such as Myxoma resistance protein 1 (MxA), which was shown to interact with HBcAg, 

preventing core particle formation (N. Li et al. 2012) or tetherin protein, which was shown to block 

virus secretion (R. Yan et al. 2015).  
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Despite HBV recognition by innate immune cells and PRRs that leads to a pro-inflammatory response, 

and activation of innate immune cells, it is clear that HBV has developed strategies to evade and 

supress innate immunity. Strategies that will be discussed in the next paragraphs. 

2.3 HBV escape from innate immunity  

2.3.1 Targeting professional immune cells  

2.3.1.1 Modulation of count of innate immune cells 

A strategy used by HBV to circumvent innate immunity is to reduce the number of innate immune cells 

within the infected liver. Some studies demonstrated that the frequency of pDCs is reduced in chronic 

HBV patients as compared to healthy controls, demonstrating that chronicity is linked to pDC reduction 

(Beckebaum et al. 2002; Duan et al. 2004; Shi et al. 2012).  However, number of myeloid BDCA3+ DCs 

was increased in chronic HBV patients, but HBsAg may impair their function via an unknown 

mechanism (van der Aa et al. 2016). HBV is also able to indirectly impair T cell responses. Indeed, a 

significant increase number of monocyte myeloid-derived suppressor cells (mMDSCs) has been shown 

to positively correlate with level of HBsAg, those cells are able to secrete high amount of arginase in 

the liver, which therefore decrease amount of arginine in the liver, the latter being essential for T cell 

physiology and growth (Pallett et al. 2015; Fang et al. 2015).  

2.3.1.2 Modulation of phenotypes and functions of innate immune cells  

Modulation of phenotypes and functions of innate immune cells is probably the main strategy used by 

HBV to escape innate immunity.  

As previously seen, NK cells, present in abundance the liver, are a source of IFN-γ, anti-HBV and 

immune-stimulatory cytokines and may play a role in resolution of acute HBV infection (Maini and 

Peppa 2013). In chronic HBV patients, immune responses of NK cells are altered: including a reduced 

ability to produce IFN-γ and alteration of their cytolytic activity (Oliviero et al. 2009; Y. Yang et al. 2017). 

Inhibition of cytokine secretion by NK cells could be in part due to IL-10 or TGF-β presence in HBV-

infected liver (Peppa et al. 2010). Besides, in chronic HBV patients, hypercytolytic activity of hepatic 

NK cells correlates with liver injury (Zheng Zhang et al. 2011).   

Even if some studies showed that pDCs are not altered during chronic HBV infection (Tavakoli et al. 

2008). On the contrary, others described that functions of pDCs may be impaired in chronic HBV 

infection. An ex vivo study showed a significant reduction IFN-α secretion by pDCs upon TLR9 

agonisation and a reduced ability to activate naïve NK cells (Martinet et al. 2012; Molen et al. 2004)  

Beckebaum et al. 2002 ; DUAN et al. 2004 ; Shi et al. 2012 ; Woltman et al. 2011 ; Vincent et al. 2011). 

Besides, HBsAg could be the main actor of those regulations; in fact, it was shown to inhibit TLR9-

mediated activation and IFN-α production in pDCs (Y. Xu et al. 2009). As seen previously, myeloid 
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BDCA3+ cells were shown to be functionally altered in chronic HBV patients. In addition, myeloid DCs 

of patients showed a decrease ability to produce TNF-α in presence of HBV (Molen et al. 2004). Finally, 

mDCs isolated from chronic HBV patients have altered functions and maturation in presence of HBsAg, 

resulting in a more tolerogenic phenotype (Op den Brouw et al. 2009). 

Besides, in ex vivo experiments using KCs, HBV was shown to block IL-1β production by AIM2 

inflammasome, mechanism driven by HBsAg (Zannetti et al. 2016). Recent study showed that HBV was 

able to inhibit pro-inflammatory cytokines, such as IL-1 and IL-6, and promote anti-inflammatory 

cytokines such as IL-10 via HBsAg- and HBcAg- driven mechanisms (Faure-Dupuy et al. 2019). 

Therefore, chronicity induces a shift of KCs’ phenotype towards an anti-inflammatory profile, secreting 

IL-10, contributing to the persistence of the virus. In hydrodynamically injected mice model, 

stimulation of TLR2 by HBcAg has been described to upregulate IL-10 secretion by KCs, resulting in the 

exhaustion of anti-HBV CD8+ T cells (M. Li et al. 2015).  

Furthermore, TLRs expression may be impaired during chronic HBV infection not only in immune cells 

but also in hepatocytes. Indeed, TLR3 expression was found to be decreased in peripheral blood 

mononuclear cells (PBMCs), in KCs and hepatocytes of chronic HBV patients compared to healthy 

controls (Y.-W. Huang et al. 2013). A reduction of TLR2 expression was also found in hepatocytes, KCs 

and PBMCs of chronic HBeAg-positive patients. HBeAg was found to contribute to this reduction. In 

contrast, in vitro experiments using HBV cDNA plasmids encoding the G1896A precore stop codon 

mutation (abrogating HBeAg production) have no effect on TLR2 expression (Visvanathan et al. 2007). 

TLR9 expression was also found to be impaired in pDCs, correlating with decrease of IFN-α production 

(Xie et al. 2009).   

Finally, HBV is able to counteract the innate immune system by targeting immune cells either by 

modulating their number or their phenotype. Furthermore, HBV proteins are also able to impair 

immune responses by inhibiting downstream signalling pathways, detailed in the next paragraphs.  

2.3.2 Modulation of intracellular innate immune pathways 

2.3.2.1 Modulation of PRR’s downstream signalling pathways 

Activation of PRRs triggers two major signalling pathways, which are highly intertwined: IRF and NF-

κB. Key adaptor molecules control their induction: including MyD88, TRIF, mitochondrial antiviral 

signalling protein (MAVS) and STING. NF-κB activation is induced through a classical and an alternative 

pathway, both leading to the translocation of given subunits (p52/p50/RelA/RelB) to the nucleus, 

modulating different target genes. In the classical pathway, the IKK complex (NEMO/IKKα/IKKβ) is 

activated by TAK1 and phosphorylates IκB, leading to its ubiquitin-mediated degradation and the 

further release of NF-κB subunits. The alternative pathway involves the NIK protein kinase, which 
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activates and phosphorylates IKKα. This leads to the proteolytic cleavage of the p100-NF-κB subunit, 

releasing p52/RelA/RelB subunits, which then translocate into the nucleus. In parallel, TBK1/ IκB 

kinase-ε (IKKε) activation triggers the phosphorylation of IRF3 and IRF7, which as well translocate into 

the nucleus to activate target genes. HBV proteins are able to inhibit those pathways at different levels.  

In HEK293 and HuH7, HBeAg co-localizes with and sequesters TIR-containing proteins, such as Mal and 

TRAM, preventing them from recruiting MyD88 (Lang et al. 2011). MAVS degradation was also 

reported during HBV infection. HBx may either bind MAVS to prevent subsequent RIG-I activation or 

interact with MAVS to promote its degradation through Lys136 ubiquitination, preventing the 

induction of IFN-β in hepatoma cell lines (Kumar et al. 2011; Wei et al. 2010).   

In vitro experiments in hepatoma cells, showed that HSBP was able inhibit TAK1 phosphorylation, 

therefore its activation, preventing production of inflammatory cytokines (Pol et al. 2015).  

In vitro recent study showed that viral polymerase is able to suppress TNF-α, TLR3, and TLR4-induced 

NF-κB signalling by disrupting NEMO/IKKα/IKKβ association with Cdc37/Hsp90, which is essential to 

the IKK signalling (D. Liu et al. 2014). Viral polymerase is able to suppressed IRF signalling by inhibiting 

effector protein kinase of the IRF3/IRF7 signalling, TBK1/ IKKε (H. Wang and Ryu 2010). More 

specifically, viral polymerase inhibited the interaction between IKKε and DDX3, a DEAD box RNA 

helicase known to augment IRF signalling and to inhibit viral reverse transcription in HepG2 cell lines 

(Soulat et al. 2008; H. Wang, Kim, and Ryu 2009).  IRF3 activation by STING and nuclear translocation 

of NF- κB subunits are also inhibited by viral polymerase (D. Liu et al. 2014; Y. Liu et al. 2015).  

In vitro, HBsAg was shown to directly inhibit IRF3 and IRF7 transcription factors, either via degradation 

of IRF7 mRNA or blockade of IRF7 nuclear translocation (Zannetti et al. 2016; Y. Xu et al. 2009). In 

macrophage THP-1 cell line, HBsAg could prevent production of pro-inflammatory cytokines induced 

by TLR4 or TLR2 ligands, such as IL-18 or IL-12 by inhibiting NF-κB pathway (Cheng et al. 2005; S. Wang 

et al. 2013).  

2.3.2.2 Modulation of IFN receptor downstream signalling pathway 

Host infection initiates the synthesis of IFN-I, IFN-α or IFN-β, which can then bind to their receptor both 

in autocrine or paracrine manner. This binding triggers downstream signalling, oligomerization and 

tyrosine phosphorylation of Janus kinase 1 and tyrosine kinase 2, which then phosphorylate a single 

tyrosine residue STAT1 and 2. The phosphorylated STAT ½ form with IRF9 the ISGF3 transcription factor 

complexes, which then translocate into the nucleus to ISRE to upregulate ISGs. 

Exogenous Pegylated or not IFN-α is one of the main treatment for CHB (Niederau et al. 1996). Despite 

severe side effects, it remains ineffective to eradicate the infection. It has been reported that viral 
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polymerase suppressed IFN-induced STAT1/2 nuclear translocation and STAT1 Ser727 phosphorylation 

via its binding to the importin-α5, required for STAT 1/2 recruitment, as well as binding to protein 

kinase C-δ, needed for STAT1 phosphorylation in HBV-infected cells from liver biopsies of CHB patients 

(J. Chen et al. 2013). Moreover, HBcAg and HBSP were able to down regulate IFN-inducible myxovirus 

resistance A (MxA) protein expression, an important antiviral kinase via interaction with the MxA 

promoter in Huh7 cells (Rosmorduc et al. 1999). Role of HBcAg (from incoming virions) as early 

negative regulator of the interferon response was further confirmed in HepaRG cell line and primary 

human hepatocytes (Gruffaz et al. 2013).   

HBx desensitised the expression of IFN-mediated induction of TRIM22 protein (tripartite motif 22), a 

mediator of the IFN-induced antiviral response, through methylation of a single CpG site in the 5’-UTR 

in mouse model, primary human hepatocytes and human liver tissues (K.-H. Lim et al. 2018). Recently, 

a study demonstrated that overexpressing-HBx cell line presented less IFNR on their surface in 

comparison to control cells (Cho et al. 2012).  

To conclude, all these data suggest that HBV could be to develop strategies in order to actively escape 

innate immunity. It uses all its viral proteins to circumvent intracellular signalling pathways, leading to 

an inhibition of interferon response, explaining why HBV was considered as a “stealth” virus for a long 

period. Even if majority of those results were determined in vitro, they are likely to reflect the in vivo 

reality. Escaping immune response, HBV is therefore able to establish and maintain its persistence.  
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Figure 32: Main inhibitor mechanisms used by HBV to escape from immunity

HBV is able to counteract the innate immune system by targeting immune cells either by modulating their number or their 
phenotype. HBV proteins are also able to impair immune responses by inhibiting downstream signalling pathways.
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3. Treatments against chronic hepatitis B virus  

 

3.1 Current available treatments and recommendation 

Despite a huge burden caused by chronic hepatitis B, it is now considered as a treatable and 

preventable disease thanks to adoption of several public health measures, including vaccination and 

the use of effective antiviral drugs. No specific treatment exists against acute hepatitis B.  

3.1.1 Vaccination  

Vaccination remains the most important and effective tool to prevent HBV infection. The first vaccine 

was available in France since 1981, and it was produced by harvesting HBsAg from plasma of chronic 

HBsAg carriers. In 1986, manufacturers used recombinant DNA technology to express HBsAg in HBV 

transfected yeasts, allowing creation of recombinant vaccines and replacing the previous one. 

Currently, they are the only vaccines authorized in France (Zanetti, Van Damme, and Shouval 2008). 

Standard vaccination scheme involves two intramuscular injections, one month apart, and a last 

booster shot six to twelve months later. Anti-HBs titer superior to 10 IU/l is considered as protective; 

however, a post-vaccination tier inferior to 10 IU/l is seen as an absence of response. Generally, a titer 

superior to 10 UI/l is measured 4 to 8 weeks after the last injection in more than 90% of vaccinated 

people. Despite the decrease of antibody titer with time, available data suggest that protection 

remains efficient until 30 years post vaccination (Launay and Floret 2015). WHO recommends an 

administration of the first dose in the 24 hours post birth, to reduce the risk of mother to child 

transmission. In 2019, less than 1% of chronic carrier were children under 5 years old, against 5% 

before the pre-vaccination era (WHO data 2020). Since 2018, in France, vaccination against HBV is 

compulsory for all new-borns and is recommended for children under fifteen.   

Impact of vaccination of HBV epidemiology has been well documented in countries that adopted 

immunization programs. In Taiwan, the seroprevalence of HBsAg declined from 9.8% (before 

vaccination) to 0.6% in children after 20 years of vaccination program. This decrease is in line with 

decrease of HCC in children (Ni and Chen 2010). For that matter, vaccination is part of recommendation 

to prevent HCC in Asia Pacific region.   

Despite efficiency of immunization, 10% of vaccinated infants born from an HBeAg-positive HBsAg 

carrier mother still develop chronic infection (Locarnini et al. 2015). The decrease of viral load is 

absolutely needed to avoid this perinatal transmission. In July 2020, WHO published new guidelines 

recommending that pregnant women presenting a viral load superior to 200 000 UI/ml receive a 

prophylactic antiviral drug that target HBV replication, more precisely tenofovir. This will more detailed 

in part 3.1.3 (WHO data 2020).   
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3.1.2 IFN-α therapy

The use of IFN-α for treating HBV started back to 1976. Patients with chronic HBV infection, presenting 

high levels of viral markers, were long-term treated with human leukocyte interferon, resulting in a fall 

of HBsAg and a decrease of HBeAg in most of patients (Greenberg et al. 1976). Following this, an 

injection protocol of three doses of IFN-α was adopted to reduce HBV replication (A. S. Lok et al. 1984). 

At the beginning of 2000s, standard IFN-α was replaced by Pegylated IFN-α (Peg-IFN-α), which not only 

improved the pharmacokinetics, half-life of IFN-α and results in a greater loss of HBeAg, but also 

relieved the protocol to once subcutaneous injection of 180 g per week during 48 weeks (Liaw et al. 

2011). Two formulations of Peg-IFN-α exist, Peg-IFN-α-2a (Pegasys Roche) and α-2b (Pegintron

Merck) are currently available (L. S. Y. Tang et al. 2018).  Peg-IFN-α treatment is recommended as an 

initial treatment for patients with mild to moderate HBeAg-positive or –negative CHB and for some 

patients with compensated cirrhosis. Virological and serological responses are defined as such: serum 

HBV DNA level inferior to 2000IU/ml at the end of treatment and 12 months after the end of treatment, 

HBeAg loss with development of anti-HBe (in HBeAg-positive patients), HBsAg loss with development 

of anti-HBs (in all patients). Besides, it needs to be associated with a normalisation of ALT (around 

40IU/L) and a decrease of necro-inflammation. The results of main studies for peg-IFN-α treatment are 

presented in Table 3:

Table 3 : Results of responses of HBeAg positive- and negative patients 6 months after 48 or 52 weeks of treatment by Peg-
IFN-α

HBeAg-positive or negative were treated for 48 to 52 weeks with 180μg of Peg-IFN-α per week. Anti-HBeAg were quantified, 

as well as the levels of HBV DNA, ALT (alanine aminotransferase) and HBsAg. From  (Lampertico 2017). 

Even if the exact mechanism of IFN-α on hepatitis remains unclear, several mechanisms have been 

proposed, among others: 

Induction of diverse Interferon-stimulated genes (ISGs) coding for proteins with direct or 

indirect antiviral properties. For instance, TRIM22 was shown to inhibit the activity of core 

HBeAg-positive patients HBeAg-negative patients

Dose 180μg 180μg

Anti-HBeAg 
seroconversion

32% Not applicable

HBV DNA <60-80 IU/ml 14% 19%

ALT normalisation 41% 59%

HBsAg loss 3% 7%
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promoter in vitro and IFIT 1 and 2 (IFN-induced proteins with tetratricopeptide repeats 1 and 

2), which are able to inhibit HBV replication at both transcriptional and posttranscriptional 

levels (Pei et al. 2014; Gao et al. 2009).  

 In cell culture and in humanized mice, IFN-α treatment showed to induce hypo-acetylation of 

histones present on the cccDNA, resulting in a repression of transcription and a decrease of 

viral RNAs (Laura Belloni et al. 2012).  

 In vitro, IFN-α was shown to increase APOBEC3G, which was found to inhibit HBV replication 

by inducing G to A hypermutation in HBV viral DNA (F. Xu 2016). 

 In HBV-infected hepatocytes, IFN-α was shown to degrade cccDNA via activation of APOBEC3A 

cytidine deaminases (Lucifora et al. 2014) 

 In hepatoma cell lines, IFN-α suppresses enhancer I and II activity (Nakao et al. 1999; Nawa et 

al. 2012 ; Tur-Kaspa et al. 1990). 

 In immortalized mouse hepatocytes, IFN-α induces the destabilization of viral nucleocapsid (C. 

Xu et al. 2010) 

 In vitro and in vivo experiments showed that IFN-α induces MxA, which can inhibit the nuclear 

export of viral RNAs (Peltekian et al. 2005 ; Gordien et al. 2001) 

 IFN-α induces the expression of ISG20 (Interferon-stimulated gene 20), which selectively 

degrades pgRNA via recognition of m6A in the lower stem loop (Imam et al. 2018) 

 In HBeAg-negative patients, IFN-α has been shown to boost proliferation, activation and 

antiviral potential of NK cells (Micco et al. 2013).  

However, IFN-based therapy is often complicated by side effects, such as headache, flu-like syndrome, 

myalgia, fatigue, thyroid dysfunction, anorexia and even neuropsychiatric symptoms. To circumvent 

those issues, nucleos(t)ide analogues therapy, generally well tolerated, can be considered (Rijckborst 

and Janssen 2010).  

3.1.3 Nucleos(t)ide analogues (NA) 

3.1.3.1 Long life therapy 

Nucleos(t)ide analogues (NA) are direct-acting antiviral (DAA) that specifically target viral replication. 

They are inhibitors of the viral polymerase, blocking the reverse transcription step, via the competitive 

interaction with natural substrates of the polymerase. Once integrated, they induce termination of the 

nascent DNA chain. They now constitute the most common treatment for CHB and is recommended 

by all guidelines.  

Currently approved NAs for HBV treatment (van Bömmel and Berg 2014;  Lampertico 2017;  Buti, 

Riveiro-Barciela, and Esteban 2017).  



Thesis Manon Desmares                                                                                                                     Background

110

Lamivudine (LAM): a levogyre enantiomer of 2’-3’ dideoxy-3’-thiacytidine, approved in 1999 

with a daily dose of 100mg. 

Adefovir dipivoxil (ADV): an oral prodrug of adefovir, which is an acyclic nucleotide adenosine 

analogue, active in its diphosphate form. Approved in 2002 in US and in 2003 in Europe for 

HBV treatment with a daily dose of 10mg.

Telbivudine (TBV): a thymidine analogue, approved in 2006 for HBV treatment with a daily 

dose of 600mg. 

Entecavir (ETV): a cyclopentyl guanosine analogue, licensed in 2006 for HBV treatment with a 

daily dose of 0.5 mg.

Tenofovir disoproxil fumarate (TDF): an ester prodrug form of tenofovir, (R)-9-(2-

phosphonylmethoxypropyl), which is an acyclic phosphonate, approved in 2012 for HBV 

treatment with a daily dose of 245mg. 

Tenofovir alafenamide fumarate (TAF): is a phosphonamide prodrug of tenofovir, approved 

in 2016 for HBV treatment with a daily dose of 25mg. 

Figure 33: Chemical structures of NAs

They can be classified into those with low barrier (LAM, ADV, and TFV) and high barrier (ETV, TDF and 

TAF) against HBV resistance. This latter group is preferentially used as a first line of treatment in 

monotherapy, leading to undetectable viral load (< 10IU/ml) in majority of patients and present a safer 

profile. The results of main studies for NA treatment are presented in Table 4:

Lamivudine (LAM) Entecavir (ETV)

Adefovir dipivoxil (ADV) Telbivudine (TBV) Tenofovir disoproxil fumarate (TDF)

Tenofovir alafenamide fumarate (TAF)
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Table 4 : Results of responses of HBeAg positive- and negative patients 6 months after 48 or 52 weeks of treatment with 
NAs

HBeAg-positive or negative were treated for 48 to 52 weeks with indicated dose of NAs per day. Anti-HBeAg were quantified, 

as well as the levels of HBV DNA, ALT (alanine aminotransferase) and HBsAg. LAM: Lamivudine; TBV: Telbivudine; ETV: 

Entecavir; ADV: Adefovir dipivoxil; TDF: Tenofovir disoproxil fumarate; TAF: Tenofovir alafenamide fumarate; n.a: not 

applicable. From (Lampertico 2017).

In addition to his direct antiviral effect, NA therapy may have immune-modulatory effect on innate 

immunity via the recovery of the function of myeloid dendritic cells in ADV-treated patients or an 

improvement of IFN-γ production by NK cells in ETV-treated patients. They also may increase 

frequency and function of the adaptive immune cells including CD4+ and CD8+ T cells, and decrease 

Treg cells frequency, characterized for their immunosuppressive activity. Finally, TFV and ADV were 

shown to increase the production of diverse cytokines including TNF-α, IL-6 or IL-10 and to modulation 

TLR-mediated response in human monocytes (Rehermann and Bertoletti 2015).

Their good tolerance, absence of side effects in general, and the oral administration present an 

important advantage compared to IFN-α treatment. However, most patients require long-life therapy 

because of the frequent relapse or HBV reactivation after cessation of treatment. Even if this long life 

therapy is effective and safe, a significant proportion of patients want to discontinue it for diverse 

reasons. In order to stop therapy, guidelines have been established that we will detail in the next 

paragraph (Chong and Lim 2017). 

3.1.3.2 Stopping rules 

Long-term monotherapy using ETV and TDF have been shown to stop the liver disease and is associated 

with a reduction of necroinflammation, fibrosis and cirrhosis. However, risk of development of HCC 

remains unclear. Even if a meta-analysis showed that antiviral therapy reduces death, HCC and hepatic 

decompensation in observational studies, randomized controlled trials demonstrated that death and 

LAM TBV ETV ADV TDF TAF LAM TBV ETV ADV TDF TAF 

Dose
(mg)

100 600 0.5 10 245 25 100 600 0.5 10 245 25

HBeAg 
seroconversion

16-
18%

22% 21%
12-
18%

21% 10% n.a
n.a n.a n.a n.a n.a

HBV DNA 
<60-80 IU/ml

36-
44%

60% 67%
13-
21%

76% 64%
72-
73%

88% 90%
51-
63%

93% 94%

ALT 
normalisation

41-
72%

77% 68%
48-
54%

68% 72%
71-
79%

74% 78%
72-
77%

76% 83%

HBsAg loss 0-1%
0.5
%

2% 0% 3% 1% 0% 0% 0% 0% 0% 0%

HBeAg-positive patients HBeAg-negative patients
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HCC were not improved (A. S. F. Lok et al. 2016). The goals of CHB therapy in international guidelines 

are improvement of survival and reduction of complications due to CHB, suggesting that stopping 

therapy could be an option.  

Different studies have been realized to analyse the different patterns of relapse after arrest of NA 

therapy in HBeAg-negative patients.  

HBeAg-positive patients who completed 6 or 12 months of consolidation therapy and who achieved 

HBeAg seroconversion and have no longer detectable HBV DNA. Approximately 90% of those patients 

will maintained HBeAg seroconversion and 50% of them will undergo an HBV DNA remission (<2000-

20,000 IU/ml) after three years of treatment cessation. Treatment for more than 2 years, in those 

patients, was associated with less relapses. This suggests that duration of viral suppression might 

predict time of relapse (Lampertico 2017). 

Another study enrolled 130 HBeAg-negative patients with undetectable HBV DNA for at least 24 

months; respectively 35%, 50%, and 55% of them undergo relapses after 6, 12 and 24 months, defined 

as HBV DNA> 2000 IU/ml and ALT upper limit of normal. Patients were then retreated, before arresting 

treatment again; cumulative retreatment rates were 15%, 22%, and 40% at 6, 12 and 24 months, 

respectively. Even if no marker predicted virologic relapses, patients treated with TDF were more 

subject to relapse compared to those treated with ETV (Papatheodoridis et al. 2018). Jeng and 

colleagues analysed the incidence of HBsAg seroclearance after cessation of NA therapy in a large 

cohort of 691 HBeAg-negative patients (44.6% with cirrhosis). 3 years post treatment arrest, 79% and 

61% of cumulative virologic and clinical relapse were observed, respectively. After 6 years, 42 patients 

presented HBsAg seroclearance. Interestingly, HBsAg levels at the end of treatment predicted HBsAg 

loss: HBsAg levels at the end of treatment <100 IU/ml leads to a decrease of HBsAg in 30% patients, 

while HBsAg >100IU/ml did not induce decrease of HBsAg (Jeng et al. 2018).  

NA treatment generally leads to highly variable virologic relapses, and it is not currently possible to 

predict which patients will undergo significant relapse. Even if a low HBsAg levels might be a strong 

predictor of absence of relapse, it is not obvious. Indeed, Jeng et al studies also observed that patients 

with clinical relapses remaining untreated had higher HBsAg clearance compared to those who were 

retreated (Jeng et al. 2018). Many questions have to be studied to reduce drawbacks associated with 

relapses after NA therapy: better definition of patients that can benefit from treatment arrest, the 

need of retreatment and in this case, when to start the retreatment and potential hepatitis flares 

(Lampertico and Berg 2018). 
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Figure 34: Illustration of different outcomes in HBeAg-negative patients after NA therapy arrest 

Four phases are generally observed after NA therapy cessation: a lag phase in which HBV DNA is suppressed for several weeks 

or months, this duration depends on the viral suppression under NA and the NA used; a reactivation phase in which most of 

patients present HBV rebound followed by an increase in ALT; a consolidation phase which may be predictive for long-term 

outcomes; in this last phase, some patients can be divided into four subgroups, those who will require immediate re-

treatment, those in an intermediate state who need a strong monitoring to decide whether retreatment is needed and when, 

patients who achieved a sustained virologic response with more or less decline in HBsAg levels and finally those who present 

a long lasting decrease of HBsAg levels. Adapted from (Lampertico and Berg 2018). 

 

  

Time

NA therapy
> 3years

Lag phase
<1 month – 12months

Reactivation
~ 3 months

Consolidation
~ 12 months

Long-term outcome

Chronic hepatitis requiring

re-treatments

(around 40%)

Indeterminate state not 

fulfilling immediate re-

treatment (around 10-20%)

Sustained virologic response

+/- HBsAg decline

(around 20-30%)

HbsAg loss

(around 20% after 2/3 years)

HBV

ALT
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3.1.3.3 Combination of NA + Peg-IFN-α 

As strong exposure to IFN-α was associated with NK/NKT-mediated increased killing of HBV-specific T-

cells in CHB patients, and the use of NA therapies associated to restoration of T-cell functions, there 

was a rational for combining both (Micco et al. 2013; Carolina Boni et al. 2012). Peg-IFNα and NAs have 

different mechanisms of action; combination of both therapies could be an interesting approach to 

synergize their effects in order to improve rates of cure. Numerous studies have been realized using 

either simultaneous, sequentially or add on administration of these therapies. 

 Combinations (simultaneous therapies): Administration of both LAM and Peg-IFN-α-2a, in 

HBeAg-negative patients, failed to demonstrate stronger antiviral effects during the course of 

treatment, and in post-therapy, compared to Peg-IFN-α-2a alone (Marcellin et al. 2004). 

Similarly, combination of LAM and Peg-IFN-α2a or combination of LAM and Peg-IFN-α2b in 

HBeAg-positive patients did not improve response rates compared to Peg-IFN-α monotherapy 

(G. K. K. Lau et al. 2005; Janssen et al. 2005). Similarly another study involving ADV and Peg-

IFN-α2b combination failed to show superiority in virological and biochemical response rates 

compared to Peg-IFN-α monotherapy (Piccolo et al. 2009). However, in HBeAg-positive 

patients, combination of Peg-IFN-α2b and ADV for 52 weeks resulted in a higher virological 

response at the end of treatment, but without significant impact on the rate of HBeAg 

seroconversion compared to Peg-IFN-α2b monotherapy (Y.-H. Liu et al. 2014).To improve 

response rates from combination, a longer treatment duration was suggested; a study showed 

that HBeAg-positive patients treated with 96 weeks of Peg-IFN-α2a with either LAM or ADV, 

induced high rates of HBeAg and HBsAg seroconversion of 72.3% and 27.7%, respectively. 

However, in this study no comparison with Peg-IFN-α2a monotherapy was realized (Cao et al. 

2013).  

Combination with ETV, which has more potent antiviral effects than LAM, have also been 

studied in combination with Peg-IFN-α. In a small sample of 17 CHB patients with genotype C, 

ETV and Peg-IFN-α2b administration induced HBeAg seroconversion in 36% and 73% of HBeAg-

positive cases at the end of treatment and at 24 weeks after the administration, respectively 

(Hagiwara et al. 2013). Another study using combination of ETV and Peg-IFN-α2b for 48 weeks, 

showed that combination therapy led to greater on-treatment HBV DNA suppression but did 

not improve virological response and HBsAg loss over monotherapy (Tangkijvanich et al. 2016). 

TBV in combination with Peg-IFN-α induced a rapid reduction in HBV DNA levels, but it was 

associated with an increased risk of peripheral neuropathy. Consequently, this combination 

should not be used (Marcellin et al. 2015).  
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Combination of TDF and Peg-IFN-α2a showed promising results as patients receiving the 

combination for 48 weeks presented higher rate of HBsAg loss at week 72 compared to 

patients who received Peg-IFN-α2a for 48 weeks (Marcellin et al. 2016). 

 

 Add-on therapies: HBeAg-positive patients who received Peg-IFN-α during 24 weeks, after an 

initial treatment of 24 weeks with ETV presented higher HBeAg loss compared to ETV 

monotherapy; it also resulted in more viral decline and prevented relapse after ETV arrest 

(Brouwer et al. 2015). However, another study showed that neither ETV add-on nor ETV 

pretreatment to Peg-IFN-α-2a demonstrated superiority compared with 48 weeks of Peg-IFN-

α monotherapy (Xie et al. 2014).  

 

 Sequential therapies: Administration of NAs followed by Peg-IFN-α have largely been studied, 

sometimes leading to antagonistic results: a small sample of patients treated with LAM for 20 

weeks, followed by 4 weeks of LAM and Peg-IFN-α combination and an additional 24 weeks of 

Peg-IFN-α presented HBeAg seroconversion in 45% of cases and negative HBV-DNA in 57% 

(Serfaty et al. 2001). Another study realized in HBeAg-negative patients, using a different 

protocol based on LAM monotherapy for 6 months, followed by 6 months of combination of 

LAM with Peg-IFN-α and 12 months of Peg-IFN-α monotherapy reported no significant 

differences between sequential therapy and Peg-IFN-α-alone control group (Manesis, 

Papatheodoridis, and Hadziyannis 2006). Besides, another study showed that treatment with 

LAM alone for 16-32 weeks, then with both IFN-β and LAM for 4 weeks and finally with IFN-β 

alone for 20 weeks induced virological effects in 29% of HBeAg-positive patients; same 

protocol, using ETV and IFN-α instead, demonstrated no higher response rates (Enomoto et al. 

2015; Enomoto et al. 2013). Moreover, HBeAg-negative patients treated with 24 weeks TBV 

followed by 24 weeks of Peg-IFN-α presented higher virological response rates at week 72 

compared to patients treated first by Peg-IFN-α and then TBV (Piccolo et al. 2012).  

 Furthermore, the use of Peg-IFN-α after long-term therapy with NAs has been assessed. 

HBeAg-positive patients, with prior ETV therapy for at least 2 years, were treated with 

combination ETV and Peg-IFN-α2a for 48 weeks, and remained on ETV therapy after 48 weeks. 

At week 96, it resulted that patients treated with the combination presented greater HBeAg 

seroconversion than patients who continued ETV monotherapy (G.-J. Li et al. 2015). Similarly, 

patients long-term-treated with ETV who switched to Peg-IFN-α2a for 48 weeks achieved 

higher HBeAg seroconversion at week 48 than those who continued ETV therapy, with 14.9% 

and 6.1%, respectively (Q. Ning et al. 2014).  



Thesis Manon Desmares                                                                                                                     Background 

116 
 

In majority of the studies, the combination of Peg-IFN-α2a and NAs did not improve response rates 

compared to Peg-IFN-α2a monotherapy. Furthermore, it must be highlighted that in some of those 

studies Peg-IFN-α treatment alone is not usually used in comparison, raising the question whether it 

could have achieved better responses or not.  

Despite those promising results obtained with combination of TDF and Peg-IFN-α, rates of HBsAg loss 

remains under 10%, and further research are needed to identify the optimal combination or sequential 

therapy and which patients are more likely to respond (Woo, Kwok, and Ahmed 2017). Some recent 

combination studies are sum up in Table 5.  
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Table 5 : Some recent combination studies using Peg-IFN-α and NAs 

Doses used in the studies: Peg-IFN- α: 180mg/weeks; ADF: 10mg/day; ETV 0.5 mg/day; TBV: 600mg/day; TDF: 300mg/day. 
Adapted from Arends et al. 2017

Strategy

used

Patients 

status

HBV 

genotype

Treatment regimen

used

Duration

weeks

HBeAg 

seroconversion %

HBsAg 

servoconversion

%

HBV DNA 

suppression

%

Add-on
HBeAg 

positive
A,B,C,D

1)ETV for 48 weeks
+ Peg-IFNα in 
weeks 24-48 

2)ETV for 48 weeks

96
1) 26
2) 13

1) 1
2) 0

1) 77
2) 72

<202 IU/ml)

Add-on
HBeAg 

positive
unknown

1) Peg-IFNα for 
48 weeks

2) Peg-IFNα for 
48 weeks + 

ETV in weeks
13-36

3) ETV for 24 
weeks + Peg-
IFNα in weeks

21-68 

72-92
1) 31
2) 25
3) 26

1) 1.4
2) 4.1
3) 1.4

1) 40.3
2) 21.5
3) 37

< 103 copies/ml

Sequential

HBeAg 
positive 
treated

with ETV 
for 9-36 
months

unknown

1) Peg-IFNα for 
48 weeks

2) ETV for 48 
weeks

48
1) 14.8
2) 6.1

1) 4.3
2) 0

1) 72
2) 97.8

< 103 copies/ml

Sequential HBeAg 
negative

D

1) Peg-IFNα for 24 
weeks +TBV in 
weeks 25-48

2) TBV for 24 weeks
+ Peg-IFNα in 
weeks 25-48

72 -
1) 0
2) 0

1) 13.3
2) 46.7

<203 IU/ml 

Simultaneous
HBeAg 

positive
Unknown

1) Peg-IFNα + 
ADV for 52 

weeks
2) Peg-IFNα for 

52 weeks

52
1) 36.7
2) 25.8

1)3.3
2) 0

1) 76.7
2) 29.0

undetectable

Simultaneous
HBeAg 

negative
B,C

1) Peg-IFNα + 
ETV for 48 

weeks
2) Peg-IFNα for 

48 weeks

96 -
1) 3.2
2) 7.9

1) 38.1
2) 41.3

<203 IU/ml 

Simultaneous
HBeAg 

positive
A,B,C,D

1) Peg-IFNα + TBV 
for 24 weeks

2) TBV for 24 weeks
3) Peg-IFNα for 24 

weeks

24
1) 8
2) 4

3) 12

1) 0
2) 0
3) 0

1) 71
2) 35
3) 7

<302 copies/ml 

Simultaneous

HBeAg 
positive

or 
negative

A,B,C,D,E,
H

1) Peg-IFNα + 
TDF for 48 

weeks
2) Peg-IFNα for 

16 weeks + 
TDF for 48 

weeks
3) TDF for 120 

weeks
4) Peg-IFNα for

48 weeks

72

1) 25
2) 23.8
3) 12.8
4) 24.5

1) 8.1
2) 0.6
3) 0

4) 2.9

1) 9.1
2) 6.5

3) 71.9
4) 9.2 

Brouwer et al., 2015

Xie et al., 2014

Ning et al., 2014

Piccolo et al., 2013 

Liu et al., 2014

Tangkijvanich et al., 

Marcellin et al., 2016 

Marcellin et al., 2015 
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3.2 Urgent needs for improvements 

3.2.1 Clinical outcomes of current treatments vs. “Functional cure” 

As previously seen, current treatments are based on two classes of therapeutic agents Peg-IFN-α and 

NAs.  Therapy based on Peg-IFN-α administration induces immune-regulatory effects and a viral 

suppression is observed in approximately 25% of patients. It has a finite duration of therapy and HBeAg 

decrease and anti-HBs seroconversion is more important than in NAs-treated patients. However, it is 

associated with severe side effects that limits its use (Arends et al. 2017). Stronger viral suppression is 

obtained in the majority of patients with NA therapies and in particular, drugs with high antiviral 

potency and barrier to resistance, ETV and TDV, which possess a safer profile and are well tolerated. 

However, in some endemic areas, due to high costs of those drugs, drugs with low barrier to resistance 

are still used and it remains an issue as patients develop resistant strains. In addition, long-term 

administration of those drugs induce healthcare management issues in those countries. Both therapies 

are associated with a reduced risk of HCC (Durantel and Zoulim 2016). 

Even if the goal of HBV therapies is to eliminate HBV with no virological relapse and no risk of liver 

disease progression (development of cirrhosis, hepatic decompensation, HCC), a complete cure may 

not be feasible due to HBV DNA integrated into the host genome and the presence of the 

“minichromosome”, the cccDNA.  

A “functional cure” was therefore defined by the American Association for the Study of Liver Diseases 

and the European Association for the Study of the Liver in 2016. It is based on the loss of HBsAg in the 

blood with or without anti-HBs seroconversion, and undetectable HBV DNA 6 months after completing 

treatment (Anna S. Lok et al. 2017). Indeed, HBsAg seroclearance is not only seen as a surrogate for 

immune control and a durable suppression of HBV replication, but it is associated with improved 

clinical outcomes in CHB patients, despite HBV DNA presence in the liver.  Several studies 

demonstrated high durability of HBsAg seroclearance several years post-loss of HBsAg, and an increase 

of anti-HBs, which is not essential to maintain HBsAg loss (Figure 35) (Yip 2020).  

Peg-IFN-α and NA therapies induce an HBsAg loss in less than 10% of patients (Durantel and Zoulim 

2016). This weak result in term of HBsAg leaves room for improvement, and open the path to new 

therapies.  
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Figure 35 : HBsAg seroclearance durability and rate of anti-HBs seroconversion after HBsAg loss  

Summary on durability of HBsAg seroclearance and rate of anti-HBs seroconversion from different studies, several years post 

HBsAg loss. Adapted from (Yip 2020) 

3.2.2 However, can we do better? 

It is clear that novel antiviral treatments, with a finite duration and that prevent liver complications, 

are absolutely needed to increase the rate of functional cure of the infection. Functional cure does not 

imply loss of HBV DNA and more precisely the HBV cccDNA reservoir, responsible of the persistence of 

the virus. However, can we do even better than a functional cure?  

Many scientists tried to draw a parallel with the spontaneous recovery from acute infection. Acute 

infection induces elimination of infected hepatocytes by HBV-specific T cell response and by non-

cytopathic mechanisms; the further infection of new cells is prevented by anti-HBs. This is infrequently 

observed with current treatments in CHB patients. Consequently, they thought that the ideal curative 

treatment is to induce resolution to that is observed in acute-infected patients, and it highlights the 

need to totally eradicate HBV DNA (Revill et al. 2019). Consequently, a more complete cure is 

envisaged by the scientific community, either by shutdown of cccDNA transcription or its complete 

elimination.  Since several years, huge improvements in the understanding of the viral life cycle, 

including the recent discovery of NTCP receptor for the viral entry or enzymes involved in the cccDNA 

formation, but also mechanisms involved in cccDNA degradation and in HBV-specific T cell exhaustion 

could be crucial for achieving this complete cure (Durantel and Zoulim 2016).  
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Number drugs are being evaluated in preclinical models or in clinical development. Drugs that include 

inhibitor of viral entry, drugs that directly or indirectly target cccDNA or viral RNAs, capsid assembly 

destabilisers or agents affecting the viral proteome. We will now see the treatment options that are 

currently in development.  

3.3 Drugs and strategies in R&D 

3.3.1 Direct-Acting Antivirals 

3.3.1.1 Entry inhibitors 

3.3.1.1.1 Antibodies 

HBV immunoglobulins (HBIG) are the only clinically approved entry inhibitor for HBV made from a 

mixture of S protein-directed antibodies obtained from the plasma of vaccinated individuals or from 

patients who have resolved the infection, which prevent its interaction with NTCP receptor. They were 

used first used for the treatment of infected patients after liver transplantation, which decrease 

reinfection rate and improve patient survival (Lempp and Urban 2014). Their use is mainly 

recommended either in prophylaxis for people who are exposed to the virus, in particular to new-

borns from HBeAg-positive and HBsAg positive women to prevent vertical transmission, but also in 

combination with HBV vaccination (Tu and Urban 2018).  

3.3.1.1.2 Attachment inhibitors 

Entry of HBV needs the attachment of the virion to HSPGs on the surface of hepatocytes. Both L and 

antigenic loop of S region mediate this attachment. Heparin, a soluble highly sulphated 

glycosaminoglycan, and clinically used as an anticoagulant, was shown to inhibit HBV infection in vitro, 

surely due to its binding to HBV surface proteins. Similarly, suramin, a sulphated naphthylamine 

derivative of urea, approved for treatment of human trypanosomiasis, were used for treatment of 

HBV-infected patients in a clinical study, but it was withdrawn due to toxicity and lack of efficiency 

(Lempp and Urban 2014). However, this interaction still represents an ideal target and some studies 

are currently investigating new treatment approach. For instance nucleic acid polymers, which possess 

chemical similarity to heparin sulfate, were shown to efficiently inhibit virus entry in vitro probably 

through a binding-competition mechanism and preS1 binding peptides, such as 4B10, which greatly 

inhibit virus attachment in hepatic cell (Guillot et al. 2017; Ye et al. 2016). 

3.3.1.1.3 NTCP inhibitors 

As previously seen, HBV enters hepatocyte through the recently discovered NTCP receptor, a bile acid  

transporter, via the interaction of the PreS1 region of the envelope with the amino acids 157 to 165 of 

the receptor. This discovery renders this receptor particularly interesting as a target for new antiviral 
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therapy, in particular to prevent the establishment of infection in naïve hepatocytes.  Two classes of 

NTCP inhibitors exist either substrate or allosteric inhibitors.  

 Substrate inhibitors: screening approach of already approved drugs resulted in identification 

of five drugs rosiglitazone, zafirlukast, TRIAC, sulfasalazine and Chicago skyblue 6B were found 

to inhibition HBV infection in vitro (Donkers et al. 2017) 

 Allosteric inhibitors: they irreversibly inactivate NTCP through binding to allosteric sites. 

Cyclosporin A (CsA), an already approved drug for suppression of the immunological failure of 

xenograft tissues, was shown to blockade virus infection via NTCP targeting in vitro (Watashi 

et al. 2014). However, this compound also block NTCP transport of bile acids into hepatocytes, 

which may cause severe side effects. To circumvent this, several CsA derivatives have been 

synthesized, among the eleven compounds, two of them called SCY450 and SCY995 were able 

to inhibit HBV with no effect on NTCP-mediate bile transport (Shimura et al. 2017).   

Bulevirtide (formerly known as Myrcludex-B) is a myristoylated lipopeptide whose sequence 

corresponds to the N-terminal amino acids (2-48) of L-HBsAg that specifically targets NTCP 

receptor. Low dose of bulevirtide is efficient to block de novo HBV infection both in vitro and 

in vivo by competing with viral Pres1 motif to bind with NTCP (Volz 2013). A phase 1b/2a 

clinical trial, performed on 40 HBeAg-negative patients, showed a general decline of HBV DNA 

and ALT normalization but no patients achieved HBsAg loss after subcutaneous injection of 

bulevirtide (Bogomolov et al. 2016). It has recently been approved in the European Union for 

treatment of chronic hepatitis delta in HDV-RNA positive patients with compensated liver 

disease (Kang and Syed 2020). HDV is a satellite virus of HBV that depends on HBsAg in the 

same cell to complete its life cycle (Mentha et al. 2019). Most of the eight clinical trials, 

performed so far, with five completed and three on-going, were realized with HBV/HDV 

coinfected patients. Bulevirtide used in combination with Peg-IFNα, resulted in HBsAg loss in 

around 30% of coinfected patients at 48 weeks off therapy (Wedemeyer et al. 2019); similarly 

myrcludex B was used in combination with TDF, and resulted in undetectable HDV RNA and a 

weaker decrease of HBsAg (NCT035546621). However, under bulevirtide treatment, total 

plasma bile salts may increase due to altered NTCP function as a bile salts transporter. To 

circumvent this, recent in vitro studies using derivatives of the pentacyclic lupine-type 

triterpenoid betulin showed selective inhibition of the HBV/HDV virus receptor function of 

NTCP without interfering with its transporter function (Kirstgen et al. 2020).  

Finally, even if those most of the studies were performed in HBV/HDV coinfected patients, an 

efficient synergistic effect is expected when entry inhibitors are used in combination with 

other antivirals in CHB patients.  
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3.3.1.2  Core Protein Allosteric Modulators (CpAMs) 

HBcAg plays a crucial role in both pgRNA packaging and reverse transcription but it has been described 

to have numerous effects on viral or host gene transcription. Indeed, HBcAg was shown to bind the 

cccDNA in order to maintain it in an epigenetic permissive state and has the ability to bind to human 

gene promoters disrupting normal gene expression of a subset of cellular genes involved in innate 

immunity or inflammation (Y.-H. Guo et al. 2011 ; Y. Guo et al. 2012; Levrero and Zucman-Rossi 2016). 

Moreover, recently our team has also shown that HBcAg had other nuclear regulatory functions, 

including regulation of RNA biogenesis, after studying its nuclear interactome (Chabrolles et al. 2020). 

These numerous functions render HBcAg as a privileged target to fight chronic establishment of HBV. 

Core allosteric modulators (CpAMs) are drugs that lead to the formation of aberrant or empty capsids 

depending on the chemical structure of CpAMs. There are two class of CpAMs: class I CpAMs, which 

are heteroaryldihyropyridines (HAP), form aberrant capsid and class II CpAMs, which are 

phenylpropenamides (PPA) form capsid lacking viral pgRNA and HBV polymerase (Z. Yan et al. 2019). 

Different molecules have been tested or are currently in clinical trials for instance (non-exhaustive list):  

 NVR 3-778: the first CpAM that demonstrated antiviral activity in a phase I study of HBeAg-

positive patients without cirrhosis, antiviral activity that was greater in combination with Peg-

IFNα (M. F. Yuen et al. 2019). 

 JNJ-6379 (or JNJ-56136379): a class II CpAM that showed potent antiviral activity in patients 

with CHB in a phase I study. In cultured hepatocytes, it has been shown to inhibit de novo 

cccDNA formation during new infection and to prevent cccDNA formation. A phase II study is 

ongoing to evaluate JNJ-6379 in combination with NAs (Zoulim et al. 2020). 

 RO7049389: a class I CpAM induced a significant decrease of viral DNA in a phase I study (E. 

Gane et al. 2018). 

 ABI-H0731 (or vebicorvir): a class II CpAM that showed a suppression of HBV DNA in 100% of 

HBeAg-negative patients after 48 weeks of treatment in combination with ETV, TDF or TAF. A 

phase III is currently ongoing (Assembly Biosciences 2021).   

 GLS4: a novel inhibitor of HBV capsid that is currently in phase II (N. Zhao et al. 2019).  

Even if HBV DNA is particularly impacted by CpAMs, further long-term studies are important to 

determine if CpAMs are able to eradicate HBsAg, HBeAg or cccDNA.  

3.3.1.3 RNA interference  

RNA interference is a specific and efficient method to induce post-transcriptional gene silencing. To 

summarize, the process is initiated by ribonuclease protein Dicer that cleaves endogenous or 

exogenous double-stranded RNAs in short fragments, called small interfering RNAs (siRNAs) in the 
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cytoplasm of the cell.  SiRNAs contain a “guide” strand (antisense) and a “passenger” strand (sense) 

that are then separated into single strands within the RISC (RNA-induced silencing complex). The 

passenger strand is degraded while the guide strand aligns the RISC complex on the target mRNA and 

the action of catalytic RISC protein, Argonaute 2 induces the cleavage of the target mRNA (Nayagam, 

Cargill, and Agarwal 2020). Thus, the targeting of viral mRNAs, using synthetic small interfering RNAs, 

was thought to be very promising.  

 Few siRNAs are currently in clinical trials: 

 ARC520: currently in phase II, it reduced all RNA transcripts, which led to a persistent reduction 

in viral antigens and HBV DNA in both HBeAg-positive and HBeAg-negative patients as well as 

in NA-experienced HBV patients (M.-F. Yuen et al. 2020). 

 JNJ-3989 (formerly ARO-HBV): currently in phase II, its combination with NAs resulted in 

significant HBsAg decline (≥1log10 IU/ml) in 39% of CHB patients (Arrowhead Pharmaceuticals 

2020).  

 VIR-2218: currently in phase II either alone or in combination with Peg-IFNα. It is expected to 

inhibit HBsAg production and T cell activity directed against HBV (Vir Biotechnology 2020). 

 RG6346 (formerly DCR-HBVS): currently in phase I trial to evaluate its safety and tolerability in 

healthy volunteers and in non-cirrhotic chronic HBV (Dicerna Pharmaceuticals 2020) 

Even if those drugs are particularly potent in reducing HBV DNA as well as HBsAg, they do not have an 

impact on the cccDNA, and may present delivery issues.  

Besides, antisense oligonucleotides can be used; they are complementary small nucleic acids that 

target HBV transcript acting through either steric hindrance or RNA degradation via ribonuclease H 

cleavage. IONIS-HBVLRx (GSK33389404), currently in phase I, is a liver-targeted antisense 

oligonucleotide conjugated with N-acetylgalactosamine (GalNAc) moieties that specifically target 

hepatocytes through asialoglycoprotein receptor. It may be considered as a prodrug, its active form 

being IONIS-HBVRx (GSK3228836), i.e without N-acetylgalactosamine (GalNAc) moieties (Han et al. 

2019).  

3.3.1.4 Nucleic acid polymers (NAPs) 

HBsAg is the most abundant viral antigen in the blood that plays a crucial role in preventing immune 

control of HBV and in the maintenance of viral infection (Kondo et al. 2013). It is secreted in the blood 

mainly via SVPs, the non-infectious particles of the virus, which are produced independently from the 

viral replication, rendering them difficult to target. As seen earlier, current treatments based either on 
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Peg-IFNα or NAs are not efficient in inducing HBsAg loss, making it a privileged target for new antiviral 

strategies.  

Nucleic acid polymers (NAPs) have been shown to have antiviral activity in vitro and in vivo in a large 

spectrum of viruses as entry inhibitors by attaching to amphipathic structures (helix alpha) conserved 

in viruses or by interfering with apolipoprotein interactions preventing viral fusion with host cell. In 

HBV infection, antiviral effect of NAPs is different, and is mainly due to a blockage of secretion of HBsAg 

from infected hepatocytes by interfering with the assembly and/or the release of SVPs (Real et al. 

2017). Several NAPs are already used in clinics, alone or in combination with NAs or Peg-IFNα in both 

HBeAg-positive and HBeAg-negative CHB patients. Their use in therapy is accompanied with reduction 

of serum HBsAg, HBV DNA and the appearance of serum anti-HBs antibodies, antibodies that may 

indicate activation of immunity associated with decrease of viral parameter (Al-Mahtab, Bazinet, and 

Vaillant 2016; Bazinet et al. 2020). REP 2139-Mg and REP 2165-Mg are the two main NAPs in current 

phase II clinical trial, their association with both TDF and Peg-IFNα induces HBsAg decrease <0.05IU/ml 

in 60% of patients and functional cure was maintained in 32.5% of patients 48 weeks post-treatment 

(Bazinet et al. 2020). Those treatments seem promising as experiences conducted in vivo showed not 

only reductions of HBsAg and HBV DNA, but also clearance of cccDNA, the main cause of the 

persistence of the virus, which can be attributed to immune recovery in the absence of circulating 

HBsAg (Noordeen et al. 2015).  

3.3.1.5 Farnesoid X receptor (FXR)-α agonists 

HBV infection and bile acid metabolism are tightly connected: as previously seen, HBV enters 

hepatocytes via NTCP, a bile acid transporter and HBV infection can modify the expression of bile acid 

nuclear receptor farnesoid X receptor (FXR)-α.  HBV infection is associated with an increase of FXR and 

its regulated genes in vitro, in vivo and in liver biopsies from CHB patients.  Further in vitro experiments 

linked those observations with a proviral role of FXR, as its absence decreased cccDNA pool size and 

prevented viral RNA transcription and virus secretion. FXRα as monomer or heterodimer with RXRα 

can bind to two sequences on the cccDNA, in the basal core promoter and in the ENh2 region, bindings 

that may also involve HBx and that subsequently act as a transcriptional activator. However, treatment 

with the synthetic FXR agonist, GW4064, could reverse this proviral effect, inducing suppression of 

HBV cccDNA formation and transcription. In vivo experiments using mice injected with AAV-HBV vector 

further confirmed the antiviral effects of GW4064, with a secretion decrease of HBV DNA and HBsAg 

(Radreau et al. 2016; Mouzannar et al. 2019). ENYO Pharma assessed a novel synthetic non-steroidal 

FXR agonist, EYP001, in a phase Ib clinical trial, which resulted in a decrease of viral load, HBV RNAs 

and viral proteins, HBcAg and HBsAg in both HBeAg-positive and HBeAg negative patients. A phase II 

is currently ongoing (ENYO-Pharma, 2018).  
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3.3.1.6 Molecules targeting the cccDNA  

Even if NA therapies are able to block viral replication, they do not eradicate the cccDNA, which is the 

cause of the persistence of the virus (Arends et al. 2017). Peg-IFNα has been shown to degrade cccDNA 

in vitro but its efficiency in patients remains to be proved (Lucifora et al. 2014). The direct targeting of 

cccDNA, either by inducing its degradation or its silencing, could be interesting curative options for 

HBV infection leading to complete cure.  

Gene therapies based on nucleases have been proposed. They induce double-stranded breaks within 

HBV genome and targeted mutagenesis is performed by host cells’ repair machinery. Episomal 

structure of cccDNA renders it as a privileged target for nuclease gene editing (Bloom et al. 2018).  

 Zinc finger nuclease (ZFN): zinc fingers are multifunctional proteins that act as transcription 

factors, therefore able to recognize nucleotide triplet. An endonuclease domain, generally a 

FokI, is added at the C-terminus of ZF, to generate potent ZFNs able to induce double stranded 

breaks in dimers. They are generally arranged in arrays of three to four ZFs. ZFNs directed 

against HBV have been tested in vitro, resulted in disruption of viral sequences, but no 

cleavage of cccDNA could be verified  (N. D. Weber et al. 2014; Cradick et al. 2010).  

 Transcription activator-like effector nucleases (TALENs): they are dimeric nucleases 

comprising a DNA-binding protein (TALE) and an endonuclease domain. The transcriptional 

activator-like effector (TALE) comprises individual repeats to recognize a single base repair and 

repeat-variable di-residues, responsible for the binding specificity. Several repeats linked 

together can therefore render TALE highly specific for a targeted DNA (Bloom et al. 2018). 

TALEN directed against HBV have been described in HepG2.2.15 cell lines, which resulted in 

optimal cleavage activity within S and C ORFs associated with disruption of the cccDNA.  

Similarly, in vivo studies using murine hydrodynamic injection model showed decrease of 

serum HBsAg and viral particles associated with important targeted mutagenesis (Bloom et al. 

2013). In Huh-7 cell lines, a synergistic effect was observed when using TALENs in combination 

with IFN-α, with approximately 60% of reduction of cccDNA copies (J. Chen et al. 2014) 

 Clustered regularly interspaced short palindromic repeats/Cas9 (CRISPR/Cas9): this system is 

composed of CRISPR RNA (crRNA) whose sequence is complementary to the target DNA linked 

to a trans-activating crRNA (tracrRNA), which interacts with the Cas9 endonuclease. Cas9 is 

able to recognize a short DNA sequence, called the protospacer adjacent motif (PAM) that 

allows the association of the crRNA to the complementary DNA, and then Cas9 induces DNA 

cleavage. This cleavage is then repaired by nonhomologous end joining (NHEJ) DNA repair 

pathway of the cell, which is an error-prone process, resulting in insertion or deletion (indel), 

which further disrupt the gene function. The fusion of crRNA and tracrRNA into a single guide 
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RNA (sgRNA) has simplified this system. This system has been used in numerous in vitro studies 

with different cell line models as well as in vivo using murine hydrodynamic injection. All

models presented a substantial decline in the level of total HBV, a decrease of the secretion of

antigens and even for some a decline of cccDNA copies. CccDNA has been seen to be either 

destroyed or repaired by NHEJ inducing indels  (E. M. Kennedy, Kornepati, and Cullen 2015). 

Despite efficiency observed in preclinical studies, another challenge with CRISPR/Cas9 system 

remains the delivery of sgRNA with the large Cas9 endonuclease. New tools using transduction 

of an AAV coding for both sgRNA and Cas9 have been proposed: in both cells lines and in 

humanized chimeric mice, the use of an AAV serotype 2, coding for a sgRNA targeting PreC 

region and for Cas9 have been shown to suppress HBcAg, HBsAg and HBV DNA along with 

cccDNA (Kayesh et al. 2020). 

Even if gene-based therapies are very interesting and showed efficiency in targeting the cccDNA, they 

have to overcome different challenges including an efficient delivery using viral or non-viral vectors, 

improvement in DNA-binding specificity and limiting off-target leading to side effects (Bloom et al. 

2018). 

Figure 36: Genome editing strategies

Adapted from (H. Li et al. 2020)

As previously mentioned, cccDNA is an episomal minichrosome decorated host histones and non-

histone proteins and is subject to epigenetic regulation via histone modifications (acetylation, 

methylation, phosphorylation, ubiquitination) and DNA methylation or acetylation. HBx and HBcAg in 
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cooperation with acetyl-transferases/deacetylases, lysine methyl-transferases, protein arginine 

methyl-transferases and DNA methyl-transferases are the major actors of these epigenetic 

modifications (Hong, Kim, and Guo 2017). Epigenetic modifications that are able to induce an inactive 

status of the cccDNA without damaging it, inducing its silencing. DNA methylation has been shown to 

impede HBV replication in vitro, suggesting that DNA methyl-transferases could be used to inhibit 

cccDNA transcription (Vivekanandan et al. 2010). Hypo-acetylation of H3 and H4 results in low HBV 

viremia in infected patients, while hyper-acetylation is associated with high HBV replication (Pollicino 

et al. 2006). The use of the histone acetyl-transferase inhibitor C646 was shown to block acetylation 

of H3K27 and H3K122, which resulted in inhibition of HBV transcription in PHH (Tropberger et al. 2015). 

IFN-α treatment was shown to inhibit transcription cccDNA activity via hypo-acetylation of histones 

and the recruitment of transcriptional repressor complexes on the cccDNA both in vivo and in vitro 

(Laura Belloni et al. 2012). Similarly, in HBV infected duck, avian IFN-α was shown to interfere with 

structure and function of the cccDNA via hypo-acetylation of H3 and H4 (F. Liu et al. 2013). These 

epigenetic modifications may seem very interesting to silence cccDNA, but the feasibility of using 

epigenetic modifiers remains challenging. The replacing of the nuclease domain by an epigenetic 

silencer in ZFs, TALEs or CRISPR/Cas could be interesting options. One fused the catalytic domain of an 

DNA methyl-transferase to a ZF targeting HBx promoter sequence, which resulted in methylation of 

targeted CpG sites, down regulation of viral mRNAs, viral antigens and decline of viral replication in 

both in vitro and in vivo (Xirong et al. 2014). 

3.3.2 Immune Modulatory Therapies 

3.3.2.1 Immune Checkpoint Inhibitors (ICI)   

Programmed cell death (PD-1) and cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) are receptors 

providing inhibitory signals to T cells. In CHB, their up regulation is associated with both T-cell 

exhaustion and persistence of the disease. Thus, their inhibition by immune checkpoint inhibitors (ICI) 

may be an interesting option, restoring HBV-specific T cells and breaking immune tolerance. Ex vivo 

experiments using intrahepatic T cells from CHB patients treated with anti-PD-L1 in combination with 

CD137, a member of the tumour necrosis factor-receptor family, were shown to increase responses of 

human liver T cells against HBV (Paola Fisicaro et al. 2012). Moreover, in chronically infected 

woodchucks, a combination of PD1 ligand (PD-L1) antibodies, therapeutic DNA vaccines (see 3.3.2.2) 

and ETV led to a sustained immune control and a viral clearance (J. Liu et al. 2014). A phase I pilot study 

evaluated anti-PD-1 (Nivolumab) alone or in combination with therapeutic vaccines in HBeAg-negative 

patients. A single dose of anti-PD-1 resulted in a significant decline of HBsAg, with no added benefit of 

the therapeutic vaccines, suggesting that checkpoint blockade may lead to functional control in those 

patients (E. Gane et al. 2017). The presence of HBV-specific T cells need to be sufficient for the 
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efficiency of those drugs, questioning the category of patients susceptible to receive them, as high 

antigenic load generally lead to T-cell deletion in chronic infections. Combination with other 

treatments may be needed to decrease viral antigen before the subsequent use of ICI. However, the 

mechanism of action of ICI brought concerns about severe nonspecific immune-related side effects 

(Arends et al. 2017).  

3.3.2.2 Therapeutic vaccines   

The purpose of therapeutic vaccines is to stimulate the host immune response in order to restore 

immune control, to suppress HBV replication and to induce HBsAg loss. Different therapeutic 

vaccination strategies were/are tested (not exhaustive list):  

 Therapeutic vaccination with conventional vaccines: the first clinical trials were designed 

based on conventional prophylactic HBsAg vaccines. HBsAg-based vaccines showed HBeAg 

seroconversion, HBV-specific immune responses and decrease of HBV DNA in patients, but 

failed to lead to an efficient control of HBV replication. The use of DNA vaccines only expressing 

HBsAg were not efficient enough in suppressing viral replication in several phase I clinical 

studies (J. Liu et al. 2014) 

 Combining therapeutic vaccination and antiviral treatment: GS-4774, a yeast-based T-cell 

vaccine containing HBV core, surface and X proteins, was the first therapeutic vaccine studied 

in chronic HBeAg-negative patients in combination with TDF. While T-cell functions improved, 

no further decrease of HBsAg levels were observed (Boni et al. 2019). JNJ-64300535, a DNA 

vaccine is currently assessed in a phase I in chronic NA-treated patients (NCT03463369). 

 Combining therapeutic vaccination and T cell function modulation: A combination of 

therapeutic vaccine (based on DNA plasmids expressing woodchuck core and surface antigen), 

the immune checkpoint inhibitor anti-PDL1 and ETV showed a sustained immunological 

control, with the development of anti-WHsAg and viral clearance in WHV-infected woodchucks 

(J. Liu et al. 2014). Association of GS-4774 and anti-PD1 treatment were recently assessed in a 

phase I trial in chronic HBeAg-negative patients, even if an important HBsAg decrease  was 

observed, but with no additional benefit of GS-4774 (E. Gane et al. 2017).  

 Combining therapeutic vaccination and novel adjuvants: INO-1800 is a DNA vaccines 

encoding HBsAg, and HBcAg is currently assessed in a phase I study in  NA-treated patients 

with CHB, alone or in combination with INO-9112, which is a DNA plasmid encoding human 

interleukin 12 (NTC02431312).  

 Therapeutic vaccination targeting preS1 domain: In vivo experiments showed that preS1-

polypeptide vaccination induced robust immune responses with antibodies that can both clear 

HBV virions in vivo and block infection to hepatocytes in vitro. In addition, it weakened the 



Thesis Manon Desmares                                                                                                                     Background 

129 
 

tolerized status of HBsAg, allowing a subsequent vaccination with HBsAg to induce anti-HBs 

seroconversion (Bian et al. 2017).  

Despite few results in clinical trials, therapeutic vaccination in chronic HBV may be effective in therapy 

strategies combining sequentially different treatments such as: (1) administration of nucleot(s)ide 

analogues to suppress HBV replication, (2) therapeutic vaccination to induce antiviral immune 

responses and (3) immunomodulation methods to amplify and maintain the antiviral response (J. Liu 

et al. 2014).  

3.3.2.3 Engineered T cells  

T cell immunotherapy is based on the generation of virus-specific T-cell capable of controlling and 

generating an efficient adaptive immunity to permanently eradicate infection. The principle of this 

therapy is to introduce inside T cell HBV-specific receptor that can be either T-cell receptor (TCR) of 

known target specificity or chimeric antigen receptor (CAR). T cells are retrieved from blood’s patients; 

they are activated in vitro to ease gene transfer of a virus -specific receptor. Then, T cells undergo 

expansion (that can take place before introduction of the HBV-specific receptor), and after quality 

control, they are reinfused into the patient. HBV-specific TCR- and CAR- T cells, carrying both the 

endogenous TCR and the transgene, they are respectively activated by recognition of target molecules 

on MHC or on cell surface, inducing cytokine secretion. CAR-T cells also possess the advantage of 

recognizing soluble antigen in the periphery. While HBV-specific TCR T-cells are activated via a classical 

T-cell response, CAR signalling is quite different. It is mediated by costimulatory domains CD28 or 4-

1BB, which have been found to induce memory phenotype or longer persistence respectively, in 

combination with CD3ζ endodomain, allowing cascade signalling of T cells. CAR signalling do not need 

antigen presentation by MHC, which is particularly interesting in HBV infection that decreases this 

mechanism (Tan and Schreiber 2020). Redirected T cells with either TCR and CAR have been assessed 

in HBV transgenic mice associated with a decrease of HBV DNA and HBsAg and also in patients with 

relapses of HBV-related HCC (Krebs et al. 2013;Kruse et al. 2018; Qasim et al. 2015). Those engineered 

T cells seem very promising, on condition of controlling their activation to avoid inflammation, a 

cytotoxicity that could be harmful for the organism.  
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Figure 37: Illustration of T-cell therapy 

Schematic representation of T-cell therapy for chronic HBV infection or HBV-HCC. T cells are retrieved from blood’s patients; 

they are activated in vitro to ease gene transfer of a virus -specific receptor. Then, T cells undergo expansion (it can take place 

before introduction of the HBV-specific receptor), and after quality control, they are reinfused into the patient. Adapted from 

(Tan and Schreiber 2020) 
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Figure 38: Current and in development HBV treatments

In order to achieve ultimate therapeutic endpoints define as HBsAg loss, inhibition of new hepatocyte infection, eradication 
of the cccDNA pool, restoration of immune functions to control HBV, new antiviral drugs are currently in development to 
complete the current treatments based on NA therapies and Peg-IFN-α. Drugs in development are able to block HBV entry 
into hepatocytes, to silence or deplete the cccDNA pool, to affect the nucleocapsid assembly, to impair secretion of subviral 
particles (SVPs), to activate the innate immune response and to modulate the adaptive immunity. CpAMs: Core protein 
allosteric modulators; NAs: Nucleoside analogue; NAPs: Nucleic acid polymers; DC: Dendritic cells; KC: Kupffer cells; NK: 
Natural killer cell; PD-1: Programmed cell death 1. 
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Table 6: Summary of new antiviral drugs for HBV cure 

Current drugs in development and the corresponding stage of development.  Adapted from (H. W. Lee, Lee, and Ahn 2020) 

Treatment Stage of development

Entry inhibitors
HBIG Approved

Bulevirtide Phase II

CpAMs

NVR 3-778 Phase I

JNJ-6379 (or JNJ-56136379) Phase I

RO7049389 Phase I

ABI-H0731 Phase III

GLS4 Phase II

RNA interference

ARC520 Phase II

JNJ-3989 Phase II

VIR-2218 Phase II

RG6346 Phase I

IONIS-HBVLRx (GSK33389404) Phase I

Inhibition of HBsAg release 
REP 2139-Mg Phase II

REP 2165-Mg Phase II

FXR agonist EYP001 Phase Ib

Inhibitors of cccDNA
TALENs Preclinical

CRISPR-Cas9 Preclinical

Immune Checkpoint 

Inhibitors

Nivolumab Phase I

Cemiplimab Phase I/II

Therapeutic vaccines

GS-4774 Phase II

INO-1800 Phase I

JNJ-64300535 Phase I

TG1050 Phase I
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3.4 PRR agonists: new immune modulatory strategies to cure CHB 

3.4.1 Rational for the development of alternative innate immune stimulators 

As previously seen, during natural HBV infection, the innate system is poorly activated due to both 

passive (i.e. compartmentalisation of potential viral PAMPs) and active escape mechanisms 

implemented by the virus. The current use of IFN-α is supposed to boost immunity and to break 

tolerance to the virus. But IFN-α has numerous side effects as whole body exposure can be harmful; 

development of new innate immune stimulators to boost innate immunity, in particular locally in the 

liver microenvironment, in HBV infected patients is of importance. The use of Peg-IFN-λ, which 

possesses antiviral activity in vitro, was assessed in clinical trial in CHB patients. Despite efficiency in 

decreasing HBV DNA and HBsAg levels earlier in treatment, the antiviral effect were comparable for 

both Peg-IFN-α and Peg-IFN-λ at the end of treatment, with higher rates of HBeAg seroconversion in 

Peg-IFN-α- treated patients (H. L. Y. Chan et al. 2016). Recently, numerous other interferons or 

cytokines have been shown to inhibit HBV replication in vitro, directly in hepatocytes, with no need of 

immune cells. In particular, those cytokines, such as IFN-β, IL-6, TNF-α and IL-1β were shown to inhibit 

transcription from the cccDNA or even inducing its degradation (Isorce et al. 2016; Xia et al. 2016; 

Lucifora et al. 2014). However, the direct systemic injection of recombinant cytokines cannot be 

envisaged, as it may also be very toxic. A strategy that could be interesting to benefit from their 

antiviral effects would be to induce, in a timely and reversible controlled manner, their endogenous 

production (ideally within the liver) in CHB patients. Their production can be achieved via stimulation 

of pattern recognition receptors, some of them are currently in clinical trials.  

3.4.2 Proved and expected modes of anti-HBV action of different PRR  

3.4.2.1 Indirect antiviral properties 

3.4.2.1.1 Induction of effector with direct antiviral effects 

Endogenous production of interferons is possible following the stimulation of different PRRs in 

immune cells, including dendritic cells (pDC, BDCA3+ cells…). Thus, this endogenously and, ideally, 

locally produced IFN could directly act on the viral infection within hepatocytes and stimulate other 

immune cells to restore a more global immune response. 

Local production of IFNs by stimulation of TLRs expressed in specialized immune cells has already been 

studied. In HBV infected chimpanzee, GS-9620, a potent and orally active TLR7 agonist provided long-

term suppression and a reduction of around 2.2logs of viral DNA in the serum and liver after 4 weeks 

of treatment associated with a 50% decrease of viral antigen levels (HBeAg and HBsAg) (Lanford et al. 

2013). This agonist also induced a decrease of DNA replicative intermediates, including cccDNA and 

viral RNA, as well as the loss of detectable serum HBsAg in the woodchuck model (Menne et al. 2015). 
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In human, even if this agonist was well tolerated in treatment-naïve and NA-suppressed patients (E. J. 

Gane et al. 2015), its clinical development was halted in phase II due to lack of efficiency in 

monotherapy at the doses tested.  

Other oral TLR7 agonists are currently in clinical trials: RG 7854 (Roche) is currently being assessed in 

a phase I clinical trial (NCT02956850) and AL-034 (or TQ-A3334) also in a phase I clinical development 

(NCT03285620), showed potent anti-HBV activity with HBsAg seroconversion in AAV-HBV-infected 

mice (Suslov, Wieland, and Menne 2018).  

GS-9688 (Selgantolimod) a potent and selective oral agonist of TLR8 induced a sustained antiviral 

response in WHV-infected woodchucks. More than 95% decrease of viral RNA and DNA and 

development of anti-WHsAg antibodies was detected with a clinically relevant doses and a short-

duration treatment (Daffis et al. 2021). This agonist was assessed in a phase II multicenter 

(NCT03491553), randomized, double-blind study of 48 virally supressed chronic HBV patients, 5% of 

patients receiving GS-9688 observed a 1log decrease HBsAg levels or loss of HBeAg at 24 weeks post 

treatment (Gilead 2019).   

CpG oligodeoxynucleotides (ODN) are TLR9 agonists that are able to induce the production of type-I 

interferon via stimulation of their receptors, mainly expressed in pDCs and B cells. Even if those TLR9 

agonists are mostly used as adjuvants in prophylactic vaccines in combination with HBsAg, such as CpG 

1018 in HEPLISAV-B or CpG7909 in Engerix-B (C. L. Cooper et al. 2004; C. Cooper and Mackie 2011), 

CpG21798 was used as treatment in combination with Entecavir in a woodchuck model of chronic 

hepadnaviral infection (Meng et al. 2016). This combination improves the antiviral responses and 

inhibition of replication compared to each drug alone, but doses or regimens need to be adjusted to 

observe a seroconversion and avoid viral rebound at the treatment’s arrest. In vitro experiments 

showed that TLR9 agonist CpG ODN 2395 could strongly inhibit HBV entry by coating HBV virions, 

preventing their interaction with cellular receptor (Aillot et al. 2018).  

AIC649 is an inactivated parapoxvirus (iPPVO) particle preparation that is sensed by TLR9 and induces 

production of IFN-α, IFN-γ and TNF-α by immune cells (O. Weber et al. 2013). This agonist was as 

effective as Tenofovir to decrease hepatitis B virus titer in transgenic mice and induced a bi-phasic 

response in chronically WHB infected woodchuck with an initial increase of HBsAg level followed by a 

decrease after cessation of treatment (Paulsen et al. 2015); it was hypothesized that the observed bi-

phasic response to AIC649 treatment was the reflect of a physiologically “concerted”, reconstituted 

immune response against WHV. Interestingly, a significant sustained antiviral effect was observed 

when AIC649 was used in combination with Entecavir (Paulsen et al. 2017). AIC649’s safety and 
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tolerability were assessed in a phase I trial in HBV-positive volunteers, where a single dose of this 

agonist were well tolerated by patients (AiCuris 2018).  

Lucifora and Bonnin showed that treatment of human PBMCs with Pam3CSK4 (a TLR2 agonist) strongly 

induces IL-6, as well as IL-1β and TNF-α at a lesser level. The supernatants from these stimulated 

PBMCs reduced the secretion of HBeAg in HBV-infected dHepaRG cell line (Lucifora et al. 2018).  

3.4.2.2 Restoration of functional immune response 

In addition to direct antiviral effects observed via production of interferon or pro-inflammatory 

cytokines, TLR stimulation by PRR agonists has also been shown to restore a functional immune 

response against the virus. In fact, intrahepatic transcriptional profiles of GS-9620-treated woodchucks 

revealed that this agonist could induce cytotoxic cells (CD8+ T cell/NK cell), T cells, myeloid cell lineage 

and B cells. This suggests that the antiviral effect observed induced by GS-9620 was likely mediated, 

partly, by the cytolytic activity of CD8+ T cells and/or NK cells (Menne et al. 2015). This was confirmed 

later in the chimpanzee model in which increased intrahepatic CD8+ T cell and B cell numbers were 

observed during GS9620 treatment (L. Li et al. 2018). In HBe-negative patients treated nucleos(t)ide 

analogue therapy, twelve weeks administration of GS9620 increase T-cell and NK-cell responses and 

reduce the ability of NK to suppress T cells (Boni et al. 2018). Both TLR8 agonists, ssRNA 40 and GS-

9688 were shown to induce IL-12 and IL-18 secretion by liver monocytes, which stimulates IFN-γ 

production by MAIT and NK cells, liver-resident innate immune cells (Jo et al. 2014; Amin et al. 2020). 

In a mouse model, TLR9 agonists have been shown to induce the formation of iMATES in that are 

cocoon-like dynamic structures composed of myeloid cells in which T cells proliferate and mature (L.-

R. Huang et al. 2013). It was further reported that therapeutic heterologous HBcore-protein-

prime/Modified-Vaccinia-Virus-Ankara (MVA-HBcore) boost vaccination followed by CpG treatment 

increased vaccine-induced HBcAg-specific CD8 T cell immunity in HBV-transgenic and AAV-HBV-

transduced mice liver (Kosinska et al. 2019).  

3.4.2.3 Direct antiviral properties: hepatocytes, active participants in innate immune 

response 

Hepatocytes are the major parenchymal cells in the liver, and they play crucial roles in metabolism and 

detoxification. Hepatocytes are targeted by HBV, in which it replicates and set up a pool of its genetic 

material in the nucleus, the cccDNA, the main cause of the persistence of the virus. They are not only 

replicating cells but also immunological actors as they express a wide variety of pattern recognition 

receptors (Ian N. Crispe 2016). The direct targeting of PRR in hepatocytes is a strategy currently under 

investigation in order to eradicate the virus and more specifically the cccDNA.  
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3.4.2.3.1 RIG-I agonist 

RIG-I was proposed to play a regulating role in HBV replication as it could sense the virus via recognition 

of the 5’-ε region of HBV-derived pgRNA inducing the production of type III IFN gene induction. 

Moreover, it was suggested in the same publication that RIG-I could directly act as an antiviral agent 

by interfering with the interaction of HBV polymerase with the 5’-ε region of pgRNA in a RNA-binding 

dependent manner, leading to the suppression of HBV replication (Sato et al. 2015). In order to take 

advantage of those two functions, Inarigivir, a small molecule dinucleotide orally active RIG-I agonist 

was developed. In pre-clinical studies, Inarigivir was shown to bind CARDs and regulatory domain of 

RIG-I with an activation of IRF-3, as well as an up-regulation of intra-hepatic RIG-I, an activation of 

intra-hepatic ISGs and suppression of viral parameters and cccDNA in the woodchuck model and it 

decreased viral DNA and RNA in CHB patients (Ligat et al. 2020) . Its clinical development in human 

was stopped in phase IIb after a patient’s death (NCT04023721). This indicates that a very potent 

agonisation of RIG-I at whole body level is too toxic and warrant further considerations regarding the 

potential delivery of PGG agonist to the site of replication of the virus.  

3.4.2.3.2 STING agonist 

STING is a major pivotal molecule for numerous DNA sensors and thus plays a crucial role in host 

cellular response to viral infection.  

It was recently shown that despite low levels of STING expressed in HBV-infected NTCP-expressing 

human hepatoma cells as well as immortalized mouse hepatocytes, it is able to mediate a cytokine 

response upon activation with cGAMP, its natural ligand or its pharmacological agonist, DMXAA. This 

cytokine response restricted HBV replication and most likely inhibited cccDNA transcription (F. Guo, 

Tang, et al. 2017). A direct antiviral effect of STING agonists, in addition to the IFNα/β mediated 

cytokine release in macrophages, which already suppressed HBV replication in mouse hepatocytes and 

liver  (F. Guo et al. 2015). Those studies suggest that STING may be a potential therapeutic target for 

pharmacological activation of host innate, as well as adaptive, immune responses to prevent chronic 

HBV infections. 
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Table 7: Current PRR agonists in development as stand-alone 

 

3.4.2.3.3 TLR2 and TLR3 agonists 

 

 

Figure 39: Chemical structure of a TLR1/2 agonist, Pam3CSK4 

We previously showed that primary human hepatocytes and differentiated HepaRG cells express 

several PRR including TLR1/2 and TLR3 (Faure-Dupuy et al. 2018; Luangsay, Ait-Goughoulte, et al. 

2015). Our recent studies highlight that ligands of TLR1/2, Pam3CSK4 and TLR3, Poly(I:C)-HMW or 

Riboxxol  efficiently decreased levels of all HBV replication markers, with a strong phenotype on viral 

RNAs. This observation suggests that those treatments are able to prevent transcription of viral RNAs 

from cccDNA and/or decrease their stability. Furthermore, antiviral effect of these agonists was 

sustained after treatment arrest contrary to treatment with nucleos(t)ides analogues, and this lack of 

rebound was associated with a strong decrease of the cccDNA levels in the dHepaRG model (Lucifora 

Treatment Stage of development

TLR7 agonists

GS9620
(vesatolimod)

Phase II

RG 7854 Phase I

AL-034 
(TQ-A3334)

Phase I

TLR8 agonist
GS9688

(selgantolimod)
Phase II

TLR9 agonist AIC649 Phase I

RIG-I agonist Inarigivir Abandonned
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et al. 2018). In contrast to TLR7 (GS-9620) or TLR8 (GS-9688) agonists, which are small and heterocyclic 

molecules that can be delivered orally, TLR3 and TLR1/2 ligands have more complex structures that 

require delivery strategies since their IV administration with a dose escalation protocol led to a very 

moderate decrease of HBV parameters in HBV-infected HuHep mice (Lucifora et al. 2018). This is the 

reason why, encapsulation strategies need to be implement in order to specifically deliver TLR1/2 

ligand to hepatocytes but also to protect the ligands from degradation and avoid iatrogenic effects. 

Even if TLR2 expression levels was shown to be decreased in both hepatocytes and myeloid cells in 

HBeAg-positive CHB patients, a study using the woodchuck model showed that its expression was 

restored after a long-term therapy using NAs. This confirms the rational for a treatment regimen using 

NAs and TLR2 agonist to restore innate immune functions in the liver micro-environment (Testoni, 

Durantel, and Zoulim 2017).

Figure 40: Schematic representations of antiviral effects of TLR7/8 agonists vs TLR2/3 agonists

Left panel: TLR7/8 agonists stimulates their receptors on professional immune cells, inducing the production of pro-

inflammatory cytokines and interferons, which further exert their antiviral effects on HBV replication into hepatocytes. Right 

panel: TLR2/3 agonist stimulates their receptors present both on immune cells and on hepatocytes, leading to the production 

of pro-inflammatory cytokines and interferons, which further exert their antiviral effects on HBV replication into hepatocytes. 
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3.4.3 Other considerations for the R&D of PRR agonists 

3.4.3.1 Adjuvants vs stand alone 

Initial strategies of vaccination were mainly based upon the administration live-attenuated or non-

living heterologous variants of the targeted pathogens (Ribeiro and Schijns 2010). However, these 

strategies have been challenged for lack of efficiency and dangerousness. In fact, even if most people 

respond well to live-attenuated vaccines, some immunodeficient patients have shown a reversion to 

virulence (Eibl and Wolf 2015); besides some live-attenuated vaccines as live-attenuated HIV present 

safety issues (Minor 2015). Regarding non-living pathogen, synthetic or recombinant proteins from 

pathogens vaccines, even if they are safer, they often present a poor immunogenicity. Adjuvants are 

immune-stimulatory components that boost vaccines to elicit adequate immunity by leading to the 

production of diverse cytokines and chemokines, but also improving the initiation of adaptive response 

by helping DC’s migration to lymphoid tissues where they interact with T and B cells. For a long period, 

the main adjuvant has been aluminium salts (Vasou et al. 2017; Gutjahr et al. 2016),  but novel 

adjuvants have recently been introduced, among them PRR agonists play a crucial role. Several TLR4 

ligands are currently present as adjuvants in licensed human vaccine. AS04, which combines aluminium 

salts and a TLR4 agonist, the LPS-derived component called 3-O-deacylated-4’-monophosphoryl lipid 

A (MPLA), is found in Fendrix an HBV vaccine or Cervarix, the human papillomavirus cervical cancer 

vaccine (Didierlaurent et al. 2009). RC-529, a synthetic monosaccharide mimicking MPLA, is used in 

Argentina in the HBV vaccine, Supervax (Dupont et al. 2006). The vaccine Heplisav-B uses CpG 1018, a 

TLR9 agonist, as adjuvant (Dynavax 2021). Those adjuvants are mainly used in prophylactic vaccines to 

ensure a greater innate response to HBV antigens.  

However, due to their potent effects in inducing innate immunity that subsequently activates and 

develops adaptive immune responses, their use as adjuvants in therapeutic vaccination have also been 

explored. Their use in cancer vaccine formulations has been widely studied. In oncology, 

immunotherapies based upon monoclonal antibodies targeting immune checkpoints or immune 

checkpoint inhibitors have greatly improved cancer treatments but they are particularly efficient in 

“hot tumours”, tumours that already present inflammation signs including T cells infiltration. In many 

cases tumours have not yet been infiltrated with T cells, making those “cold tumours” difficult to treat 

by checkpoint inhibitors (Aleynick et al. 2019; Bonaventura et al. 2019). An interesting strategy to 

reverse cold to hot tumours would be to prime or boost anti-tumour T cell immunity directly into the 

tumour lesion by injecting PRR agonists in the tumour microenvironment. In fact, PRR agonists’ 

administration can induce local inflammation that can facilitate the recruitment of myeloid cells and 

help them to efficiently present antigens to T-cells and in order to activate anti-tumour immune 

response. PRR agonist injection can have a direct antitumor effect and can generate tumour regression 
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in distant tumour sites (Shekarian et al. 2017). The use of poly(I:C)/poly-ICLC as an adjuvant in cancer 

formulations enhances tumour-associated antigen-specific T cell immunity in different cancers, 

lymphomas, melanomas and lung cancers (Ammi et al. 2015).  

The use of PRR agonist as adjuvants in therapeutic vaccination is currently under studied. The TLR7/8 

agonist, CL097, were used in combination with alum-absorbed HBsAg and HBcAg in HBV-transgenic 

mice, and it was shown to reverse immune tolerance and to induce antigen-specific immune 

responses, in particular an antigen-specific Th1 response (Y. Wang et al. 2014). A formulation using 

novel TLR7 agonist, T7-EA, an alum adjuvant and recombinant HBsAg protein was assessed in vivo, and 

resulted in local stimulation of cytokines and Th1-type immune responses (Y. Hu 2020). Similarly, in 

AAV-HBV transduced mice, vaccination using HBsAg and a TLR9-agonist CpG induced strong antibody 

production and T-cell responses that were able to suppress HBV viremia (D. Yang et al. 2014).  

In addition to their use as adjuvants in prophylactic and therapeutic vaccines, PRR agonists present the 

advantage to be used as stand-alone.  In cancer immunotherapies, FDA has approved several PRR 

agonists, such as Imiquimod, a TLR7 agonist, used in cream for various cutaneous malignancies; some 

are currently under clinical phase, ADU-S100 (Aduro Biotech/Novartis) is a STING agonist currently 

being assessed in phase I clinical trial by intra-tumoral administration for advanced/metastatic solid 

tumours or lymphomas.  (Motedayen Aval et al. 2020). However, the main issue encountered by the 

use of PRR agonists is their delivery due to poor pharmacokinetic and physical properties. Similarly in 

HBV infection, if no PRR agonist is currently approved for treatments several are currently under 

preclinical or clinical trials (see 3.4).  Nevertheless, new delivery systems need to be investigated to 

improve their use in patients, to avoid pharmacokinetic limitations and to protect the agonist.  

3.4.3.2 Delivery and dosage, the keys of decreasing toxicity: example of nanoparticles  

Despite high antiviral response observed in vitro, a potent antiviral response is difficult to achieve in 

vivo, and high concentrations of PRR agonists are needed to be used in some cases, which therefore 

may be harmful, as cytokine storm may be triggered (Lucifora et al. 2018). Moreover, high 

concentrations are often needed because of agonist deterioration after its administration. Soluble 

drugs are rapidly cleared from the site of injection limiting activation of innate immune cells. To 

circumvent this, new delivery strategies need to be investigated. Vectorization and biodegradable 

delivery systems are promising vehicles. Among them, poly(D,L) lactic acid (PLA) nanoparticles are 

interesting vectors due to their bioresorbability, biocompatibility and low immunogenicity, and are 

already approved for human tissue engineering (Casalini et al. 2019).  

In cancer therapies, nanoparticle formulations using biodegradable polymer, poly(D,L-lactide-co-

glycolide) (PLGA) encapsulating TLR3, TLR9 or TLR7/8 agonists enable greater and sustained cellular 
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delivery of agonists. The slow release of agonist from polymeric matrix may facilitate innate immune 

cells signalling, therefore reducing the need for high or repeated doses. Those formulations were 

shown to be highly effective as vaccines adjuvants (H. Kim et al. 2018; Y.-R. Lee et al. 2010). 

Concerning HBV infection, the vectorization of PRR agonists using nanoparticles could also be an 

interesting approach. They have been studied in large majority for formulations in prophylactic 

vaccines. TLR9 ligands have been successfully encapsulated and it was shown to efficiently boost the 

innate immune system (Lv et al. 2014). HBsAg entrapped nanoparticles containing MPLA, a TLR4 

agonist, were designed in order to create new vaccines formulation to be administered directly to the 

colon. It induced both humoral and cellular counterpart of immune response in rat (Sahu and Pandey 

2016). Calcium phosphate nanoparticles loaded with plasmid DNA and different toll-like receptor 

ligands, CpG or flagellin to activate APCs, have been assessed in vitro and in vivo, and showed antigen-

specific T cell response and antigen-specific antibody response (Rojas-Sánchez et al. 2020).  

In addition to vaccines, nanoparticle formulations could also be used as a treatment itself. Our 

collaborators have realized PLA nanoparticles loaded with a TLR1/2 agonist, Pam3CSK4. Those 

nanoparticles formed by nanoprecipitation that allows 99% of entrapment efficiency. In silico approach 

showed that Pam3CSK4 is not strictly encapsulated inside the nanoparticle, but is vectorised on the 

surface of the nanoparticle, with the hydrophobic part inside and the peptidic part outside (Lamrayah 

et al. 2019). Those nanoparticle formulations were assessed for their antiviral properties during this 

thesis project.  
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Figure 41: Representation of PLA-NP loaded with Pam3CSK4

Poly(D,L) lactic acid (PLA) nanoparticles loaded with Pam3CSK4 are prepared using the nanoprecipitation technique; the 

polymer and the molecule are dissolved in acetone, and this organic phase is added dropwise to an aqueous solution (ethanol 

and carbonate at a ratio of 40:60) under stirring. Adapted from (Lamrayah et al. 2019).

Poly (D,L) Lactic Acid 
(PLA) for polymeric
nanoparticles (NP)

Pam3CSK4 molecule
as a TLR1/2 ligand

PLA-NP loaded with
Pam3CSK4
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3.4.3.3 Combination of PRR agonists with other drugs  

As seen earlier, antiviral strategies to fight HBV infections are diverse and numerous, and all seem 

promising. However, the use of DAAs already approved or currently in development, despite great 

antiviral activity, may not be efficient to restore a complete immune response, necessary to control 

infection and/or to eradicate it. Similarly, immunotherapies may not be efficient enough if HBV DNA 

and antigens are present at high levels, or if innate sensors are down regulated. Combination of those 

therapies seems to be a promising strategy (Figure 42). A first use of DAA may be advised, such as the 

use of NAs, CpAMs and NAPs, which may result in a control of infection and lead to a decrease of viral 

antigens, associated or not with seroconversion. This control by DAAs in a first use may be necessary 

to prevent the down regulation of innate immune sensors and other immune genes, and in some cases 

to restore HBV-specific T cells. Restoration of T cells may be associated with checkpoint immune 

inhibitors that are efficient in breaking immune tolerance (B. Li et al. 2020). Finally, the use of PRR 

agonists to restore a complete immune system can be envisaged. As seen previously, those ligands 

may directly stimulate PRRs on hepatocytes, where the viral replication occurs, mediating therefore 

an autocrine and paracrine response, decreasing infection and affecting the cccDNA; they also boost 

innate immune response via PRRs stimulation on professional immune cells, which allow the 

recruitment, activation and proliferation of adaptive immune cells (Ferrari 2015; Testoni, Durantel, 

and Zoulim 2017; Durantel and Zoulim 2016). Indeed, PRR agonists were shown to both recruit NK/NKT 

cells that are able to activate CD8 specific T cells and induce iMATEs production, the ternary structures 

that allow proliferation of activated T cells. If T cells are not sufficient, T cell immunotherapies may be 

envisaged using TCR-and CAR- T cells.  

Even if this scenario seems promising to achieve a functional cure, it needs to be tightly regulated and 

controlled as a too strong activation of immunity may lead to harmful damages. To circumvent this, 

doses and duration of these different drugs as well as improved delivery systems are crucial for an 

efficient antiviral strategy and require more investigations.  
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Figure 42: Road map for therapeutic approaches against HBV 

A potential strategy against HBV infection would be the combination of different treatments previously seen. A decrease of 
viral load is needed to control infection (use of DAAs), following this, a decrease of antigenemia is necessary to restore 
functional immunity, including T cell functionality (use of RNAi). Restoration of T cell functionality may be associated to 
breaking of immune tolerance (use of checkpoint inhibitors). Finally a re-education of the immune system to definitively 
eradicate HBV (use of PRR agonists, T-CAR cells, therapeutic vaccination). Adapted from (Ferrari 2015). 
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Figure 43: Illustration of therapeutic approaches against HBV

Illustration of the road map for therapeutic approaches against HBV, with the antiviral effects induced by the different 

drugs at the liver level. 
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BB. Research project  

1. Hypotheses and objectives 
 

Around 250 million people are chronically infected by HBV worldwide, and are at high risk of 

developing liver diseases (steatosis, fibrosis) that can lead to decompensated cirrhosis or 

hepatocellular carcinoma; those complications may further need hepatic transplantations (Gish et al. 

2015). The risk of complications during HBV infection is about 15 to 40%, and it varies depending on 

HBV genotype, thus the geographical regions, but also depending on comorbidities (exposure to 

aflatoxin B, alcohol consumption, obesity…) (S. Chan et al. 2015). Current treatments used to cure 

chronic HBV infection, either based on pegylated interferon-α (Peg-IFN-α) or nucleos(t)ides analogues 

(NAs) are not efficient enough to guarantee the total eradication of the virus, and to eradicate cccDNA, 

the main cause of the persistence of the virus. Besides, Peg-IFN-α presents a poor safety profile, 

generating numerous side effects in patients and NA therapy generally need to be taken lifelong to 

avoid a rebound of infection. The rate of the functional cure, i.e., the loss of HBsAg, obtained by those 

treatments is inferior to 10%, leaving room for improvement. The need of new direct or indirect 

antiviral agents is therefore urgent (Durantel and Zoulim 2016). A strategy to increase both virological 

suppression and the rate of functional cure would be to restore or enhance immune functions, needed 

to control HBV infection in the long term.  

Immune and resident cells express PRRs, including TLRs, which play important roles in the induction of 

innate immunity through sensing of PAMPs, leading to the activation of adaptive immunity, for 

pathogen-specific immune control. In that matter, several PRR agonists are being investigated in 

clinical trials in oncology and infectiology, and more precisely the HBV field (Meng, Chen, and Lu 2020; 

Iribarren et al. 2015). The TLR7 agonist GS-9620, which was particularly efficient at reducing HBV 

infection in monotherapy in Chimpanzee and Woodchuck models, was not efficient in monotherapy 

to control HBV replication in humans, despite a good toxicological profile (Menne et al. 2015; Lanford 

et al. 2013; E. J. Gane et al. 2015; AASLD 2017) . Its clinical development is continued in combination 

with DAAs (NCT02579382).  

Others PRR agonists such as the TLR7 agonist RG7854, TLR8 agonist GS-9688 or TLR9 agonist AIC649 

are currently in preclinical or clinical evaluation against HBV infections (Suslov, Wieland, and Menne 

2018). Those ligands can stimulate professional immune cells including pDCs or myeloid liver cells to 

produce pro-inflammatory cytokines or interferons able to inhibit HBV replication, occurring in 

hepatocytes, and stimulate T cell responses (Isorce et al. 2015; Jo et al. 2014). However, those agonists 
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are not able to directly inhibit HBV replication in hepatocytes, as the latter do not functionally express 

their corresponding receptors, i.e., TLR7 to 9 (Luangsay, Ait-Goughoulte, et al. 2015).   

Our team investigated the different TLR expressed by liver cells and showed that hepatocytes were 

positive for the expression of TLR2 and TLR3 receptors, and their agonisation led to direct anti-HBV 

activity (Luangsay, Ait-Goughoulte, et al. 2015; Lucifora et al. 2018). The direct antiviral activity of a 

TLR1/2 ligand, Pam3CSK4, was assessed and showed a strong decrease of HBV replication markers, 

including a strong phenotype on HBV RNAs and cccDNA levels in hepatocytes. Additionally, it was able 

to activate PBMCs to produce different cytokines (e.g., IL-6), which could also inhibit in turn HBV 

replication (Lucifora et al. 2018). TLR1/2 ligand can also stimulate antigen presentation functions in 

macrophage cell and BDCA3+ dendritic cells, in addition to the production of IL-1β and IFN-λ, which 

both possess antiviral properties in infected hepatocytes (Isorce et al. 2016). Our team identified IL-

1β, being the most potent cytokine against HBV infection in vitro. We thought that antiviral effects 

produced by stimulation of innate immune cells, combined with direct antiviral effects in hepatocytes 

could lead to better innate immune stimulators, which make TLR1/2 ligand an interesting option for 

HBV.  

The aim of this thesis project was to get further insights both on the description of the antiviral activity 

of Pam3CSK4 in vitro, to decipher its mode of action, responsible of the antiviral effects observed and 

to analyse its potential therapeutic use in preclinical investigations.  

The first study of this thesis project contained three main parts. The first part aimed at further 

describing the antiviral effects of Pam3CSK4 in vitro, whereas the second aimed at getting further 

insights on the mode of action (MoA) responsible of these antiviral effects. More precisely, we 

deciphered the MoA of Pam3CSK4 by first determining its specificity of action in our in vitro models, 

then understanding the kinetic of antiviral events and investigating host-effectors involved in the long-

lasting antiviral phenotypes. This study allowed us to highlight the fact that Pam3CSK4 strongly and 

durably inhibits HBV replication, specifically acting via a heterodimeric TLR1/2 receptor and the 

canonical NF-κB pathway. The long-lasting antiviral activity is the consequence of an immediate effect 

on HBV RNA biogenesis, including a reduction of RNA transcription and an acceleration of RNA decay, 

but it is also due to a reduction of cccDNA level. A decrease of cccDNA levels was also observed 

following the initial decrease of HBV RNAs; this secondary decrease, reinforces the phenotype on HBV 

RNAs, as cccDNA serves as the template for all viral RNA biogenesis in vitro. RNA sequencing analyses 

allowed us to identify host effectors, amongst which MCPIP1 and FEN-1 were further analysed. The 

third part of the first study aimed at analysing the combination of Pam3CK4 with both approved and 

investigational drug including NAs, CpAMs, FXR agonist, RG7834, one kinase inhibitors or IFN-α, in 
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order to benchmark our Pam3CSK4 and identify potential future therapeutic strategies to test in 

human to improve the rate of HBV cure.  

The second part of the thesis concerned the potential therapeutic use of TLR2 agonist and its preclinical 

investigations. In contrast to TLR7 agonist, GS9620 or TLR8 agonist, GS-9688 that can be orally 

delivered to human, Pam3CSK4 cannot and the intravenous administration of free Pam3CSK4 (i.e., 

unprotected) in vivo, in infected-chimeric mice with humanized liver, with a dose escalation protocol 

(from 20 to 80μg during 3 weeks), only led to a moderate decrease of HBV parameters (Lucifora et al. 

2018). As increasing the dose of Pam3CSK4 does not seem judicious as it might cause “cytokine storm”, 

in the context of a systemic administration, new delivery strategies are therefore necessary. In this 

respect, nanoparticles are used to reduce the active dose of ligand, protect the ligand from 

degradation and specifically deliver it to the liver (Tyler et al. 2016). Nanoparticles encapsulating 

Pam3CSK4, NPs-Pam3CSK4, were synthesized by the team of Bernard Verrier (Lamrayah et al. 2019), 

and their antiviral activity were assessed in our in vitro models. As Pam3CSK4, we observed that NPs-

Pam3CSK4 efficiently and durably decreased all viral parameters, which is also the consequence of an 

immediate effect on HBV RNA biogenesis, including a reduction of RNA transcription, an acceleration 

of RNA decay and a reduction of cccDNA level. The anti-HBV effect of NPs-Pam3CSK4 was even more 

convincing in vivo, using AAV-HBV transduced mice. Additionally, NPs-Pam3CSK4 can be functionalized 

by PreS1 peptide, which might increase delivery to the liver and hepatocyte. In vitro, these NPs-

Pam3CSK4-PreS1 gained properties regarding inhibition of virus entry. Besides, in prophylactic 

vaccination procedure, these NPs-Pam3CSK4-PreS1 have led to a very potent humoral response with 

highly neutralizing antibodies. They are purposed as a novel innate immune therapeutic candidate that 

will be further tested in preclinical models.   
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2. Pam3CSK4: insights mechanisms of action of a potent TLR1/2 

agonist against HBV replication 
In a previous publication of the team, it was shown that Pam3CSK4 was one of the best TLR agonist in 

terms of anti-HBV properties (Lucifora et al. 2018). However, in that first study, which had a broad 

scoop (i.e., screening of all types of TLR agonists); no detailed analysis of the mode of action was 

performed. The aim of this novel study was to get further insights on the MoA of Pam3CSK4 using the 

best relevant in vitro models available in the laboratory. 

Material and methods 

1. Cell cultures 

1.1 dHepaRG cell line  

HepaRG cells were cultured in Williams’ medium E (Invitrogen), supplemented with 10% of FBS 

(Hyclone FetalClone II Perbio), 5μg/ml of human recombinant insulin (Sigma-Aldrich), 5.10-5 M 

hydrocortisone, 2mM GlutaMAXTM (Invitrogen), 100U/ml and 100μg/ml penicillin/streptomycin 

(Invitrogen) respectively (proliferation medium). To differentiate HepaRG cells into hepatocyte-like 

cells (dHepaRG), they were cultured two weeks in the medium indicated above followed by two weeks 

in medium containing 1.8% of dimethyl sulfoxide (DMSO) as previously described (differentiation 

medium) (P. Gripon et al. 1988). They were maintained at 37°C and 5% CO2.  

1.2 Primary human hepatocytes isolation 

Primary human hepatocytes (PHH) were freshly prepared from human surgical liver resection from the 

Centre Léon Bérard with French ministerial authorizations (AC-2013-1871, DC 2013-1870, AFNOR NF 

96 900 sept 2011), as previously described, (LeCluyse and Alexandre 2010). In brief, liver resections 

were perfused with collagenase after being washed by PBS 1X to get rid of peripheral blood cells 

present in vessels. Once a single-cell suspension obtained, cells were centrifuged to retrieve pellets 

containing hepatocytes, getting rid of other non-parenchymal cells.  They were then plated on 

collagenated plates, with rat-tail collagen. The day after plating, PHH were gently washed to remove 

debris and medium is replaced by Williams’ medium E (Invitrogen), supplemented with 5μg/ml of 

human recombinant insulin (Sigma-Aldrich), 5.10-5 M hydrocortisone, 2mM GlutaMAXTM (Invitrogen), 

100U/ml and 100μg/ml penicillin/streptomycin respectively (Invitrogen) without serum and DMSO for 

24 hours. Then, they were cultured and infected under the following conditions: 5% of specific fetal 

bovine serum (FBS), HyClone FetalClone II (Perbio) and 2% of DMSO Hybri-MaxTM (Sigma-Aldrich). They 

are maintained at 37°C and 5% CO2.  
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2. HBV viral inoculum preparation and infection 

 

HBV inoculum of genotype D was prepared from HepAD38 cell line, which is a cell line that replicates 

HBV under conditions regulated with tetracycline. In its presence, this cell line is free of virus, which is 

due to the repression of pgRNA synthesis. When removed, the cell line expresses pgRNA, accumulates 

subviral particles in the cytoplasm and is able to secrete virions into the supernatant (Ladner et al. 

1997). Cells were cultured into HYPERFlask  (Corning), with Dulbecco’s modifies Eagle’s/F-12 medium 

(DMEM/F-12, Gibco) supplemented with 10% FBS, 50 g/ml penicillin, 50 g/ml streptomycin and 

400 g/ml G418 (Gibco). Supernatant containing infectious particles was clarified through a 0.45 m 

filter (Millipore) and precipitated with 8% polyethylene-glycol-MW-8000 (PEG8000, SIGMA), at 4°C 

overnight. The supernatant with PEG-8000 was centrifuged at 3500g (maximum speed) for 1h and at 

4°C.  Pellets were resuspended, overnight, in OptiMEM (Invitrogen) in order to achieve a 50X-100X 

concentration. After DNA extraction, HBV inoculum was titered by quantitative PCR. Viral titers 

obtained reached at least 1x1010 vge (virus genome equivalent)/ml, and they were tested endotoxin 

free. Infection of dHepaRG and PHH were realized by incubation with HBV inoculum for 16h at a 

multiplicity of infection of 500 vge/cell, in presence of 4% PEG-8000 in differentiation medium. The 

day after infection, cells were washed thrice with PBS 1X.  

Other HBV genotype inocula (Genotypes A, B, C and E) were prepared from home-made HepG2 cell 

lines. Plasmids (pcDNA 3.1 + from Thermo Fisher Scientific, which contain a neomycin resistant gene) 

containing 1.35 genome unit of consensus genotype A, B C, and E sequences (extracted from the HBV 

database: https://hbvdb.lyon.inserm.fr/HBVdb/) were linearized and transfected into HepG2-ATCC 

cells. A polyclonal cell line resistant to G418 (500 μg/mL) was initially obtained for all 4 genotypes and 

frozen. Then two rounds of cell cloning were performed for each cell line by an end-point dilution 

method (i.e., plating of cells in collagen treated large petri dish at very low density leading to the 

formation of cell colonies, which could be scratched and grown individually). Four cell lines were thus 

generated and used to produce HBV inocula. In contrast to the inoculum prepared with HepAD38 

supernatant, inocula prepared from our cell lines led to titers ranging from 5x108 to 5x109 vge after 

Peg concentration. Infection of HepaRG cells were done using between 10 and 100 vge/cell. 

3. Cell treatments 

Infection was maintained for at least four days (for PHH) and seven days (dHepaRG) before adding 

treatments. Generally (exception indicated in figures), PHH were treated thrice every other day. 

dHepaRG were treated twice, three days apart. Treatments and corresponding concentrations are 
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indicated in each figure legend. A list of all molecules used in the study is provided in supplementary 

materials and methods.   

4. Nucleic acid extraction  

a. Total HBV RNA extraction and reverse transcription 

RNAs were extracted using three methods depending on the following experiment: NucleoSpin® RNA 

(Macherey Nagel), TriReagent® (Molecular Research Center, Inc.) or RNAzol®RT (Molecular Research 

Center, Inc.) according to the manufacturer’s recommendations. After TriReagent® and RNAzol® RT 

extraction, a DNase treatment (Promega) was realized at 37°C for 30 minutes, which was subsequently 

inactivated at 65°C for 10 minutes. RNA reverse transcription was performed using Maxima First Strand 

cDNA synthesis kit (ThermoFisher) according to manufacturer’s recommendations. cDNAs were then 

diluted to the 1/10 prior to qPCR.  

b. Total HBV DNA extraction 

Total intracellular DNA was extracted from cells using NucleoSpin® Tissue (Macherey Nagel) according 

to manufacturer’s recommendations.  

c. cccDNA extraction 

CccDNA was extracted using MasterPureTM DNA and RNA Purification Kit (Epicentre) in the absence of 

the serine protease, Proteinase K. Indeed, as viral polymerase is linked to cccDNA, the step of protein 

precipitation allowed us to get rid of rcDNA contamination. The next steps were realized according to 

manufacturer’s recommendations before being quantified by qPCR.  

5. Viremia analysis  

Cells’ supernatants were treated with 10mg/ml of RNase and DNase (Sigma) at 37°C for 30 min and 

95°C for 5 min. Supernatants were then diluted prior to qPCR.    

6. Quantitative polymerase chain reaction (qPCR) 

Five to ten ng of cDNA and total intracellular HBV DNA intracellular were used for quantification by 

qPCR using Luna® Universal qPCR Master Mix Protocol (New England Biolabs) in presence of couple of 

primers for the gene of interest (final concentration of 0.25μM). The qPCR program used is the 

following: 95° for 5 minutes; 40 cycles of 10 sec at 95°C, 20 sec at 60°C; 20 sec at 72°C; and a melting 

curve at 95°C for 1 sec and 65°C for 1 minute on LighCycler480 (Roche). HBV DNA or mRNA expression 

levels were quantified using the comparative cycle threshold (Ct) method, method in which the target 

DNA or cDNA was normalized to a housekeeping gene PRNP or RPLP0 following the RNA extraction 

method used. Treated conditions were then normalized to the untreated condition using 2-ΔΔCt. PgRNA 
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quantification was made with TaqmanTM Master Mix (ThermoFisher) according to manufacturer’s 

recommendations in presence of pgRNA probes (TIB MOLBIOL) and specific primers. Taqman reactions 

were made in duplex with GUSB, a housekeeping gene with the PCR program: 95°C for 20 sec; 40 cycles 

of 95°C for 1 sec and 60°C for 20 sec on QuantStudio 7 Flex (Applied Biosystems).  

Quantification of viremia was realized using Luna® Universal qPCR Master Mix Protocol (New England 

Biolabs) in presence of primers couple for the gene of interest (final concentration of 0.25μM). The 

qPCR program used is the following: 95° for 5 minutes; 40 cycles of 10 sec at 95°C, 20 sec at 60°C; 20 

sec at 72°C; and a melting curve at 95°C for 1 sec and 65°C for 1 minute on LighCycler480 (Roche). The 

quantity of viral genome equivalent was calculated according to a standard curve (build with dilutions 

of a plasmid containing the HBV sequence).   

CccDNA was quantified using a fluorescence resonance energy transfer (FRET)-based qPCR approach. 

TaqmanTM Master Mix (ThermoFisher) was used according to manufacturer’s recommendations, in 

presence of specific primers and cccDNA probe (TIB MOLBIOL). The PCR program used was the 

following: 95°C for 20 sec and 40 cycles of 95°C for 1sec, 60°C for 60 sec on QuantStudio 7 Flex. Human 

β-globin was used for normalization, with the following PCR program: 95°C for 20 sec; 40 cycles of 95°C 

for 1 sec and 60°C for 20 sec on QuantStudio 7 Flex.  

7. Enzyme-linked immunoassay (ELISA) for secreted HBV antigens 

Secreted antigens HBeAg and HBsAg were detected in the supernatant of HBV-infected cells using 

Autobio kit according to the manufacturer (AutoBio, China). ELISA plates were analysed using 

LuminoskanTM (ThermoFisher).  

8. Blotting methods 

a. Western Blot 

Cells were harvested in RIPA lysis buffer (NaCl 150mM, Tris HCL pH=8.0 50 mM, SDS 0.1%, NP40 1%, 

Na Deoxycholate 0.5%) containing protease inhibitors (cOmpleteTM Protease Inhibitor Cocktail s from 

Roche) and phosphatase inhibitors (PierceTM Phosphatase Inhibitor Mini Tablets from ThermoFisher). 

30 to 50 μg clarified lysates were denatured in presence of laemmli buffer and were heated at 95°C 

for ten minutes. Lysates were then loaded on precast protein gels (Novex Wedge well 4-20% or 10% 

Tris-glycine gels from ThermoFisher) and were subjected to 10% SDS-PAGE.  Western Blot transfers 

were realized onto nitrocellulose membranes using iBlotTM 2 Gel Transfer Device (ThermoFisher) 

according to manufacturer’s recommendations.  Membranes were then blocked in 1X Tris-Buffered 

Saline, containing 0.1% of tween (TBS-T) and 5% BSA (Bovine Serum Albumin). Primary antibodies 

(listed in supplementary material and methods) were incubated overnight at 4°C, at concentrations 
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indicated by the supplier. After being washed, membranes were incubated with corresponding 

secondary HRP antibodies for one hour. Membranes were incubated with chimioluminescent 

substrate SuperSignalTM according to manufacturer’s recommendations (ThermoFisher) after being 

revealed using Gel DocTM XR+ Imager (Biorad).  

b. Northern Blot 

After RNA extraction using TriReagent®, RNAs were quantified by NanoDropTM ONE (ThermoFisher). 

Glyoxal was added to 10μg of RNA before denaturation at 50°C for 1 hour. RNA Millenium Marker 

(Ambion) was used to control size of RNA transcripts. Samples were loaded on 1.2% agarose gel, and 

migration was realized in phosphate buffer 1X at 60V for 6 hours. Transfer was realized on Hybond N+ 

membranes (Roche), overnight. RNAs were fixed at 80°C for 2 hours, before being prehybridized in 

Dig-Easy Buffer at 42°C (from DIG Luminescent Detection kit, Roche). HBV probe is added overnight at 

42°C. Membranes were washed: 5 min in 2X SSPE, 0.5% SDS at 42°C, 15 min in 2X SSPE, 0.1% and 30 

min in 1X SSPE, 0.1% SDS. Membranes were then blocked in blocking buffer and anti-DIG antibody was 

added according to manufacturer’s recommendations (DIG Luminescent Detection kit, Roche). 

Membranes were then incubated with CDP-Star (Roche) before being exposed to imaging instrument, 

Gel DocTM XR+ Imager (Biorad).  

9. Loss of function’s analyses 

a. siRNA 

After infection establishment, cells (either dHepaRG or PHH) were transfected once or twice with 

siRNAs. Differentiation medium was removed and replaced by Williams’ medium E supplemented with 

10% of FBS, 5μg/ml of human recombinant insulin, 5.10-5 M hydrocortisone and 2mM GlutaMAXTM. 

Mix containing siRNAs at a concentration of 25nM and Lipofectamine RNAimax reagent 

(ThermoFisher) was then slightly added to wells. Cells were then incubated at 37°C, 5% CO2 for at least 

72h prior to new transfection, medium changing or treatments.  

b. CRISPR GuideRNA 

An HepaRG cell line expressing Cas9 under tetracycline was generated by a stable-double transduction 

with lentiviruses expressing either the tetracyclin repressor (TR) or the Cas9 gene from Streptococcus 

pyogenes serotype M1; a polyclonal cell line HepaRG-TR-Cas9sp was selected with blasticidin (40 

μg/mL) and zeocin (400 μg/mL) and then further amplified with blasticidin at 10 μg/mL and zeocin at 

100 μg/mL (maintenance conditions). HepaRG-TR-Cas9sp were differentiated as wild type HepaRG for 

experiments with HBV. The day before transfection with crRNA, which is synthetic guide RNA 

comprised of 20 nucleotides identical to the genomic DNA target site, together with the tracrRNA to 
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complete the full ≈100mer guide RNA structure necessary for genomic editing, tetracycline was added 

to the differentiation medium to induce the expression of Cas9sp. The day of transfection, a mix 

containing both crRNA and tracrRNA in OptiMEM was added to wells, the final concentration of crRNA 

and tracrRNA obtained is 25nM. Three transfections, 7 days separating each transfection, were 

realized in order to obtain a good extinction. 7 days after the last transfection, cells were infected, and 

treatment protocol began seven days post-infection.  

c. dHepaRG-Cas9 KO TLR1, TLR2, TLR3 and MyD88 

HepaRG-Cas9 KO cell lines were generated using lentivirus co-expressing codon-optimized Cas9 

nuclease along with a single guide RNA (sgRNA) targeting a particular gene (e.g., TLR1, 2, 3, etc.). 

LentiCRISPR plasmid contains hSpCas9 and the chimeric guide RNA. BsmBI is used to digest the vector 

and a pair of annealed oligos can be cloned into the single guide RNA scaffold. The oligos, designed 

based on the target site sequence, are flanked on the 3’ end by a PAM sequence (NGG). Lentiviral 

production is performed in HEK293T, lentiCRISPR are cotransfected with packaging plasmids pVSVg 

and Gag Pol. 5 days post transfection, supernatants are retrieved, filtered and concentrated. 

Lentiviruses are then transduced in proliferative HepaRG cells. Two sequences (called G1 and G2) for 

sgRNA TLR1, TLR2, TLR3 and MyD88 were designed for lentiCRISPR plasmid construction (listed in 

supplementary material and method).  

10. RNA-sequencing analysis 

mRNAs were extracted from cells using miRNeasy Kit and the extraction machine, Qiacube, according 

to manufacturer’s recommendations (Qiagen). Control of the quality of extracted RNAs for RNA-

sequencing was realized by Dr. Mathias Heikenwalder’s team at the DKFZ institute of Heidelberg. RNA-

sequencing was realized by Dr Thomas Engleitner’s team at the DKFZ institute of Heidelberg.  

11. Toxicity assays 

a. Neutral Red uptake assay 

Neutral red uptake assay was adapted from (Repetto, del Peso, and Zurita 2008). After three days of 

treatment (Pam3CSK4, NPs-Pam3CSK4 and Empty NPs), 0.3 ml /cm2 of pre-warmed neutral red 

solution (40μg/ml) was added to differentiation medium. After 3-4 hours of incubation at 37°C, 5% 

CO2, medium containing the neutral red solution was removed and cells were washed 1x PBS. Cells 

were then destained with 0.5 ml/cm2 of 50% absolute ethanol, 49% deionized water and 1% glacial 

acetic acid. Optical density was then measured at 540nm.  
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b. CellTiter-Glo® Luminescent Viability Assay 

After three days of treatment (Pam3CSK4, NPs-Pam3CSK4, Empty-NPs) CellTiter-Glo® Luminescent 

Viability Assay (Promega) was performed according to manufacturer’s recommendations. A 100μl of 

mix of CellTiter-Glo® Buffer and CellTiter-Glo® Substrate was added to cells and differentiation 

medium. The plate was equilibrated at room temperature for 30 minutes before recording 

luminescence. 

12. Statistical analyses 

Results were expressed as means and standard deviation (SD). Statistics were performed using 

GraphPad software. Mann-Whitney tests were used to compare treatment groups. For all tests, a p 

value ≤ 0.05 was considered as significant. *Correspond to p value ≤ 0.05; **correspond to p value ≤ 

0.01; ***correspond to p value ≤ 0.001. 
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Results 

1. Pam3CSK4 impacts HBV intracellular RNA accumulation at very low concentrations. 

We needed first to better describe the antiviral effect, in terms of kinetic of events, to find phenotypes 

that should be further mechanistically analysed. Using a similar regimen (two treatments with 

Pam3CSK4, 3 days apart), we found that the EC50 for most of viral parameters (total intracellular RNA, 

HBeAg, and viremia) was around 15 ng/mL, whereas a higher concentration was needed to take down 

HBsAg level (Fig.1). Only total RNA and HBeAg levels could decline below 80% of inhibition, whereas 

viremia and HBsAg seemed to plateau off at 50-60% of inhibition. It is worth noting that the measure 

of viremia by qPCR does not account for any potential effect on specific infectivity of virion released, 

which could occur and contribute to the overall antiviral effect. 

 

Figure 1: Pam3CSK4 impacts HBV intracellular RNA accumulation at very low concentrations. After 7 days post-infection, 
dHepaRG were treated twice with indicated concentrations (expressed in ng/ml) of Pam3CSK4 for a total exposure time of 6 
days. Intracellular HBV nucleic acids were analysed at 13 days post-infection. Effect on total HBV RNAs was quantified by RT-
qPCR, expressed in percentage, normalized to house-keeping gene level (PRNP) and non-treated condition (NT); effects on 
HBV antigens were quantified by ELISA in supernatants, expressed in percentage and normalized to NT; effects on viremia 
were quantified by qPCR, according to a standard curve (build with dilutions of a plasmid containing the HBV sequence). All 
histograms represent the mean of one experiment with three biological replicates and the error bars indicate SD. 

This antiviral activity was not due to any cellular toxicity, as no decline of the capacity of lysosomal 

storage (neutral red uptake) or synthesis of adenosine triphosphate (ATP) (Cell titer Glo) was observed 

at 24,000 ng/mL of Pam3CSK4, thus indicating a selectivity index > 1600 (Fig.2). Yet a significant decline 

of hepatocyte nuclear factor 4 (HNF4)-α expression was noticed even at rather low concentration of 

Pam3CSK4 (Fig.3); this suggested that a dedifferentiation of cells could also account for the antiviral 

effect observed. Furthermore, HNF4α, which is a nuclear receptor protein from the orphan receptor 

family, is not only an important transcription factor implied in regulation of hepatic cellular 
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differentiation, but it is also essential for HBV replication (Lucifora, Michelet, Salvetti, et al. 2020). 

Having said this, very low doses of Pam3CSK4 do not induce either a loss of HNF4α RNAs nor proteins, 

suggesting that the antiviral activity of Pam3CSK4 would not be fully due to a loss of morphology, 

functions and structure of hepatocytes. Moreover, despite affecting HNF4α RNAs, higher doses of 

Pam3CSK4 only induce a slight decrease of HNF4-α protein, highlighting the conserved morphology, 

structures and functions of hepatocytes during treatment. This phenomenon observed on HNF4α is 

reversible and does not impair treatment efficiency. It is also important to note that this alteration of 

HNF4α expression is also observed with IFN-α treatment, which is used in clinic to treat CHB patients. 

 

Figure 2: Pam3CSK4 treatments do not induce any toxicity. Cells were treated twice with indicated concentrations of 

Pam3CSK4 (in ng/ml) for a total exposure time of 6 days. Neutral Red Uptake and CellTiter Glo® Luminescent Cell Viability 

Assay were then performed. All histograms represent eight biological replicates, expressed in percentage and normalized to 

non-treated condition (NT) and the error bars indicate SD. Statistically significant differences from NT conditions are indicated 

by asterisks (ns: non-significant, *P<0.05, **P<0.005, ***P<0.002, ****P<0.0001).                                                          
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C) 

 

Figure 3: Pam3CSK4 induces a slight loss of HNF4α. 7 days post-infection, dHepaRG cells were treated twice with indicated 

concentrations of Pam3CSK4 for a total exposure time of 6 days. Intracellular HBV nucleic acids were analysed at 13 days 

post-infection. Pam3CSK4 concentrations are expressed in ng/ml. A) Effect on HNF4α RNAs was quantified by RT-qPCR, 

expressed in percentage, normalized to housekeeping gene level (PRNP) and non-treated condition (NT). Histograms 

represent the mean of two independent experiments with thre biological replicates and the error bars indicate SD. B) and C) 

Western Blot analyses indicating HNF4α proteins, expressed in percentage, normalized to actin-β and to NT condition. 

Quantification of western blots regroups the quantification for both experiments, and the error bars indicate SD. Statistically 

significant differences from NT conditions are indicated by asterisks (ns: non-significant, *P<0.05, **P<0.005, ***P<0.002, 

****P<0.0001). 

 

2. Pam3CSK4 is active against various HBV genotypes 

As indicated in the introduction part, HBV exists as various genotypes with heterologous geographical 

repartition. Any novel anti-HBV asset need to be checked for its activity against these various 

genotypes. We assessed the ability of Pam3CSK4 at reducing viremia of other HBV genotypes. For that, 

dHepaRG cells were infected with five different genotypes of HBV, genotype A, B, C, D (used in all the 

study) and E. Seven days post-infection, dHepaRG cells were treated twice with 100 ng/ml of 

Pam3CSK4.  At the end of treatment, supernatants were collected for dosing secreted virions (Fig.4). 

Pam3CSK4 was efficiently active on other genotypes B, C, and E compared to genotype D, inducing a 

half decrease of viremia.  

However, in genotype A condition, viremia is not reduced with the actual drug regimen of Pam3CSK4, 

chosen for in vitro treatment. Either an additional treatment or higher dose of Pam3CSK4 could be 

considered to decrease viremia in that case. 
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Figure 4: Pam3CSK4 has potent antiviral activity on genotypes B, C, D and E. 7 days post-infection, dHepaRG cells were 

treated twice with Pam3CSK4 (100 ng/ml) for a total exposure time of 6 days. Effects on viremia were quantified by qPCR, 

according to a standard curve (build with dilutions of a plasmid containing the HBV sequence). All histograms represent the 

mean of three independent experiments with three biological replicates and the error bars indicate SD. Statistically significant 

differences from NT conditions are indicated by asterisks (ns: non-significant, *P<0.05, **P<0.005, ***P<0.002, 

****P<0.0001). 

 

3. The effect of Pam3CSK4 on HBV RNA accumulation can be disconnected from its effect on 

cccDNA  

In the previous study, it was shown that Pam3CSK4 could induce a reduction of the level of cccDNA. As 

cccDNA is the template for all downstream HBV parameters, we wanted to investigate whether the 

effect of Pam3CSK4 on HBV RNA accumulation could be either independent or prior to any decline on 

cccDNA. To this end, 7 days post-infection, when infection was totally established, i.e. it had reached 

a replicative plateau (Hantz et al. 2009), dHepaRG cells were treated twice with 10, 50 or 100 ng/ml of 

Pam3CSK4 for a total exposure of 6 days.  At the end of treatment, intracellular nuclear acids were 

extracted, and we could quantify all viral RNA and cccDNA, by RT-qPCR and FRET-qPCR methods 

respectively as described in materials and methods (Fig.5). Lowest dose of Pam3CSK4, 10 ng/ml, was 

efficient in decreasing viral RNAs, while cccDNA did not decrease, suggesting mechanism of action of 

Pam3CSK4 on viral RNAs before impacting cccDNA. Higher doses decreased cccDNA, which also 

decreased even more viral RNAs. In order to decrease all viral parameters, both intracellular and 

extracellular, 100 ng/ml was chosen for all subsequent experiments. 
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Figure 5: Effect of Pam3CSK4 on HBV RNAs at low concentrations in dHepaRG can be disconnected from effect on cccDNA. 

7 days post-infection, dHepaRG cells were treated twice with indicated concentrations of Pam3CSK4 (expressed in ng/ml) for 

a total exposure time of 6 days. Intracellular HBV nucleic acids were analysed at 13 days post-infection. Effect on HBV RNAs 

was quantified by RT-qPCR, expressed in percentage, normalized to housekeeping gene level (PRNP) and non-treated 

condition (NT); effect on cccDNA levels was quantified by FRET-qPCR method, expressed in percentage, normalized to NT. All 

histograms correspond to the mean of independent experiments and the error bars indicate SD. Statistically significant 

differences from NT conditions are indicated by asterisks (ns: non-significant, *P<0.05, **P<0.005, ***P<0.002, 

****P<0.0001).  

 

We further investigated whether the effect on HBV RNA accumulation could come faster than the 

phenotype on cccDNA. dHepaRG cells were treated only one time after establishment of the infection 

and the levels of total intracellular HBV RNAs and cccDNA were monitored in short term kinetics (Fig.6). 

We observed a 50% reduction of the levels of total intracellular HBV RNAS already 6h after treatment, 

with a 70% reduction reached 48 hours post-treatment. cccDNA levels remained stable after 

Pam3CSK4 treatment. This suggested that Pam3CSK4 had first an antiviral effect on viral RNAs before 

affecting the cccDNA, and the second treatment is required to affect it. The antiviral effects induced 

by Pam3CSK4 on viral RNAs were then investigated. 
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Figure 6: Fast inhibition of HBV RNAs after treatment one Pam3CSK4 treatment. 7 days post-infection, dHepaRG were 

treated once with Pam3CSK4 (100 ng/ml). HBV RNAs and cccDNA were analysed at indicated time points. Effect on RNAs was 

quantified by RT-qPCR, expressed in percentage, normalized to house-keeping gene level and non-treated condition (NT); 

effect on cccDNA levels was quantified by FRET-qPCR method, expressed in percentage, normalized to NT. All histograms 

represent the mean of at least two independent experiments with four biological replicates and the error bars indicate SD. 

Statistically significant differences from NT siCtrl conditions are indicated by asterisks (ns: non-significant, *P<0.05, 

**P<0.005, ***P<0.002, ****P<0.0001).  

 

4. Pam3CSK4 has a long lasting antiviral activity 

As Pam3CSK4 has an effect on both cccDNA and HBV RNAs levels, and knowing that the impact on HBV 

RNA concerns all form of HBV RNA leading to the decrease of all viral protein, including likely HBx and 

HBcAg, which are involved in cccDNA transcription regulation (Z. Wang, Wang, and Wang 2020), we 

wondered whether a long lasting inhibition after treatment arrest could be obtained with our ligand. 

To this end, dHepaRG cells, which were HBV-infected for 7 days and treated twice with treatments, 

were kept in culture 10 days after the end of treatment. All HBV parameters were quantified at the 

end of treatment (14 days post infection) and 10 days post the end of treatment (24 days post 

infection) (Fig.7). Intracellular parameters, viral HBV RNAs and cccDNA levels were quantified by RT-

qPCR and FRET qPCR; HBeAg, HBsAg (quantified by ELISA) and viremia (quantified by qPCR) were 

additionally monitored at 18 and 21 days post-infection (Fig. 8). IFN-α, RG7834 (HBV RNAs destabilizer) 

and Tenofovir (TFV) were used as controls. A strong decrease of 50-70% was observed on all HBV 

parameters, HBV RNAs (Fig.7A), secreted HBeAg and HBsAg (Fig. 7B and C) and viremia (Fig. 7D) at the 

end of treatment with Pam3CSK4. Interestingly, it is the only drug to induce a strong decrease of 

cccDNA right after treatment (Fig. 7B), while IFN-α, the currently used treatment, does not have any 

impact on it. In contrast to the rebound of viremia (Fig. 7D) observed after the arrest of TFV; the 

rebound of HBV RNAs (Fig.7A) and secreted parameter (Fig.7C and D) after the arrest of RG7834, 
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reduction of intracellular HBV RNAs, cccDNA, secreted antigens and viremia (Fig. 7 A-D) were all 

sustained 10 days after the end of treatment. Pam3CSK4 was, once more, more potent at reducing 

cccDNA levels compared to IFN-α. The Pam3CSK4-mediated antiviral effect, sustained after arrest of 

the treatments, contrary to nucleoside analogue and RG7834, may suggest a role of epigenetic 

regulations, while the reduction of cccDNA levels may imply the triggering of cellular pathways 

subsequently affecting cccDNA stability, as previously seen with lymphotoxin-beta agonist (Lucifora et 

al. 2014).  
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D) 

 
Figure 7: Pam3CSK4 treatment is potent and long lasting. 8 days post-infection, dHepaRG were treated twice with Pam3CSK4 

(100ng/ml), IFNα (500UI/ml), RG7834 (0.1 μM), Tenofovir (TFV: 1μM) for a total exposure time of 6 days. HBV parameters 

were analysed at 14 days post-infection, at the end of treatment, and 24 days post-infection. A) Effect on RNAs was quantified 

by RT-qPCR, expressed in percentage, normalized to house-keeping gene level (PRNP) and non-treated condition (NT); B) 

effect on cccDNA levels was quantified by FRET-qPCR method, expressed in percentage, normalized to NT; C) effects on HBV 

antigens were quantified by ELISA in supernatants, expressed in percentage and normalized to NT; D) effects on viremia were 

quantified by qPCR, according to a standard curve (build with dilutions of a plasmid containing the HBV sequence). All 

histograms represent the mean of at least three independent experiments with three biological replicates and the error bars 

indicate SD. Statistically significant differences from NT conditions are indicated by asterisks (ns: non-significant, *P<0.05, 

**P<0.005, ***P<0.002, ****P<0.0001).  
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B) 

 

Figure 8: 8 days post-infection, dHepaRG were treated twice with Pam3CSK4 (100ng/ml), Peg-IFNα (500UI/ml), RG7834 (0.1 

μM), Tenofovir (TFV: 1μM) for a total exposure time of 6 days. Secreted HBV parameters were analysed at 14 days post-

infection, at the end of treatment, 18, 21 and 24 days post-infection. A) Effects on HBV antigens were quantified by ELISA in 

supernatants, expressed in percentage and normalized to NT; B) effects on viremia were quantified by qPCR, according to a 

standard curve (build with dilutions of a plasmid containing the HBV sequence). All time points represent the mean of at least 

three independent experiments with three biological replicates and the error bars indicate SD.  

 

5. Pam3CSK4 inhibits HBV in a TLR1/2 and MyD88 specific manner 

As dHepaRG and PHH are both positive for the expression of TLR1/2 and TLR3 (Luangsay, Ait-

Goughoulte, et al. 2015), we wondered if the antiviral effects induced by Pam3CSK4 was only mediated 

by TLR1/2, in the absence of off-target effects. We realized the knockout of TLR1/2 by two different 

approaches, using either lentiCRISPR or crRNA technologies.  

dHepaRG cells were transduced by lentiCRISPR expressing Cas9 endonuclease and a single guide RNA 

corresponding our interest gene TLR1, TLR2, TLR3 and MyD88 (the adaptor protein used by TLRs, 

except TLR3, to activate transcription factor NF- B) as described in material and methods. Two sgRNAs 

contructions were realized for each gene, targeted sequences are presented in supplementary 

material and methods. Only the g2 contruction for TLR2 was successfully transduced in dHepaRG cells. 

Transduced dHepaRG cells underwent normal differentiation as described in materials and methods 

prior being assessed by western blot for a good extinction of our interest genes (Fig.9). dHepaRG-Cas 

9 KO TLR1, TLR2 and MyD88 were well knockout while dHepaRG-Cas9 KO TLR3 cells still expressed 

TLR3 protein. Despite the absence of a good knock out in this cell line, dHepaRG-Cas9 KO TLR3 was 

then considered as a control cell line for treatment efficiency. dHepaRG-Cas9 KO cells were then HBV-

infected, and 7 days post-infection, treated twice with Pam3CSK4, RG7834, IFN- , and lamivudine 

(LAM) for a total exposure time of 6 days. At the end of treatment, intracellular parameters HBV RNAs, 

cccDNA and extracellular parameters HBeAg, HBsAg and viremia were quantified. We observed that 

all control drugs lamivudine, RG7834 and IFN-α, present the same phenotypic profile in each cell line 
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on all HBV parameters, suggesting that their antiviral effects is not mediated by our KO genes. (Fig. 

10A-D). Concerning the strong antiviral effect induced by Pam3CSK4 in dHepaRG-Cas9 KO TLR3, our 

control cell line, on all HBV parameters (Fig 10.C) it is abolished in dHepaRG cells KO for TLR1, TLR2 

and MyD88. This suggest that both TLR1 and TLR2 are necessary and sufficient for the antiviral effect 

induced by Pam3CSK4. It also suggests that MyD88 is crucial for TLR1/2 downstream signalling pathway 

in hepatocytes.   

The second approach used TR-HepaRG Cas9 that were transfected three times with crRNA directed to 

TLR1, TLR2 or TLR3 and with the tracrRNA (Fig.11A). The KO of our genes of interest was assessed by 

western blot (Fig 11.B), TL2 and TLR3 seemed well KO, while residual TLR1 protein seems remaining. 

Pam3CSK4 still present antiviral activities in TR-HepaRG Cas 9 TLR3, confirming that Pam3CSK4-

mediated activity is not dependent on TLR3. Once more, a reverse antiviral activity was observed in 

the absence of TLR2, confirming its essential role in Pam3CSK4-mediated antiviral activity. However, 

the reverse phenotype was more moderate in the absence of TLR1. We hypothesized that the residual 

level of TLR1 protein was sufficient to heterodimerize with TLR2 and to mediate Pam3CSK4 antiviral 

activity.  

 

Figure 9: Pam3CSK4 inhibits HBV in a TLR1/2 specific manner. Two constructions of sgRNAs were realized for each 

interest gene. Knockout of dHepaRG KO cell lines for both constructions realized, was assessed by western blot. 

dHepaRG-Cas KO were stimulated for 24 hours with Pam3CSK4 before being lysed in RIPA buffer.  
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D)  

 

Figure 10: Pam3CSK4 inhibits HBV in a TLR1/2 and Myd88 dependent manner. 7 days post-infection, A) dHepaRG-Cas9 KO 

TLR2, (B) dHepaRG-Cas9 KO TLR1, (C) dHepaRG-Cas9 KO TLR3 and (D) dHepaRG-Cas9 KO MyD88 were treated twice with 

Pam3CSK4 (100ng/ml), Peg-IFNα (500UI/ml), RG7834 (0.1 μM), lamivudine (LAM: 1μM) for a total exposure time of 6 days. 

Effect on RNAs was quantified by RT-qPCR, expressed in percentage, normalized to house-keeping gene level (PRNP) and non-

treated condition (NT); effect on cccDNA levels was quantified by FRET-qPCR method, expressed in percentage, normalized 

to NT; effects on HBV antigens were quantified by ELISA in supernatants, expressed in percentage and normalized to NT; 

effects on viremia were quantified by qPCR, according to a standard curve (build with dilutions of a plasmid containing the 

HBV sequence). All histograms represent the mean of three biological replicates and the error bars indicate SD.  
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C)                                                                               D) 

 

 

E) 

 

Figure 11: Pam3CSK4 inhibits HBV in a TLR1/2 specific manner. A) TR-HepaRG Cas9 were transfected three times with crRNA 

directed to either TLR1, TLR2 or TLR3 and with the tracrRNA. After 7 days post-last transfection cells were infected by HBV, 

and 7 days later treated two times with Pam3CSK4 (100ng/ml) for a total exposure time of 6 days. B) Extinction of targeted 

genes was assessed by western blot using nitrocellulose membranes. C) Effect on RNAs was quantified by RT-qPCR, expressed 

in percentage, normalized to house-keeping gene level and non-treated condition (NT). D) Effects on viremia were quantified 

by qPCR, according to a standard curve (build with dilutions of a plasmid containing the HBV sequence). E) Effects on HBV 

antigens were quantified by ELISA in supernatants, expressed in percentage and normalized to NT. All histograms represent 

the mean of two independent experiments with three biological replicates and the error bars indicate SD. Statistically 

significant differences from NT conditions are indicated by asterisks (ns: non-significant, *P<0.05, **P<0.005, ***P<0.002, 

****P<0.0001). 

 

6. Low expression of TLR2 does not prevent antiviral activity of Pam3CSK4  

The experimental approach using TR-HepaRG Cas9 (5.) to knock out genes questioned us about the 

amount of protein needed to achieve an antiviral effect in hepatocytes. It is acknowledged that TLR 

agonist activates mRNA expression and therefore protein synthesis of their own receptor in cells such 
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as macrophages (K. Cheng et al. 2015), however little is known about expression of TLR in hepatocytes. 

We investigated the ability of Pam3CSK4 to induce antiviral effects in hepatocytes whose TLR1/2 

expression is nearly null. To achieve this, we used a siRNA approach allowing a a partial but not 

complete extinction of TLRs. dHepaRG cells were HBV-infected prior to siRNAs transfection, to avoid 

potential effect of extinction on HBV infection and they were then transfected with siRNAs directed to 

TRL2, TLR1 and TLR3 and 6 were used as controls. siHBV was used as an experimental control. siRNAs 

were kept in dHepaRG medium for four days before being removed and cells were further treated 

twice with Pam3CSK4 (Fig. 12A). Extinction of targeted genes were controlled before and after 

Pam3CSK4 treatment by RT-qPCR and western blot (Fig. 13 A and B). siRNA directed to TLR2 decreased 

the TLR2 mRNA expression of more than 80% compared to other conditions, while the protein is no 

longer detectable in western blot (Fig 12B and C). After treatments, TLR2 mRNAs were upregulated 

about five times in treated sicontrol (siCtrl) condition and in conditions in which TLR3 and TLR6 are 

downregulated, compared to non-treated sicontrol (NT siCtrl) condition. However, in condition in 

which TLR2 mRNA expression was originally low, mRNAs were upregulated about two times compared 

to NT siCtrl (Fig. 12B). TLR2 protein was also detectable in western blot after treatment in siTLR2 

condition, despite its absence before treatment (Fig. 12C). Interestingly, despite the originally low 

expression of TLR2 in cells, Pam3CSK4 induced an antiviral phenotype as potent as the phenotype 

observed in siCtrl condition (Fig. 12D). This analysis may be important as some studies reported the 

downregulation of TLR2 expression in PBMCs, liver macrophages, and hepatocytes from chronic HBV-

HBeAg+ patients (Visvanathan et al. 2007). Pam3CSK4 might be an interesting alternative, as it is able 

to strongly upregulate TLR2 expression from a nearly null extinction, inducing a strong antiviral effect 

as well.  

Interestingly, Pam3CSK4 did not induce any upregulation of TLR1 expression after treatment (Fig.13A), 

resulting in a weaker antiviral effect obtained in siTLR1 condition. TLR1 is therefore necessary for 

Pam3CSK4-mediated antiviral effect, as its absence was associated with a reverse phenotype (5.), but 

the ligand presence does not upregulate its expression.  
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B) 

  

 C) 

 

D) 

 
Figure 12: Low expression of TLR2 do not prevent antiviral activity of a TLR2 agonist. A) dHepaRG were infected and at least 

5 days post infection, cells were transfected once with siRNAs directed to TLR2. SiRNAs directed to TLR1, TLR3 and TLR6 were 

used as controls. Four days post-transfection, cells were treated two times with Pam3CSK4 (100ng/ml) for a total exposure 

time of 6 days. B) TLR2 RNAs prior to treatment and post treatment were quantified by RT-qPCR, expressed in percentage, 

normalized to housekeeping gene level and non-treated sicontrol condition (NT siCtrl); C) Extinction of targeted genes was 

assessed by western blot using nitrocellulose membranes. D) Effect on HBV RNAs was quantified by RT-qPCR, expressed in 

percentage, normalized to housekeeping gene level and NT siCtrl; effects on HBV antigens were quantified by ELISA in 

siCtrl siTLR2 siTLR1 siTLR3 siTLR6 siHBV
0

20

40

60

80

100

120

TLR2 RNAs Pre-treatment

%
o

f
s
iC

o
n

tr
o

l

****

TLR2

Actin-β

siCtrl

- +

siTRL2

- +

siTRL1

- +

siTLR3

- +

siTLR6

- +Pam3CSK4: 

NT siCtrl siCtrl siTLR2 siTLR1 siTLR3 siTLR6 siHBV
0

20

40

60

80

100

120

HBV parameters

%
o

f
n

o
n

-t
re

a
te

d
s
iC

o
n

tr
o

l

****

HBeAg HBsAg ViremiaHBV RNAs

***

*

***

*

*

NT siCtrl siCtrl siTLR2 siTLR1 siTLR3 siTLR6 siHBV
0

100

200

300

400

500

600

700

TLR2 RNAs Post-treatment

%
o

f
n

o
n

-t
re

a
te

d
s
iC

o
n

tr
o

l

***



Thesis Manon Desmares                                                                                                            Research project       

171 
 

supernatants, expressed in percentage and normalized to NT siCtrl; effects on viremia were quantified by qPCR, according to 

a standard curve (build with dilutions of a plasmid containing the HBV sequence. All histograms represent the mean of three 

independent experiments with three biological replicates and the error bars indicate SD. Statistically significant differences 

from NT siCtrl conditions are indicated by asterisks (ns: non-significant, *P<0.05, **P<0.005, ***P<0.002, ****P<0.0001). 
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B) 

 

Figure 13: Low expression of TLR2 do not prevent antiviral activity of a TLR2 agonist.  dHepaRG were infected and at least 

5 days post infection, cells were transfected once with siRNAs directed to TLR2. SiRNAs directed to TLR1, TLR3 and TLR6 were 

used as controls. Four days post-transfection, cells were treated two times with Pam3CSK4 (100ng/ml) for a total exposure 

time of 6 days. A) TLR1, TLR3 and TLR6 RNAs prior to treatment and post treatment were quantified by RT-qPCR, expressed 

in percentage, normalized to housekeeping gene level and non-treated sicontrol condition (NT siCtrl); B) Extinction of 

targeted genes was assessed by western blot using nitrocellulose membranes. All histograms represent the mean of three 

independent experiments with three biological replicates and the error bars indicate SD. 

 

7. Antiviral activity of Pam3CSK4 is mediated by an early activation of canonical NF-κB pathway 

and expression of pro-inflammatory genes 

TLR1/2 activation is known to activate NF-κB signalling pathway, leading to the expression of pro-

inflammatory genes (Taro Kawai and Akira 2007). The kinetics of NF-κB pathway activation, both 

canonical and non-canonical, was then investigated after Pam3CSK4 treatment. dHepaRG cells were 

HBV-infected and 7 days later, treated with Pam3CSK4. The two pathways were analysed at different 

time right after treatment (Fig.14 A and B). Pam3CSK4 induced a rapid activation of canonical NF-κB 

pathway with a phosphorylation of the p65 subunit detectable only 30 minutes post treatment and 

remained detectable until 2 hours post treatment. However, it did not activate non-canonical pathway, 

p100 and p52 subunits remaining in same proportion than non-treated condition. This early activation 

of NF-kB signalling pathway led to the rapid and strong expression of pro-inflammatroy gene, IL-6 

(Fig.15).   

Even if this activation is not observable right after the second treatment, we did observe 

phosphorylation of p65 subunit 3 days post second treatment, suggesting that NF- κB pathway could 

undergo a negative feedback loop at first before being reactivated again between second treatment 
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and the end of experiment. This result highlighted that the treatment regimen, i.e., two Pam3CSK4 

treatment, used for all experiences in that study was convenient in in vitro models (Fig.16).  

 

A) 

 

 

B) 

 

Figure 14:  Antiviral activity of Pam3CSK4 is mediated by an early activation of canonical NF-κB pathway. dHepaRG were 

treated 7 days post-infection with Pam3CSK4 (100 ng/ml). Lysates were generated at different time points to analyse the 

activation of both canonical and non-canonical activation of NF-κB pathway by western blots.  
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Figure 15:  Pam3CSK4 treatment induces a rapid and strong expression of pro-inflammatory genes, IL-6. dHepaRG were 

treated 7 days post-infection with Pam3CSK4 (100 ng/ml). IL-6 mRNAs levels were analysed and quantified at different time 

post-treatment by RT-qPCR, expressed in percentage, normalized to housekeeping gene level (PRNP) and non-treated (NT). 

All histograms represent the mean of three independent experiments with three biological replicates and the error bars 

indicate SD. 

 

A)  

 

 

 

 

 

 

2h 4h 6h 8h

0

5000

10000

15000

IL-6 RNAs

%
o

f
n

o
n

-t
re

a
te

d

NT

Post-treatment

Pam3CSK4

D0

HBV Wash 

+16h D7 D10

1st Pam3CSK4 

treatment

or DMSO STOP

30min; 1h; 2h; 4h; 6h

2nd Pam3CSK4 

treatment

or 1st Pam3CSK4 

treatment

30min; 1h; 2h; 4h; 6h D13

STOP



Thesis Manon Desmares                                                                                                            Research project       

175 
 

B)  

 

Figure 16: Activation of NF-κB pathway after one or two treatments. A) dHepaRG were either treated 7 days post-infection 

with Pam3CSK4 (100 ng/ml) (+) or DMSO (D.) and retreated once with Pam3CSK4 (for both conditions, ++ and +). B) Lysates 

were generated at different time points to analyse the activation of canonical activation of NF-κB pathway by western blots.  

 

8. Antiviral activity of Pam3CSK4 on viral RNAs 

As Pam3CSK4 first impact viral RNAs, we hypothesized that this decrease could be due to different 

mechanisms, including inhibition of transcription or degradation of virals RNAs. We also wondered if 

Pam3CSK4 could induce the rapid synthesis of an effector that in turn led to the decrease of viral RNAs. 

a. Inhibition of transcription 

We first investigated the ability of Pam3CSK4 to inhibit HBV transcription. DHepaRG cells were 

infected, and after the establishment of infection, cells were treated twice with Pam3CSK4 for a total 

exposure time of 6 days. Peg-IFN-α and both RG7834 and lamivudine (LAM) were respectively used as 

positive and negative controls for transcription inhibition. Effects of treatment on HBV parameters 

were assessed before proceeding to the following experiment (Fig. 17). 13 days post-infection, 5-

ethynyl uridine was added to cell media to label nascent RNAs for a total exposure time of two hours. 

As control, infected but not treated cells were treated with actinomycin D, an inhibitor of transcription, 

20 minutes before adding 5-ethynyl uridine. Total intracellular HBV RNAs were then isolated, 

quantified by RT-qPCR. Labelled RNAs were further extracted using Click-iT™ Nascent RNA Capture Kit 

and quantified by RT-qPCR (Fig.18A). Pam3CSK4 not only had an antiviral effect on total intracellular 

HBV RNAs, but also decreased HBV nascent RNAs (Fig.18B). Similarly to IFN-α, which is an innate 
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immune stimulator that had already been shown to inhibit transcription (Laura Belloni et al. 2012), 

Pam3CSK4 seem to trigger same mode of action against HBV RNAs. However, the time of labelling of 

two hours might be long, but for experimental issues, shorter times were not convenient. We therefore 

cannot overlook the fact that Pam3CSK4 may inhibit HBV RNAs right after elongation, and therefore 

RNA decay experiments were further realized. 

Figure 17: Pam3CSK4 inhibits HBV transcription. dHepaRG were treated 7 days post-infection, with Pam3CSK4 (100 ng/ml), 

RG7834 (0.1μM), IFN-α (1000 UI/ml) and lamivudine (LAM, 1μM), for a total exposure of 6 days of treatment. 6 days after 

treatment (and 13 days post-infection), all HBV parameters were controlled. Effects on HBV antigens were quantified by ELISA 

in supernatants, expressed in percentage and normalized to NT; effects on viremia were quantified by qPCR, according to a 

standard curve (build with dilutions of a plasmid containing the HBV sequence). All histograms represent the mean of at least 

three independent experiments with three biological replicates and the error bars indicate SD. Statistically significant 

differences from NT conditions are indicated by asterisks (ns: non-significant, *P<0.05, **P<0.005, ***P<0.002, 

****P<0.0001). 
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B)  

 

Figure 18: Pam3CSK4 inhibits HBV transcription. A) DHepaRG were treated 7 days post-infection, with Pam3CSK4 (100 

ng/ml), RG7834 (0.1μM), Peg-IFN-α (1000 UI/ml) and lamivudine (LAM, 1μM), for a total exposure of 6 days of treatment. 

6 days after treatment (and 13 days post-infection), 5-ethynyl uridine was used to label nascent RNAs for two hours. 

HBV RNAs were then extracted and quantified by RT-qPCR for total analysis, and labelled RNAs were further extracted 

using Click-iT™ Nascent RNA Capture Kit according to manufacturer’s recommendations. Actinomycin D was used as 

control: on day 13, cells were treated with actinomycin D at a concentration of 5μg/ml and for twenty minutes prior to 

the addition of 5-ethynyl uridine.   B) Effects on total and nascent HBV RNAs was quantified by RT-qPCR, expressed in 

percentage, normalized to house-keeping gene level and non-treated condition (NT). All histograms represent the mean 

of at least three independent experiments with three biological replicates and the error bars indicate SD. Statistically 

significant differences from NT conditions are indicated by asterisks (ns: non-significant, *P<0.05, **P<0.005, 

***P<0.002, ****P<0.0001) 

 

b. Induction of RNA decay 

We investigated the effect of Pam3CSK4 on the degradation of viral RNAs (Fig. 19). Primary human 

hepatocytes were infected and treated with Pam3CSK4. RG7834, a potent HBV destabilizer was used 

as control, as well as IFN-α. Two days later, Triptolide, which is a transcription inhibitor, was added to 

cell media. RNAs were then extracted at different time points. PRNP mRNA, a housekeeping gene, and 

HNF4-α mRNA whose half-life is short were respectively used as negative and positive controls. Each 

mRNA was normalized to time 0 (t0) (Fig. 19.A), before the adding of Triptolide. Pam3CSK4 seemed to 

decrease total intracellular HBV RNAs, in a similar way than IFN-α. This effect was also observed in 

dHepaRG cells (Fig.19B).   
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Figure 19: Pam3CSK4 induces RNA decay. A) 5 days post-infection, PHH were treated with Pam3CSK4 (1μg/ml), RG7834 

(0.1μM) and Peg-IFN-α (1000UI/ml) for two days prior to the addition of Triptolide (1μg/ml. B) 4 days post-infection dHepaRG 

were treated with Pam3CSK4 (50ng/ml), Peg-IFN-α (500 UI/ml) and RG7834 (0.1μM), 3 days later Triptolide was added to cell 

medium (containing treatment). PRNP (housekeeping gene), HBV RNAs and HNF4α were analysed at indicated time points, 

quantified and normalized to non-treated at t0 (before the addition of Triptolide). For PHH experiments, all time points 

represent the mean of three independent experiments with three biological replicates and the error bars indicate SD. 

Statistically significant differences between cycloheximide conditions and without cycloheximide are indicated by asterisks 

(ns: non-significant, *P<0.05, **P<0.005, ***P<0.002, ****P<0.0001). For dHepaRG experiments, all time points represent 

the mean of three biological replicates. Reproduction in progress. 

 

Pam3CSK4 induced a rapid degradation of viral RNAs after only one treatment. We therefore 

wondered if this degradation was due to the induction of an effector right after treatment, and 

therefore we realized experiments in which we blocked translation, using cycloheximide treatment.  

c. Pam3CSK4 does not seem to activate an effector responsible of HBV RNA degradation 

We investigated whether Pam3CSK4 treatment could induce the neosynthesis of an effector that could 

be in turn responsible of viral RNAs degradation. Infected dHepaRG cells were simultaneously treated 

by Pam3CSK4 and cycloheximide, which an inhibitor of translation. RNAs were then extracted at 

different time point after treatment. HNF4-α levels were used as control, as IL-6  induced by Pam3CSK4 

treatment, is responsible of degradation of HNF4-α transcripts (Hösel et al. 2009). Interestingly, we did 

not observe significant change between the presence or not of the cycloheximide on HBV RNAs, the 

small difference the two conditions can be observed in our houskeeping gene control (GusB). This do 

not exclude the fact that Pam3CSK4 might act at the post-translational level, inducing phosphorylation 

or dephosphorylations, rendering active effectors already present. (Fig.20). 
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Figure 20: Pam3CSK4 does not seem to induce the synthesis of new effector to degrade RNAs. 7 days post-infection, 

dHepaRG were treated with Pam3CSK4 (100ng/ml) with or without cycloheximide (100 μg/ml). GusB RNAs, HBV RNAs and 

HNF4α RNAs were analysed at indicated time points, quantified and normalized to housekeeping gene PRNP and non-treated 

of indicated time point. All time points represent the mean of four independent experiments of three biological replicates 

and the error bars indicate SD. Statistically significant differences between cycloheximide conditions and without 

cycloheximide are indicated by asterisks (ns: non-significant, *P<0.05, **P<0.005, ***P<0.002, ****P<0.0001). 

 

To get further insight on the effectors responsible of the antiviral effects, not only on HBV RNAs but 

also on cccDNA, we performed RNA sequencing to analyse genes induced or downregulated by 

Pam3CSK4 after one treatment. Even if the samples used to perform RNA sequencing were generated 

in a coinfection HBV/HDV, we assumed that hits remained valid for HBV monoinfection.  

9. Pam3CSK4 induces a strong activation of NF-κB and inflammatory pathways  

In order to analyse genes up regulated or downregulated by Pam3CSK4, which may be responsible of 

the antiviral effects obtained on viral RNAS and cccDNA, we performed RNA-sequencing using the 

following protocol. 7 days post co-infection by HBV/HDV, dHepaRG cells were treated with Pam3CSK4 

at a concentration of 100 ng/ml. Non-infected dHepaRG cells were also treated with Pam3CSK4 as 
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controls. 48 hours post-treatment, RNAs were sequenced, differentially analysed and important 

biological signatures upregulated by Pam3CSK4 were obtained comparing the list of gene generated 

by MSigDB (Molecular Signature Database) in the GSEA (Gene set enrichment analysis) software 

(Subramanian et al. 2005; Liberzon et al. 2015). Pam3CSK4 induces numerous immune pathways, NF-

κB pathway being the most induced by this ligand, in both non-infected and infected conditions, with 

respectively 74 and 76 significantly modulated genes with an enrichment score of at least 2.5 (Fig. 21 

A-B). As expected, this strong induction of NF-κB pathway is linked to strong IL-6/JAK/STAT3 responses 

in either auto or paracrine manner, with respectively 36 and 30 upregulated genes in non-infected and 

infected conditions. Pam3CSK4 inhibits numerous metabolic mechanisms including oxidative 

phosphorylation, adipogenesis, bile acid and fatty acid metabolism. Some of those mechanisms, such 

as bile acid and fatty acid metabolism have recently been shown to be inhibited by TLR4 ligands   

(Katare et al. 2020; Chiang and Ferrell 2020).  

A)                                                                          B) 

 

Figure 21: Biological pathways regulated by Pam3CSK4 in both non-infected and infected conditions. A) and B) dHepaRG 

cells were coinfected with HBV (100 vge/cell) and HDV (10 vge/cell). Cells were treated 6 days after infection with Pam3CSK4 

(100 ng/ml). 48 hours post treatment HBV RNAs were analysed, quantified to ensure antiviral activity of Pam3CSK4 by RT-

qPCR, and they were then sequenced. Fold change of genes were calculated in a differential manner comparing modulation 

of genes in infected conditions with modulation of genes in non-treated conditions, getting rid of genes modulated by the 

viruses. Upregulated or downregulated genes with a p-value-adj< 0.05 have been selected for further analysis. List of genes 
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have been submitted to GSEA software (using MSigDB) to identify modulated pathways.  Results are the mean of an 

experiment with two biological replicates and are represented in bar-plots (FDR<0.25).  

 

10. Pam3CSK4 induces mechanisms of RNA and DNA degradation 

To get further insight on cellular mechanisms modified by Pam3CSK4, genes modulated by after 

Pam3CSK4 treatment in coinfected dHepaRG cells were modelled using Cytoscape software to 

highlights those that can be responsible of both the decrease of viral HBV RNAs and cccDNA observed 

in vitro. A preliminary analysis using GSEA software using database referenced by Reimand and 

colleagues (Reimand et al. 2019), which regrouped known biological processes and biological pathways 

allowed the identification of diverse mechanisms induced by Pam3CSK4. (Fig.22A). As expected, 

Pam3CSK4 induced a strong immune response with among others the upregulation of effectors 

responsible of the regulation of innate immune response, the PRR pathways and IL-6 pathway, NF-κB 

signalling or even the regulation of lymphocytes activation. Interestingly, we found that Pam3CSK4 

induced not only mechanisms of regulation of RNAs, including their catabolism, the non-sense 

mediated RNA decay mechanism, but also mechanisms of regulation of DNA, especially responses to 

DNA damage mechanisms. Monocyte chemotactic protein-1-induced protein-1 (MCPIP1) and 

Ribonuclease H2 Subunit A (RNASEH2A) were the two first genes found upregulated in the RNA 

catabolism cluster, with Log2FC (Rank) of 2.7 and 1.22 respectively; they are two genes encoding for 

cellular RNAses. MCPIP1 (also called ZC3H12A or Regnase-1), which a member of CCCH zinc finger 

proteins and a regulator of inflammation by regulating mRNA decay, has recently been shown to 

restrict HBV replication by targeting terminal redundancies sequences of HBV RNA (M. Li et al. 2020), 

which it makes an interesting target for the following of our study, as it could be the effector 

responsible of the phenotype observed on viral RNAs. RNASEH2A encodes for the ribonuclease H2 

possessing endonuclease activity, cleaving RNA component of RNA/DNA hybrids and is vital to 

maintain genome integrity (Hiller et al. 2012). ZFP36L2, which is a zinc-finger RNA-binding protein and 

a member of the ZFP36 family, involved in mRNA decay is a bit upregulated, with a Log2FC of 0.71. It 

specifically binds to AU-rich element in the 3’ untranslated region of target mRNAs and promotes their 

deadenylation and degradation (via the CCR4-NOT- deadenylase complex) (Fig. 22B) (Hudson et al. 

2004).  

Pam3CSK4 also induced mechanisms of regulation of transcription. It upregulated TRIM22, with a 

Log2FC of 0.55, which has been shown to inhibit the activity of HBV core promoter (B. Gao et al. 2009).  

Pam3CSK4 also induced mechanisms of DNA repair. For instance, Exo1 (human exonuclease 1) was 

upregulated with a Log2FC of 3.15. It possesses a 5’->3’ exonuclease activity, contributing to the 

regulation of cell cycle checkpoint, replication fork maintenance and post replicative DNA repair 
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pathways (Keijzers et al. 2018). Interestingly, Pam3CSK4 also induced Flap endonuclease 1 (FEN-1), 

which possesses 5’-flap endonuclease and 5’-3’ exonuclease activities and is involved in DNA 

replication and repair. Intriguingly, it has recently been shown that FEN-1 was involved in the in vitro

cccDNA formation from rcDNA (Kitamura et al. 2018). More precisely, FEN-1 in association with other 

human repair factors such as proliferating cell nuclear antigen (PCNA), the replication factor C (RFC) 

complex, DNA polymerase delta (POLδ) and DNA ligase 1 is needed to induce plus-strand repair, while 

only FEN-1 and LIG1 are required for the repair of the minus strand (L. Wei and Ploss 2021). 

We therefore performed loss of functions experiments of these hits, MCPIP1, RNASEH2 and FEN-1 and 

analysed if the antiviral activity of Pam3CSK4 was reversed.

A)
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B)  

 

Figure 22: Biological pathways regulated by Pam3CSK4 dHepaRG cells were coinfected with HBV (100 vge/cell) and HDV (10 

vge/cell). Cells were treated 6 days after infection with Pam3CSK4 (100 ng/ml). 48 hours post treatment HBV RNAs were 

analysed, quantified to ensure antiviral activity of Pam3CSK4 by RT-qPCR, and they were then sequenced. Fold change of 

genes were calculated in a differential manner comparing modulation of genes in infected conditions with modulation of 

genes in non-treated conditions, getting rid of genes modulated by the viruses. Upregulated or downregulated genes with a 

p-value-adj< 0.05 have been selected for further analysis. List of genes have been submitted to GSEA software (using MSigDB 

database) to identify modulated pathways.  A) Modelling was realized using Cytoscape software and application 

EnrichmentMap (FDR<0.1; Node cut-off <0.1; Edge cut-off <0.3). Clusters have been generated by AutoAnnotate application. 

B) Lists of genes upregulated by Pam3CSK4 in four specific clusters. Results are the mean of one experiment with two 

biological replicates.  

 

11. Hit RNAses do not play a role in Pam3CSK4-mediated antiviral activity  

As MCPIP1 and RNASEH2 are two RNAses upregulated after Pam3CSK4 in RNA-seq results, we wanted 

to investigate their role as effector of the antiviral effect mediated by Pam3CK4. Furthermore, MCPIP1 

was considered as an interesting hit as it has already been shown to induce HBV RNAs degration (M. 

Li et al. 2020). We first used siRNAs approach for both hits, dHepaRG cells were HBV-infected prior to 

siRNAs transfection, to avoid potential effect of extinction on HBV infection and they were then 

DNA RNA

Response to DNA 

damage

Regulation of sequence

specific DNA-binding 

transcription factor

RNA catabolism
Nonsense-mediated RNA 

decay

Genes Ranks Genes Ranks Genes Ranks Genes Ranks

IGF1 4.4 LTF 3.56 MCPIP1 2.7 LTF 3.56

CCL20 4.2 S100A9 3.23 RNASEH2A 1.22 CNOT6 3.05

CXCL1 3.69 TLR2 2.81 PNRC1 1.13 PACS1 2.84

VNN1 3.69 S100A8 2.76 NUDT15 1.12 MCPIP1 2.7

PTX3 3.64 MCPIP1 2.7 RPL22L1 0.94 EIF4B 1.28

LTF 3.56 TNFAIP3 2.36 ENPP4 0.79 RNASEH2A 1.22

CRP 3.56 CYP1B1 1.96 GPX1 0.77 CALR 1.2

CXCL8 3.46 HMOX1 1.68 RPSA 0.76 FEN1 1.06

CXCL3 3.37 SGK1 1.17 RPS2 0.73 DNAJC3 0.95

LCN2 3.3 NFKBIA 0.68 ZFP36L2 0.71 NUP93 0.92

CCL2 3.28 RPS3 0.62 RPLP0 0.67 RPL22L1 0.86

S100A9 3.23 TRIM22 0.55 RPS10 0.65 PNRC1 0.84

EXO1 3.15 MAD2L2 0.42 HMGB2 0.63 RPS3A 0.83

LBP 3.11 CIB1 0.33 RPL23A 0.62 ZFP36L2 0.71
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transfected with siRNAs directed to our interest genes. siHBV was used as an experimental control. 

Cells were treated twice with Pam3CSK4 and HBV RNAS as well as secreted parameters were then 

analysed. Only RNASHE2 achieved downregulation by this approach, as shown by downregulated level 

of RNAHE2 RNAs (Fig.23).  

To achieve MCPIP1 silencing we used the lentiCRISPR approach. dHepaRG cells were transduced by 

lentiCRISPR expressing Cas9 endonuclease and a single guide RNA corresponding our interest gene as 

described in material and methods. Two sgRNAs contructions were realized for this gene, targeted 

sequences are presented in supplementary material and methods. 

Unfortunately, the extinction of hits, present in the RNA-sequencing analysis, MCPIP1 and RNASEH2A 

either in dHepaRG-Cas9 KO MCPIP1 or siRNAs experiments directed to RNASHE2 did not impair the 

antiviral phenotype observed with Pam3CSK4 treatment (Fig.23).  

We cannot overlook the fact that these experiments were performed by KO of only one gene, and the 

antiviral effect on HBV RNAs may come from the synergistic effects of different effectors. Simultaneous 

knock out of different hits may therefore be investigated.  

Ajouter résultats MCPIP1 !!! 

 

Figure 23: Antiviral phenotype on HBV parameters by Pam3CSK4 is not due to RNASEH2A dHepaRG were infected and at 

least 7 days post infection, cells were transfected once with siRNAs directed to RNASEH2A. Four days post-transfection, cells 

were treated two times with Pam3CSK4 (100ng/ml) for a total exposure time of 6 days. HBV RNAs were quantified by RT-

qPCR, expressed in percentage, normalized to housekeeping gene level and non-treated sicontrol condition (NT siCtrl); effects 

on HBV antigens were quantified by ELISA in supernatants, expressed in percentage and normalized to NT siCtrl; effects on 
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viremia were quantified by qPCR, according to a standard curve (build with dilutions of a plasmid containing the HBV 

sequence. All histograms represent the mean of two independent experiments with three biological replicates and the error 

bars indicate SD. 

12. Flap endonuclease 1 and Pam3CSK4 synergistically act in decreasing HBV 

Interestingly, the Flap endonuclease 1 was one of the hit gene upregulated after Pam3CSK4 treatment, 

a gene that has paradoxically been shown to be involved in the cccDNA formation (L. Wei and Ploss 

2021). To get further insights on its effects on antiviral phenotype mediated by Pam3CSK4, we used 

siRNA approach to silence it. dHepaRG cells were transfected once with siRNAs directed to FEN-1, and 

HBV as an experimental control after at least seven days post-infection, when infection is established 

and cccDNA formed. dHepaRG cells were then treated twice with Pam3CSK4 for a total exposure time 

of 6 days. Extinction of FEN-1 had been assessed in RNAs and WB at the end of treatment (Fig.24). All 

HBV parameters were also monitored at the end of treatment: HBV RNAs and pgRNA were quantified 

by RT-qPCR, cccDNA levels were quantified by FRET based qPCR, antigens were quantified by ELISA, 

and viremia measured using qPCR (Fig.25). It seems that in the absence of FEN-1 and of Pam3CSK4 

treatment, cccDNA is strongly upregulated. Similarly, dHepaRG KO FEN-1 cells treated by Pam3CSK4, 

did not show decrease of cccDNA, resulting in a slight upregulation of viral RNAs.  

We may suggest that FEN-1 might have a dual effect on cccDNA regulation. It may be needed by its 

formation from rcDNA, and once infection established it may control cccDNA pool. Its absence might 

increase cccDNA levels, and consequently the other HBV parameters. The absence of FEN-1 prevents 

Pam3CSK4 from degrading cccDNA, which therefore lead us to think that both could act synergistically 

to mediate antiviral activity.   

 

A)                                                           B)  
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Figure 24: Flap endonuclease 1 and Pam3CSK4 synergistically act in decreasing HBV. dHepaRG were infected and at least 7 

days post infection, cells were transfected once with siRNAs directed to FEN-1. siHBV was used as controls. Four days post-

transfection, cells were treated two times with Pam3CSK4 (100ng/ml) for a total exposure time of 6 days. Extinction of the 

target gene has been assessed by A) RT-qPCR and B) Western Blot.  

 

 

 

Figure 25: Flap endonuclease 1 and Pam3CSK4 synergistically act in decreasing HBV. dHepaRG were infected and at least 7 

days post infection, cells were transfected once with siRNAs directed to FEN-1. siHBV was used as controls. Four days post-

transfection, cells were treated two times with Pam3CSK4 (100ng/ml) for a total exposure time of 6 days. HBV RNAs and 

pgRNA were quantified by RT-qPCR, expressed in percentage, normalized to housekeeping gene level and non-treated 

sicontrol condition (NT siCtrl); effects on HBV antigens were quantified by ELISA in supernatants, expressed in percentage 

and normalized to NT siCtrl; effects on viremia were quantified by qPCR, according to a standard curve (build with dilutions 

of a plasmid containing the HBV sequence; effect on cccDNA levels was quantified by FRET-qPCR method, expressed in 

percentage, normalized to NT siCtrl.  All histograms represent the mean of three independent experiments with three 

biological replicates and the error bars indicate SD. Statistically significant differences from NT siCtrl (for siFEN-1 NT) or siCtrl 

(for siFEN-1) conditions are indicated by asterisks (ns: non-significant, *P<0.05, **P<0.005, ***P<0.002, ****P<0.0001). 

 

To get further insight on ccccDNA degration, we investigated the role of APOBEC3B after Pam3CSK4 

treatment, as this cytidinedeaminase has already been shown to degrade cccDNA after lymphotoxin-

β receptor agonisation by BS1 (Fig.26) (Lucifora et al. 2014). We used siRNA approach to silence it. 

dHepaRG cells were transfected once with siRNAs directed to APOBEC3B (siA3B), and siRNA directed 

to HBV (siHBV) as an experimental control, seven days post-infection. dHepaRG cells were then treated 

twice with Pam3CSK4 for a total exposure time of 6 days. Decrease of APOBEC3B mRNAs levels was 

assessed by RT-qPCR (Fig26.A). Intracellular and secreted HBV parameters were analysed at the end 

of treatment. We still observed a strong antiviral activity mediated by Pam3CSK4 on all HBV 

parameters, suggesting therefore that APOBEC3B is not the effector responsible of this anitiviral effect.  
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A)                                                                          B) 

                                     

Figure 26: Antiviral phenotype by Pam3CSK4 on cccDNA is not due to APOBEC3B. dHepaRG were infected and at least 7 

days post infection, cells were transfected once with siRNAs directed to FEN-1. siHBV was used as controls. Four days post-

transfection, cells were treated two times with Pam3CSK4 (100ng/ml) for a total exposure time of 6 days. A) extinction of 

APOBEC3B RNAs was assessed by RT-qPCR, expressed in percentage, normalized to housekeeping gene level and non-treated 

sicontrol condition (NT siCtrl) B) HBV RNAs were quantified by RT-qPCR, expressed in percentage, normalized to housekeeping 

gene level and non-treated sicontrol condition (NT siCtrl); effects on HBV antigens were quantified by ELISA in supernatants, 

expressed in percentage and normalized to NT siCtrl; effects on viremia were quantified by qPCR, according to a standard 

curve (build with dilutions of a plasmid containing the HBV sequence; effect on cccDNA levels was quantified by FRET-qPCR 

method, expressed in percentage, normalized to NT siCtrl. All histograms represent the mean of two independent 

experiments with three biological replicates and the error bars indicate SD. 

 

13. Antiviral activity of Pam3CSK4 is increased in combination with Peg-IFN-α or kinase inhibitor 

We further investigated the potential therapeutic use of Pam3CSK4 in combination with other drugs. 

Pam3CSK4 is already a potent drug in vitro to decrease all HBV parameters.  We analysed if antiviral 

activity in combination with other drugs, currently used in clinic against chronic HBV or in development 

could be increased, either by reinforcing its own mechanism of action or exerting another mode of 

action, both resulting in a significant decrease or complete eradication of HBV. Synergies between 

drugs may also have the advantage to decrease doses used for each drug, which may be less harmful 

for patients.  

We therefore analysed the antiviral effects obtained by Pam3CSK4 in bitherapies with drugs already 

used in clinic IFN-α or TFV and drugs that are currently in development such as CpAMs JNJ-827 and 

JNJ-890, an FXR-α-agonist (GW4064) and a kinase inhibitor (1C8). Antiviral activities of tritherapies 

were also analysed. HBV-infected dHepaRG cells were treated twice with either monotherapies, 

biotherapies or thritherapies for a total exposure of treatment of six days. All HBV parameters were 

analysed at the end of treatment (Fig. 27). In monotherapy, at low concentration, Pam3CK4 induced 

the most potent antiviral effect compared to other drugs. Two combinations were found interesting, 

as increasing antiviral properties of Pam3CSK4 alone on both secreted and intracellular parameters 

(Fig.27 A and B): a combination with an already approved drug, IFN-α and with a drug that is currently 
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in development, the kinase inhitor 1C8.  Tritherapies induced toxicity and were not considered for 

following experiments.  

A) 
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B)  

 
Figure 27:  Combinations of Pam3CSK4 with currently approved drugs or drugs in current development. 7 days post-

infection, dHepaRG cells were treated twice either drugs in monotherapies Pam3CSK4 (P: 25ng/ml), IFN-α (I: 50UI/ml), TFV 

(T: 1 μM), JNJ-827 (C1: 1μM), JNJ-890 (C2: 1μM), FXR-α agonist (F:100 nM) and a kinase inhibitor (Ki: 5 μM), and in 

biotherapies or thritherapies with the same concentrations, for a total exposure of treatment of 6 days. At the end of 

treatment, A) intracellular parameters were quantified: HBV RNAs were quantified by RT-qPCR, expressed in percentage, 

normalized to housekeeping gene level (PRNP) and non-treated sicontrol condition (NT) and effect on cccDNA levels was 

quantified by FRET-qPCR method, expressed in percentage, normalized to NT  B) secreted parameters were analysed: effects 

on HBV antigens were quantified by ELISA in supernatants, expressed in percentage and normalized to NT; effects on viremia 

were quantified by qPCR, according to a standard curve (build with dilutions of a plasmid containing the HBV sequence). All 

histograms represent the mean of two independent experiments with three biological replicates and the error bars indicate 

SD. 

 

We then wondered if those bitherapies could sustain antiviral activity after treatment arrest.  Infected 

dHepaRG cells were treated with the same treatment and concentrations as the previous experiment. 

In addition to drugs already tested, we analysed Pam3CSK4 in combination with RG7834.  HBV RNAs 

were quantified at the end of treatment (Fig.28A), and both HBV RNAs and cccDNA were quantified 

35 days after infection (Fig.28B). As in the first experiment, Pam3CSK4 was the most potent drug at 

decreasing viral RNAs at the end of treatment in monotherapy, and the most potent combination to 

decrease viral RNAs were Pam3CSK4 in combination with either Peg-IFN-α or the kinase inhibitor 

(Fig.26A). Thes decrease were sustained after the treatment arrest (Fig.26B-C).  
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A) 

 

B) 

 
Figure 28: Antiviral activity of combination of Pam3CSK4 with IFN-α and with the kinase inhibitor is long lasting. 7 days 

post-infection, dHepaRG were treated with Pam3CSK4 (P: 25ng/ml), RG7834 (R: 0.1μM), TFV (T:1μM), FXR-α agonist 

(F:100nM), JNJ-827 (C1: 1μM), JNJ-890 (C2: 1μM), and a combination of Pam3CSK4 with those drugs and a kinase inhibitor 

(5μM), two times for a total exposure of treatment of six days. HBV RNAs were quantified by RT-qPCR, expressed in 

percentage, normalized to housekeeping gene level and non-treated condition (NT). A) HBV RNAs were quantified at the end 

of treatment. B) HBV RNAs levels and effect on cccDNA levels were quantified 35 days post-infection, expressed in 

percentage, normalized to NT. (A): All histograms represent the mean of two independent experiments with three biological 

replicates and the error bars indicate SD. Statistically significant differences from NT condition are indicated by asterisks (ns: 

non-significant, *P<0.05, **P<0.005, ***P<0.002, ****P<0.0001). B) All histograms represent the mean of three biological 

replicates and the error bars indicate SD. Reproduction in progress.  
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3. Nanoparticles: a potent tool against HBV 

It has been shown that the intravenous administration of Pam3CSK4 in vivo, in infected-chimeric mice 

with humanized liver only led to a moderate decrease of HBV parameters (Lucifora et al. 2018). 

Increase doses of Pam3CSK4 do not seem judicious as it might cause “cytokine storm”, which is 

deleterious for patients. The vectorization of Pam3CSK4 is an interesting idea to directly targeting the 

hepatocytes and deliver our TLR2 ligand. The aim of this second study is to assess antiviral effect of 

polylactic acid nanoparticles encapsulating Pam3CSK4 (NPs-Pam3CSK4) both in vitro and in vivo.

Material and methods 

Material and methods are similar to the first study. Experiments specific to this second part are 

detailed below. 

1. Liver mononuclear cells (LMNCs) isolation

Non-parenchymal cells, retrieved from PHH isolation (in the supernatant), were loaded on Ficoll 

gradient.  After centrifugation, LMNCs were retrieved at the surface of the Ficoll (Figure 44).

Figure 44: Purification of PHH and LMNCs from liver resections

2. NPs-Pam3CSK4, Empty NPs and NPs-Pam3CSK4-PreS1 synthesis 

PLA nanoparticles were prepared by nanoprecipitation technique described in (Lamrayah et al. 2019): 

the polymer was dissolved in acetone and this solution was added dropwise to an aqueous solution, 

composed of ethanol and carbonate buffer (5mM, pH=11.0) under 250 rpm stirring. Organic solvents 

were then removed under reduced pressure at 30°C with a Rotavapor R-300 (Buchi, France). For the 

encapsidation of Pam3CSK4, the molecule was added to the organic phase before being added to the 

aqueous phase. PreS1 peptide of the HBV PreS1 peptide with myristoylation in N-terminal 

modification, was produced by Genscript (USA) (2-48 amino acid sequence: 

GTNLSVPNPLGFFPDHQLDPAFRANSNNPDWDFNPNKDHWPEANKVG). The lyophilized PreS1 was 

rehydrated in DPBS 1X (Thermofisher Scientific, USA) at the desired concentration and added volume 

to volume in Empty NPs or NPs-Pam3CSK4 suspensions. The adsorption reaction occurred within 2 h 
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at room temperature with moderate overhead stirring. The coating efficiency was assessed by 

measuring the unbound peptide. Briefly, a certain volume of NPs-Pam3CSK4-PreS1 was centrifuged 15 

min at 15,000 xg and the absorbance of the supernatant was measured at 280 nm using a Tecan i-

control Infinite M1000 (Tecan, Männedorf, Switzerland). 

3. Enzyme-linked immunoassay (ELISA) for IL-6 and IL-10 

Human IL-6 and human IL-10 cytokines were detected in the supernatants using the DuoSet® ELISA kit 

according to the manufacturer (R&D Systems). ELISA plates were analysed using Multiskan EX 

(ThermoFisher). 

4. Viral entry experiments  

dHepaRG cells were simultaneously infected and treated with NPs-Pam3CSK4-PreS1, Empty NPs-

PreS1, Myrcludex B (also called PreS1 peptide) (Genscript, USA). One week post-infection, cell culture 

supernatants were retrieved, and secreted HBeAg were analyzed by ELISA, using a chemiluminescence 

immunoassay kit (Autobio, China) according to the manufacturer’s instructions. 

5. In vivo experiments  

All experiments were performed in accordance with the European guidelines for approval of the 

protocols by the local ethics committee (Authorization Agreement C2EA-15, “Comité Rhone-Alpes 

d’Ethique pour l’Expérimentation Animal”, Lyon, France). 

5.1 Biodistribution studies 

C57BL/6 mice were intravenously injected with nanoparticles containing the lipophilic carbocyanine 

DiOC18 (DiR, ThermoFisher Scientific) fluorophore. Hepatic accumulation and retention were observed 

by tomography using the FMT4000-Perkin Elmer device according to manufacturer’s 

recommendations for 21 days.  

5.2 Antiviral activity assessment 

Four groups of eight C57Bl6 mice were transduced by AAV-HBV by retroorbital injection. Five weeks 

after the establishment of infection, groups were injected intravenously twice a week for three weeks, 

with Pam3CSK4 (20μg per mouse per injection the first week, 40μg per mouse per injection the second 

week and 80μg per mouse per injection the third week), NPs-Pam3CSK4 (2.5 μg per mouse per 

injection the first week, 5μg per mouse per injection the second week, 10μg per mouse per injection 

the third week), lamivudine (100mg/kg/day) respectively. The last group was left untreated. Sera were 

collected at different time before and after treatments. Mice were sacrificed ten weeks post AAV-HBV 

transduction and liver pieces were frozen in liquid nitrogen and kept at -80°C prior to analyses. HBV 

viremia was determined by DNA extraction from sera (supplemented with a known amount of non-
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HBV DNA, pUC19 plasmid from New England Biolabs) using the NucleoSpin® RNA Virus Kit (Macherey 

Nagel) followed by qPCR. For each serum, quantity of viral genome equivalent was calculated 

according to a standard curve (using dilutions of a plasmid containing the HBV sequence) and 

normalized to the ratio between the actual and theoretical amount of recovered pUC19 DNA. Viral 

antigens HBeAg and HBsAg were measured as previously described. Total DNA, cccDNA, intracellular 

RNAs were extracted from liver pieces and quantified as previously described.  

5.3 Mice immunization  

See Appendix for the experimental protocol. Immunized mice sera were analysed in viral entry 

experiments.   

 

Results 

1. Assessment NPs-Pam3CSK4 antiviral properties in vitro 

a. NPs-Pam3CSK4 decrease all viral parameters, without inducing toxicity 

Antiviral activity of NPs-Pam3CSK4 was assessed in vitro, in both dHepaRG cells and PHH (Fig.1). Cells 

were HBV-infected, and seven days post-infection, when the infection is established, they were treated 

two times with increasing doses of NPs-Pam3CSK4 (in ng/ml), for a total exposure of treatment of 6 

days. Equivalent number of empty nanoparticles (Empty NPs) were used for comparison with low and 

high concentrations of NPs-Pam3CSK4, as negative control; Pam3CSK4 was used as positive control. At 

the end of the experiment, HBV RNAs were quantified by RT-qPCR, viremia quantified by qPCR and 

antigen secretions were analysed by ELISA. NPs-Pam3CKS4 were particularly potent at decreasing viral 

RNAs and HBeAg in dHepaRG cells with an IC50 evaluated around 60 ng/ml (Fig 1 A). The antiviral effect 

on viremia and HBsAg secretion were more moderate. Antiviral effects were even more important in 

PHH with a 50% decrease of HBV RNAs and viral secretions observed at a dose of 60 ng/ml, which is 

around 80 times less than the Pam3CSK4 dose used on PHH (Fig.1 B).  
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A) 

 

B) 

 

Figure 1: NPs-Pam3CSK4 has potent antiviral activity in vitro. A) 7 days post-infection, dHepaRG were treated twice with 

indicated concentrations (in ng/ml) of Pam3CSK4 and NPs-Pam3CSK for a total exposure time of 6 days. Empty NPs were used 

as negative control (equivalent number of nanoparticles compared to 15 and 180 ng/ml NPs-Pam3CSK4 were used).  B) Four 

days post-infection, PHH were treated thrice with indicated concentrations (in ng/ml), NPs-Pam3CSK4 and Empty NPs 

(equivalent number of nanoparticles compared to 15 and 180 ng/ml NPs-Pam3CSK4 were used) for a total exposure time of 

6 days. Effect on RNAs was quantified by RT-qPCR, expressed in percentage, normalized to house-keeping gene level and non-

treated condition (NT); effects on viremia were quantified by qPCR, according to a standard curve (build with dilutions of a 

plasmid containing the HBV sequence); effects on HBV antigens were quantified by ELISA in supernatants, expressed in 

percentage and normalized to NT. All histograms represent the mean of three experiments with four biological replicates and 

the error bars indicate SD. 
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We investigated whether NPs-Pam3CSK4 treatment could be associated with cell toxicity in dHepaRG 

cells. Cells were treated twice before proceeding to toxicity assays, measuring lysosomal storage 

(neutral red uptake) or synthesis of ATP (Cell titer Glo). We found no significant cytotoxicity at high 

concentrations of NPs-Pam3CSK4 (concentrations 10 times more than concentration used for dHepaRG 

and PHH treatment), as compared to positive cytotoxic control, puromycin exposure (Fig.2). Same 

number of nanoparticles without Pam3CSK4 did not induce as well any toxicity on dHepaRG cells.  

 

  

Figure 2: NPs-Pam3CSK4 and Empty NPs do not induce any toxicity in vitro. Cells were treated twice with indicated 

concentrations of NPs-Pam3CSK4 (in ng/ml) and Empty NPs were used at equivalent number of nanoparticles compared NPs-

Pam3CSK4 for each given concentration, for a total exposure time of 6 days. Neutral Red Uptake and CellTiter Glo® 

Luminescent Cell Viability Assay were then performed. All histograms represent eight biological replicates, expressed in 

percentage and normalized to non-treated condition (NT) and the error bars indicate SD. Statistically significant differences 

from NT conditions are indicated by asterisks (ns: non-significant, *P<0.05, **P<0.005, ***P<0.002, ****P<0.0001). 

 

b. NPs-Pam3CSK4 present a strong antiviral phenotype on viral RNAs 

In a same way as Pam3CSK4, we investigated the first parameters to be decrease by NPs-Pam3CSK4 

treatment. dHepaRG cells were treated after establishment of the infection and the levels of total 

intracellular HBV RNAs and cccDNA were monitored shortly after the treatment (Fig.3). We observed 

a reduction of the levels of total intracellular HBV RNAS already 6h after treatment, with a 40% 

reduction reached 48 hours post-treatment. cccDNA levels remained stable after Pam3CSK4 

treatment. This suggested that NPs-Pam3CSK4 had first an antiviral effect on viral RNAs before 

affecting the cccDNA, and that a second treatment is necessary to have a potent antiviral effect on 

HBV parameters. In the same way as Pam3CSK4, the antiviral effects induced by NPs-Pam3CSK4 on 

viral RNAs were then investigated. 
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Figure 3: HBV RNAs are decreased by NPs-Pam3CSK4 after one treatment. 7 days post-infection, dHepaRG were treated 

once with NPs-Pam3CSK4 (100 ng/ml) and Empty NPs (equivalent number of nanoparticles compared to NPs-Pam3CSK4). 

HBV RNAs and cccDNA were analysed at indicated time points. Effect on RNAs was quantified by RT-qPCR, expressed in 

percentage, normalized to house-keeping gene level and non-treated condition (NT); effect on cccDNA levels was quantified 

by FRET-qPCR method, expressed in percentage, normalized to NT. 

Pam3CSK4 and NPs-Pam3CSK4 treatment induced a decrease of all HBV RNAs as shown by Northern 

Blot analysis (Fig.4).                                                  

                         

Figure 4: NPs-Pam3CSK4 and Pam3CSK4 induced a decrease of all HBV RNAs. 7 days post-infection, dHepaRG were treated 

twice with Pam3CSK4 (100 ng/ml), NPs-Pam3CSK4 (100 ng/ml) and Empty NPs (equivalent number of nanoparticles compared 

to NPs-Pam3CSK4) for a total exposure time of treatment of 6 days. Effects on HBV RNAs were assessed by northern blot at 

the end of the experiment.  

As NPs-Pam3CSK4 presents a strong antiviral phenotype on viral RNAs, we wondered if they trigger 

the same mode of action than Pam3CSK4 to mediate their antiviral activity. The following parts are 

dedicated to the mode of actions of NPs-Pam3CSK4. 

6h 12h 24h 48h 6h 12h 24h 48h
0

20

40

60

80

100

120

140

160

180

200

220

Intracellular HBV parameters
%

o
f

n
o

n
-t

re
a

te
d

HBV RNAs cccDNA

Hours post-treatment

NPs-Pam3CSK4 Empty NPs

28S

18S

NI NT P. NPs-P. E. NPs

3.5 kb

2.4 kb
2.1 kb

NI NT P. NPs-P. E. NPs
0

20

40

60

80

100

120

Quantification NB

%
o

f
n

o
n

-t
re

a
te

d



Thesis Manon Desmares                                                                                                            Research project       

198 
 

c. NPs-Pam3CSK4 has long-lasting antiviral activity 

In order to assess the ability of NPs-Pam3CSK4 at permanently reducing all HBV parameters, dHepaRG 

cells, which were HBV-infected for 7 days and treated twice with treatments, were kept in culture 10 

days after the end of treatment. All HBV parameters were quantified at the end of treatment (14 days 

post infection) and 10 days post the end of treatment (24 days post infection) (Fig.3).   Viral HBV RNAs 

and cccDNA levels were quantified by RT-qPCR and FRET qPCR; HBeAg, HBsAg were quantified by ELISA 

and viremia by qPCR. Pam3CSK4 and Empty NPs treatment were respectively used as positive and 

negative controls. In the same way as Pam3CSK4, NPs-Pam3CSK4 induced a strong decrease of HBV 

RNAs (Fig.3A), cccDNA (Fig. 3B), secreted HBeAg and HBsAg (Fig. 2C) and viremia (Fig. 3D) at the end 

of treatment. Those decreases on viral parameters were sustained 10 days after the end of treatment, 

without any rebound of infection. This might suggest that the antiviral effect observed with NPs-might 

also imply epigenetic regulations, while the reduction of cccDNA levels may imply the triggering of 

cellular pathways subsequently affecting cccDNA stability. 

A)                                                                          B)  

   

C)  
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Figure 5: Antiviral activity of NPs-Pam3CSK4 is long lasting. After 8 days post-infection, dHepaRG were treated twice with 

Pam3CSK4 (100ng/ml), NPs-Pam3CSK4 (100ng/ml) and Empty NPs (equivalent number of nanoparticles compared to NPs-

Pam3CSK4 were used) for a total exposure time of 6 days. HBV parameters were analysed at 14 days post-infection, at the 

end of treatment, 18, 21 and 24 days post-infection to observe potential rebound of infection. A) Effect on RNAs was 

quantified by RT-qPCR, expressed in percentage, normalized to house-keeping gene level and non-treated condition (NT); B) 

effect on cccDNA levels was quantified by FRET-qPCR method, expressed in percentage, normalized to NT; C) effects on HBV 

antigens were quantified by ELISA in supernatants, expressed in percentage and normalized to NT of each time; D) effects on 

viremia were quantified by qPCR, according to a standard curve (build with dilutions of a plasmid containing the HBV 

sequence). All histograms represent the mean of at least three independent experiments with three biological replicates and 

the error bars indicate SD. Statistically significant differences from NT conditions are indicated by asterisks (ns: non-

significant, *P<0.05, **P<0.005, ***P<0.002, ****P<0.0001).  

 

d. Antiviral activity of NPs-Pam3CSK4 is mediated through TLR1/2 and MyD88 

We wondered if the antiviral effects induced by NPs-Pam3CSK4 was mediated only by TLR1/2 as 

Pam3CSK4 or if off-target effects might be induced. dHepaRG cells were transduced by lentiCRISPR 

expressing Cas9 endonuclease and a single guide RNA corresponding our interest gene TLR1, TLR2, 

TLR3 and MyD88, which is the adaptor protein used by TLRs, except TLR3, to activate transcription 

factor NF- B. dHepaRG cells underwent normal differentiation as described in materials and methods 

prior being assessed by western blot for a good extinction of our interest genes (cf. first study). 

dHepaRG-Cas 9 KO TLR1, TLR2 and MyD88 were well knock out while dHepaRG-Cas9 KO TLR3 cells still 

contained TLR3 protein. This latter was then considered as a control cell line. dHepaRG-KO cells were 

HBV-infected, and 7 days post-infection, treated twice with NPs-Pam3CSK4, Pam3CSK4 and Empty NPs 

for a total exposure time of 6 days. At the end of treatment, intracellular parameters HBV RNAs, 

cccDNA and extracellular parameters HBeAg, HBsAg and viremia were quantified. The antiviral effect 

induced by NPs-Pam3Ck4 and Pam3CSK4 in dHepaRG-Cas9 KO TLR3 (Fig 6.C), the control cell line, it is 

abolished in dHepaRG cells KO for TLR1, TLR2 and MyD88 (Fig 6. A B and D), suggesting that NPs-

Pam3CSK4 inhibits HBV in a TLR1/2 specific manner in hepatocytes, in a same way as Pam3CSK4.  

Experiments performed in TR-HepaRG Cas9 transfected three times with crRNA directed to TLR1, TLR2 

or TLR3 and with the tracrRNA confirmed those observations (Fig.7). 
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A)                                                                              B) 

                                                          

C)                                                                             D) 

   
Figure 6: Antiviral activity of NPs-Pam3CSK4 is mediated through TLR1/2 and Myd88. After 7 days post-infection, A) 

dHepaRG KO-TLR2, (B) dHepaRG KO-TLR1, (C) dHepaRG KO-TLR3 and (D) dHepaRG KO-MyD88 were treated twice with 

Pam3CSK4 (100ng/ml), NPs-Pam3CSK4 (100 ng/ml) and Empty NPs (equivalent number of nanoparticles compared to NPs-

Pam3CSK4) for a total exposure time of 6 days. Effect on RNAs was quantified by RT-qPCR, expressed in percentage, 

normalized to house-keeping gene level and non-treated condition (NT); effect on cccDNA levels was quantified by FRET-

qPCR method, expressed in percentage, normalized to NT; effects on HBV antigens were quantified by ELISA in supernatants, 

expressed in percentage and normalized to NT; effects on viremia were quantified by qPCR, according to a standard curve 

(build with dilutions of a plasmid containing the HBV sequence). All histograms represent the mean of three biological 

replicates and the error bars indicate SD.  
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A) 

  

 

B)                                                               

  

C) 

  

Figure 7: Antiviral activity of NPs-Pam3CSK4 is mediated through TLR1/2. TR-HepaRG Cas9 were transfected three times 

with crRNA directed to either TLR1, TLR2 or TLR3 and with the tracrRNA. After 7 days post-last transfection cells were infected 

by HBV, and 7 days later treated two times with NPs-Pam3CSK4 (100ng/ml) for a total exposure time of 6 days. A) Extinction 

of targeted genes was assessed by western blot using nitrocellulose membranes. B) Effects on HBV antigens were quantified 
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by ELISA in supernatants, expressed in percentage and normalized to NT. C) Effects on viremia were quantified by qPCR, 

according to a standard curve (build with dilutions of a plasmid containing the HBV sequence). All histograms represent the 

mean of at least three biological replicates and the error bars indicate SD.  

 

e. NPs-Pam3CSK4 inhibits HBV transcription 

In a same way as Pam3CSK4, the antiviral activity of NPs-Pam3CSK4 on viral RNAs was further analysed. 

DHepaRG cells were infected, and after the establishment of infection, cells were treated twice with 

NPs-Pam3CSK4 for a total exposure time of 6 days. Pam3CSK4 and Peg-IFN-α were used as positive 

control, and RG7834, lamivudine (LAM) and Empty NPs were as negative controls for transcription 

inhibition. Effects of treatment on HBV parameters were assessed before proceeding to the following 

experiment (Fig.8). 13 days post-infection, 5-ethynyl uridine was added to cell media to label nascent 

RNAs for a total exposure time of two hours. As control, infected but not treated cells were treated 

with actinomycin D, an inhibitor of transcription, 20 minutes before adding 5-ethynyl uridine. Total 

intracellular HBV RNAs were then isolated, quantified by RT-qPCR. Labelled RNAs were further 

extracted using Click-iT™ Nascent RNA Capture Kit and quantified by RT-qPCR (Fig. 7). NPs-Pam3CSK4 

not only had an antiviral effect on total intracellular HBV RNAs, but also decreased HBV nascent RNAs. 

We cannot overlook the fact that NPs-Pam3CSK4 and Pam3CSK4 can inhibit HBV RNAs right after 

elongation, as the time of labelling of two hours might be long.   

 

Figure 8: NPs-Pam3CSK4 inhibits HBV transcription. DHepaRG were treated 7 days post-infection, with Pam3CSK4 (100 

ng/ml), NPs-Pam3CSK4 (100ng/ml), Empty NPs (equivalent number of nanoparticles compared to NPs-Pam3CSK4), RG7834 

(0.1μM), Peg-IFN-α (1000 UI/ml) and lamivudine (LAM, 1μM), for a total exposure of 6 days of treatment. 6 days after 

treatment (and 13 days post-infection), all HBV parameters were controlled. Effects on HBV antigens were quantified by ELISA 

in supernatants, expressed in percentage and normalized to NT; effects on viremia were quantified by qPCR, according to a 

standard curve (build with dilutions of a plasmid containing the HBV sequence). All histograms represent the mean of at least 

two independent experiments with three biological replicates and the error bars indicate SD. Statistically significant 
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differences from NT conditions are indicated by asterisks (ns: non-significant, *P<0.05, **P<0.005, ***P<0.002, 

****P<0.0001). 

 

 

Figure 9: NPs-Pam3CSK4 inhibits HBV transcription. DHepaRG were treated 7 days post-infection, with Pam3CSK4 (100 

ng/ml), NPs-Pam3CSK4 (100 ng/ml), Empty NPs (equivalent number of nanoparticles compared to NPs-Pam3CSK4), RG7834 

(0.1μM), Peg-IFN-α (1000 UI/ml) and lamivudine (LAM, 1μM), for a total exposure of 6 days of treatment. 6 days after 

treatment (and 13 days post-infection), 5-ethynyl uridine was used to label nascent RNAs for two hours. HBV RNAs were then 

extracted and quantified by RT-qPCR for total analysis, and labelled RNAs were further extracted using Click-iT™ Nascent RNA 

Capture Kit according to manufacturer’s recommendations. Actinomycin D was used as control: on day 13, cells were treated 

with actinomycin D at a concentration of 5μg/ml and for twenty minutes prior to the addition of 5-ethynyl uridine. Effects on 

total and nascent HBV RNAs was quantified by RT-qPCR, expressed in percentage, normalized to house-keeping gene level 

and non-treated condition (NT). All histograms represent the mean of at least two independent experiments with three 

biological replicates and the error bars indicate SD. Statistically significant differences from NT conditions are indicated by 

asterisks (ns: non-significant, *P<0.05, **P<0.005, ***P<0.002, ****P<0.0001).  

 

f. NPs-Pam3CSK4 preferentially induce proinflammatory responses in vitro 

As several nanocariers have been shown to induce inflammatory and immune response both in vitro 

and in vivo (Andrade et al. 2020), we decided to investigate the responses of liver mononuclear cells 

to the exposure of NPs-Pam3CSK4 in comparison to Pam3CSK4 exposure. Empty NPs (equivalent 

number of nanoparticles compared to NPs-Pam3CSK4) and LPS were used as controls. Treatments 

were put in contact with LMNCs for 24 hours, the production of proinflammatory cytokine IL-6 and 

anti-inflammatory cytokine IL-10 were assessed by ELISA (Fig.10). 

Contrary to Pam3CSK4, which moderately induced the production of IL-6, NPs-Pam3CSK4 dose-

dependently induced IL-6, reaching high concentrations as LPS control. Interestingly, Empty NPs did 

not induce any IL-6 before a certain concentration of nanoparticles, i.e., of PLA, in contact with LMNCs, 

suggesting that PLA alone might induce the production of IL-6. This production induced by PLA might 
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explain the more important production of IL-6 obtained for high concentrations (500 and 1000 ng/ml) 

of NPs-Pam3CSK4, production that could be due to both ligand and polymer.  

Both NPs-Pam3CSK4 and Pam3CSK4 moderately induced the production of IL-10, reaching a “plateau”, 

which is not as high as LPS control. Empty NPs seemed to induce IL-10 at a certain concentration of 

PLA, but no additional effect was observed in conditions of high NPs-Pam3CK4 concentrations, 

meaning that the presence of ligand could counterbalance this effect.  

These preliminary data are crucial for following in vivo experiments, as it showed that a concentration 

of NPs-Pam3CSK4 exists from which polymer might also induce production of cytokines, therefore too 

important concentrations of NPs-Pam3CSK4 might lead to a “cytokine storm”. 

A) 
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B) 

 

Figure 10: NPs-Pam3CSK4 preferentially induce proinflammatory responses in vitro. Liver mononuclear cells were 

simultaneously plated and treated with increasing doses of Pam3CSK4, NPs-Pam3CSK4 and Empty NPs (equivalent number 

of nanoparticles compared to NPs-Pam3CSK4). LPS (10 ng/ml) was used as control. 24 hours later A) IL-6 and B) IL-10 were 

quantified by ELISA. All histograms represent the mean of three biological replicates and the error bars indicate SD. 

 

2. Assessment NPs-Pam3CSK4 antiviral properties in vivo 

a. Poly lactic acid Nanoparticles are efficiently delivered to the liver 

Biodistribution analysis of poly lactic acid showed approximately 90% of nanoparticles were localized 

in the liver five minutes post administration (Fig.11A-B). The hepatic accumulation retention is 

measurable until 21 days post administration. Those data were important to generate prior to other 

in vivo experiments, highlighting the fact that nanoparticles will be well delivered to the liver in an 

efficient and lasting way.  
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A)  

 

 

B) 

 

Figure 11: Poly lactic acid Nanoparticles are efficiently delivered to the liver. Poly lactic nanoparticles containing a 

fluorophore were intravenously injected in 10 C57BL/6 mice. A) Localization of nanoparticles was observed by tomography 

(Fluorescence Molecular Tomograph 4000) at different times post injection. B) Percentage of fluorescence in the liver 

compared to all body was quantified. 

 

 

 

0.00 84.51 169.03 253.54 338.06 nM

5 min 6 hours 24 hours 72 hours

7 days 14 days 21 days

0 0,25 1 3 7 14 21
0

20

40

60

80

100

120

days

%
 f

lu
o

re
s
c
e
n

c
e

% body

% liver



Thesis Manon Desmares                                                                                                            Research project       

207 
 

b. NPs-Pam3CSK4 induced a strong decrease of all HBV parameters in AAV-HBV 

transduced mice 

Antiviral activity of NPs-Pam3CSK4 was assessed in vivo. Four groups of eight C57Bl6 were transduced 

by AAV-HBV, and five weeks after the establishment of infection, mice were either treated with an 

escalation dose of NPs-Pam3CSK4 or Pam3CSK4. A group of mice was treated with lamivudine (LAM) 

as negative control (Fig.12A). Sera were collected at different time points to analyse HBV antigens and 

viremia. 70 days post infection, mice were sacrificed and intracellular parameters, total HBV RNAs, 

total HBV DNA and cccDNA were quantified. As observed in HupHep mice (Lucifora et al. 2018), 

Pam3CSK4 induced a moderate decrease of viral parameters (Fig.12 B-E). As mice were sacrificed 7 

days post end of treatment, a small rebound of infection was observed in the lamivudine and 

Pam3CSK4 treatment, while in the NPs-Pam3CSK4 treatment viremia was no longer detected at the 

day of sacrifice (Fig. 12B).  Similarly, NPs-Pam3CSK4 was the most potent treatment at decreasing 

secretion of HBsAg (Fig. 12C). The antiviral effect on HBeAg was moderate but still more important 

that those observed by other treatments (Fig. 10D). NPs-Pam3CSK4 was also efficient at decreasing all 

intracellular parameters, including total HBV RNAs, total HBV DNA and cccDNA (Fig. 12E).  

Despite a strong decrease of all HBV parameters, we cannot overlook that viral titers observed in mice 

is not as high as expected (only 105 copies HBV/ml) and could ease the decrease induced by treatments. 

New cohorts with higher viral titers are needed to further investigate the complete antiviral properties 

of NPs-Pam3CSK4 in vivo, and higher concentrations of NPs-Pam3CSK4 may also be needed to get a 

decrease of all viral parameters.  

A) 

 

B) 

0                                       4                       5                        6                       7                       8                     9                   10   weeks

1
AAV-HBV

2 3 4 5 6

1, 2 : 20 μg Pam3CSK4 - 2,5 μg NPs-Pam3CSK4

3, 4 : 40 μg Pam3CSK4 - 5 μg NPs-Pam3CSK4                      Lamivudine : 100 mg/kg/days

5, 6 : 80 μg Pam3CSK4 - 10 μg NPs-Pam3CSK4
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Figure 12: NPs-Pam3CSK4 induce a decrease of all HBV parameters in vivo. A) Four groups of eight C57Bl6 mice were 

transduced by AAV-HBV. Five weeks after the establishment of infection, groups were injected intravenously twice a week 

for three weeks, with Pam3CSK4 (20μg per mouse per injection the first week, 40μg per mouse per injection the second week 

and 80μg per mouse per injection the third week), NPs-Pam3CSK4 (2.5 μg per mouse per injection the first week, 5μg per 

mouse per injection the second week, 10μg per mouse per injection the third week), lamivudine (100mg/kg/day) respectively. 

The last group was left untreated. Sera were collected at different time points. Mice were sacrificed ten weeks post AAV-HBV 

transduction. B) HBV viremia was determined by DNA extraction from sera (supplemented with a known amount of non-HBV 

DNA, pUC19 plasmid from New England Biolabs) using the NucleoSpin® RNA Virus Kit (Macherey Nagel) followed by qPCR. 

For each serum, quantity of viral genome equivalent was calculated according to a standard curve (using dilutions of a plasmid 

containing the HBV sequence) and normalized to the ratio between the actual and theoretical amount of recovered pUC19 

DNA. C) and D) Viral antigens HBeAg and HBsAg were measured as previously described. E) Intracellular parameters were 

obtained from liver pieces. Intracellular HBV RNAs were quantified by RT-qPCR, expressed in 2-ΔΔCt and normalized to GADH 

(housekeeping gene); total HBV DNA were quantified by qPCR, expressed in 2-ΔΔCt and normalized to TFRC (housekeeping 

gene); cccDNA levels were quantified qPCR, expressed in 2-ΔΔCt and normalized to TFRC (housekeeping gene).  

In order to increase delivery to the liver and hepatocytes, NPs-Pam3CSK4 can be functionalized with a 

PreS1 peptide. This PreS1 peptide is derived from the PreS1 domain of HBsAg, which has been shown 

to bind to NTCP receptor and allow the entry of the virus (H. Yan et al. 2012). In vitro assessment of 

antiviral properties of these NPs-Pam3CSK4-PreS1 have been realized in the following part. 

3. NPs-Pam3CSK4-PreS1: a new weapon against HBV 

a. NPs-Pam3CSK4-PreS1 conserved antiviral activity in vitro 

Antiviral activity of NPs-Pam3CSK4-PreS1 was assessed in vitro, in both dHepaRG cells and PHH 

(Fig.13). Cells were HBV-infected, and seven days post-infection, when the infection is established, 

they were treated two times with increasing doses of NPs-Pam3CSK4-PreS1 (in ng/ml), for a total 

exposure of treatment of 6 days. Empty NPs but containing the PreS1 peptide (equivalent number of 

nanoparticles compared to NPs-Pam3CSK4-PreS1 at low and high concentration) and Pam3CSK4 were 

respectively used as negative and positive controls. At the end of the experiment, HBV RNAs were 

quantified by RT-qPCR and HBeAg secretions were analysed by ELISA. NPs-Pam3CKS4-PreS1 were 

particularly potent at decreasing viral RNAs and HBeAg in dHepaRG cells with an IC50 evaluated around 

60 ng/ml (Fig.13 A and B). Antiviral effect was even more important in PHH. A 50% decrease of HBV 

RNAs, and HBeAg secretions were observed at a dose of 60 ng/ml, which is around 80 times less than 

the Pam3CSK4 dose used on PHH (Fig.13 C and D).  

As NPs-Pam3CSK4, NPs-Pam3CSK4-PreS1 conserved therefore potent antiviral properties in vitro.  
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A) 

 

 

B)                                                                         

 

Figure 13: NPs-Pam3CSK4-PreS1 have potent antiviral activity in vitro.  A) 7 days post-infection dHepaRG cells were treated 

twice with indicated doses of Pam3CSK4, NPs-Pam3CSK4-PreS1 and Empty NPs (equivalent number of nanoparticles 

compared to NPs-Pam3CSK4-PreS1). B) 5 days post infection, PHH were treated thrice with indicated doses of Pam3CSK4, 

NPs-Pam3CSK4-PreS1 and Empty NPs (equivalent number of nanoparticles compared to NPs-Pam3CSK4-PreS1). Effect on 

HBV RNAs was quantified by RT-qPCR, expressed in percentage, normalized to house-keeping gene level and non-treated 
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condition (NT); effects on HBeAg were quantified by ELISA in supernatants, expressed in percentage and normalized to NT. 

A) all histograms represent the mean of two independent experiment with at least three biological replicates and the error 

bars indicate SD. B) all histograms represent the mean of four biological replicates and the error bars indicate SD. Statistically 

significant differences from NT conditions are indicated by asterisks (ns: non-significant, *P<0.05, **P<0.005, ***P<0.002, 

****P<0.0001).            

 

b. NPs-Pam3CSK4-PreS1 are efficient in inhibiting virus entry in vitro 

As the PreS1 peptide used to coat NPs-Pam3CSK4 is derived from the N-terminal myristoylation of HBV 

PreS1 peptide sequence (2-48 aa), which has been shown to be determinant for viral entry (Urban et 

al. 2014), we investigated the ability of NPs-Pam3CSK4 PreS1 to inhibit viral entry, in comparison to 

MyrcludexB, which has recently been approved in the European Union for treatment of chronic 

hepatitis delta in HDV-RNA positive patients with compensated liver disease (Kang and Syed 2020). 

dHepaRG cells were simultaneously infected and treated with increasing doses of Myrcludex B, and 

PreS1 present at the surface of NPs-Pam3CSK4-PreS1 and Empty NPs-PreS1 (equivalent number of 

nanoparticles compared to NPs-Pam3CSK4 PreS1). NPs-Pam3CSK4 (20 ng/ml) and Empty NPs 

(equivalent number of nanoparticles compared to NPs-Pam3CSK4) were used as negative controls (Fig. 

14). Both NPs-Pam3CSK4 PreS1 and Empty NPs PreS1 dose dependently blocked the viral entry into 

hepatocytes, with a strong entry inhibition from 1ng/ml of PreS1 present at the surface of 

nanoparticles. The inhibition is not as high as MyrcludexB at this concentration, which may be due to 

the spherical position of the peptide, compared to free PreS1 making it more accessible to NTCP 

receptor. However, higher concentrations of nanoparticles and therefore higher concentrations of 

PreS1 were able to completely inhibit viral entry.  

 

Figure 14: NPs-Pam3CSK4-PreS1 are efficient in inhibiting virus entry in vitro. dHepaRG cells were infected and treated at 

the same time with increasing doses of Myrcludex B, NPs-Pam3CSK4-PreS1 and Empty NPs-PreS1 (equivalent number of 

nanoparticles compared to NPs-Pam3CSK4 PreS1), concentrations are indicated in ng/ml. NPs-Pam3CSK4 (20 ng/ml) and 

NT 20 20 100 10 1 0,1 0,01 100 10 1 0,1 0,01 100 10 1 0,1 0,01
0

50

100

150

200

HBeAg - Inhibition of viral entry

%
o

f
n

o
n

-t
re

a
te

d

Myrcludex BE. NPsNPs-P. NPs-Pam3CSK4-PreS1 Empty NPs-PreS1

**** ****
****

***

*

ns

****

****

****

ns
ns

****

****

****

*

ns



Thesis Manon Desmares                                                                                                            Research project       

213 
 

Empty NPs (equivalent number of nanoparticles compared to NPs-Pam3CSK4) were used as negative controls. 7 days after 

infection and treatment, HBeAg was quantified by ELISA. All histograms represent the mean of four independent experiments 

with four biological replicates and the error bars indicate SD. Statistically significant differences from NT conditions are 

indicated by asterisks (ns: non-significant, *P<0.05, **P<0.005, ***P<0.002, ****P<0.0001). 

 

c. Anti-PreS1 IgG in mice sera neutralize HBV entry in vitro 

As the appearance of anti-PreS1 antibodies in patients have been shown to imply better recovery from 

primary HBV infection (J. Wei et al. 2002) and the added value of using the PreS1 domain compared to 

the conventional HBsAg protein in a therapeutic approach against chronic hepatitis B progression have 

recently been demonstrated (Bian et al. 2017); we assessed the ability of NPs-Pam3CSK4 PreS1 to 

induce a humoral response in vivo (Fig. 13) Eight weeks old female mice (n=36) were randomly 

distributed into six groups and immunized at weeks 0, 3 and 7 with six formulations PreS1; NPs-

Pam3CSK4-PreS1 (SC or IV); NPs-PreS1. Empty NPs and KLH-PreS1 (KLH for Keyhole Limpet Hemocyanin 

being a carrier protein to produce antibodies) conditions were respectively considered as negative and 

positive controls. Treatments were administered subcutaneously. One extra condition was tested 

intravenously to compare immune response by both routes of administration.  An additional NPs-PreS1 

heterologous boost was realized at week 27. The anti-PreS1 IgG titer was monitored by ELISA. The anti-

PreS1 antibodies were assessed for viral entry inhibition at week 11 and 27, and at the day of sacrifice 

(Fig. 13B). Experiments were controlled using MyrcludexB, antibody directed to HBsAg and antibody 

F35.35, which is an antibody directed to the PreS1 domain (patent: WO1991005059A1).  

NPs-Pam3CSK4 PreS1 formulation, despite less antibodies measured against PreS1 in sera, compared 

to NPs-PreS1 formulation, seemed to be as efficient as inhibiting the viral entry at all three time points. 

More details of this study can be found in the appendices. 

Thes NPs-Pam3CSK4-PreS1 present numerous advantages compared to NPs-Pam3CSK4, as they 

present high antiviral activities and prevent viral entry in vitro. In vivo, they can induce humoral 

responses with production of potent neutralizing antibodies. Finally, their potent antiviral activies 

need to be recapitulate in vivo in an infection context.   
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Figure 15: Anti-PreS1 IgG in mice sera neutralize HBV entry in vitro. A) Eight weeks old female mice (n=36) were randomly 

distributed into six groups and immunized at weeks 0, 3 and 7 with six formulations PreS1; NPs-Pam3CSK4-PreS1 (SC or IV); 

NPs-PreS1. Empty NPs and KLH-PreS1 conditions are respectively considered as negative and positive controls. Treatments 

were administered subcutaneously. One extra condition was tested intravenously to compare immune response by both 

routes of administration.  An additional NPs-PreS1 heterologous boost was realized at week 27. Anti-PreS1 IgG titer was 

monitored using ELISA directed against the specific sequence Myr(2-48) derived PreS1. B) HBV-neutralizing activity of sera 

from W11, W27 and W47 were diluted and incubated simultaneously with HBV on dHepaRG cell cultures in four biological 

replicates. HBeAg was quantified by ELISA 7 days post infection/treatment. Data is expressed as percentage of non-treated 

and each histogram represent the mean of HBeAg (in %) obtained for all mice of the considered formulation at the indicated 

dilution. C) For each viral entry inhibition experiments, experimental controls were used to ensure the feasibility of the study: 

MyrcludexB at two concentrations (IC50: 0.5 ng/ml and IC:90ng/ml), an increasing dose of an antibody directed to HBsAg 

(Abott), an increasing dose of F35.25 antibody, which is directed to PreS1 domain (patent: WO1991005059A1). 
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Supplementary Material and Methods 
 

Table 1: Molecules used for treatments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

References Purchaser

Pam3CSK4 tlr-pms InvivoGen

IFN-α Roche 

RG7834 Roche 

Lamivudine

LPS

Actinomycin D

Triptolide

Cycloheximide
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Table 2: Primers and probes sequences used in the studies. 

 

 

 

 

Sequences 5’->3’ or References Supplier

HBV (RNA)
Primer forward ACCGAATGTTGCCCAAGGTC Eurogentec

Primer reverse TATGCCTCAAGGTCGGTCGT Eurogentec

PRNP
Primer forward ACCGAGGCAGAGCAGT Eurogentec

Primer reverse CCCCAGTGTTCCATCCTCC Eurogentec

RPLP0 
Primer forward CACCATTGAAATCCTGAGTGATGT Eurogentec

Primer reverse TGACCAGCCCAAAGGAGAAG Eurogentec

HBA
(Viremia)

Primer forward GGAGGATACATAGAGGTTCCTTGA Eurogentec

Primer reverse GTTGCCCGTTTGTCCTCTAATTC Eurogentec

cccDNA

Primer forward CCGTGTGCACTTCGCTTCA Eurogentec

Primer reverse GCACAGCTTGGAGGCTTGA Eurogentec

Probe [6FAM]CATGGAGACCACCGTGAACGCCC[BHQ1] TIB MOLBIOL

Human β-globin Hs00758889_s1 Life Technologies

GUSB Hs99999908_m1 Life Technologies

pgRNA

Primer forward GGAGTGTGGATTCGCACTCCT Eurogentec

Primer reverse AGATTGAGATCTTCTGCGAC Eurogentec

Probe [6FAM]AGGCAGGTCCCCTAGAAGAAGAACTCC[BHQ1] TIB MOLBIOL

TLR1
Primer forward ACAAGCAGGTTGTCTTGTGTT Eurogentec

Primer reverse GAGGGCCTGGTACCCCTATT Eurogentec

TLR2
Primer forward CTCTGGTGCTGACATCCAATGGAA Eurogentec

Primer reverse GGGCTTGAACCAGGAAGACGATAA Eurogentec

TLR3
Primer forward AGAAGGTTTTCGGGCCAGCTTT Eurogentec

Primer reverse TGACAGCTCAGGGATGTTGGTATG Eurogentec

TLR6
Primer forward ACCCATTCCACAGAACAGCATTCC Eurogentec

Primer reverse TCCTTGGGCCACTGCAAATAAGTC Eurogentec

Fen1 
Primer forward GCCAATCCAGGAATTCCACC Eurogentec

Primer reverse GATTCGCTCCTCAGAGAACTGCTT Eurogentec

MCPIP1
Primer forward AACTGGAGAAGAAGAAGATCCTGG Eurogentec

Primer reverse ATTGACGAAGGAGTACATGAGCAG Eurogentec

HNF4α
Primer forward GAGTGGGCCAAGTACA Eurogentec

Primer reverse GGCTTTGAGGTAGGCATA Eurogentec

APOBEC3B
Primer forward GACCCTTTGGTCCTTCGAC Eurogentec

Primer reverse GCACAGCCCCAGGAGAAG Eurogentec
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Table 3: Purchaser and reference list of different antibodies used in the studies 

 

 

 

 

 

 

 

 

 

 

Target Purchasers References

FEN1 Abcam Ab17994

TLR1 Cell Signalling 2209S

TLR2 Cell Signalling 12276S

TLR3 Cell Signalling 6961S

TLR6 Cell Signalling 12717S

MCPIP1 GeneTex GTX110807

NF-κB p65 Cell Signalling 8242S

Phospho-NF-κB p65 Cell Signalling 3033S

NF-κB2 p100/p52 (WB) Cell Signalling 4882S

NF-κB2 p100/p52 (IP) Cell Signalling 37359S

RelB Cell Signalling 10544S

NF-κB p105/p50 Cell Signalling 3035S

Actin-β Sigma A2228

Goat Anti-Mouse
Immunoglobulins/HRP 

Dako PO447

Goat Anti-Rabbit 
Immunoglobulins/HRP

Dako PO448

HBc ThermoFisher MA1-7609

H3K27Ac Diagenode C15410196

NF-κB p65 Millipore 17-10060

HBsAg Abbott MAb H166

HBsAg
(F35.25)

- -

HNF4α Abcam ab41898
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Table 4: Sequences of siRNAs with references and purchaser used in studies. 

 

Table 5:  Sequences of crRNA, references and purchaser used in studies. 

 

 

 

 

 

 

 

Target sequences References Purchaser

siControl GCCCUUCUCUGCAGUCAAG D-001810-01-50 Dharmacon

siHBV CGACCUUGAGGUAUACUUCUU Custom Dharmacon

siFEN1

GGUGAAGGCUGGCAAAGUC
GGGUCAAGAGGCUGAGUAA
CAAACUAAUUGCUGAUGUG
CAAGUACCCUGUGCCAGAA

L-010344-00-0005 Dharmacon

siTLR1

GGCAAUAUGUCUCAACUAA
CCGCAGUACUCCAUUCCUA
CCAAUUGCUCAUUUGAAUA
GUUGAGCACCACACACUUA

L-008086-00-0005 Dharmacon

siTLR2

AAAUCUGAGAGCUGCGAUA
AGGUAAAGUGGAAACGUUA
UGUUUGGAACUGCGAGAUA
AGUAGGAAUGCAAUAACUA

L-005120-01-0005 Dharmacon

siTLR3

GAACUAAAGAUCAUCGAUU
CAGCAUCUGUCUUUAAUAA
AGACCAAUCUCUCAAAUUU
UCACGCAAUUGGAAGAUUA

L-007745-00-0005 Dharmacon

siTLR6

GGUGAAAAGUGAAUUGGUA
CAACUAGUUUAUUCGCUAU
GCACCAAGCACAUUCAAGU
CCUGUGGAAUAUCUCAAUA

L-005156-00-0005 Dharmacon

siAPOBEC3B

CACAUGGGCUUUCUAUGCA
CCUGAUGGAUCCAGACACA
UGACCUACGAUGAGUUUGA
GUGAUUAAUUGGUCCAUA

L-017322-00-0005 Dharmacon

Sequences References Purchaser

Edit-R Human Non targeting 2 cRNA - U-007502-01-20 Dharmacon

Edit-R Human TLR1 cRNA GTGTATAGACAAGGCCTTCA CM-008086-01-0002 Dharmacon

Edit-R Human TLR2 cRNA AACCTGCTGGCCACGCACAT CM-005120-01-0020 Dharmacon

Edit-R Human TLR3 cRNA GTTAGGTTGAGTATGTGTAA CM-007745-01-0002 Dharmacon

Edit-R tracrRNA - U-002005-50 Dharmacon
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Table 6: sgRNA designed for lentiCRIPR and generation of dHepaRG-Cas 9 KO cell lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Position Strand Sequences PAM Exon
Specificity

Score

Efficiency

Score

TLR1

58784 -1
CACCGTTGTATGCCAAACCAGCTGG
AAACCCAGCTGGTTTGGCATACAAC

AGG 4 41.1574669 69.5526439540046

58510 1
CACCGGGTCTTAGGAGAGACTTATG
AAACCATAAGTCTCTCCTAAGACCC

GGG 4 41.6546525 65.3708047572652

TLR2

153703850 1
CACCGTGGAAACGTTAACAATCCGG
AAACCCGGATTGTTAACGTTTCCAC

AGG 1 93.1811822 74.87917659622852

153703124 1
CACCGTTAGCAACAGTGACCTACAG
AAACCTGTAGGTCACTGTTGCTAAC

AGG 1 68.0714882 73.43170064056989

TLR3

12409 -1
CACCGGGAAATTAACGGGACCACCG
AAACCGGTGGTCCCGTTAATTTCCC

GGG 6 48.0648961 75.48276420451064

11614 -1
CACCGAACCGTTGCCGACATCATGG
AAACCCATGATGTCGGCAACGGTTC

AGG 6 46.4477338 71.11165548506018

MyD88

38138900 1
CACCGCCGGCAACTGGAGACACAAG
AAACCTTGTGTCTCCAGTTGCCGGC

CGG 1 60.374396 68.93936884860913

38138815 1
CACCGTGTCTCTGTTCTTGAACGTG

AAACCACGTTCAAGAACAGAGACAC
CGG 1 75.6193589 65.1594894182281
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CC. Discussion 
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Key points: 

 Liver viruses subvert the immune system towards efficient internalization and replication;  

 Liver viruses escape extracellular recognition by efficiently modulating antibody and 

complement pathway recognition; 

 Intracellular recognition is avoided by inhibiting MHC presentation and PRR/IFN downstream 

pathways; 

 Liver pathogens modify the inflammatory balance toward the establishment of a tolerogenic 

environment.   
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Abstract:  

Liver viruses represent a major health burden worldwide. These viruses have developed numerous 

ways to counteract the liver innate immunity to avoid elimination. In this review, we have highlighted 

the different and common mechanisms employed by liver viruses to (i) establish in the liver (passive 

entry or active evasion from immune recognition) and (ii) actively inhibit the innate immune 

response (i.e. modulation of pattern recognition receptor expression and/or signalling pathways, 

modulation of interferon response, and modulation of immune cells count or phenotype).  
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1. Introduction 

The liver is constantly exposed to a large variety of pathogens (i.e. viruses, bacteria, and parasites) that 

can primarily infect the host through four different pathways, including (i) contaminated fluids, (ii) 

infected mosquito bites, (iii) contaminated food, and (iv) aerosols.  

In this review, we will focus on viruses that replicate in hepatocytes. Of note, bacterial and parasite 

infections of the liver have been discussed elsewhere [1,2]. 

Liver viruses infect approximately 850 million people per year, causing 1.8 million deaths (WHO 

reports) (Figure 1). While they account for only 38.6% of all liver infections per year, they represent 

92% of related deaths. The hepatitis B (HBV), C (HCV), and Delta (HDV) viruses are liver-specific viruses. 

When established chronically, they can lead to acute hepatitis (AH), fibrosis, cirrhosis, and/or 

hepatocellular carcinoma (HCC) [3]. A vaccine targeting both HBV and its satellite virus, HDV, is 

available. However, patients suffering from chronic Hepatitis B (CHB) need to be treated lifelong with 

nucleos(t)ide analogues (NA) or pegylated interferon alpha (peg-IFNα), which does not cure the 

infection [3]. Co-infection with HDV, diagnosed in around 5% of the CHB patients [3,4], accelerates the 

pathogenesis with a low response rate to peg-IFNα [3]. Regarding HCV, new direct antiviral agents 

(DAAs) can clear the infection in chronically infected patients [3]. The human cytomegalovirus (HCMV) 

infects the liver as a secondary site through the recruitment of infected macrophages and/or 

neutrophils, and may cause AH. Despite the lack of vaccines, HCMV infection is controlled by 

Ganciclovir[5].  

Four liver viruses infect their host via mosquito bites (Figure 1), namely Dengue virus (DENV), West 

Nile virus (WNV), Yellow Fever virus (YFV), and Zika virus (ZIKV). DENV and YFV cause, respectively, AH 

or jaundice and steatosis. While no specific treatment is available, a vaccine exists for both viruses. 

Although ZIKV infects the liver, little is known on this virus due to its recent emergence (WHO, 2018). 

Similarly, neither a vaccine nor a therapy is currently available for WNV.  

Finally, two pathogens infect the liver through an enteric contamination (Figure 1): Hepatitis A virus 

(HAV) and Hepatitis E virus (HEV). They represent 32.4% of all liver infections and 4% of related deaths 

(WHO). HAV and HEV infections can be prevented by a vaccine and might cause AH.  

Whereas the liver is exposed to high concentrations of food-derived antigens, it is widely known as a 

tolerogenic organ [6]. Often seen as a secondary lymphoid organ, all cells are equipped to recognize 

and alert the host of an invasion [7]. This dichotomy is mostly attributed to the high threshold that 

liver cells require to be activated as compared to other organs [8]. Consequently, it is the perfect 

shelter for pathogens capable of avoiding recognition and/or for which the infection comes with poor 

immune activation.  
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A healthy liver is composed of (i) parenchymal cells, the hepatocytes (around 70% of liver cells; 

participate in liver immune response), (ii) three liver-specific non-parenchymal cells (NPCs): the Liver 

Sinusoidal Endothelial Cells (LSECs) (around 20%; compose the sinusoidal wall), the Hepatic Stellate 

cells (HSCs) (5-8% when quiescent; liver fibroblasts), and Kupffer Cells (KCs) (4%; resident 

macrophages), and (iii) liver-unspecific NPCs, found in the circulation (monocytes) and/or infiltrating 

the liver: Dendritic Cells (DCs) and lymphocytes. Concerning the latter, some display innate functions. 

Namely, the Natural Killer T (NKT) cells and Mucosal-associated invariant T (MAIT) cells are equipped 

with antigen recognition capacities [9]. MAIT cells can be activated by cytokines during virus infections 

[10]. Moreover, innate lymphoid cells (ILCs), despite lacking antigen-specific receptors, can mediate 

immune responses and regulate tissue homeostasis and inflammation. Natural Killer cells and type 1 

innate lymphoid cells are the most abundant ILCs in the liver [9].  

Innate immune responses sense a broad range of Pathogen Associated Molecular Patterns (PAMPs), 

as well as Danger Associated Molecular Patterns (DAMPs; related to dysregulation of cellular 

functions). These highly conserved motifs are recognized by Pattern Recognition Receptors (PRRs), of 

which the Toll-like receptors (TLR) are the largest family [11]. Several PRRs are expressed by 

hepatocytes and NPCs in the liver, thus permitting a broad sensing [7,12]. Pathogen sensing results in 

the degradation of the microorganism followed by presentation on the Major Histocompatibility 

Complex II (MHC-II) molecule [13]. Altogether, these sensing mechanisms enable activation of various 

immune pathways (nuclear factor-kappa B (NF-κB), Akt, JAK-STAT, or interferon regulatory factor (IRF) 

pathways), which, in turn, lead to the production of effectors (cytokines or IFN) responsible for the 

appropriate orchestration of the immune response [14–16]. These immune mediators can stimulate 

the named pathways in an autocrine and paracrine manner, thereby increasing the activation of both 

professional and non-professional immune cells. 

Thus, to establish and maintain infection within the liver, evasion from these mechanisms is required 

by pathogens, which have evolved various ways to hide from and even actively inhibit the innate 

immune response.  

 

2. How to establish infection in the liver: a virus’ perspective 

a. The Trojan Horse strategy 

Such as ancient Greeks, some liver viruses have developed means to enter cells without being 

detected, thereby eluding/delaying the activation of an immune response. To establish infection, 

different problems might arise: (i) reaching the liver, (ii) accessing permissive cells from the blood 

circulation, and (iii) efficient entering. 
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Pathogens mainly reach the liver through the blood circulation. Thus, accessing parenchymal cells from 

the sinusoid, i.e. crossing the endothelium formed by LSECs, is often the first barrier encountered. 

LSECs are equipped with unique fenestration allowing nutrients, hormones, and most viruses to pass 

through. It is worth mentioning that, upon specific liver pathologies such as fibrosis, fenestrae are lost, 

thereby modifying the ability of some viruses to access permissive cells [17]. Active mechanisms are 

also described, such as HCV transcytosis through LSECs and KCs after interaction with surface 

molecules [18,19]. Of note, the relevance of this mechanism in vivo remains unclear. 

In hepatocytes, HCV uses the association of its envelope proteins with high/ very low/ low density 

lipoproteins (HDLs/VLDLs/LDLs) to enhance cellular entry receptor-mediated or by membrane fusion 

[20].  

Hence, liver viruses are capable of subverting the immune system towards their efficient 

internalization into permissive cells.  

b. Catch me if you can: how liver viruses escape recognition  

i. Extracellular escape: complement pathway and pathogenic evasion 

The complement pathway enables efficient recognition of circulating pathogens resulting in the 

production of inflammatory cytokines, recruitment of phagocytes, and lysis of the recognized 

pathogen; mechanisms that viruses have to avoid to enable viral spreading [21].  

Evasion from complement-dependent antibody-recognition can be achieved by association of 

envelope proteins with host lipoproteins and glycans as described for HCV [20] and secretion of quasi-

enveloped forms (i.e. eHAV and eHEV) that hide hyper-immunogenic capsid/core components [22].  

RNA viruses from the Flaviviridae family (HCV, DENV, ZIKV, YFV, and WNV) hinder antigen presentation 

by MHC molecules by selecting emerging mutations in the most targeted epitopes, often surface 

proteins, which generates a need for novel epitope-specific antibodies in patients [23]. In addition, the 

composition and localization of glycans attached to viral envelope proteins, such as HCV-E2, can be 

modulated [24]. Finally, non-infectious HBV-subviral particles, secreted in excess (104 to 105 more than 

infectious particles), serve as decoy [25].  

Several viruses have also developed active mechanisms to evade complement pathways by (i) 

recruiting host cellular factors serving as inhibitors or (ii) directly interacting with complement 

proteins. Host factors recruited by viruses include the decay-accelerating factor (CD55), membrane 

cofactor protein (CD46), membrane inhibitor of reactive lysis (CD59), and the factor H [26–29] (Figure 

2, point#1). Although WNV, DENV2 and ZIKV association with these proteins is mostly shown in vitro, 
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evidence from patients suggest incorporation of CD59 in HCV-virion [26]. Moreover, DENV, WNV, and 

YFV can directly inhibit the formation of C1-C4s complexes, using the soluble surface protein sNS1, 

which binds complement proteins, and/or induce their degradation [26].  

Altogether, these different strategies enable viruses to escape antibody- and complement-mediated 

death. 

ii. Peek-a-Boo: intracellular hiding of viruses 

Once they have successfully entered permissive cells, viruses need to prevent intracellular immune 

recognition by PRRs. 

HBV and HCMV establish a host-like or a dormant form/state leading to the sustained presence of the 

virus within the liver and possible re-activation of the disease. HCMV latent state (discussed here [30]) 

is transcriptionally repressed whereas HBV genome lays in the nucleus of infected cells as a 

chromosome-like structure, the cccDNA (covalently-closed circular DNA), thereby not constituting 

PAMPs. Outside of the nucleus, the nucleocapsid shields HBV from PRR recognition [31]. Thus, even if 

in some peculiar experimental conditions cytosolic PRRs were able to recognize HBV genome [32], only 

transient and weak or no innate immune responses are detected in hepatocytes following natural HBV 

infection [33,34].  

Other viruses evade cytosolic recognition and ensure local concentration of replication-relevant 

factors by modulating host membranes and generating new compartments. Two are described in vitro: 

(i) invagination/spherules of 90 nm diameter with a 10 nm channel to the endoplasmic reticulum (ER) 

(DENV and suggested for WNV), and (ii) double membrane vesicles of 150 nm diameter for HCV [35]. 

Besides, HCV structural proteins and RNA are found in patients’ exosomes, hiding them from viral 

recognition [36].  

Altogether, these strategies decrease the amount of PAMPs available for recognition.  

3. Liver viruses strike back: active inhibition of innate immune sensing 

a. Targeting professional immune sensors 

i. PRRs 

PRR sensing and activation induce NF-κB and IFN pathways (discussed in part 3.b.), which are essential 

to initiate pathogen clearance. Therefore, viruses have evolved strategies to dampen PRR 

expression/activity. 

TLR9, TLR3, and TLR2 expression are downregulated in PBMCs, liver macrophages, and/or hepatocytes 

from chronic HBV-HBeAg+ patients [37–39] (Figure 2, point#2). However, TLR downregulation could not 
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be recapitulated ex vivo when using strong immune inducers, suggesting that inhibition by HBV can be 

overcome above a certain activation threshold [40,41]. Although not clinically confirmed, HCV-NS3/4 

targets Riplet, essential for RIG-I activation [42] (Figure 2, point#3). 

 

ii. Targeting MHC presentation 

Pathogen recognition results in loading of intracellular- or extracellular-derived peptides onto MHC-I 

or MHC-II molecules, respectively. The liver is the only organ where presentation is not hindered by 

the endothelial barrier, which should allow CD8+ T cells to be activated [43]. 

CD8+ T cell exhaustion is a hallmark of CHB patients, possibly attributed to hepatocyte priming, 

whereas KC and hepatic DC priming led to T cell activation correlating with viral clearance, as shown 

in vivo [44]. This indicates a differential modulation and efficiency of MHC presentation during HBV 

infection by so far unknown mechanisms. In HBV-HDV co-infected patients, HDV acts as an 

immunogenic adjuvant boosting HBV presentation [45].    

Whereas HCV baseline infection does not modulate MHC-I, IFN-induced MHC-I presentation is 

attenuated, suggesting an inhibition of mechanisms, which are deleterious for the virus [46] (Figure 2, 

point#4). It is worth mentioning that HCMV, through proteasome/lysosomes addressing of key 

components of the pathway, is an important MHC modulator [47]. Unfortunately, experiments on 

hepatic-relevant models are lacking.  

Altogether, liver viruses can circumvent activation of immune responses by (i) decreasing innate 

recognition and (ii) benefiting from tolerogenic environment or modulating MHC-mediated 

presentation.  

b. Modulating intracellular innate immune pathways 

i. PRRs’ downstream signalling pathways 

As mentioned, activation of PRRs triggers two major signalling pathways: IRF and NF-κB. Their 

induction is controlled by key adaptor molecules, namely mitochondrial antiviral signalling protein 

(MAVS) (RNA sensing), STING (DNA sensing), and MyD88 or TIR domain-containing adaptor inducing 

IFN  (TRIF) (most TLR signalling), resulting in production of IFN-I and pro-inflammatory cytokines. 

MAVS is impaired in its function by HCMV, HCV, and HBV [48–50] (Figure 2, point#5i-5ii). Of note, 

except for HCV, most of these studies were only performed in vitro (infection or overexpression of viral 

proteins). However, this phenotype could explain the reduced pro-inflammatory cytokines observed 

in patients.  
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STING, and its interaction with partners, are inhibited by HCV [51] (Figure 2, point#6-7), HBV [52] 

(Figure 2, point#8), and HEV [53] (Figure 2, point#9), subsequently suppressing downstream IRF3/7 

activation. In addition, IRF3/7 are directly targeted by HEV and HBV, as demonstrated in vitro only 

(Figure 2, point#10) [53,54].  

Furthermore, in vitro, the TLR adaptor molecule TRIF is cleaved and degraded by HCV and HAV viral 

proteases, respectively [55,56] (Figure 2, point#11). HBV and HCV are able to inhibit MyD88-dependent 

TLR signalling through sequestration or degradation of signalling molecules [57,58] (Figure 2, point#12-

13). 

In addition, direct targeting of NF-κB pathway downstream signalling molecules, mostly concerning 

the classical activation pathway, is observed in several liver infections. One major target in the cascade 

is the IKK complex, as shown with in vitro-overexpression of HCV-NS3 and HAV-3C [59,60] (Figure 2, 

point#14i-14ii). Further downstream, the release and translocation of the NF-κB complex or its 

subunits are prevented by HEV-ORF2 and HCV proteins [61,62] (Figure 2, point#15-16).  

Although confirmation in patients is missing, these disruption mechanisms of NF-κB and IRF signalling 

pathways could contribute to the decreased levels of IFN and pro–inflammatory cytokines observed in 

infected patients.  

ii. IFN receptor downstream signalling  

IFN-I (IFNα and IFNβ) and IFN-II (IFNγ) bind to their respective receptors, IFNAR and IFNGR, and activate 

downstream signalling. Subsequently, interferon-stimulated genes (ISGs) are induced, promoting anti-

viral activity. 

Firstly, in hepatoma cells, expression or Tyk2-mediated activation of IFNAR are precluded by HCV and 

HDV, respectively [63,64] (Figure 2, point#17-18). Further downstream, activity of the transcription 

factors STAT1/2 (signal transducer and activator of transcription) is prevented by HBV-pol and HDV 

proteins in vitro [63,65] (Figure 2, point#19). HBV-mediated inhibition of STAT1/2 nuclear translocation 

was confirmed in CHB patients’ liver biopsies. Moreover, although studies in HDV patients are lacking, 

the observed inhibition could partially account for the low efficacy of IFNα treatment in HDV patients 

[65].  

Some evidence also suggest direct inhibition of ISG expression, leading to decreased production of 

important antiviral effectors, such as the myxovirus resistance A (MxA), only observed in HBV-

transfected Huh7, and tripartite motif 22 (TRIM22) protein, as seen in primary human hepatocytes and 

liver biopsies [66,67] (Figure 2, point#20). Furthermore, in vitro studies demonstrated reduced IFN-ß 

promoter activity caused by HCV-induced autophagy [68]. 
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In summary, IFN signalling, leading to the expression of ISGs, is crucial to control virus infection making 

it a privileged target of pathogens.  

c. Targeting immune cell responses 

i. Modulating innate immune cells count 

Viruses are also capable of modulating the number of innate immune cells, through (i) an increase of 

beneficial immune cells, (ii) an inhibition of proliferation, or (iii) an induction of apoptosis.  

Examples are the Myeloid-Derived Suppressor Cells (MDSCs), which favour an immunosuppressive 

environment. They are found broadly recruited to the liver in HBV-infected patients [69,70] as well as 

increased in the circulation of HCV-infected patients [71] (Figure 3-A). CHB patients with hepatic 

damage also show increased number of ILC1s [9] (Figure 3-A).  

On the contrary, chronic HCV patients show lower hepatic NK cell numbers, following increased KLRG1 

expression [72] (Figure 3-A). Innate-like invariant NKT cells are significantly reduced in CHB patients, 

and the residual iNKT cells show aberrant activation in response to its specific agonist [73] (Figure 3-

A). 

Furthermore, MAIT cells are decreased in the blood of patients with chronic HBV, HCV, and HDV 

infection as well as in HCV/HIV co-infection [74] (Figure 3-A). Whereas the number of liver MAIT cells 

in HBV patients inversely correlates with liver fibrosis and inflammation, patients with DENV infection 

show a positive correlation between MAIT activation and disease severity [10]. Of note, no direct 

induction of MAIT apoptosis by these viruses has been shown and the cell decrease was rather 

explained by a persistent immune activation during chronic infection. 

Altogether, these studies highlight the need of viruses to modulate the number of innate immune cells 

in order to prevent the implementation of a strong innate immune response. 

ii. Modulation of innate immune cells’ phenotype 

In addition to the cell number, viruses develop strategies to interfere with immune cell polarization, 

i.e. pro-inflammatory vs. anti-inflammatory phenotypes. 

Cytokine secretion profile is a key aspect of immune cell phenotypes. Pro-inflammatory cytokines such 

as PBMC-derived IL-12 (ex vivo stimulation) and/or MAIT cell-derived IFNy and TNFα are 

downregulated in chronic HBV and HCV patients [74,75] (Figure 3-B, point#1-2). The reduction of other 

cytokines such as IL-1β, TNFα, IL-6, or IFN-I is mostly described in vitro (e.g. human KCs), using virions 

or specific viral proteins, but could also contribute to the reduced pro-inflammatory responses 

observed in HBV and HCV patients [8,76]  (Figure 3-B, point#1,3).  
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On the other hand, anti-inflammatory cytokines (IL-10, TGF-ß) and/or surface markers (CD163) are 

upregulated in patients with HBV [8,75,77] (Figure 3-B. point#4-5) as well as in patient sera and in vitro 

models of HCV infection (Figure 3-B, point#4) [78].  

Viruses further dampen immune responses by modulation of surface receptors and their ligands 

affecting activation, inhibition, and apoptosis. Indeed, FasL upregulation is observed in HBV patients’ 

KCs, favouring cell death [79] (Figure 3-B, point#6). Of note, similar observations are found with other 

viral infections, but have yet to be confirmed in patients [76].  

More evident is the enhanced expression of inhibitory checkpoint proteins/receptors, impairing CD8+ 

T cell and NK cell activity, as shown in livers from CHB patients (i.e. PD- 1) and MAIT cells of chronic 

HBV and HCV patients (i.e. PD-1, CTLA-4), indicating an exhausted phenotype [80–82] (Figure 3-B, 

point#7). NK cell activation is directly inhibited by downregulation of the activating receptor NKG2D in 

HCV [78] and CHB patients [83] (Figure 3-B, point#8). Besides, HCV also downregulates NKp46 and 

NKp30 expression, in vitro [84] (Figure 3-B, point#9).  

Finally, DC activation and migration towards lymphoid organs is impaired in HCV infected patients 

[85,86].  

Altogether, these data highlight that liver viruses can modulate the phenotype and response of innate 

immune cells. 

4. Conclusion 

This review describes how liver viruses have evolved similar mechanisms to evade innate immune 

responses and subsequently maintain their infection in the liver. Moreover, whereas we only discussed 

the effect of viruses on innate immune responses in the liver, common phenotypes/mechanisms could 

be found in other liver pathogen infections, namely bacteria and parasites. Therapeutically targeting 

one or several of these mechanisms could enhance efficacy of existing treatments or lead to the 

successful development of new vaccines and therapies.   
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Abbreviations: 

ACT: Artemisinin-based combination therapy 

AH: Acute hepatitis 

cccDNA: covalently-closed circular DNA 

cGAS: cyclic GMP-AMP synthase 

CHB: chronic hepatitis B   

DAA: direct antiviral agents 

DAMP: danger associated molecular pattern 

DC: dendritic cell 

DENV: Dengue virus 

eHAV: enveloped hepatitis A virus 

eHEV: enveloped hepatitis E virus 

ER: endoplasmic reticulum 

HAV: hepatitis A virus 

HBV: hepatitis B virus 

HCC: hepatocellular carcinoma 

HCMV: human cytomegalovirus 

HCV: hepatitis C virus 

HDL: high density lipoprotein 

HDV: hepatitis delta virus 

HEV: hepatitis E virus  

HSC: hepatic stellate cell 

IFN: interferon 

IFN-I: type I interferon 

IFNAR: interferon alpha receptor 

IFNGR: interferon gamma receptor 

IKK: IκB kinase 

ILC: Innate Lymphoid cells  

IRF: interferon regulatory factor 

ISG: interferon-stimulated genes 

ISRE: interferon stimulated response element 
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JAK1: Janus kinase 1 

KC: Kupffer cell  

LDL: low density lipoprotein 

LSEC: liver sinusoidal endothelial cell 

MAIT: Mucosal-Associated Invariant T cells 

MAVS: mitochondrial antiviral signalling protein 

MDSC: myeloid-derived suppressor cell 

MHC-I/II: major histocompatibility complex I/II 

MxA: myxovirus resistance A 

NA: nucleos(t)ide analogues 

NF-κB: nuclear factor-kappa B 

NK: natural killer 

NKT: natural killer T cell 

NPC: non-parenchymal cell 

PAMP: pathogen associated molecular pattern 

PBMC: peripheral blood mononuclear cell 

PD-1: programmed death 1 

pDC: plasmacytoid dendritic cell 

PD-L1: programmed death ligand 1 

Peg-IFNα: pegylated interferon alpha 

PRR: pattern recognition receptor 

RIG-1: retinoic acid-inducible gene-I 

sNS1: soluble NS-1 

STAT: signal transducer and activator of transcription 

STING: stimulator of interferon genes 

TBK1: TANK-binding kinase 

TLR: toll like receptor 

TRAM: TRIF-Related Adaptor Molecule 

TRIF: TIR domain-containing adaptor inducing IFNß 

TRIM22: tripartite motif 22 

Tyk2: tyrosine kinase 2 
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VLDL: very low density lipoprotein 

WNV: west Nile virus 

YFV: yellow fever virus 

ZIKV: Zika virus  
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Figure 1: Liver viruses’ infection route, epidemiology, and treatments. Liver viruses are displayed 
depending on their entry route: fluids (sexual, blood transfusion, unsanitary drug use), food (ingestion, 
and mosquitoes bite. Number of infected persons and the subsequent death toll, vaccine and 
treatment availability, and the liver induced pathologies are indicated. Abbreviations: Acute Hepatitis 
(AH), Cirrhosis (C), Fibrosis (F), Hepatocellular Carcinoma (HCC), Jaundice (J), Nothing Specific (NoS), 
Nucleos(t)ides Analogues (NA), Steatosis (S), Unknown (Unk). 
 

Figure 2: Effect of pathogens on intracellular immune signalling pathways. 1. Induction of CD59 and 

Factor H expression mediated by WNV, DENV, and ZIKV; 2. Inhibition of TLR1/2, TLR3 and TLR9 by HBV; 

3. Inhibition of RIG-I by HCV; 4. Inhibition of MHC-I presentation by HCV; 5. (5i) Inhibition of MAVS 

interaction with mitochondria by HCMV or (5ii) MAVS degradation by HAV, HBV, and HCV; 6. Inhibition 

of MAVS-STING interaction by HCV; 7. Inhibition of STING-TBK1 interaction by HCV; 8. Inhibition of 

TBK1/IKKε interaction by HBV; 9. Inhibition of RIG-I/TBK1 interaction by HEV; 10. Inhibition of IRF3 

phosphorylation by HEV; 11. Degradation of TRIF by HCV and HAV; 12. Inhibition of TRAM activation 

by HBV; 13. Degradation of TRAF6 by HCV; 14. (14i) Inhibition of NEMO activation by HCV and (14ii) 

IKK complexe degradation by HAV; 15. Inhibition of IkB polyubiquitin-mediated proteasome adressing 

by HEV; 16. Inhibition of NF-κB subunits translocation to the nucleus by HCV; 17. Decrease of IFNAR1 

expression by HCV; 18. Inhibition of Tyk2 phosphorylation by HDV; 19. Inhibition of STAT1 

phosphorylation by HBV, HDV, and HEV; 20. Inhibition of TRIM22 and MxA expression by HBV. Light 

coloured arrows: signalling pathway (pink for NF-κB, orange for IRF, and blue for JAK/STAT; red stopped 

arrows: inhibition; red doted: degradation; red arrows: induction. Abbreviation: cGAS: cyclic GMP-AMP 

synthase; TBK1: TANK-binding kinase, TRAM: TRIF-Related Adaptor Molecule. 

 
 

Figure 3: Modulation of immune cells count and phenotype by liver viruses. Panel A. Modulation of 

immune cell count by liver pathogens. Panel B. Modulation of immune cell phenotype by liver 

pathogens. 1. Downregulation of the secretion of IL-1β, IL-6, IL-12, and TNFα by HBV in KCs; 2. 

Downregulation of IFN-γ and TNFα secretion in MAIT cells by HBV and HCV; 3. Inhibition of the TLR3-

mediated IL-12 and IFN-I secretion by HCV in KCs; 4. Upregulation of IL-10 and TGF-β secretion by HBV 

and HCV in KCs; 5. Upregulation of CD163 by HBV on KCs; 6. Upregulation of FasL by HBV on KCs; 7. 

Downregulation of NKG2D by HBV, and HCV in NKs; 8. Inhibition of NKp30 and NKp46 by HCV on NKs. 

Light coloured arrows: secretion pathways; red stopped arrows: inhibitions; red doted arrows: 

downregulation; simple red arrows: upregulation.  
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4. Congress attendance 
 

44.1 InnaSCo Symposium II: Innate Sensors in Heatlh and Diseases 

Lyon, May 2019 

Oral: Preclinical evaluation and study of the action of a TLR2 nanoparticular ligand in HBV-

infected in vitro and in vivo models 

Manon Desmares, Myriam Lamrayah, Laura Dimier, Anna Salvetti, Julie Lucifora, Bernard 

Verrier* and David Durantel*  

 

4.2 ANRS "Recherche sur le VIH/Sida et les hépatites virales : quels nouveaux enjeux ?" 

Paris, November 2019 

Poster: Anti-HBV effect & MoA of TLR2 agonists (free or as PLA-nanoparticles) in vitro and 

preclinical mouse model: Towards a functional cure for HBV? 

Manon Desmares, Myriam Lamrayah, Laura Dimier, Anna Salvetti, Julie Lucifora, Bernard 

Verrier* and David Durantel*  

 

4.3 AANRS Réunion annuelle AC42 Réseau National Hépatites 

Paris, February 2020 

Oral: Insights on the mode of actions of TLR2 agonists against the replication of HBV in 

hepatocytes 

Manon Desmares, Maud Michelet, Caroline Pons, Myriam Lamrayah, Anna Salvetti, Bernard 

Verrier, Julie Lucifora*, and David Durantel* 

 

4.4 EASL international liver congress 

Online, June 2021 

Poster: Molecular mechanisms underlying the antiviral activity of a TLR2 agonist on HBV 

replication in hepatocytes 

Manon Desmares, Maud Michelet, Caroline Pons, Myriam Lamrayah, Anna Salvetti, Bernard 

Verrier, Julie Lucifora*, and David Durantel* 
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