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Innate and adaptive immunity: basic insights

). This introduction will only provide a highly simplified presentation of the overall immune system and will concentrate on the innate immune system.

A Abstract

Interaction between macrophages, hepatocytes and hepatitis B virus: From reprogramming of macrophages phenotypes towards establishment and maintenance of the infection Hepatitis B virus (HBV) chronically infects over 250 million people worldwide. Several treatments can be used to prevent the formation of de novo particles. However, they do not allow the total eradication of the infection. Therefore, it is necessary to develop new therapeutic strategies, including immune-therapeutic ones, which would be more likely to lead to an immunological control of HBV infections. We have recently shown that IL-1 most effective antiviral cytokine against the replication of HBV in vitro. In the liver, ILmainly produced by resident macrophages (also called Kupffer cells) or infiltrating cells (inflammatory monocytes differentiated into macrophages). Recent studies have shown that HBV is able to partially inhibit the induction of innate immune responses. Hence, it was necessary to determine if HBV was also able to block the production of ILtypes of macrophages.

The objective of this thesis was to study the effect of HBV on macrophage phenotypes and the impact of those modifications on the establishment of HBV infection in hepatocytes.

Blood monocytes and liver macrophages were purified, respectively, from peripheral blood or hepatic resections, and were exposed to HBV during their differentiation and/or activation for monocytes, or only during activation for liver macrophages which are already in a differentiated state. HBV was able to partially inhibit the secretion of IL-6 and IL-inflammatory macrophages. Moreover, HBV was able to inhibit ILmacrophages stimulated by different ligands and, conditioned medium of pro-inflammatory macrophages could inhibit the establishment of infection in hepatocytes. This effect was reverted when macrophages were exposed to HBV, concomitantly with a lower production of IL-6 and IL-In summary, HBV is able to modify macrophage phenotypes to favour the establishment and persistence of HBV infection. The full understanding of the mechanistic basis of how HBV phenotypically modifies macrophages will be a first step towards the development of new therapeutic strategies.
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Thesis Suzanne Faure-Dupuy Preamble R Résumé : de la reprogrammation du phénotype des macrophages vers traitements existent permettant de contrôler la production de particules infectieuses.

Cependant, aucun des traitements actuels ne permet .

Il est donc nécessaire de développer de nouvelles stratégies thérapeutiques, incluant des approches immunothérapeutiques pour permettre un meilleur contrôle immunologique des infections HBV. Dans une étude récente menée au sein du laboratoire, il a été montré que IL- 

Table VI.

Possible HBV ex vivo and in vivo models that could be used to assess the role of liver macrophages in the establishment and/or maintenance of HBV infection .................

Table I. Major features of Innate and Adaptive immunity

The Innate immunity is the first line of defence against pathogens [START_REF] Baron | Innate antiviral defenses in body fluids and tissues[END_REF]. It invokes a fast response that is able, within hours or days, to recognize a large range of aberrant immunological and non-self features. The induction of innate immunity is poorly regulated, as false responses are better than no responses, whereas its termination is very well controlled to prevent chronic inflammation and autoimmune diseases. Indeed, innate immunity is a global response, which does not discriminate self from pathogens. After a few days, the of it having happened. A large number of Thesis Suzanne Faure-Dupuy Basophils: Very similar to mastocytes (10 to 15 μm with multi-lobed nucleus), they are also able to secrete mediators/effectors role in inflammation.

Eosinophils: Cell of 12 to 17 μm in diameter with bi-or tri-lobed nucleus, eosinophils are implicated in anti-parasitic cytotoxicity as well as the secretion of mediators implicated in allergic responses.

Neutrophils: Cell of 9 to 16 μm in diameter with a three to five lobed nucleus, they are implicated in phagocytosis of pathogens and in the release of inflammatory mediators.

The adaptive immunity is the second line of defence, activated by cells involved in the innate immune response, called antigen-presenting cells (APC). This response is highly specific for a given peptide, which arises from antigen processing, and is presented by MHC molecules and recognized by B or T cell receptors. Due to two important features of adaptive immunity, the necessity of antigen presentation by innate immune cells and the necessity of adaptive cells amplification/differentiation, this response is slow (days to weeks). The adaptive response is highly regulated and able to discriminate self from pathogens. After elimination and resolution of the problem, a memory of the response persists. T or B lymphocytes are the major effectors of adaptive immunity (Figure 1). The narrow cell type involved is compensated by the billions of different receptors expressed on lymphocyte populations due to genetic recombination, called V(D)J recombination. Characteristics of adaptive cells are the following:

B lymphocytes: heterogenic population that develops in the bone marrow (B cell).

Upon activation, they can differentiate into plasmocytes that are the cells producing antibodies T lymphocytes: heterogenic population that develops in the thymus (T cell). Two major types of T cells exist: CD4 + or CD8 + cells. The CD4 + cells produce different cytokines depending on their differentiation (Th1, Th2, Th17, pro-inflammatory cytokine secretors, or Treg, anti-inflammatory cytokine secretors). The CD8 + cells are cytotoxic lymphocytes, which, upon activation, can secrete perforin, granzyme, and granulysin to kill infected or cancerous cells.

I Innate immune sensors

The early and non-specific detection of pathogens generally occurs, at subcellular/molecular levels, via the recognition of Pathogen-Associated Molecular Patterns (PAMP) by innate immunity sensors, also called Pathogen Recognition Receptors (PRR). Amongst PRR, there are toll-like (TLR), Retinoic acid-Inducible Gene I (RIG)-like (RLR), nucleotide-binding oligomerization domain-containing protein (NOD)-like (NLR), C-type Lectin (CLR), and DNAsensing (CDS) receptors, which are differentially or ubiquitously expressed on various types of epithelial/endothelial cells, as well as professional and non-professional immune cells [START_REF] Pandey | Microbial sensing by Toll-like receptors and intracellular nucleic acid sensors[END_REF]. Their localization and activation is different between PRRs (Table II).

Upon interaction between a PRR and its cognate PAMP, various downstream signalling pathways are activated and sequentially involve: (1) adaptor/co-adaptor molecules (e.g., myeloid differentiation primary response gene 88 (MyD88), TIR-domain-containing adapterinducing interferon-(TRIF), etc.); (2) kinases (e.g., TANK binding kinase 1 (TBK1), transforming growth factor -activated kinase 1 (TAK1), etc.) and ( 3 

Table II. Cellular localization and activation signal of TLR, NLR, CLR, RLR and CDS

Other innate detection systems rely on canonical or non-canonical inflammasomes (Broz and Dixit, 2016;[START_REF] Crowley | Noncanonical inflammasomes: Antimicrobial defense that does not play by the rules[END_REF]. Four different inflammasomes exist: NACHT, LRR and PYD domains-containing protein 1 and 3 (NLRP1 and NLRP3), NLR family CARD domain-containing protein 4 (NLRC4), and absent in melanoma 2 (AIM2), which all share a common adaptors ASC.

They are induced by PAMP or Danger-Associated Molecular Patterns (DAMP) and lead to the activation of the Caspase-1, which in turn cleaves precursor molecules (e.g., pro-IL-1 and pro-IL-18) to liberate active IL-1 and IL-18 in the infected or damaged microenvironment (Figure 2).

Finally, some receptors can regulate the inflammation. This is the case of Programmed Death receptor 1 (PD-1) and its ligands (PD-L1). PD-L1, which is expressed by resident cells or cancerous cells, can bind to its receptor PD-1 that is expressed on T lymphocytes, leading to a down-regulation of TCR-mediated IL-12 secretion and subsequently to the down-regulation of T cell proliferation (Arasanz et al., 2017;Dal Bello et al., 2017). PD-1/PD-L1 are factors involved in immune tolerance, and play a key role in cancer development and escape from the immune system (Bertucci et al., 2016). 

L Liver immunity

The liver is often considered as a secondary lymphoid organ due to the amount of blood flowing-through, infiltrating, and the resident immune cells it contains (Crispe, 2009(Crispe, , 2011)).

Notably, innate immune cells, as well as non-parenchymal/non-professional cells endowed with innate functions (e.g., liver sinusoidal endothelial cells (LSEC), hepatic stellate cells (HSC)) (Protzer et al., 2012), are particularly enriched in this solid organ (Figure 4). By order of decreasing abundance, innate cells of (Figure 5): (1) lymphoid origin (natural killer and natural killer T-cells (NK/NKT) but also innate lymphoid cells (ILC), and mucosal-associated invariant T-cell (MAIT)); (2) myeloid origin (e.g., Kupffer cells (KCs), myeloid-derived suppressive cells (MDSC), monocytes, neutrophils); and (3) various types of dendritic cells (DCs; mDC-BDCA1 + , mDC-BDCA3 + , plasmacytoid DCs; pDCs), can be found in a healthy liver. These cells, as well as the cytokinic/chemokinic effectors that they produce, can be beneficially involved in the early containment of pathogen infection and the orchestration of pathogen-specific adaptive responses (Crispe, 2009;Protzer et al., 2012). However, they can also be involved in immunedriven pathogenesis, if a return to homeostasis is impaired by a pathogen or a recurrent exposure to xenobiotics/alcohol [START_REF] Guidotti | Immunobiology and pathogenesis of viral hepatitis[END_REF][START_REF] Heymann | Immunology in the liver--from homeostasis to disease[END_REF][START_REF] Knolle | Hepatic immune regulation and its involvement in viral hepatitis infection[END_REF]. With respect to the latter, sterile or pathogen-driven chronic inflammation, as well as non-specific and uncontrolled cytotoxic activities, can be associated with the development of steatohepatitis, fibrosis, cirrhosis, and hepatocellular carcinoma [START_REF] Guidotti | Immunobiology and pathogenesis of viral hepatitis[END_REF][START_REF] Heymann | Immunology in the liver--from homeostasis to disease[END_REF][START_REF] Knolle | Hepatic immune regulation and its involvement in viral hepatitis infection[END_REF].

Many liver innate immune cells are involved in the so-called tolerogenic microenvironment, which prevails and protects this organ against permanent exposure to gut-derived microbial degradation products or a low concentration of living bacteria [START_REF] Crispe | Immune tolerance in liver disease[END_REF]. Incidentally, the liver many chronic infections, including type B and C viral hepatitis, as well as parasitic infections (Protzer et al., 2012). Despite this intrinsic immune tolerance, the liver is well equipped to mount a potent antimicrobial response, and successful pathogens have also evolved strategies to either passively or actively evade innate and adaptive immune responses in order to persist. 1 1.3.1. Hepatocytes Hepatocytes represent 80% of the liver mass. Their primary function is to ensure the homeostasis of the liver through different metabolic functions such as drug detoxification, urea elimination, cholesterol synthesis or storage of glucose as glycogen. However, these cells are also able to participate in liver immune responses. In normal/non-transformed hepatocytes, it has recently been shown that most PRR are expressed and functional [START_REF] Crispe | Hepatocytes as Immunological Agents[END_REF]Luangsay et al., 2015a;Vegna et al., 2016), with the potential exception of the cyclic GMP-AMP Synthase/Stimulator of Interferon Gene (cGAS/STING) axis [START_REF] Thomsen | Lack of immunological DNA sensing in hepatocytes facilitates hepatitis B virus infection[END_REF], and the lack of inflammasome activities (Zannetti et al., 2016). Moreover, several studies have shown that hepatocytes, which do not express co-stimulatory factors CD80 and CD86, are able to activate and induce proliferation of specific naive CD8 + T cells in the absence of exogenously added cytokines, a property only shared by professional APC [START_REF] Bertolino | Hepatocytes induce functional activation of naive CD8+ T lymphocytes but fail to promote survival[END_REF][START_REF] Herkel | MHC class II-expressing hepatocytes function as antigen-presenting cells and activate specific CD4 T lymphocyutes[END_REF]. T cells activated by hepatocytes have lost their cytolytic function after 3 days of coculture, which correlates with T cell death, suggesting that despite efficient activation, proliferation and transient CTL functions, T cells activated by hepatocytes do not survive. In summary, hepatocytes can participate in the activation of an innate immune response and can activate T lymphocytes in the liver.

In vitro, several cell types are currently used to study hepatocyte function, and they can be divided into 2 types of cell:

Transformed cells: hepatocytes isolated from cancerous resections. Such cell lines (HuH, HuH 7.5,and HepG2) are a useful model to study hepatocyte functions and/or liver specific infection [START_REF] Aden | Controlled synthesis of HBsAg in a differentiated human liver carcinoma-derived cell line[END_REF][START_REF] Nakabayashi | Phenotypical stability of a human hepatoma cell line, HuH-7, in long-term culture with chemically defined medium[END_REF]Quinkert et al., 2005). However, due to transformation/cancerisation processes, these cell lines do not have a functional intrinsic immunity (Luangsay et al., 2015a).

Non-transformed cells:

The HepaRG cell line is a human hepatic progenitor cell line.

HepaRG can be differentiated into hepatocytes (dHepaRG) by a 4 weeks differentiation process (Gripon et al., 2002). dHepaRG have a functional immune system and, so, are useful for the study of immune responses in hepatocytes (Luangsay et al., 2015a).

However, the efficacy of infection by HBV of dHepaRG is only approximatively of 10%, while 100% of hepatocytes can be stained positive for HBV proteins.

Nowadays, the more relevant model, in vitro, are primary human hepatocytes (PHH) which can be isolated from liver resections by a collagenase treatment (Lecluyse and Alexandre, 2010). PHH have a functional immune system. Their infection rate with HBV is higher than dHepaRG (90% on average), and thus is closer to what is found in patients. However, access to liver resections is limited, highlighting the need for a good surrogate model. The closest available model to study immune responses in vitro in hepatocytes is thus at present the HepaRG cell line (Luangsay et al., 2015a).

1 1.3.2. Liver endothelial sinusoidal cells (LSEC)

LSECs compose the sinusoidal wall of sinusoids and feature inter and intracellular fenestrations of 100 to 150 nm, allowing the diffusion of molecules and macromolecular complexes (Figure 4). LSECs are the key actors of liver angiogenesis, liver regeneration, and, by extension, liver tumorigenesis and tumour vascularization. They are also implicated in liver clearance through their scavenger-dependent endocytic capacities. LSECs express a large range of adhesion molecules and secrete numerous chemokines, and are, altogether, involved in immune cells activation and recruitment. They are capable of presenting circulating antigen to CD4 + and CD8 + T cells, making LSECs major actors of hepatic immune-surveillance [START_REF] Knolle | Control of immune responses by savenger liver endothelial cells[END_REF]. These cells also play a key role upon danger signals leading to fibrosis since, they will undergo cytoskeletal remodelling, leading to a loss of fenestration upon shear stress (Eggert and Greten, 2017;[START_REF] Sørensen | Liver Sinusoidal Endothelial Cells[END_REF].

For the in vitro study of LSECs, 2 types of cell are available: the TRP3 (a LSEC cell line) and primary LSEC isolated from liver resections. TRP3 is a cell line of LSEC isolated from a 65 yearold female with a history of hepatic arteriovenous malformations related to hereditary haemorrhagic telangiectasia. TRP3 display similar phenotypes to primary LSEC (Parent et al., 2014), making this cell line a good surrogate model. Primary LSEC are isolated from liver resection by a positive selection on the CD146, as described in article 5.

Hepatic stellate cells (HSC)

HSCs are localized in the liver sinusoids, in the space of Disse, between LSECs and hepatocytes, with which they are in close contact through their cytoplasmic extensions (Figure 4). HSC are equivalent to the liver fibroblast, specialized in the storage and metabolism of lipids such as vitamin A (retinol) and triglycerides. They are the producers of extra cellular matrix (ECM) in the space of Disse, allowing cohesion, communication and differentiation of the different cells.

These cells normally represent 5 to 8% of the total number of the cells in the liver, however upon chronic inflammation, HSC undergo transformation to become myofibroblasts (MFs), the activated state of HSC (Eggert and Greten, 2017;[START_REF] Silva | Molecular interplays in hepatic stellate cells: apoptosis, senescence and phenotype reversion as cellular connections that modulates liver fibrosis[END_REF]Tsuchida and Friedman, 2017). Once activated, these cells proliferate and start secreting numerous components of the extracellular matrix creating a scarred tissue (Moran-Salvador and Mann, 2017). During an uncontrolled inflammation/scarring process, the over-production of extracellular matrix induces fibrosis, which can end up in cirrhosis and lead through time to the development of HCC (Eggert and Greten, 2017;Moran-Salvador and Mann, 2017;[START_REF] Silva | Molecular interplays in hepatic stellate cells: apoptosis, senescence and phenotype reversion as cellular connections that modulates liver fibrosis[END_REF][START_REF] Zoubek | Reversal of liver fibrosis: From fiction to reality[END_REF]. It has also been suggested that HSCs could play a role of APC (Crispe, 2009).

Primary HSC can be purified from liver resection, as described in article 5. However, due to limited access to liver resections, two cell lines have been created a decade ago [START_REF] Xu | Human hepatic stellate cell lines, LX-1 and LX-2: new tools for analysis of hepatic fibrosis[END_REF]: LX-1 and LX-2. Both cell lines have allowed the study of liver disease as they both retain HSCs features. However, LX-2 presents two mains advantages over LX-1: their viability in serum free media and high transfectability. 1 1.3.4. Kupffer cells (KC) KC, the liver resident macrophages, represent 80% of the total macrophage count within the body (Krenkel and Tacke, 2017). As macrophages, they form the first line of defence against pathogens and are specialized in their recognition (Seki et al., 2000). There are localized within blood vessels (i.e., in sinusoids) and through cytoplasmic extensions can pass the sinusoidal fenestrations to interact with hepatocytes (Figure 4). Specific features of Kupffer cells will be discussed in the next-section.

Primary KC can be purified from liver resection, as described in the article 5. However, as access to liver resections is limited, macrophage cells lines can be a useful tool for the study of KC in vitro. One cell line commonly used for the study of macrophages is THP1, which is a monocyte line that can be differentiated into macrophages in vitro. However, as liver resident macrophages and blood monocytes have different origins and features (see macrophages principal features and functions), we have created a cell line from primary KC, to obtain an immortalized Kupffer cell line (IKC).

M Macrophages 1.4.1. Principal features and functions

Macrophages (M ) were first described, by Ilya Metchnikoff at the end of the 19 th century, as evolutionary conserved phagocytes that have evolved for more than 500 million years (Gordon, 2016). Over the last 2 centuries, a lot has been learnt about M phenotypes of different subpopulations, and their various functions.

In solid organs, M can have two origins. Resident macrophages comes from the yolk sac whereas infiltrating macrophages, which are recruited upon pathogen contamination and/or injury, are derived from the differentiation of peripheral blood circulating monocytes, themselves primarily coming from the bone marrow (Ginhoux and Guilliams, 2016).

Depending on the tissue, it is not always possible to distinguish resident M from infiltrating ones. For example, in the human liver, no specific marker has been identified to differentiate these two types of M .

Tissue resident M represent the first line of defence against pathogens such as bacteria and viruses, and are therefore a major component of the innate immune response to infections (Figure 6). In addition to their physiologic phagocytic capacity, which allows the elimination of physiologically aging, or infected, or cancerous cells, M can also largely contribute to adaptive immunity by processing and presenting antigens after pathogen engulfment and their recognition through Pattern Recognition Receptors (PRR) (Hume, 2015). Upon activation, M can secrete a large spectrum of pro-inflammatory cytokines involved in different activities such as lymphocyte polarization (IL-1, IL-12, IFN-) or neutrophil recruitment (IL-8, TNF ), and also anti-inflammatory cytokines involved in inflammation regulation (IL-10 and TGF ), as well as (Martins-Green et al., 2013) and others factors, such as VEGF implicated in angiogenesis (Pollard, 2008).

1 1.4.2. Pro-and anti-inflammatory phenotypes M and/or secreted cytokines (Hume, 2015;Murray et al., 2014). Several classifications have been proposed over the years, but a consensus is yet to be found. Nevertheless, they can be divided into two major phenotypes: pro-and anti-inflammatory. Of note, the pro-/anti-inflammatory dichotomy is a simplified view since each M expresses a set of genes that on its own could define a new type of M (Hume, 2015).

Pro-inflammatory M , called M1, have been defined as mediators of the defence against bacterial and viral pathogens. They are implicated in inflammation, tumour resistance and killing of intracellular pathogens (Figure 7) (Mantovani et al., 2004). M1 are commonly described as STAT1 + , IRF5 + , and iNOS + , and can secrete a large panel of pro-inflammatory cytokines (IL-6, IL-1 family, IL-12, IL-23, TNF ines (CXCL9, CXCL10, CXCL11, CCL3, (Mantovani et al., 2004). M1 M rate and subsequently NO production, as well as the accumulation of succinate, HIF1 and IL-1 secretion . M1 M -killing mechanisms and to amplify Th1 responses, inducing a positive feedback in the anti-tumour response (Biswas and Mantovani, 2010). Indeed, M1 macrophages can present antigens to induce an adaptive immune response but can also reactivate lymphocytes locally, at the injury/infection site. Although pro-inflammatory M of noxious signals or microorganism invaders, M1-like macrophage-derived cytokine production have also been identified as key factors in several autoimmune and chronic hepatitis (Murphy et al., 2003;[START_REF] Smith | Disordered macrophage cytokine secretion underlies impaired acute inflammation and bacterial clearance i 206[END_REF].

Anti-inflammatory M , commonly called M2, are mainly implicated in the resolution of inflammation and wound healing, but also, in some circumstances and by mechanisms not fully understood, in the defence against parasites (Figure 7) [START_REF] Chávez-Galán | Much More than M1 and M2 Macrophages, There are also CD169+ and TCR+ Macrophages[END_REF]. M2 are commonly described as STAT6 + , IRF4 + , and CD163 + , and can secrete anti-inflammatory cytokines (IL-10, TGF (PDGF, VEGF, EGF). In contrast to M1, M2 M production of ATP and glycosylation of M2-associated receptors . M2

macrophages are mandatory for the resolution of inflammation, and tissue repair after an injury and/or cytotoxic activity (Mantovani et al., 2004). However, M2 are also associated with tumour progression through the secretion of negative immuno-modulators, and are called, in the tumour micro- (Tang et al., 2013). TAM have been associated to the progression of numerous cancers and as such are potential new target for therapeutic purposes (Murray and Wynn, 2011;Ries et al., 2014;Tang et al., 2013).

1 1.4.

Kupffer cells specificity

Kupffer cells (KC), the liver resident M , was first described by Fahimi in 1970 as peroxidase positive cells (Fahimi, 1970). KC are the largest M population in the human body as they represent 80% of the total human M count under normal physiological conditions (Crispe, 2009;Seki et al., 2000). KC are localized in liver blood vessels, seeded on liver sinusoidal endothelial cells and their fenestration, where they can phagocytose debris, aging blood cells or pathogens. After phagocytosis, pathogens can be processed into phagolysosomes and antigens can be presented to lymphocytes to activate or recall a local immune response (Crispe, 2009;Liaskou et al., 2012). As resident M , KC express all common M markers (i.e. (Ginhoux and Guilliams, 2016) and have more precisely been defined as CD14 + , HLA-DE + , HLA-ABC + , CD86 + , DC-SIGN + with low expression of CD1b, CD40 and CD83 (Tu et al., 2008). As previously mentioned, in humans, no specific marker has been identified to differentiate KC from infiltrating macrophages, whereas in the mouse (i.e. Clec4F) (Scott et al., 2016) and rat (i.e. ED-1 and ED-2) (Zeng et al., 2013) markers have been described. In addition, KC have a long life-span (more than a year) and are self-renewing cells with a slow replicating activity. Thus the liver M pool can be renewed, unlike monocyte derived macrophages which have a limited life-span (Naito et al., 1997). Interestingly, a recent study by Scott and colleagues described that in mice monocyte derived M can, with time, acquire KC phenotype (including self-renewal capacity) after depletion of the resident M in a model of KC expressing the diphtheria toxin receptor (Scott et al., 2016).

KC play a critical role in liver tolerance. Indeed, the liver is at the crossroads between the systemic and enteric circulation, with 80% of the blood reaching the liver coming from the hepatic portal vein. Thus, liver cells are constantly exposed to pathogens. Indeed, lipopolysaccharide (LPS) endotoxin is found in measurable amounts (few nano grams) in the enteric circulation (Prytz et al., 1976).This phenomenon should theoretically lead to a constant inflammation within the liver but none is observed in healthy individuals. The liver is indeed described as an immune-tolerant organ (Crispe, 2009). This tolerance has been defined as a between the liver and gut (Yang et al., 1994). Yet, the full role of KC in this tolerance phenomenon still need further investigation, especially by assessing KC phenotype/state in healthy liver. Indeed, the anti-or pro-inflammatory phenotype of KC at steady state is yet to be properly determined. Depending on their localization in the liver, M may have different phenotypes. It could be hypothesised that near the enteric circulation, where the exposition to bacteria is constant, KC will be more likely to be M2 M through the secretion of immune-regulatory mediators (Ju and Pohl, 2005). In contrast, near the systemic circulation, where the presence of pathogens is a sign of infection, KC would be more likely to be in a pre-pro-inflammatory state in order to quickly eliminate any blood infections. Moreover, other factors could play a role in the fate of KC phenotype. The oxygen gradient in the liver is linked to the expression of hypoxia regulated genes (HIF family), among which is HIF1 , a factor linked to the accumulation of IL-1 in M1 M (Kietzmann, 2017).

As previously described, even in this tolerant environment, KC are able to respond to the detection of specific pathogens (Knolle et al., 1995a;Seki et al., 2000;Tu et al., 2008). KC express a large spectrum of pattern recognition receptor (PRR), among which, TLR1/2, TLR2/6, TLR3, TLR4, TLR8 and RIGI/MDA5 (Sun et al., 2016), leading, after stimulation, to the secretion of a large spectrum of immune factors such as ROS, cytokines (IL-6, IL-10, IL-12, TNF chemokines (CCL3, CCL5 among others (Knolle et al., 1995b;Sica et al., 2014;Tacke, 2017;Tu et al., 2008). KC have also been described to be functional for several inflammasomes (AIM2, NLRP3), which, upon stimulation, induce the production, maturation and secretion of of IL-1 and IL-18 [START_REF] Yu | HBV inhibits LPSinduced NLRP3 inflammasome activation and IL-1 production via suppressing the NF-B pathway and ROS production[END_REF]Zannetti et al., 2016). Chemokines and cytokines secretion will further recruit and activate monocytes from the circulating blood that will be locally differentiated and further reinforce the M nd inflammation (Tacke, 2017). Thus in order to chronically infect the liver, pathogens (such as hepatitis viruses) must have evolved strategies to escape or prevent recognition by the immune system and liver inflammation. In summary, the liver is both an immune-tolerant (Crispe et al., 2006) and immune-competent organ (Crispe, 2009), in which Kupffer cells play a central role in preventing the circulation in the blood of pathogens and aberrant cells. complications (see natural history). Indeed, it is estimated that acute and chronic HBV infections are responsible for around 800,000 deaths per year worldwide (i.e., ranked 15 th in the Global Burden of Disease Study) [START_REF] Locarnini | Strategies to control hepatitis B: Public policy, epidemiology, vaccine and drugs[END_REF]. Seroprevalence of HBV, as measured by HBsAg carriage, is globally of 3.61% [START_REF] Chang | Epidemiology of hepatitis B and the role of vaccination[END_REF]. On this criteria, endemicity is categorized as low (<2%), low-intermediate (2-4.9%), high-intermediate (5-7.9%) and high (>8%), with the highest levels of 8.63% being found in Africa (Figure 8) [START_REF] Chang | Epidemiology of hepatitis B and the role of vaccination[END_REF].

HBV is divided into at least 8 genotypes (A-H), based on a nucleotide sequence diversity of more than 7.5%. Major genotypes vary from one region to the other (Figure 9). Two additional Asian genotypes (I and J) have been proposed but have not been approved yet by the international committee on the taxonomy of viruses. Genotypes can be further divided into sub-genotypes (a diversity greater than 4%) and recombinants have also been described [START_REF] Dény | Hepatitis B virus: from diagnosis to treatment[END_REF][START_REF] Locarnini | Possible origins and evolution of the hepatitis B virus (HBV)[END_REF]. Correlations between genotypes, clinical progression and treatment response have been established, although it is not possible to attribute to each genotype a predictive score for the severity of the associated disease. On the one hand, genotype C has been associated with an increased mutation frequency in the core protein promoters and subsequent resistance to IFN therapies (Kao et al., 2000a). Genotype C has also been associated with more pronounced liver diseases compared to genotype B which has been associated to a higher HCC development rate in the Taiwanese population ( Kao et al., 2000b[START_REF] Kao | Genotypes and Clinical Phenotypes of Hepatitis B Virus in Patients with Chronic Hepatitis B Virus Infection[END_REF]. On the other hand, genotype D has been particularly associated with mutations in the PreCore region that abolish the secretion of HBeAg [START_REF] Dény | Hepatitis B virus: from diagnosis to treatment[END_REF][START_REF] Knipe | Fields Virology (Knipe, Fields Virology)[END_REF]). HBV [START_REF] Schaefer | Hepatitis B virus taxonomy and hepatitis B virus genotypes[END_REF]. genome-copies/ml. The Dane particle is a 42 nm sphere with an inner icosahedral symmetry [START_REF] Dane | Virus-like particles in serum of patients with Australia-antigenassociated hepatitis[END_REF][START_REF] Hruska | Structure of hepatitis B Dane particle DNA before and after the Dane particle DNA polymerase reaction[END_REF]. Virions are composed, from the surface to the interior, of: a lipoprotein membrane containing the three forms of viral surface proteins (S-, M-and L-HBsAg in a ratio of 4:1:1), an icosahedral nucleocapsid composed of 120 dimers of HBc proteins, and one single copy of the HBV genome, called relaxed circular DNA (rcDNA), covalently linked to the viral polymerase [START_REF] Knipe | Fields Virology (Knipe, Fields Virology)[END_REF].

Subviral non-infectious particles (SVP) containing only envelop proteins. SVP are of, approximatively, 22 nm in diameter and circulate in the serum of patients in 1 000 to 10 000 fold excess compared to virions [START_REF] Urban | Strategies to inhibit entry of HBV and HDV into hepatocytes[END_REF]. Two types of SVP exist:

spheres with an octahedral symmetry and filaments, which are asymmetrical with variable length and width. Filament possess the same HBsAg ratio as Dane particles.

However, there is no L-HBsAg in spheres which have a ratio of 4:1 of S-HBsAg:M-HBsAg. The role of SVP in HBV infection is still a matter of debate. They may favour the infection through the saturation of humoral responses by their large excess and, so, seem to play a key role in immune subversion. In addition to these HBsAg containing particles, identified from p viral forms have been described:

Non-enveloped nucleocapsids, found to be secreted in vitro by HBV replicating hepatoma cell lines and suggested to play a role in virus spreading [START_REF] Cooper | Clathrin-mediated endocytosis and lysosomal cleavage of hepatitis B virus capsid-like core particles[END_REF][START_REF] Watanabe | Involvement of host cellular multivesicular body functions in hepatitis B virus budding[END_REF]. They have also been shown to be released upon hepatocytes apoptosis (Arzberger et al., 2010). These nucleocapsids may contain viral DNA, but also all the intermediates between RNA encapsidation to final DNA retrotranscription (see viral life cycle). Their existence and role in vivo is still to be demonstrated;

Enveloped empty capsids

and function is still to be determined [START_REF] Lucifora | Genome-free hepatitis B virion levels in patient sera as a potential marker to monitor response to antiviral therapy[END_REF].

2.2.3. Viral DNAs

The HBV genome is found in secreted viral particles and in mature capsid in the cytoplasm of infected hepatocytes. The viral genome is a partially double-stranded and relaxed-circular DNA (rcDNA) of 3.2 kb. The complete strand of the genome, of negative polarity, is the template of variable length (Summers et al., 1975). The positive strand is associated with a RNA oligomer, which derives from the pre-genomic RNA (pgRNA) and serves as the template for the completion of the negative strand. The circularity of the HBV genome is ensured by a 200 nucleotides long region in the positive strand, which overlaps negative strand. The overlapping region contains the direct repeat region (DR) 1 and 2, mandatory for viral replication [START_REF] Knipe | Fields Virology (Knipe, Fields Virology)[END_REF]. The genome contains 4 openreading-frames (ORF), 4 promoters, 2 enhancer elements and 1 single polyadenylation signal that is used to terminate all RNAs (Figure 12). All nucleotides are implicated in the transcription of, at least, one viral mRNA (due to overlapping ORFs, each nucleotide may be in the transcript of several proteins) (Nassal, 2015) and transcription regulation regions overlap with coding information. HBV ORFs are all oriented in the same direction and led to the production of the 7 viral proteins:

Polymerase ORF is the largest ORF, representing 80% of HBV viral genome and codes for the viral polymerase.

Pre-S1/Pre-S2/ S ORF is within the Polymerase ORF and contains 3 in-phase start codons which code for the 3 forms of HBV envelop protein (S-, M-, and L-HBsAg, for small, medium, and large HBsAg).

Pre-Core/Core ORF contains 2 in-phase initiation codons and codes for secreted HBeAg and HBcAg (capsid protein).

X ORF codes for the X protein.

Transcription of the 4 ORF is regulated by 4 promoters, 2 enhancers and a cis-acting negative regulatory element. Regulatory elements are functional in the nucleus after rcDNA to cccDNA (circular covalently closed DNA) conversion [START_REF] Moolla | Regulatory elements of hepatitis B virus transcription[END_REF]. Further details of transcription regulation will be addresseed in the cccDNA paragraph.

cccDNA is a form of HBV DNA that persist within infected hepatocytes. cccDNA existence has been reported in other cells [START_REF] Lu | Intracellular levels of hepatitis B virus DNA and pregenomic RNA in peripheral blood mononuclear cells of chronically infected patients[END_REF] but the proper demonstration of its presence and functionality has only been established in hepatocytes. cccDNA is an episomal, plasmid-like, replicative intermediate DNA form that is only found in the nucleus of infected cells. This chromatin-like structure, also called viral minichromosome, is associated to histones and other host and viral proteins [START_REF] Levrero | Control of cccDNA function in hepatitis B virus infection[END_REF] and is the only template for transcription of viral RNAs. The cccDNA forms a stable pool in the liver of infected patients (mean copy number/cells=1. 8 [0.008-54] in HBeAg positive patients and 0.09 [0.01-15] in HBeAg negative patients) [START_REF] Volz | Impaired intrahepatic hepatitis B virus productivity contributes to low viremia in most HBeAg-negative patients[END_REF]. This minichromosome can persist in quiescent cells without any effect on its viability. However, its half-life and persistence in mitosis is controversial [START_REF] Knipe | Fields Virology (Knipe, Fields Virology)[END_REF]. Eradication of cccDNA is a rare event but a partial clearance can be observed in acute infections. Three mechanisms for HBV clearance have been proposed:

Non-cytolytic elimination by action of cytokines directly on infected cells without hepatocytes death or regeneration;

Cytolytic elimination through hepatocytes death; Absence of neo-formation/dilution that can happen when patients are treated with nucleoside analogues (NA) inhibiting Dane particle formation and recycling (see Treatments). Then, the cccDNA pool will be eliminated through a combination of hepatocytes death and mitotic loss [START_REF] Allweiss | Proliferation of primary human hepatocytes and prevention of hepatitis B virus reinfection efficiently deplete nuclear cccDNA in vivo[END_REF][START_REF] Levrero | Control of cccDNA function in hepatitis B virus infection[END_REF]Nassal, 2015).

2.2.4. RNA transcripts

HBV replication occurs, as characteristic of all hepadnaviruses, through RNA intermediates.

RNA-polymerase II carries out transcription, using the cccDNA as a template. Fiver transcripts (2 genomic and 3 sub-genomic, which all possess identified in infected cells (Figure 13):

Pregenomic RNA (3.5 kb) is the template for the translation of the viral polymerase and core proteins and is the template for de novo synthesis of HBV DNA genome through reverse transcription;

Pre-Core mRNA (3.5 kb; few bases longer than pgRNA) is the template for translation of the pre-core protein and, ultimately, for the secreted HBeAg;

Pre-S1 mRNA (2.4 kb) is the template for the translation of L-HBsAg;

Pre-S2/S mRNA (2.1 kb) is the template for the translation of M-and S-HBsAg;

X mRNA (0.7 kb) is the template for the translation of the X protein [START_REF] Moolla | Regulatory elements of hepatitis B virus transcription[END_REF].

To note, the X transcript is only occasionally detected in infected tissues [START_REF] Knipe | Fields Virology (Knipe, Fields Virology)[END_REF].

Viral proteins

The HBV genome codes for 7 viral proteins: HBV polymerase, Core protein (HBcAg), Pre-core (later cleaved into HBeAg), large, medium and small envelope proteins (L-, M-, S-HBsAg) and the X protein (Seeger and Mason, 2015). An eighth viral protein have been found in liver biopsies of HBV infected patients, the hepatitis B spliced protein (HSBP) which can be produced through alternative splicing of pgRNA [START_REF] Soussan | The expression of hepatitis B spliced protein (HBSP) encoded by a spliced hepatitis B virus RNA is associated with viral replication and liver fibrosis[END_REF]. 

Surface proteins (HBsAg): small, medium and large

The HBV genome codes for three envelope proteins, small (S), medium (M) and large (L), starting with three different ATG but ending at the same terminal stop codon (Figure 13). The S protein is a 226 amino-acid long polypeptide and is the most abundant form found in infected cells [START_REF] Bruss | The role of envelope proteins in hepatitis B virus assembly[END_REF]. The M protein is larger by 55 residues (Pre-S2 region)

and the L protein contains 108 to 119 more residues (depending on the strain) than M protein [START_REF] Bruss | The role of envelope proteins in hepatitis B virus assembly[END_REF] (Figure 14). Surface proteins are synthesized in the endoplasmic reticulum (ER) and assemble in hetero-or homo-dimeric complexes through cysteine residues contained in the S domain [START_REF] Wounderlich | Characterization of early hepatitis B virus surface protein oligomers[END_REF], to form the envelope. The L protein is essential for both capsid envelopment during virion morphogenesis as well as viral entry via the binding to the sodium-taurocholate cotransporting polypeptide (NTCP) HBV receptor, which is expressed at the surface of hepatocytes [START_REF] Schulze | Fine mapping of pre-S sequence requirements for hepatitis B virus large envelope protein-mediated receptor interaction[END_REF]. L and S proteins are also required for virion secretion, whereas M is not [START_REF] Bruss | The role of envelope proteins in hepatitis B virus assembly[END_REF]. In addition, surface proteins with SVPs are secreted in large excess (on average 1,000 to 10,000 times more than Dane particle) in the blood stream of infected patients as spheres and filaments in the absence of capsid or viral genome [START_REF] Ganem | Hepatitis B virus infection--natural history and clinical consequences[END_REF]. Each subtype of particles has a different proportion of HBsAg proteins. Spheres (around 20 nm in diameter) contain mostly S and some M proteins, whereas filaments (22 nm large for variable length) contains also L proteins (Figure 11) [START_REF] Gilbert | Hepatitis B small surface antigen particles are octahedral[END_REF][START_REF] Heermann | Large surface proteins of hepatitis B virus containing the pre-s sequence[END_REF][START_REF] Patient | Morphogenesis of hepatitis B virus and its subviral envelope particles[END_REF].

Variation of SVPs morphology (sphere VS filament) could be dependent on the S/L ratio and the quantity of L incorporated during morphogenesis. However, a too high quantity of L protein in subviral particles, inhibits their secretion and promote their retention within the cytoplasm [START_REF] Persing | Inhibition of secretion of hepatitis B surface antigen by a related presurface polypeptide[END_REF].

SVPs are known to play a key role in immunity control, as discussed later in this introduction, and in the decoy for the recognition Dane particles by the adaptive immune cells [START_REF] Bruss | Hepatitis B virus morphogenesis[END_REF][START_REF] Patient | Morphogenesis of hepatitis B virus and its subviral envelope particles[END_REF]. Indeed, antibodies against surface proteins cannot overcome the quantity of SVPs in the blood stream (up to 1 mg/ml) allowing Dane particles to circulate and re-infect other hepatocytes [START_REF] Bruss | Hepatitis B virus morphogenesis[END_REF][START_REF] Patient | Morphogenesis of hepatitis B virus and its subviral envelope particles[END_REF]. All the roles of HBsAg have not

been investigated yet, nor if the proportion of the three proteins is modified during the course of infection and what the impact is on the virus interaction with the host.
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Capsid protein (HBcAg)

The capsid protein, HBcAg, is 183 aa long and has a molecular weight of 21 kDa. HBcAg is the structural unit of the viral nucleocapsid. HBcAg contains 2 domains (Figure 15): the N-terminal domain (NTD) implicated in dimerization/assembly of the protein and recruitment to building sites, as well as the C-nucleic acid integration, pgRNA encapsidation and in fine DNA replication. The level of CTD phosphorylation regulates capsid maturation. Indeed, DNA synthesis is induced after core dephosphorylation and conformational reorganisation of CTD. This change exposes binding sites for interaction with the envelop protein, which leads to the assembly of mature virions [START_REF] Mabit | Intracellular hepadnavirus nucleocapsids are selected for secretion by envelope protein-independent membrane binding[END_REF]Perlman et al., 2005). CTD has a nuclear localization sequence (NLS) that mediates nuclear transport of the entering and part of the newly formed capsid (also called recycling) [START_REF] Yeh | The arginine-rich domain of hepatitis B virus precore and core proteins contains a signal for nuclear transport[END_REF]. HBcAg is highly immunogenic. Although, HBcAg is only detected in the liver of infected patients, anti-HBcAg antibodies are a good marker of current and past infection.

Pre-Core protein and HBeAg

PreCore mRNA translation gives rise to a precursor protein of 25 kDa, that contains the same domains (NTD and CTD) as the core protein extended by a 29 aa at the N-terminus (Figure 15) [START_REF] Yeh | The arginine-rich domain of hepatitis B virus precore and core proteins contains a signal for nuclear transport[END_REF]. The Pre-Core protein is transported to the ER where it is processed by sequential cleavage to the form that is secreted, the 17 kDa HBeAg [START_REF] Standring | A signal peptide encoded within the precore region of hepatitis B virus directs the secretion of a heterogeneous population of e antigens in Xenopus oocytes[END_REF].

Although, the amino acid primary sequence is identical between HBcAg and HBeAg, they possess in fine different antigenic properties [START_REF] Salfeld | Antigenic determinants and functional domains in core antigen and e antigen from hepatitis B virus[END_REF]. HBeAg levels are used as a surrogate marker of active replication even if HBeAg is not directly involved sensus stricto in HBV replication as shown by a normal replication of the HBeAg negative strain in vitro [START_REF] Parekh | Genome Replication, Virion Secretion, and e Antigen Expression of Naturally Occurring Hepatitis B Virus Core Promoter Mutants[END_REF] (see viral life cycle). The seroconversion of HBeAg to anti-HBeAg is a marker of the end of active replication and the beginning of the clinical evolution towards an inactive carrier state. But this process can takes years. The clinical loss of HBeAg is the result of the selection of mutants, bearing either Pre-Core stop mutations or BCP (i.e. basal core promoter) mutations, which abrogate or greatly lower its synthesis. These patients albeit having no circulation of HBeAg may have continuous disease activity [START_REF] Volz | Impaired intrahepatic hepatitis B virus productivity contributes to low viremia in most HBeAg-negative patients[END_REF]. RNAse-H.

Polymerase (Pol)

HBV polymerase (230 aa; 90 kDa) is the only enzyme coded by the HBV genome. The viral polymerase is the target of current direct-acting antiviral (DAA) drugs (see treatment).

Sequence and functional analyses of the polymerase have revealed 3 sub-domains (Figure 16):

the terminal protein (TP), the reverse transcriptase (RT), and RNAse-H domains. A spacer sequence of 56 aa, with no clear function, serves as a linker between TP and RT domains [START_REF] Nassal | Hepatitis B viruses: reverse transcription a different way[END_REF].

The TP domain is essential for the packaging signal of pgRNA which confers template specificity to the HBV polymerase. A covalent bond links the polymerase to the minus-strand of HBV DNA [START_REF] Nassal | Hepatitis B viruses: reverse transcription a different way[END_REF].

The RT domain has 2 enzymatic functions: the reverse transcription of pgRNA into the minusstrand of HBV DNA and DNA-dependant DNA synthesis of HBV positive-strand from the minus -exonuclease activity, which makes HBV polymerase errorprone and leads to high HBV genome variability [START_REF] Okamoto | Point mutation in the S gene of hepatitis B virus for a d/y or w/r subtypic change in two blood donors carrying a surface antigen of compound subtype adyr or adwr[END_REF].

The RNAse-H domain is responsible for pgRNA degradation after synthesis of the minus-strand as well as generation of short RNA primers required for DNA positive-strand synthesis [START_REF] Wei | Expression, purification, and characterization of an active RNase H domain of the hepatitis B viral polymerase[END_REF]. RNAse-H inhibitors have been shown to block HBV replication and could therefore be a potential target for therapeutic options [START_REF] Tavis | The hepatitis B virus ribonuclease H as a drug target[END_REF].

X protein (HBxAg)

The X protein is the smallest protein coded by the HBV genome (154 aa; 17 kDa). X is implicated in HBV replication in vivo and is also a trans-activator of a number of cellular promoters. The precise perimeter of X activity is still elusive and varies depending on the study models used [START_REF] Bouchard | The enigmatic X gene of hepatitis B virus[END_REF]. This is the reason why it will not be discussed in extenso here. For sure, the X protein plays a role in the establishment and maintenance of HBV replication, in vitro [START_REF] Lucifora | Hepatitis B virus X protein is essential to initiate and maintain virus replication after infection[END_REF] and in vivo, as shown in the woodchuck model [START_REF] Zoulim | Woodchuck hepatitis virus X protein is required for viral infection in vivo[END_REF]. Furthermore, X has a role in epigenetic activation of cccDNA Schematic representation of pgRNA splicing to form the spliced mRNA of 2.2 kb later translated to form HBSP. pgRNA: pre-genomic RNA; Pol: polymerase ORF. [START_REF] Belloni | Nuclear HBx binds the HBV minichromosome and modifies the epigenetic regulation of cccDNA function[END_REF]. Regulation of nucleocapsid phosphorylation status by X protein has also been postulated to be essential for HBV replication [START_REF] Melegari | Hepatitis B virus DNA replication is coordinated by core protein serine phosphorylation and HBx expression[END_REF]. Moreover, X could be a trans-activator for all HBV promoters [START_REF] Moolla | Regulatory elements of hepatitis B virus transcription[END_REF] particularly from extrachromosomal DNA templates, and not from integrated DNA [START_REF] Van Breugel | Hepatitis B virus X protein stimulates gene expression selectively from extrachromosomal DNA templates[END_REF].

Even through X protein does not directly bind DNA, it can interact with transcription factors and regulate expression of host genes [START_REF] Lara-Pezzi | The hepatitis B virus X protein up-regulates tumor necrosis factor alpha gene expression in hepatocytes[END_REF]. Interaction of X with histone modification enzymes plays a key role in epigenetic regulation of gene expression [START_REF] Tian | Hepatitis B virus X protein-induced aberrant epigenetic modifications contributing to human hepatocellular carcinoma pathogenesis[END_REF]. The X protein is also implicated in cell cycle regulation, apoptosis, the DNA damage response and in the modulation of innate immune response (Wei et al., 2010a(Wei et al., , 2010b)).

Through its interaction with all these different signalling pathways, HBx has been proposed to be involved in HBV-associated HCC [START_REF] Fallot | Diverse roles of hepatitis B virus in liver cancer[END_REF]. Finally, more recently, a study has shown that X protein is implicated in the degradation of the SMC5/6 complex (a host restriction factor of cccDNA), through an DDB1/E3 ubiquitin ligase dependant mechanism [START_REF] Decorsière | Hepatitis B virus X protein identifies the Smc5/6 complex as a host restriction factor[END_REF].

Hepatitis B splicing-regulated protein (HBSP)

The Hepatitis B Spliced protein (HBSP) was discovered in HBV chronically infected biopsies. HBSP is produced from a 2.2 kb spliced form of the pgRNA, called SP1, which is later translated into a 12 kDa protein of 93 aa (Figure 17) [START_REF] Soussan | In vivo expression of a new hepatitis B virus protein encoded by a spliced RNA[END_REF]. Translation of this protein starts from the polymerase AUG codon, and, therefore, the first 46 aa of HBSP and viral polymerase are identical. The following 47 aa are a new sequence generated by the new spliced RNA sequence. The biological functions of this protein are still being studied. However, HBSP seems to play a role in the pathogenicity and/or persistence of HBV infection [START_REF] Soussan | The expression of hepatitis B spliced protein (HBSP) encoded by a spliced hepatitis B virus RNA is associated with viral replication and liver fibrosis[END_REF]. Indeed, HBSP can reduce liver inflammation during chronic HBV infection and through this may promote infection by down-regulation of immune responses [START_REF] Pol | Alternative splicing-regulated protein of hepatitis B virus hacks the TNF--stimulated signaling pathways and limits the extent of liver inflammation[END_REF]. Recently, HBSP expression in mice liver was shown to limit liver damage during induced fibrosis (Duriez et al., 2017a). This protective effect was associated with a decrease in the recruitment of inflammatory monocytes/macrophages, due to an inhibition of C-C motif chemokine ligand 2 (CCL2) expression in hepatocytes. HBsAg also seems to play a role, as shown by a lack of infectivity when there is a modification of this antigen loop [START_REF] Julithe | Modification of the hepatitis B virus envelope protein glycosylation pattern interferes with secretion of viral particles, infectivity, and susceptibility to neutralizing antibodies[END_REF][START_REF] Duff | The pre-S1 and antigenic loop infectivity determinants of the hepatitis B virus envelope proteins are functionally independent[END_REF]. The envelope of HBV virions interacts with heparan sulfate proteoglycans (HSPG) in an electrostatic manner, a process that is necessary but not sufficient for the permissive entry of virions [START_REF] Leistner | Role of glycosaminoglycans for binding and infection of hepatitis B virus[END_REF][START_REF] Schulze | Hepatitis B virus infection initiates with a large surface proteindependent binding to heparan sulfate proteoglycans[END_REF]. Recently, the HBV receptor, NTCP, has been discovered (Figure 18.1). NTCP is located at the basolateral membrane of hepatocytes and play a role in enterohepatic circulation of bile salts (Yan et al., 2012). A peptide of 75 aa at the N-terminal sequence of Pre-S1 binds to NTCP to allow entry [START_REF] Urban | Strategies to inhibit entry of HBV and HDV into hepatocytes[END_REF]. Further internalisation processes remains largely ununderstood. A recent study has highlighted the implication of glypican 5 as a coentry factor of HBV [START_REF] Verrier | A targeted functional RNA interference screen uncovers glypican 5 as an entry factor for hepatitis B and D viruses[END_REF], and other factors are currently being investigated.

Nuclear import and cccDNA formation

After entry, the nucleocapsid is released in the cytoplasm by a mechanism which is not fully deciphered mechanistically and is transported to the nucleus by the microtubular system (Figure 18.2). The nuclear pore is then crossed thanks to the interaction of the core NLS sequences with importin and (Figure 18.3). How the capsid disassembles at the nuclear pore remain to be elucidated. A model has been proposed where the capsid would disintegrate within the nuclear pore and release the rcDNA inside the nucleus. Of note, only hypophosphorylated capsids would disintegrate. So only mature capsids containing rcDNA and not immature capsids containing pgRNA will be able to disassemble (see pgRNA transcription, encapsidation and retro-transcription) [START_REF] Kann | Intracellular transport of hepatitis B virus[END_REF]. The cccDNA is synthesized from the rcDNA (Figure 18.4), either incoming (Figure 18.1) or recycling virions (Figure 18.B). The conversion from rcDNA to cccDNA requires several steps [START_REF] Levrero | Control of cccDNA function in hepatitis B virus infection[END_REF]Nassal, 2015):

The removal of HBV polymerase -strand of the rcDNA. The existence of a protein free rcDNA (PF-rcDNA) has been suggested in vitro [START_REF] Levrero | Control of cccDNA function in hepatitis B virus infection[END_REF];
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The positive-strand is completed to form a fulllength dsDNA. Both ends of the two strands are ligated together. It is hypothesised that host enzymes are hijacked for this process however they remain to be identified.

Viral DNA integration is not mandatory for viral replication as it is for retroviruses. However, integration of the viral DNA can happen in patients in 10 to 100 % of hepatocytes during HCC (Figure 18.A). The integration have been proposed to play a role in the development of HCC but a positive correlation has not been established yet (Seeger and Mason, 2015). A model has been proposed in which HBV ds-linear-DNA-containing particles in the inoculum might facilitate the integration of HBV DNA into host genome, through homologous recombination at the sites of double strand breaks in the host DNA [START_REF] Tu | HBV DNA Integration: Molecular Mechanisms and Clinical Implications[END_REF]. The viral polymerase binds the loop translated. Viral polymerase and pgRNA are co-packaged into nucleocapsid by interaction of pgRNA with the CTD sequence of HBc (Figure 18.6) [START_REF] Bartenschlager | The P gene product of hepatitis B virus is required as a structural component for genomic RNA encapsidation[END_REF]Nassal, 2015).

The induction of conformational changes, by the interaction with HBc favour the initiation of the reverse transcription. Firstly, pgRNA is reversed transcribed into the minus-strand of the , which serves as the primer for positive-strand synthesis (Figure 18.7). The negative strand is the template for positive strand synthesis (Figure 18.8). The reverse transcription is closely linked to the capsid maturation. Indeed, pgRNA-containing capsids are hyperphosphorylated (immature capsid) while reverse transcription is associated with a progressive dephosphorylation (mature capsid). Phosphorylation status changes have two consequences on the virion:

Conformational changes allowing the interaction with HBsAg and secretion;

Immature, phosphorylated, capsids are stable and do not disintegrate upon interaction with the nuclear pore [START_REF] Bruss | Hepatitis B virus morphogenesis[END_REF][START_REF] Kann | Intracellular transport of hepatitis B virus[END_REF].

Assembly and secretion

HBsAg proteins can have 2 different fates: envelopment of nucleocapsid (L-HBsAg is mandatory) or subviral particles formation. The secretion pathways differ between virions and subviral particles:

Virions will be assembled and secreted through multi vesicular bodies (MVB) (Figure 18.9) Subviral particles will be assembled and secreted through ER-Golgi intermediate compartment and following Golgi secretory pathway (Figure 18 ) [START_REF] Huovila | Hepatitis B surface antigen assembles in a post-ER, pre-Golgi compartment[END_REF][START_REF] Watanabe | Involvement of host cellular multivesicular body functions in hepatitis B virus budding[END_REF].

Transcriptional regulation of cccDNA

HBV genome contains several regulatory sequences (4 promoters and 2 enhancers) (Figure 12).

Enhancer I (Enh I) is 270 bp long and is located between Pre-S1/Pre-S2/S and X ORFs. Enh I is the major element of transcription regulation. It particularly induces the activation of Core and X and more moderately of Pre-S and S. It is the binding site for ubiquitously transcription factors (such as AP1 and NF-B) and liver specific transcription factors (such as HNF1, HNF3, and HNF4) [START_REF] Moolla | Regulatory elements of hepatitis B virus transcription[END_REF]. By sequence analysis, an ISRE (interferon stimulated response element), was found in Enh I, which could explain the mechanisms of action of interferon on the regulation of HBV transcription. This response is mediated by STAT1 and STAT2 binding on Enh I (Belloni et al., 2012;[START_REF] Tur-Kaspa | Alpha interferon suppresses hepatitis B virus enhancer activity and reduces viral gene transcription[END_REF].

Enhancer II (Enh II) is 105 bp long and is located upstream of the core promoter. It modestly induces Pre-S/S and X and to a lesser extent Core. HNF3, HNF4, and SP1are able to bind to the Enh II [START_REF] Moolla | Regulatory elements of hepatitis B virus transcription[END_REF].

CccDNA transcription is also and mainly regulated by epigenetic modifications of attached DNA molecules and/or attached histones. Due to its chromatinized form, the cccDNA displays Thesis Suzanne Faure-Dupuy Background 66

-on-a-on electronic microscopy and has a nucleosome organisation (Bock et al., 2001;[START_REF] Newbold | The covalently closed duplex form of the hepadnavirus genome exists in situ as a heterogeneous population of viral minichromosomes[END_REF]. On cccDNA, the histone predominant species are H3 and H2B, and to a lower extent H4, H2A, and H1. HBc can also be part of the nucleosomes. Numerous cellular transcription factors and enzymes (CREB, s [START_REF] Belloni | Nuclear HBx binds the HBV minichromosome and modifies the epigenetic regulation of cccDNA function[END_REF][START_REF] Pollicino | Hepatitis B virus replication is regulated by the acetylation status of hepatitis B virus cccDNA-bound H3 and H4 histones[END_REF]. The amino terminal tails of 4 core histones of nucleosomes can undergo translational modification (lysine acetylation, lysine and arginine methylation, serine phosphorylation, ubiquitination and sumoylation). Histone acetylation allows the initiation of the transcription. The decrease of acetylation in H3 and H4 N-terminal ends leads to the recruitment of histone methyltransferase, DNA methylation, and following gene repression.

Transcription activity of the cccDNA varies during the infection course and can be modulated by immune factors and X binding [START_REF] Belloni | Nuclear HBx binds the HBV minichromosome and modifies the epigenetic regulation of cccDNA function[END_REF][START_REF] Levrero | Control of cccDNA function in hepatitis B virus infection[END_REF]. The methylation status of the 6 CpG islands on HBV DNA contributes to the regulation of gene expression and transcriptional repression [START_REF] Zhang | Regulation of hepatitis B virus replication by epigenetic mechanisms and microRNAs[END_REF]. Major epigenetic modifications of cccDNA and their effect on the gene expression are listed in Table III.

Table III. cccDNA epigenetic modifications (adapted from Levrero, 2009). Type, site and functions of known chromatin marks. The numbers between brackets represent the amino acid residues involved in the given modifications.

Models for HBV replication study

The complete HBV replication cycle has been described to happen only in differentiated hepatocytes and in a few species. Viral genome delivery to host cells is not sufficient to allowed a HBV replicative cycle, therefore other factors (host and viral) are essential for replication. Host and liver specific transcription factors have been shown to be involved in RNA transcription but others roles earlier in the HBV life cycle (before cccDNA formation) are not excluded (Seeger and Mason, 2015). Moreover, in a mouse model expressing the human sodium-taurocholate cotransporting polypeptide (hNTCP, HBV entry receptor), HBV cannot replicate and, although it replicates in a transgenic mice model, cccDNA is not detected [START_REF] Guidotti | High-level hepatitis B virus replication in transgenic mice[END_REF][START_REF] Yan | Molecular determinants of hepatitis B and D virus entry restriction in mouse sodium taurocholate cotransporting polypeptide[END_REF]. Whether such a restriction is due to a lack of specific factors or the presence of inhibitory elements remains to be determined.

Due to the narrow range of susceptible and permissive hosts to HBV infection, a limited number of models to study HBV life cycle are available both for in vitro and in vivo studies:

In vitro, most of the studies on the late stages (after viral DNA delivery to the nucleus) of HBV life cycle were performed in a model of transfection of HBV DNA in hepatoma cell lines (not an infectious model due to lack of viral receptor). Up to recently, complete HBV life cycle could only be studied in primary human hepatocytes (PHH) or in dHepaRG cell line (Gripon et al., 2002;[START_REF] Zeisel | Towards an HBV cure: state-of-the-art and unresolved questions--report of the ANRS workshop on HBV cure[END_REF]. However, new models to study the complete HBV life cycle have been recently characterized. They consist of hepatoma cells, which express the viral receptor (e.g. HepG2-hNTCP or Huh7-hNTCP; see viral entry) [START_REF] Li | Entry of hepatitis B and hepatitis D virus into hepatocytes: Basic insights and clinical implications[END_REF]. Of note, as the cell lines used are hepatoma ones, innate immune pathways are impaired, making this model not suitable for immune studies

In vivo, three types of models have been implemented:

o Natural infection: Surrogate models, based on host-adapted viruses belonging to the same family of viruses have been often used to get insights on HBV biology. Among these models are the Pekin Duck infected by DHBV or the Woodchuck infected by WHB. The best available model to allow infection with the human virus is the chimpanzee model. However, the use of those animals is highly restricted [START_REF] Dandri | Animal models of HBV infection[END_REF].

o Transgenic mice: to study HBV pathogenesis, several mice models expressing viral components or replicating HBV to a certain degree, have been created.

However, a lot of bias might come from studying this models which, nevertheless, provide a good insights into HBV pathogenesis [START_REF] Iannacone | Mouse Models of Hepatitis B Virus Pathogenesis[END_REF].

o Infectable mice: Firstly, liver humanized mice models present the advantage of using human hepatocytes in their 3D environment and natural infection [START_REF] Kremsdorf | Modeling hepatitis virus infections and treatment strategies in humanized mice[END_REF]. However, even though new models allowed the study of immune responses in double humanized models, humanized mice are difficult to handle and often die before the end of experiments. Secondly, AAV-HBV infected mice are easy to handle and allow the study of all HBV viral steps with the exception of viral entry. Indeed, cccDNA can formed an be detected in this model (Lucifora et al., 2017). This mouse model presents a functional immune system.

o Infectable macaques: Macaques cannot be naturally infected by HBV as they do not possess a NTCP sufficiently similar to the human one. However, a recent study has shown that expressing the hNTCP, through an AAV-NTCP, enables the macaques to be infected by the human HBV. Macaques may be less easy to handle than mice, but they have the advantage of bearing an immune response closer to what is observed in the human [START_REF] Burwitz | Hepatocytic expression of human sodium-taurocholate cotransporting polypeptide enables hepatitis B virus infection of macaques[END_REF]. Altogether, the macaque is a promising models for the in vivo study of HBV infection course [START_REF] Protzer | Viral hepatitis: The bumpy road to animal models for HBV infection[END_REF]. After exposure to HBV, the incubation period ranges from 1 to 6 months, before an acute hepatitis can be evidenced.

Acute hepatitis B (lasting 1-2 weeks) is asymptomatic in 60-80% of cases. Fulminant hepatitis (acute liver failure) occurs in less than 1% of cases. After acute infection, infected infants present a risk of 90% of developing a chronic infection whereas adults present a risk of 5% to progress to chronicity [START_REF] Lai | The natural history of chronic hepatitis B[END_REF].

Chronic hepatitis B (CHB) is defined by the persistence of HBsAg for more than 6 months.

Chronic infection can be divided in 5 phases of variable duration (Figure 19) [START_REF] Locarnini | Strategies to control hepatitis B: Public policy, epidemiology, vaccine and drugs[END_REF]:

Immune tolerant ized by high viral replication (HBeAg positivity and high viral load) in the absence of liver damage (normal alanine aminotransferase (ALT) levels, minimal histological activity). This concept of immune tolerance has been challenged through evidences suggesting that some immune mediated liver damage could occur during this phase [START_REF] Bertoletti | The immune tolerant phase of chronic HBV infection: new perspectives on an old concept[END_REF][START_REF] Bertoletti | HBV infectio[END_REF].

Moreover, it was recently shown that viral integration and hepatocyte clonal expansion could also occur during this phase, thus suggesting that molecular events which are later associated with the development of HCC could occur during this early phase of infection [START_REF] Mason | HBV DNA Integration and Clonal Hepatocyte Expansion in Chronic Hepatitis B Patients Considered Immune Tolerant[END_REF]. Pathology of this phase is difficult to study since in the absence of liver damage, liver biopsies are rarely performed;

Immune active with the occurrence of an anti-HBV immune response. This phase is characterized by a drop in viral load and an increase in ALT levels. During this phase HBe seroconversion can occur; 

Inactive carrier

HBe antibody seroconversion. Viral load is barely detectable or undetectable (below 2 000 UI/mL), and serum aminotransferases levels are normal. HBsAg loss and seroconversion to anti-HBs antibody may occur spontaneously in 1-3% of cases.

Nevertheless, viral infection is not eliminated and disease progression and its complications may still occur;

Reactivation phase is characterized by fluctuating serum HBV DNA and aminotransferase level increases and, active hepatitis. HBeAg remains undetectable, due to a selection of pre-core and basal core promoters mutants;

Occult infection by the presence of HBV DNA within the liver (with or without detection in the serum) in the absence detectable of HBsAg [START_REF] Kwak | Occult hepatitis B virus infection[END_REF]. Occult HBV is a result of a low HBV replicative activity, that may be associated with cccDNA epigenetic silencing [START_REF] Levrero | Control of cccDNA function in hepatitis B virus infection[END_REF].

Untreated CHB patients will progress to develop fibrosis, cirrhosis and HCC, at variable rates, depending on disease activity. In the inactive carrier phase, progression is slow (less than 1% per year) whereas progression from the immune reactive and HBeAg negative hepatitis phase to cirrhosis can be as high as 2-10% per year. Globally, in CHB patients a cumulative risk of cirrhosis development ranges from 8 to 20%. Cirrhotic patients present an increased risk of liver decompensation, HCC and death [START_REF] Locarnini | Strategies to control hepatitis B: Public policy, epidemiology, vaccine and drugs[END_REF]. In cirrhotic patients, the main risks factors for progression towards HCC are HBeAg positivity (3.6 times higher incidence than HBeAg negative patients) and HBV DNA levels. Overall, the outcome of CHB is determined by both viral (HBV DNA levels, genotype, and particular mutation patterns) and host factors (age, gender, genetic background, and immune status) [START_REF] Liang | Hepatitis B: the virus and disease[END_REF].

H HBV immune induced pathogenesis

The association between HBV infection and HCC risk is well established [START_REF] Blumberg | The relation of infection with the hepatitis B agent to primary hepatic carcinoma[END_REF].

In comparison to healthy controls, HBV infected patients were estimated to have a 233 risk increase to develop HCC [START_REF] Beasley | Hepatocellular carcinoma and hepatitis B virus. A prospective study of 22 707 men in Taiwan[END_REF], leading to the classification of HBV as an Simplified schematic presentation of key factors that contribute to the pathogenesis of acute and chronic liver disease (see text for full details).

oncogenic virus. Worldwide 50% of HCC are due to previous or on-going infection by HBV (El-Serag, 2012).

Development of HCC is a long and multifactorial process, in which, both immune response (associated with hepatocytes death and regeneration) and viral components are implicated.

Currently known viral factors of HCC development includes: i) the transactivator role of HBx, and its involvement on the epigenetic regulation of cell transcription; ii) the induction of oxidative stress in the infected cells, associated with the accumulation of envelope proteins (PreS2 mutations, that lead to the synthesis of a truncated M-HBsAg); and iii) the random integration of HBV DNA in the host genome, that was shown to happen in transcriptionally (El-Serag, 2012;[START_REF] Fallot | Diverse roles of hepatitis B virus in liver cancer[END_REF]. In the majority of patients, HCC develops after decades of infection and is associated with liver fibrosis, revealing the importance of liver inflammation and regeneration in the pathogenic process. Indeed, during acute hepatitis, HBV-specific T cells will infiltrate the liver and released cytolytic (FAS-induced apoptosis) and non-cytolytic (IFN-effectors leading to HBV DNA decreased within the liver (Figure 20.A) [START_REF] Musch | Phase II clinical trial of combined natural interferon-beta plus recombinant interferon-gamma treatment of chronic hepatitis B[END_REF]. Most of these mechanisms have been learnt from transgenic mice that express HBsAg or replicate complete HBV genome in their hepatocytes and are intravenously injected with HBsspecific CD8 T cells [START_REF] Rehermann | Pathogenesis of chronic viral hepatitis: differential roles of T cells and NK cells[END_REF]. However, it has been shown, in chronic HBV infected patients, that nonspecific infiltrating mononuclear cell but not the HBV-specific T cell count was correlated with liver pathogenicity [START_REF] Maini | The role of virus-specific CD8(+) cells in liver damage and viral control during persistent hepatitis B virus infection[END_REF]. So, recruitment of HBVnonspecific mononuclear cells seems to be a key factor to HBV pathogenesis. To note, nucleoside analogues that completely supress viral load but do not modify the amount of intrahepatic cccDNA, do not abrogate the risk of HCC development.

H HBV Recognition by Innate Sensors

Whether HBV is genuinely detected by PRR upon very short exposures (i.e., contact between viral particles/incoming materials and PRR), or after the amplification of its genome and expression of its proteins during its replicative life-cycle in hepatocytes, is a matter of debate.

One difficulty comes from the fact that in vitro models used to study HBV replication are suboptimal. Indeed, to obtain a strong and productive infection in primary human hepatocytes, 100 to 1000 virus-genome-equivalents/cell of recombinant HBV virions are needed (Gripon et al., 2002), whereas, as a basis for comparison, a multiplicity of infection of <0.1 colony-forming-unit/cell is only needed to infect hepatoma cells with HCV. Moreover, for an unknown reason, HBV is not capable of spreading/diffusing into a monolayer of hepatocytes in vitro, thus indicating that there are impairments in virion egress or/and reentry, which prevents the spreading, and consequently, the possibility of an increased for in vitro experiments needs to be optimal to generate genuine results. Most researchers use HBV produced by HepG2.2.15 [START_REF] Sells | Production of hepatitis B virus particles in Hep G2 cells transfected with cloned hepatitis B virus DNA[END_REF] or HepAD38 cells (Ladner et al., 1997a), in order to efficiently infect PHH [START_REF] Gripon | Hepatitis B virus infection of adult human hepatocytes cultured in the presence of dimethyl sulfoxide[END_REF], dHepaRG (Gripon et al., 2002), or NTCP-expressing hepatoma cells [START_REF] Li | Entry of hepatitis B and hepatitis D virus into hepatocytes: Basic insights and clinical implications[END_REF]. Various levels of non-enveloped nucleocapsids may contaminate these inocula (supplementary material in (Luangsay et al., 2015b)) and be at the origin of artefactual results. Moreover, an HBcAg synthesized in bacteria may be contaminated with lipopolysaccharide (LPS)-like ligands, thus further amplifying the problem [START_REF] Vanlandschoot | Contamination of a recombinant hepatitis B virus nucleocapsid preparation with a human B-cell activator[END_REF]. Nevertheless, it has been suggested that the HBV nucleocapsid is a ligand for TLR2 (Cooper et al., 2005) and that TLR2-engagement by cognate ligand leads to the strong production of pro-inflammatory cytokines by hepatocytes and/or other TLR2positive cells (Figure 21.1) (Cooper et al., 2005;[START_REF] Huang | Aberrant expression and dysfunction of TLR2 and its soluble form in chronic HBV infection and its regulation by antiviral therapy[END_REF]Luangsay et al., 2015bLuangsay et al., , 2015a;;[START_REF] Yoneda | Hepatitis B Virus and DNA Stimulation Trigger a Rapid Innate Immune Response through NF-B[END_REF]. However, the existence of this non-enveloped HBcAg ligand in vivo is still a matter of debate. The use of HBV virions purified from a patient would guaranty the relevance of experiments; however, so far, there is no clear demonstration that they can be used to reproducibly and efficiently infect hepatocytes ex vivo/in vitro. In contrast to other viral entities, HBV is a poor inducer of innate immunity because of the intrinsic characteristics of its life cycle [START_REF] Knipe | Fields Virology (Knipe, Fields Virology)[END_REF]. The viral rcDNA, as well as single-stranded DNA (ssDNA) or linear double-stranded DNA (dsDNA; intermediates/side products of reverse transcription), are likely recognized as damaged, non-methylated, and non-self DNAs. In contrast, the other viral nucleic acids, including cccDNA and various molecules, and are therefore non-(Figure 21). Being synthesized within nucleocapsids, rcDNA is protected from a potential recognition by DNA sensors. One possible HBV PAMP could be the ternary complex formed by the pgRNA, HBc and polymerase proteins [START_REF] Knipe | Fields Virology (Knipe, Fields Virology)[END_REF]. In this respect, RIG-I was proposed as a sensor of the ) stem-n of type-III IFN -independent antiviral decrease in rcDNA synthesis (i.e., intrinsic-restriction-like mechanism) (Figure 21.2) [START_REF] Sato | The RNA sensor RIG-I dually functions as an innate sensor and direct antiviral factor for hepatitis B virus[END_REF].

If cccDNA ends up being a minichromosome-like structure, likely indistinguishable from self-DNA, it appears that its initial establishment from rcDNA, as well as its early transcription after the onset of infection, are modulated by host proteins, which could be defined as intrinsic restriction factors (Figure 21.3). Hence, it was shown that both the histone-methyltransferase SETDB1 [START_REF] Rivière | HBx relieves chromatin-mediated transcriptional repression of hepatitis B viral cccDNA involving SETDB1 histone methyltransferase[END_REF] and the complex SMC5/6 [START_REF] Decorsière | Hepatitis B virus X protein identifies the Smc5/6 complex as a host restriction factor[END_REF] are capable of impairing cccDNA transcription early-on after the onset of infection, and that HBx is needed to either counteract the action of the former [START_REF] Rivière | HBx relieves chromatin-mediated transcriptional repression of hepatitis B viral cccDNA involving SETDB1 histone methyltransferase[END_REF] or induce the degradation of the latter in a DDB1-Cul4-E3-ubiquitin-ligase-dependent manner (Figure 21.4) [START_REF] Decorsière | Hepatitis B virus X protein identifies the Smc5/6 complex as a host restriction factor[END_REF].

Besides the potential detection of the different HBV nucleic acids, it has also been reported that subviral particles could interact with CD14, a co-receptor of TLR4 in myeloid cells, via their phospholipid moiety [START_REF] Vanlandschoot | LPS-binding protein and CD14-dependent attachment of hepatitis B surface antigen to monocytes is determined by the phospholipid moiety of the particles[END_REF]; this could lead to the internalization of HBsAg into these cells and their activation [START_REF] Gehring | Mobilizing monocytes to cross-present circulating viral antigen in chronic infection[END_REF]. In fact, the soluble fraction of CD14, bound to HBsAg, could be responsible for this activation (Figure 21.5) [START_REF] Van Montfoort | Hepatitis B Virus Surface Antigen Activates Myeloid Dendritic Cells via a Soluble CD14-Dependent Mechanism[END_REF]. The fact that the lipid moiety of HBsAg subviral particles is instrumental for this activation represents an interesting finding. Indeed, the lipidomic of viral particles and its evolution during the natural course of infection in a human is completely unknown; potential could be associated with changes in the immune characteristics of HBV subviral particles (Figure 21).

To summarize, the molecular determinants of a potential recognition of HBV PAMPs by PRRs are still poorly defined and further studies are necessary. This understanding is instrumental in the context of the development of PRR agonists, which could be used in immunetherapeutic combinations.

Mechanisms of HBV-Driven Inhibition of Innate-Signalling Pathways

For HBV, it has been clearly shown that adaptive responses are needed for an efficient and persistent control of infection [START_REF] Bertoletti | Adaptive immunity in HBV infection[END_REF][START_REF] Park | Immune responses to HCV and other hepatitis viruses[END_REF].

However, the role of innate immunity has often been overlooked, as HBV infection is usually diagnosed several weeks after the onset of infection, when the virus has already escaped from early immune responses and viremia is high (Bertoletti and Ferrari, 2012;[START_REF] Maini | The role of innate immunity in the immunopathology and treatment of HBV infection[END_REF]. For this reason, the role of innate immune cells and their effectors, in HBV persistence and associated-pathogenesis, has yet to be actively investigated.

Previous studies have shown that an acute exposure to/infection by HBV, in vitro, in an animal model and in humans, does not lead to a strong activation of IFN and pro-inflammatory responses. The first demonstration came from a microarray study performed with the biopsies of experimentally-infected chimpanzees, showing that, in comparison with HCV, the exponential increase in HBV viremia was not associated with a significant/measurable gene expression change in their liver, including innate immunity genes (Wieland et al., 2004a). In agreement with this analysis, no (or a weak) production of IFNs and cytokines/chemokines was found in the serum of acutely HBV-infected patients (i.e., patients who consulted before clearing acute infection or progressing to chronic stage), as compared to what could be seen with similar patients infected by HIV or HCV (Stacey et al., 2009a). A production of the immunosuppressive cytokine IL-10 was, however, evidenced during the viral load increase and was associated with a transient inhibition of NK functions (Figure 22.1) (Dunn et al., 2009). This increased production of IL-10 correlates with virus replication, and was also detected during virus-induced flares occurring in long-term chronically infected patients [START_REF] Das | IL-10-producing regulatory B cells in the pathogenesis of chronic hepatitis B virus infection[END_REF]. This points toward a virus-mediated manipulation of cytokines/chemokines production in favour of immune suppression (Figure 22).

When studied ex vivo/in vitro, the acute exposure of hepatocytes or other liver cell types to HBV is also not globally associated with a strong induction on IFNs and pro-inflammatory cytokines/chemokines.

recombinant HBV inoculum did not secrete a measurable amount of IL-6 or IFN-, despite a very weak and transient activation of gene expression (Luangsay et al., 2015b). Similarly, KCs exposed to the virus only transiently released a very weak amount of IL-6 (Hösel et al., 2009a) or IL- (Zannetti et al., 2016), suggesting that HBV could be detected/sensed, but could also rapidly impair nascent responses. This potential lack of measurable events could either be due to: (1) the viral genotype used, as an HBV genotype-C led to a measurable secretion of IFNby infected hepatocytes (in contrast to genotype D used in other studies [START_REF] Sato | The RNA sensor RIG-I dually functions as an innate sensor and direct antiviral factor for hepatitis B virus[END_REF]); or

(2) to the cell cultivation conditions, as micro-patterned PHH on fibroblast feeder cells exposed to HBV showed a significant induction of type-III IFN gene expression (Figure 22) [START_REF] Shlomai | Modeling host interactions with hepatitis B virus using primary and induced pluripotent stem cell-derived hepatocellular systems[END_REF].

The weak response or lack of IFN and/or pro-inflammatory responses, could also be due to viro-implemented active mechanisms. In this respect, the recently performed analyses in Chronic Hepatitis B (CHB) patient biopsies have shown that many genes of innate immunity were down-regulated when compared to control patients, and the magnitude of this inhibition was dependent upon the HBeAg status and serum levels of HBsAg (Figure 22.2) (Lebossé et al., 2017). Even if these results were only obtained at the RNA level, they confirm previous studies that had shown a down regulation, at the protein level, of innate sensors such as TLR2 (Figure 22.3) (Visvanathan et al., 2007) or TLR9 (Vincent et al., 2011). These results are in sharp contrast with what has been observed in the woodchuck model, in which an increase of the expression of innate immunity genes was observed (Fletcher et al., 2012).

Moreover, in mice with humanized liver, which are immune-deficient, HBV infection led to a very weak increased expression of some innate immune genes, but not a significant decrease [START_REF] Giersch | Hepatitis Delta co-infection in humanized mice leads to pronounced induction of innate immune responses in comparison to HBV mono-infection[END_REF]. This emphasizes that animal models may not always be predictive of what happens in humans (Figure 22).

In contrast to HDV [START_REF] Alfaiate | HDV RNA replication is associated with HBV repression and interferon-stimulated genes induction in super-infected hepatocytes[END_REF][START_REF] Giersch | Hepatitis Delta co-infection in humanized mice leads to pronounced induction of innate immune responses in comparison to HBV mono-infection[END_REF], HBV infections seem to be associated with a lack of induction or even a decreased expression of ISGs or other proinflammatory genes, thus pointing toward mechanisms of active inhibition. The first demonstration that HBV could inhibit PRR signalling pathways came from a study, which showed that both HBeAg and HBsAg could antagonize the antiviral action of PRR agonists in murine parenchymal and non-parenchymal cells (Wu et al., 2009a). Despite its interest, the results of this study were challenged due to the murine nature of the cell types used, as well as because of the apparent lack of specificity of the observed inhibitory phenotype (i.e., all viral forms led to the inhibitory phenotype) and the lack of insights on the underlying mechanism of action.

More recently, we have shown that HBV could be sensed by hepatocytes, leading to an early (i.e., between 2h and 8h post infection) and moderate elevation of the expression of some innate immunity genes (Luangsay et al., 2015b). However, we observed that this response was transient, and that incoming HBV virions were capable, in the absence of neo-synthesized viral proteins, of blocking the induction of IFN genes triggered in trans by cognate ligands of TLR3, RIGI, or Melanoma Differentiation-Associated protein 5 (MDA5). We then found that the core/capsid/HBc protein was responsible for this inhibitory phenotype through the recruitment of a histone-methyl-transferase, i.e., Enhancer of Zeste Homologue2 (EZH2), on targeted gene promoters, which was in turn capable of establishing repressive epigenetic marks to prevent their inducibility (Figure 22.5) (Gruffaz et al., 2013). If the capacity of HBc to bind to synthetic dsDNA, the host genome, or cccDNA was already known (Bock et al., 2001;[START_REF] Fernández | Hepatitis B virus downregulates the human interferoninducible MxA promoter through direct interaction of precore/core proteins[END_REF][START_REF] Guo | HBc binds to the CpG islands of HBV cccDNA and promotes an epigenetic permissive state[END_REF], its ability to recruit epigenetic modifying enzymes and modulate gene expression is a novel discovery, and upgraded this otherwise structural protein to a potential innate immunity regulator in infected hepatocytes.

Other viral proteins have been suggested to interfere with innate signalling pathways in hepatocytes [START_REF] Yi | Innate detection of hepatitis B and C virus and viral inhibition of the response[END_REF]. The two which are secreted, HBsAg and HBeAg, are thought to be involved in many immune evasion processes. As previously discussed, they are capable of impairing the activation of all TLR pathways (Jiang et al., 2014a;Wu et al., 2009a). However, regarding their potential role in the inhibition of intrahepatic signalling pathways, experimental data are less clear. It has been proposed that HBe or/and a related intracellular form called p22, could bind to the co-adaptor of Myd88, TIRAP (also called MAL2), and therefore interfere with the TLR2 signalling pathway (Figure 22.6) [START_REF] Lang | The hepatitis B e antigen (HBeAg) targets and suppresses activation of the toll-like receptor signaling pathway[END_REF]. More surprisingly, it has also been suggested that HBs could inhibit this pathway by a mechanism involving the inhibition of the c-Jun N-terminal protein Kinase (JNK), which in turn, would prevent IL-12 production (Figure 22.7) (Wang et al., 2013). The HBx protein has also been endowed with many biological activities, including the regulation of innate pathways. Hence, it has been proposed that HBx could inhibit the dsRNA-mediated IFN response by either competitively interacting with host-factors of these pathways (e.g., Mitochondrial Anti-Viral-Signalling protein (MAVS), TRIF, IRF3) and/or inducing their degradation by proteasome (Figure 22.8) [START_REF] Hong | Innate immune evasion by hepatitis B virus-mediated downregulation of TRIF[END_REF]Jiang and Tang, 2010;[START_REF] Kumar | Hepatitis B virus regulatory HBx protein binds to adaptor protein IPS-1 and inhibits the activation of beta interferon[END_REF]Wei et al., 2010a).

However, it is worth noting that the over-expression of this protein has often been associated with many irrelevant activities [START_REF] Slagle | Technical standards for hepatitis B virus X protein (HBx) research[END_REF]. Finally, the HBV Pol has also been described

to inhibit the dsRNA-mediated IFN response by interfering with STING and Dead box protein 3 (DDX3) functions (Figure 22.9) [START_REF] Liu | Hepatitis B virus polymerase disrupts K63-linked ubiquitination of STING to block innate cytosolic DNA-sensing pathways[END_REF]Wang and Ryu, 2010).

To conclude, there is a lot of published data on HBV-driven inhibition of innate-signalling pathways, however there are still many caveats in demonstrations and an overall lack of knowledge of underlying mechanisms. It seems appropriate to indicate that if the HBV-driven strategies to inhibit immune responses are genuine, they are only adapted to what HBV itself would be able to trigger as a weak inducer of innate responses; indeed, it seems that HBVmediated inhibitory phenotypes are not very potent and are likely not capable of fully counteracting a more aggressive induction of innate responses, like that mediated, for instance, by Hepatitis delta virus (HDV) [START_REF] Alfaiate | HDV RNA replication is associated with HBV repression and interferon-stimulated genes induction in super-infected hepatocytes[END_REF].

Modulation of Innate Cell Number/Frequency by HBV

One way for HBV to initially and persistently escape innate immune cell antiviral functions would be to modulate their numbers, ideally within the infected liver. There are no robust and convincing data showing that the number of CD14 + monocytes, resident KCs, pDC (BDCA2 + cells), mDC-BDCA3 + , and NK/NKT cells within the infected liver, or in the peripheral blood, is affected by HBV throughout the natural history of infection (van der Aa et al., 2016;[START_REF] Boltjes | Monocytes from chronic HBV patients react in vitro to HBsAg and TLR by producing cytokines irrespective of stage of disease[END_REF][START_REF] Gehring | Mobilizing monocytes to cross-present circulating viral antigen in chronic infection[END_REF][START_REF] De Groen | NK cell phenotypic and functional shifts coincide with specific clinical phases in the natural history of chronic HBV infection[END_REF]Martinet et al., 2012a;[START_REF] Tjwa | Similar frequencies, phenotype and activation status of intrahepatic NK cells in chronic HBV patients after long-term treatment with tenofovir disoproxil fumarate (TDF)[END_REF].

Therefore, HBV infections may instead be associated with the impairment of functions rather than the number/frequency of cells. There is at least one convincingly described exception to this, which is the number of myeloid-derived suppressive cells in CHB patients (Pallett et al., 2015a). Indeed, it was recently reported that the number of granulocytic subsets of MDSC is increased in the low-inflammatory (immune tolerant) phase of the HBV natural history. Their number is inversely proportional to the level of liver inflammation, thus suggesting that these cells contribute to the protection of the liver, while likely favouring HBV replication. Although the mechanism has not been completely elucidated, HBV is likely to induce their recruitment/expansion in the liver to its own benefit. In the infected organ, MDSC inhibit HBVspecific CD4 + and CD8 + T-cell responses via metabolic means. Indeed, MDSC secrete a very high amount of arginase in the liver microenvironment, which in turn, decreases the amount of available arginine, an amino acid crucial for lymphocyte physiology and growth. This leads to their starving and functional inhibition. HBsAg could trigger their recruitment/expansion by acting through the ERK/Interleukin-6/Signal Transducer and Activator of Transcription 3

(ERK/IL-6/STAT3) signalling pathway (Figure 22.10) [START_REF] Fang | Polarization of Monocytic Myeloid-Derived Suppressor Cells by Hepatitis B Surface Antigen Is Mediated via ERK/IL-6/STAT3 Signaling Feedback and Restrains the Activation of T Cells in Chronic Hepatitis B Virus Infection[END_REF].

Modulation of Dendritic and NK/NKT Cells Functions by HBV

More than affecting their numbers, HBV seems to impair the functions of many innate immune cells. An investigation on HBV-driven inhibitory phenotypes and underlying mechanisms is not easy in the absence of a good animal model and little access to human liver samples. Moreover, studying liver phenotypes is more relevant than studying peripheral blood ones, as intimate contact/interaction between infected hepatocytes and immune cells can only take place within the liver. Unfortunately, most of the studies performed so far have been with blood-derived cells, thus limiting their meaningfulness and feeding the debate around pDCs are a unique DC subset specialized in IFN-production, representing 10% of total DC in the liver (Figure 5), and are essential antiviral innate cells [START_REF] Swiecki | The multifaceted biology of plasmacytoid dendritic cells[END_REF]. Their number in CHB patients seems to be unchanged in both the blood and liver compartments (Martinet et al., 2012a;[START_REF] Woltman | Hepatitis B virus lacks immune activating capacity, but actively inhibits plasmacytoid dendritic cell function[END_REF]. However, it was shown that blood-and liverderived pDC from CHB patients in an ex vivo study were less capable of producing IFN-upon TLR9 challenges (Martinet et al., 2012a;Vincent et al., 2011;[START_REF] Woltman | Hepatitis B virus lacks immune activating capacity, but actively inhibits plasmacytoid dendritic cell function[END_REF], less capable of cross-talking and activating the cytolytic activity of naive NK cells (Martinet et al., 2012a), and more prone to inducing the generation of regulatory T-cells [START_REF] Hong | Human plasmacytoid dendritic cells from patients with chronic hepatitis B virus infection induce the generation of a higher proportion of CD4(+) and CD25(+) regulatory T cells compared with healthy patients[END_REF]. HBsAg was suggested to be the main driver of these modulations, recapitulating these phenotypes ex vivo [START_REF] Xu | HBsAg inhibits TLR9-mediated activation and IFN-alpha production in plasmacytoid dendritic cells[END_REF]. It may act by interacting with the regulatory receptor BDCA2 and triggering the downstream inhibitory SYK/MEK-ERK1/2 pathway [START_REF] Gilliet | Plasmacytoid dendritic cells: sensing nucleic acids in viral infection and autoimmune diseases[END_REF], or by inducing the down-expression of TLR9 itself by an unknown mechanism (Figure 22.4) (Vincent et al., 2011).

BDCA3 + /Clec9A + myeloid DCs (van der [START_REF] References Van Der Aa | BDCA3(+)CLEC9A(+) human dendritic cell function and development[END_REF], which are responsible for IFNproduction through the activation of TLR3 in particular and representing 10% of total DC in the liver (Figure 5), were also recently shown to be functionally impaired in the blood and liver compartment of CHB patients (van der Aa et al., 2016). HBsAg would also be involved in the inhibition of these cells, as the exposition of naive cells to this antigen recapitulates the inhibitory phenotype. Thus, HBV would be capable of reducing the production of type-I and III IFNs, which are two the main classes of antiviral cytokines, by targeting both subsets of DC and therefore inhibiting relevant NK cell activation ( ).

NK cells are particularly enriched in the liver and are a major source of IFN-, a cytokine with direct anti-HBV activity (Isorce et al., 2016;[START_REF] Xia | Interferon-and Tumor Necrosis Factor-Produced by T Cells Reduce the HBV Persistence Form, cccDNA, Without Cytolysis[END_REF] and immune-stimulatory properties. They likely play a major role in the resolution of acute HBV infection (Dunn et al., 2009;[START_REF] Fisicaro | Early kinetics of innate and adaptive immune responses during hepatitis B virus infection[END_REF][START_REF] Guy | Intrahepatic expression of genes affiliated with innate and adaptive immune responses immediately after invasion and during acute infection with woodchuck hepadnavirus[END_REF][START_REF] Webster | Incubation phase of acute hepatitis B in man: dynamic of cellular immune mechanisms[END_REF] and, not surprisingly, their impaired functionality in CHB patients, in particular regarding their reduced capacity to produce IFN-, has been shown [START_REF] Oliviero | Natural killer cell functional dichotomy in chronic hepatitis B and chronic hepatitis C virus infections[END_REF][START_REF] Peppa | Blockade of immunosuppressive cytokines restores NK cell antiviral function in chronic hepatitis B virus infection[END_REF]. IL-10 and TGFpresent in an HBV-infected liver would be responsible for this inhibition (Figure 22.1) [START_REF] Peppa | Blockade of immunosuppressive cytokines restores NK cell antiviral function in chronic hepatitis B virus infection[END_REF]. Regarding their cytotoxic activities in CHB, data are more in favour of an exacerbation of NK-mediated liver damage [START_REF] Okazaki | Severe necroinflammatory reaction caused by natural killer cell-mediated Fas/Fas ligand interaction and dendritic cells in human hepatocyte chimeric mouse[END_REF][START_REF] Zhang | Hypercytolytic activity of hepatic natural killer cells correlates with liver injury in chronic hepatitis B patients[END_REF].

Interestingly, these features of preserved NK cell cytotoxicity and impaired IFN-production are found in both chronic HBV and HCV infections [START_REF] Rehermann | Natural Killer Cells in Viral Hepatitis[END_REF], thus pointing toward convergent mechanisms in chronic hepatitis. This complexity of the HBV-driven modulation of NK functions has significant implications with respect to therapeutic manipulation.

I Interaction between Kupffer cells and HBV

Can macrophages recognized hepatitis B virus?

Liver M are equipped to recognize pathogens and mount an efficient pro-inflammatory response if needed to prevent, control and delay infections that could become chronic, as described above. A study in the Pekin duck revealed that minutes after inoculation HBV was taken up by KC, highlighting their interaction in vivo (Tohidi-Esfahani et al., 2010). As a DNA virus with RNA intermediates, HBV could theoretically be recognized by several PRR expressed by KC such as TLR3 or RIGI/MDA5 as well as some cytosolic DNA sensors (Figure 23). However, the recognition of HBV nucleic acids may be impaired by (i) the physical separation of encapsidated rcDNA (relaxed circular DNA, a partially double stranded DNA) from cytosolic DNA sensors, and (ii) the resemblance between HBV RNAs and host mRNAs as viral RNAs are transcribed by the host polymerase. Indeed, several studies have shown that in animal models, primary exposition to HBV elicits little to no immune responses (Fletcher et al., 2012;Wieland et al., 2004a). Even though the authors did not specifically analyse the responses in macrophages, the lack of immune responses in liver biopsies may be also interpreted as an absence of response in macrophages.

In the KC the situation may be different as although they do not support viral replication (i.e. Unexpectedly, TLR2, a PRR implicated in the recognition of bacterial components, has been described to recognize HBV capsid/core protein (HBc) (Cooper et al., 2005). terminus of HBc and membrane heparin sulphate for a recognition by monocytes (Cooper et al., 2005). However, the relevance of this model is to be questioned as capsid proteins are normally enveloped in the virion when circulating outside of hepatocytes, which should prevent recognition by TLR2 ligands, and M activation. Nevertheless, in the case of cell death, it may be possible that naked capsid could be released from the hepatocytes. For example, a study by Arzberger et al, showed that apoptosis of HBV infected hepatocytes led to the release of naked nucleocapsid (Arzberger et al., 2010) which could theoretically induce TLR2-mediated M ( ). In addition, a study performed with samples from HBV-positive patients showed that KC stained positive for HBsAg and were more activated than those from control livers (Boltjes et al., 2015). Internalization of HBsAg was also observed in vitro using purified KC or monocyte-derived M and led to a strong induction of pro-inflammatory cytokines such as IL-6, TNF-, and IL-15 as well as the anti-inflammatory cytokine IL-10, the chemokines CCL4 and CXCL8 (Boltjes et al., 2015) (Figure 23.3) and the subsequent activation of IFN-production by natural killer (NK) (Boltjes et al., 2015) (Figure

23.4).

Moreover, a study in HBsAg-transgenic mice showed that KC secretes IL-12 upon TLR9 ligand exposure inducing liver injury caused by NK (Hou et al., 2016). In this model, an increase of Fas ligand (FasL) and Fas proteins were observed respectively on NK and PHH, leading to an induction of a cytotoxic response against PHH (Hou et al., 2016) 

(

).

Some studies have shown that HBV could also induce an interferon-dependent immune response, which should have a direct antiviral effect on HBV infection in hepatocytes, indeed Peg-IFN is currently used to treat HBV infection (Durantel and Zoulim, 2016). Using a transgenic mouse model allowing high levels of HBV replication, Real et al. recently showed that HBV replication lead to a TLR3 dependent interferon response in non-parenchymal liver cells (Real et al., 2016) (Figure 23.5). A significant up-regulation of IFN-1 and subsequently ISG15 and LFIT1 mRNAs was observed in a mouse model in which the small HBsAg is not produced ( ). Of note, HBsAg has previously been described to attenuate immune responses facilitating chronic infection (see section on HBV modification of KC phenotype) (Jiang et al., 2014a;Wu et al., 2009a;Zannetti et al., 2016).

In summary (Figure 23), contradictory results regarding the potential activation or lack of activation of an immune response in M by HBV have been reported. These discrepancies might come from the differences in model (chimpanzees, woodchuck, transgeni approaches. The lack of responses in HBV-infected animal models (Fletcher et al., 2012;Wieland et al., 2004a), compared to results demonstrating that macrophages seems to be equipped to recognize HBV (Boltjes et al., 2015;Cheng et al., 2017;Cooper et al., 2005;Hösel et al., 2009b;Hou et al., 2016;Real et al., 2016), raises the possibility of an active HBV-driven evasion mechanism which could contribute to the establishment and persistence of infections in vivo. This difference in results may come from differences in the HBV inocula used and especially the quantity of HBeAg in the viral preparations. Although mechanisms involved may differ, both studies described an inhibition of ILcomponents. HBV has likely evolved several strategies to block the production of ILhas been recently described as the most efficient cytokine, amongst several tested (including IFNs) against the replication of HBV in vitro (Isorce et al., 2016).

In addition, HBV has been shown to prevent pro-inflammatory cytokine secretion by influencing PRR expression in M -regulation of TLR2 and TLR3 was found in peripheral blood mononuclear cells (PBMC) and KC of chronically HBV-infected patients compared to healthy controls (Huang et al., 2013b;Visvanathan et al., 2007) (Figure 24.3). As TLR2 and TLR3 have been shown to, respectively, recognize HBc protein (Cooper et al., 2005) and HBV genome replication in non-parenchymal cells (Real et al., 2016), a down-regulation of their expression in hepatocytes, KC and PBMCs may contribute to the lack of an efficient immune response against HBV (Real et al., 2016). However, another study showed a higher secretion of IFN---6 and IL-10 upon TLR3 stimulation in PBMC from HBV patients compared to healthy controls, contradicting the results of a down-regulation of TLR3 in monocytes (Jiang et al., 2014a). Moreover, in HBV patients, TLR2 expression on KC and peripheral monocytes was reduced in HBeAg-positive chronic HBV patients (i.e. immune-tolerant/immune active patients) compared to controls individuals, whereas it was significantly increased in HBeAg-negative chronic HBV patients (e.g., in inactive HBV carrier) compared to controls (Visvanathan et al., 2007). This modification of expression was specific to TLR2, as TLR4 expression did not differ between groups. It appears that the effect of HBV on TLR expression may be differentially regulated during the different phases of HBV chronic infection that would partially explain the difference of immune responses observed during those phases.

HBV may also directly target the secretion of pro-inflammatory cytokines. For example, in ligands induced the production of IFN and the inhibition of viral replication in hepatocytes in mice (Wu et al., 2007). However, this antiviral effect was lost when KC were pre-incubated with HBV (Wu et al., 2009a) (Figure 24.5). Among the mediators inhibiting HBV infection, IFN--shown to directly inhibit HBV replication in patients (Isorce et al., 2015). Moreover, a recent study showed that HBV virions hijack enzymes involved in lipid metabolism to infect hepatocytes (Esser et al., 2018). It could be hypothesised that the same pathways could be also be hijacked -through these cells to be delivered to hepatocytes.

Aiming at the same goal, other studies have shown that in addition to preventing proinflammatory responses, HBV also increases anti-inflammatory responses. In purified rat KC exposed to different quantities of HBV virions, no morphological changes were observed on KC, but, compared to non-infected animals, TGF-day- patients analysed before the peak of viremia, when the infection is still being established (Dunn et al., 2009). At the peak of viremia, during the inhibition of lymphocyte activation, a peak of IL-10 was observed in the serum. Moreover, in chronically infected HBV patients an increase of CD68 + CD86 + promoting of phagocytic-independent inflammation (Said et al., 2016). Lastly, Nebbia et al.

described that in CHB patients there is an up-regulation of Galectin-9 on KC as well as an upregulation of HBV specific Tim3 + CD8 T cell (Nebbia et al., 2012) (Figure 24.8). This Tim-3/Galectin-9 pathway up-regulation could be the cause of T cell exhaustion during chronic infection (Nebbia et al., 2012).

Finally, Programmed Death-1 (PD-1) and its ligands (PD-L1), proteins implicated in tolerance (Wang et al., 2016), have been described to be essential to balance antiviral immunity and inflammation in acute HBV patients (Kassel et al., 2009). A study carried-out with 32 chronic HBV patients, showed an up-regulation of PD-1 and PD-L1 in liver biopsies compared to healthy controls (Xie et al., 2009) (Figure 24.9). The same results were found in a chronic carrier mouse model (Tian et al., 2016). PD-1/PD-L1 up-regulation correlated with hepatic inflammation and increased alanine transaminase levels in patients (Xie et al., 2009) and with impaired cytotoxic T lymphocytes response in mice (Tian et al., 2016). However, PD-L1 expression was lower in liver residential antigen presenting cells, including KC (Xie et al., 2009), during the inactive carrier phase. Moreover, in mice, PD-L1 blockade or KC depletion led to an inhibition of HBV viral parameters, as well as an increase of IFN-+ CD8 + cells (Tian et al., 2016).

Another study further showed that PD-L1 expression was up-regulated in CD14+ circulating cells during chronic HBV infection, liver cirrhosis and hepatocellular carcinoma (Huang et al., 2017). PD-1/PD-L1 interaction may therefore play an significant role in balancing liver damage during chronic HBV infection (Xie et al., 2009).

In summary (Figure 24), HBV seems to block pro-inflammatory responses in KC and peripheral monocytes/macrophages, correlating with a poor elimination of the virus. On the other hand, HBV strongly activates anti-inflammatory cytokines secretion (IL-10 and TGF-) as well as inhibitory checkpoint factors (e.g., PD-1/PD-L1). Overall, it seems that HBV concomitantly inhibits a pro-inflammatory/anti-viral M1-like phenotype, and activates an antiinflammatory/pro-tolerogenic M2-like phenotype. In summary (Figure 25), it is still unclear if KC plays a role in the establishment and persistence of the infection and further studies are required. The discrepancies between results may be due to the phenotype (pro-or anti-inflammatory) of KC during primary infection and could be one of the key factors involved in the infection outcome. 3 3.7.4. Do macrophages play a role in the development of pathologies associated to HBV infection?

KC have been described to play a role in several liver associated pathologies including aberrant responses to treatment (Ju and Pohl, 2005;Seki et al., 2000) and may be associated with HBVassociated liver pathologies including fibrosis, cirrhosis and the progression to hepatocellular carcinoma [START_REF] Levrero | Mechanisms of HBV-induced hepatocellular carcinoma[END_REF]).

As described above, Li et al. have shown an increase of TGF-secretion by KC in the presence of HBV (Li et al., 2012). TGF- hepatic stellate cells into myo-fibroblasts, subsequently stimulating the production of extracellular matrix components (Wynn and Barron, 2010) ( ).

In addition to liver fibrosis, KC plays an important role in liver inflammation/tolerance and injury associated to uncontrolled inflammation. Different populations of macrophages have recently been described in the liver of chronically infected animal models and patients. A study showed that end-stage HBV liver disease is associated with an accumulation of CD14 + HLA-DR hi CD206 + macrophages (Tan-Garcia et al., 2017). These cells expressed spontaneously proinflammatory markers (TNF--a low expression of anti--10 which was increased (Tan-Garcia et al., 2017). This population has been described as resistant to LPS tolerization.

Another population of CD205 + macrophages has been described in the liver of HBV transgenic mice and chronic hepatitis B patients (Yong et al., 2017). This population presented a higher expression of activation markers, pro-inflammatory cytokines, chemokines/chemokine receptors, and phagocytosis related genes (Yong et al., 2017). Moreover, in patients with high ALT levels, a large decrease of CD8+ T lymphocytes and increase of Fas-L positive cells, especially KC, were shown (Tang et al., 2003). This observation led the authors to the hypothesis that during chronic infection, liver injury could not be the result of CD8+ T cell response but an increase of Fas-L expression on KC and, through an increased cytolytic activity (Tang et al., 2003) (Figure 25.5). Another study performed in liver biopsies from 74 chronically infected patients revealed that iNOS intrahepatic expression was significantly higher in patients with chronic HBV (Wu et al., 2008). In these samples, Kupffer cells stained positive for iNOS, a marker of pro-inflammatory M the level of which correlated with ALT levels, and with the grading of liver inflammation and staging of liver fibrosis (Wu et al., 2008) (Figure 25.6). Moreover, as previously described, proliferator-activated receptoractivation was shown to inhibit steatosis and inflammation, well-known cancer risks factors (Nagasawa et al., 2006) uced steatosis and tumour multiplicity (Balandaram et al., 2016) correlated with reduced T mRNA levels, as well as, reduced ALT level but increased apoptotic signalling (Balandaram et al., 2016) (Figure 25.7). Ligand ac inhibited LPS signalling and though expression, which could be prevented in a model of KC non-expressing- (Balandaram et al., 2016). This data suggested a role of KC in liver inflammation during chronic HBV infection through TNFprogression in chronic HBV infection could be related to the increased of IL-10 secretion described by several teams (Dunn et al., 2009;Li et al., 2015;Xu et al., 2014). Indeed, a tolerogenic environment in the liver could lead to a non-efficient lymphocyte response and consequently, to cancer progression (Trehanpati and Vyas, 2017) (Figure 25.8). However, a study by Sitia et al. showed that in a chronic HBV carrier mouse model, KC, through scavenging receptors, removed apoptotic PHH, blocking the release of high-mobility group box 1 (HMGB1) and neutrophil infiltration in the liver (Sitia et al., 2011). The a that this may prevent liver inflammation and damage during chronic infection.

Taken together these data show that HBV may modify KC phenotype in favour of the development of liver-associated pathologies such as fibrosis, particularly through TGF-1 secretion, and, ultimately, HCC, through aberrant expression of factors implicated in carcinogenesis. Moreover, KC could play an important role in liver inflammation during chronic HBV and prevent a functional humoral response by largely increasing IL-10 secretion by macrophages. The first generation of HBV vaccines was obtained by purification of spheres from blood with CHB and was commercialized in 1981 [START_REF] Lavanchy | Hepatitis B virus epidemiology, disease burden, treatment, and current and emerging prevention and control measures[END_REF]. Half a decade later, recombinants vaccines against HBV were created. These second generations of vaccines have an efficacy of 95% against the establishment of HBV infection after immunization with a protection of more than 10 years. After the implementation of an universal immunisation program, in Taiwan, HBsAg prevalence went from 9.8% in 1988 to 1.3% in 1994 in children of less than 15 years old [START_REF] Chen | Seroepidemiology of hepatitis B virus infection in children: Ten years of mass vaccination in Taiwan[END_REF]. Moreover, HBV vaccine is the first to have proven is efficacy in cancer prevention. Another study in the Taiwanese population has shown a decrease of the annual incidence of HCC in children from 6 to 14 years old during the first vaccination campaign [START_REF] Chen | Epidemiological characteristics and risk factors of hepatocellular carcinoma[END_REF]). each with different efficacies (Table IV).

IFN-effects on HBV infection have been known for a long time [START_REF] Greenberg | Effect of human leukocyte interferon on hepatitis B virus infection in patients with chronic active hepatitis[END_REF]. It has been accepted for the treatment of CHB patients in the nineties and it is recommended for HBeAg positive patients with low viral load and persistent liver necro-inflammatory activity (high ALT). The mechanisms behind IFNthough several mechanisms have been suggested. Among others, several effect of IFNviral replication inhibition have been described (non-exhaustive list):

Blockade of RNA-containing core particle formation [START_REF] Wieland | Intrahepatic induction of alpha/beta interferon eliminates viral RNA-containing capsids in hepatitis B virus transgenic mice[END_REF];

Acceleration of decay of replication-competent core particles [START_REF] Xu | Interferons accelerate decay of replication-competent nucleocapsids of hepatitis B virus[END_REF]; Degradation of pgRNA (Li et al., 2010);

MxA mediated inhibition of nuclear export of HBV mRNA [START_REF] Gordien | Inhibition of hepatitis B virus replication by the interferon-inducible MxA protein[END_REF];

Inhibition of HBV transcriptional activity, associated with repression of Enh 1 activity [START_REF] Rang | Effect of interferon alpha on hepatitis B virus replication and gene expression in transiently transfected human hepatoma cells[END_REF][START_REF] Tur-Kaspa | Alpha interferon suppresses hepatitis B virus enhancer activity and reduces viral gene transcription[END_REF][START_REF] Uprichard | Transcriptional and posttranscriptional control of hepatitis B virus gene expression[END_REF];

Epigenetic regulation of cccDNA transcriptional activity (Belloni et al., 2012;[START_REF] Liu | Alphainterferon suppresses hepadnavirus transcription by altering epigenetic modification of cccDNA minichromosomes[END_REF];

Non-hepatotoxic degradation of cccDNA [START_REF] Lucifora | Specific and nonhepatotoxic degradation of nuclear hepatitis B virus cccDNA[END_REF].
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Table IV. Outcome of commonly used HBV therapies (adapted from Zoulim& Durantel,

2015).

IFN-treatment has been shown to induce activation of NK and NKT in patients [START_REF] Micco | Differential boosting of innate and adaptive antiviral responses during pegylated-interferonalpha therapy of chronic hepatitis B[END_REF], as well as the specific induction of CD8 + T cell [START_REF] Chen | Pegylated interferon -2b up-regulates specific CD8+ T cells in patients with chronic hepatitis B[END_REF]. However, another study has shown that IFN-treatment in HBeAg negative patients reduced strikingly the number of CD8 T cell [START_REF] Micco | Differential boosting of innate and adaptive antiviral responses during pegylated-interferonalpha therapy of chronic hepatitis B[END_REF]. Authors showed an increase in the total number of IFN-efficacy may be limited due to its depleting effect on CD8 + T cells.

DAAs currently used for CHB patients target the inhibition of HBV polymerase by mimicking natural nucleosides and by incorporating in newly synthesized HBV DNA or RNAs leading to chain termination [START_REF] Koumbi | Current and future antiviral drug therapies of hepatitis B chronic infection[END_REF]. This treatment lead to a very slow (up to decades) decrease in amounts of cccDNA (Werle-Lapostolle et al., 2004). Those molecules have been classified into 3 groups:

L-nucleoside such as Lamivudine (3TC) and telbivudine;

Acyclicphosphonate, including adefovir dipivoxil (ADF) and tenefovir disoproxil fumarate (TDF);

Cyclopentanes, represented by entecavir (ETV).

However, a long life treatment is mandatory to prevent HBV reactivation as interruption of treatment leads to relapses (return of detectable HBV DNA quantity in serum of patients with clinical exacerbation).
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Investigated drugs in development

Even with an effective vaccines to prevent HBV infection, and several treatment options to inhibit viral replication, one major challenge persists: total viral eradication and the rate of HBsAg seroconversion very low in treated patients [START_REF] Zeisel | Towards an HBV cure: state-of-the-art and unresolved questions--report of the ANRS workshop on HBV cure[END_REF].

Nowadays, the main focus of HBV drug development research is on the inhibition of cccDNA by i) preventing its formation and ii) promoting its degradation or silencing. The current drugs in development are (Table V):

Entry inhibition: Myrcludex® B can block interaction between HBV envelop and hNTCP, with an IC50 of 80 pM in vitro [START_REF] Schulze | Fine mapping of pre-S sequence requirements for hepatitis B virus large envelope protein-mediated receptor interaction[END_REF]. This molecule inhibits the establishment and spreading of HBV particles [START_REF] Lütgehetmann | Humanized chimeric uPA mouse model for the study of hepatitis B and D virus interactions and preclinical drug evaluation[END_REF][START_REF] Volz | The entry inhibitor Myrcludex-B efficiently blocks intrahepatic virus spreading in humanized mice previously infected with hepatitis B virus[END_REF]. Myrcludex® B is currently in phase II trial. Preliminary results show a decrease of HBV viremia at week 24 after initiation of treatment [START_REF] Bogomolov | A proof-of-concept Phase 2a clinical trial with HBV/HDV entry inhibitor Myrcludex B[END_REF].

cccDNA destabilization: Some molecules have been identified in pre-clinical studies to reduce the cccDNA pool. First, disusbtituted sulforamide compounds inhibit the formation of cccDNA in vitro [START_REF] Cai | Identification of disubstituted sulfonamide compounds as specific inhibitors of hepatitis B virus covalently closed circular DNA formation[END_REF]. Moreover, some enzymes and cytokines have been shown to induce non-cytolytic cccDNA degradation, such as zinc-finger nucleases and the CRISP/CAS9 system, and agonists of the lymphotoxin receptor [START_REF] Lucifora | Specific and nonhepatotoxic degradation of nuclear hepatitis B virus cccDNA[END_REF][START_REF] Weber | AAV-mediated delivery of zinc finger nucleases targeting hepatitis B virus inhibits active replication[END_REF].

Transcriptional repression: cccDNA is subject to epigenetic regulation. It is tempting to use compounds targeting chromatin-modifying enzymes to inhibit cccDNA transcriptional activity. Strategies can include inhibition of histones hypo-acetylation and induction of DNA, and specific histones methylation [START_REF] Levrero | Control of cccDNA function in hepatitis B virus infection[END_REF].

Encapsidation inhibition:

As discussed in the Hepatitis B chapter, HBV nucleocapsid is essential for viral replication. Indeed, in addition to being mandatory for virion secretion, encapsidation of pgRNA is essential for retro-transcription to rcDNA. Capsids modulators have been explored for more than a decade and 2 classes of molecule have been identified: Heteroaryldhydropyrimidines (HAP), which when used at low doses accelerate the assembly of capsid and formation of aberrant particles, whereas at higher doses HAP increase capsid degradation [START_REF] Bourne | Small-molecule effectors of hepatitis B virus capsid assembly give insight into virus life cycle[END_REF];

Phenylpropenamide derivatives, which target pgRNA encapsidation by promoting 

Viral assembly inhibition:

A new class of molecules has recently been developed: the nucleic acid polymers (NAP). NAPs inhibit HBsAg secretion and viral particle formation, in pre-clinical evaluations (Noordeen et al., 2013a(Noordeen et al., , 2013b)). In vitro, NAPs were shown to have an dose-dependent inhibition of viral entry whereas they did not elicit any antiviral effect after infection [START_REF] Guillot | Inhibition of hepatitis B viral entry by nucleic acid polymers in HepaRG cells and primary human hepatocytes[END_REF].

I Innate Immunity modulation: Therapeutic Insights The past and current clinical use of recombinant IFN-as an anti-HCV and anti-HBV drug is the best proof of concept that innate immune effectors can be therapeutically valuable, despite their intrinsic low safety profile. The treatment of CHB patients with Peg-IFN-leads to less than 10% of HBsAg loss (i.e., in a setting of trials; even less in real life), which is currently recognized as a good marker of a functional cure [START_REF] Konerman | Interferon Treatment for Hepatitis B[END_REF]. The reasons why some patients benefit from such a treatment are unclear. Besides virologic and biochemical reasons (i.e., pre-therapeutic viral load, viral genotype, level of pre-therapeutic inflammation), the genetics of the host is likely involved. It would be great to identify biomarkers associated with sustained virologic response (SVR) off-treatment to prevent the unnecessary exposure of CHB patients to Peg-IFN-, which is responsible for multiple side effects and is not well-tolerated (Table V) [START_REF] Konerman | Interferon Treatment for Hepatitis B[END_REF].

Virus-related mechanisms of resistance to IFN-at subcellular levels are currently unknown.

It could be that some viral proteins impair the Janus kinase/signal transducers and activators of transcription (JAK/STAT) pathway, as shown in vitro or in humanized liver mouse models [START_REF] Christen | Inhibition of alpha interferon signaling by hepatitis B virus[END_REF][START_REF] Lütgehetmann | Hepatitis B virus limits response of human hepatocytes to interferon-in chimeric mice[END_REF]. Recently, it was shown that IFN-could induce, by epigenetic remodelling, the silencing of cccDNA (i.e., inhibition of transcription (Belloni et al., 2012)), which may account for the antiviral effect of the drug in humans, and even in some circumstances, to its degradation via an APOBEC3A-dependent mechanism [START_REF] Lucifora | Specific and nonhepatotoxic degradation of nuclear hepatitis B virus cccDNA[END_REF].
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If IFN-administration is meant to boost immunity and help break tolerance to the virus, it has nevertheless been shown that a strong exposure to IFN-in CHB patients was associated with a NK/NKT-mediated increased killing of HBV-specific T-cells over-expressing the TNF-Related Apoptosis-Inducing Ligand (TRAIL) death receptor [START_REF] Micco | Differential boosting of innate and adaptive antiviral responses during pegylated-interferonalpha therapy of chronic hepatitis B[END_REF][START_REF] Penna | Peginterferon-does not improve early peripheral blood HBV-specific T-cell responses in HBeAg-negative chronic hepatitis[END_REF]. As the use of nucleoside analogs (NA) in CHB was associated with a restoration of T-cell functions [START_REF] Boni | Restored function of HBV-specific T cells after long-term effective therapy with nucleos(t)ide analogues[END_REF], there was a rationale for combining Peg-IFN-and a potent second generation NA [START_REF] Thimme | Dissecting the divergent effects of interferon-alpha on immune cells: time to rethink combination therapy in chronic hepatitis B?[END_REF].

The results of a large open-label active-controlled study aiming at determining the benefit of a combination between Peg-IFN-and Tenofovir, indeed showed that the long-term combination of these two drugs increases the HBsAg loss rate [START_REF] Marcellin | Combination of Tenofovir Disoproxil Fumarate and Peginterferon -2a Increases Loss of Hepatitis B Surface Antigen in Patients With Chronic Hepatitis B[END_REF] Beside IFN-, the use of the less toxic IFN-was also proposed to combat viral hepatitis.

Indeed, the pattern of expression of the IFN-receptor was more restricted to epithelial cells and fewer immune cells, and this IFN has been shown to induce less side effects, as compared to IFN-. In the clinical trial, it was recently shown that Peg-IFN-is as efficient as, but not superior to, Peg-IFN-for treatment [START_REF] Chan | Peginterferon lambda for the treatment of HBeAg-positive chronic hepatitis B: A randomized phase 2b study (LIRA-B)[END_REF]. If further development for CHB is unlikely, the clinical evaluation of Peg-IFN-is pursued in the context of co-infection with the hepatitis delta virus.

Recently, a large body of evidence has shown that many IFNs/cytokines, including IFN-, IFN-, IFN-, IFN-, IL-6, TNF-, and IL-1 were capable of inhibiting HBV replication in hepatocytes, in the absence of immune cells (Table V) (Isorce et al., 2015(Isorce et al., , 2016;;[START_REF] Lucifora | Specific and nonhepatotoxic degradation of nuclear hepatitis B virus cccDNA[END_REF][START_REF] Xia | Interferon-and Tumor Necrosis Factor-Produced by T Cells Reduce the HBV Persistence Form, cccDNA, Without Cytolysis[END_REF]. These innate effectors are capable of inhibiting the transcription of cccDNA (thought to be through distinct molecular mechanisms; unpublished data), and some of them are also capable of inducing the degradation of cccDNA in vitro, as initially shown with LT-R agonists, which were particularly potent in this respect [START_REF] Lucifora | Specific and nonhepatotoxic degradation of nuclear hepatitis B virus cccDNA[END_REF]. If the development of LT-R agonists (i.e., monoclonal antibodies and genetically engineered agonists) is going to be pursued, the use of injectable recombinant pro-inflammatory cytokines in humans, other than IFNs, is unlikely. A sound approach to take advantage of the direct antiviral characteristics of these molecules would be to allow their endogenous, local, and timely controlled de novo synthesis in CHB patients. For this, further fundamental studies are needed to determine, in particular, how HBV is capable of blocking their production and/or antiviral effect in vivo. In this respect, research aiming at a better understanding of the mechanism of the blockade of IL-1 production (IL-1 being the most active cytokines tested in vitro (Isorce et al., 2016)), by liver macrophages/monocytes is essential. Currently, no PRR agonists have been approved for the treatment of a chronic infection (Table V). Some PRR agonists are currently developed as adjuvant for prophylactic or therapeutic vaccinations in the field of infectiology and oncology. In the HBV field, the antiviral properties of TLR agonists have been described more than ten years ago in HBV-transgenic mice [START_REF] Isogawa | Toll-like receptor signaling inhibits hepatitis B virus replication in vivo[END_REF]. More recently, we reported another comparative screen of the in vitro activity of TLR and RLR agonists (Lucifora et al., 2015). In this latest screen, TLR2 and TLR3 ligands were shown to be of particular interest, as compared to TLR7 or TLR9 agonists for instance, as they could not only stimulate immune cells, but also have a direct effect in infected hepatocytes, through the activation of IRFs and/or NF B pathways. The TLR2 ligand Pam3CSK4 was found to be extremely potent (activity in the nM range) when used in primary hepatocytes (Lucifora et al., 2015), as compared to its reported efficacy in hepatoma cell models [START_REF] Zhang | Role of Toll-like receptor 2 in the immune response against hepadnaviral infection[END_REF].

Interestingly, it was shown in the woodchuck model that a treatment with NA leading to a decrease in Woodchuck hepatitis virus (WHV) viremia and was associated with a re-expression of TLR2 in the liver. Hence, a combination between the TLR2 agonist and NA, or other Direct-Acting-Agents (DAAs) developed against HBV, could be a way forward to circumvent the HBV-induced inhibition of TLR2 expression observed in CHB patients [START_REF] Durantel | Interplay between hepatitis B virus and TLR2-mediated innate immune responses: can restoration of TLR2 functions be a new therapeutic option?[END_REF]Visvanathan et al., 2007). An obstacle to the therapeutic development of TLR2 agonist vectorization of the TLR2 agonist into nanoparticles, which could be specifically delivered to the liver, could help circumvent this problem and would be useful to study.

TLR9 agonists have a theoretical interest as they are the only ones capable of inducing the formation of iMATEs in a mouse liver, which are a tertiary immune structure composed of myeloid cells providing a niche for the proliferation and maturation of T-cells (Huang et al., 2013a). Interestingly, the HBV genome contains CpG motifs that have been shown to be either inhibit or activate TLR9 (Vincent et al., 2011), thus suggesting that HBV could naturally modulate the TLR9 pathway. In this respect, it was also shown that TLR9 expression in the Peripheral Blood Mononuclear Cell (PBMC) of infected patients was reduced; the demonstration of this is pending in liver-derived mononuclear cells. This would have consequences on the use of the TLR9 agonist in therapy. However, TLR9 ligands have been successfully encapsulated into nanoparticles and have shown an improved efficacy in boosting prophylactic HBV immunization [START_REF] Lv | Nanoparticles encapsulating hepatitis B virus cytosine-phosphate-guanosine induce therapeutic immunity against HBV infection[END_REF]. This could be helpful to improve the efficacy of TLR9 agonists in vivo, as TLR9 agonists have so far been shown to be less active as compared to those of TLR2 or TLR7 in the woodchuck model [START_REF] Meng | Combination therapy including CpG oligodeoxynucleotides and entecavir induces early viral response and enhanced inhibition of viral replication in a woodchuck model of chronic hepadnaviral infection[END_REF]. Other PRR agonists, including those working through cGAS and STING [START_REF] Dansako | The cyclic GMP-AMP synthetase-STING signaling pathway is required for both the innate immune response against HBV and the suppression of HBV assembly[END_REF][START_REF] Guo | STING agonists induce an innate antiviral immune response against hepatitis B virus[END_REF][START_REF] He | Inhibition of hepatitis B virus replication by activation of the cGAS-STING pathway[END_REF], or those working through RIG-I/NOD2 [START_REF] Korolowicz | Antiviral Efficacy and Host Innate Immunity Associated with SB 9200 Treatment in the Woodchuck Model of Chronic Hepatitis B[END_REF], are being investigated for their potential anti-HBV properties.

The current clinical development of TLR7 agonists for CHB is more opportunistic than based on a demonstrated superiority of action on the virus. Indeed, amongst all PRR agonists, TLR7 ligands, which are small heterocyclic molecules, are the only ones to be deliverable orally, which is a tremendous advantage over other ligands. The best-characterized and advanced TLR7-L agonist is GS-9620. This agonist has demonstrated, in mono-therapy, an extremely potent anti-HBV activity in infected chimpanzees and woodchucks, with a very strong, yet unexpected, effect on the cccDNA level in the latter model (Lanford et al., 2013;Menne et al., 2015). These results have prompted phase-1b/2 clinical evaluations and official results regarding virologic aspects are awaited. One critical point is related to the doses that have been selected for administration; it is possible that they will end-up suboptimal, as safety was the main concern of these trials. Mechanistically, GS-9620 works by inducing the production of IFN-, mainly by pDC, or related mucosal cells, in the upper gut (Gane et al., 2015 Beside inspecific innate immune activation via immune-stimulators (IFN-or PRR agonist that was discussed above), one could envisage to specifically restore beneficial or inhibit detrimental innate immune cell functions (Table V). Myeloid cells endowed with M2-like functions, similar to those of TAMs, are likely to be involved in the persistence of HBV replication. In this respect, MDSC were clearly shown to be associated with a dampening of HBV-specific and bystander T-cell responses in CHB. The depletion (or re-differentiation into antiviral myeloid cells) of such cells or an inhibition of their functions could help to restore the immune function, particularly in low-inflammatory/immune tolerant patients with high viremia, no ALT elevation and, yet, a relevant number of HBV-specific T-cells (as compared to a later stage of the disease). This concept was exemplified by the use of anti-CSF-R1 antibodies to inhibit TAM function in cancer biology (Ries et al., 2014) and a similar strategy could be implemented by targeting a specific marker of MDSC. On the biochemical side, Tadalafil, a FDA-approved small molecule of the PDE5 inhibitor family, was shown to inhibit the suppressive functions of MDCS in cancer patients, notably by decreasing arginase expression [START_REF] Tobin | The clinical evidence for targeting human myeloidderived suppressor cells in cancer patients[END_REF]. As for other check-point inhibitors (Ipilimumab, Nivolumab, Pembrolizumab), the repositioning of these drugs to chronic infections is only a matter of time and carefully implemented clinical trials.

If the stimulation of immune cells capable of locally and temporally producing either IFN-(via pDC), IFNs-(via BDCA3 + cells) or IL-1 (via myeloid cells), which have direct anti-HBV properties (Isorce et al., 2015), which is a sound approach theoretically, and could be achieved for instance by PRR agonists, a cell-therapy based on pDC or BDCA3 + DC loaded with HBVderived peptides could also be an interesting approach. Indeed, these cells could both produce cytokines and elicit T-cell functions via their APC properties. A proof-of-concept study was recently reported in the context of HBV, by Martinet and colleagues (Martinet et al., 2012b).

C Chapter II: Research project 1. Hypothesis and objectives

As mentioned in the previous section, despite the existence of an effective prophylactic vaccine, HBV infection remains a major global health issue with more than 250 million infected patients having an increased risk of hepatic complications. Indeed, current available treatments, such as interferon and nucleoside analogues, do not eradicate completely the infection due to the persistence of cccDNA in the nucleus of infected hepatocytes and many infected patients are resistant to such therapies.

Several studies have shown that during the primary HBV infection, no activation of the h immune response is detected (Fletcher et al., 2012;Suslov et al., 2018;Wieland et al., 2004a).

This observation had led to the hypothesis that HBV is a stealth virus (i.e. a virus invisible to the immune system). In contrast, other studies have shown that HBV can be recognized by the innate immune system [START_REF] Boltjes | Monocytes from chronic HBV patients react in vitro to HBsAg and TLR by producing cytokines irrespective of stage of disease[END_REF][START_REF] Zhang | Role of Toll-like receptor 2 in the immune response against hepadnaviral infection[END_REF] but can block the induction of this immune response [START_REF] Christen | Inhibition of alpha interferon signaling by hepatitis B virus[END_REF][START_REF] Yu | HBV inhibits LPSinduced NLRP3 inflammasome activation and IL-1 production via suppressing the NF-B pathway and ROS production[END_REF] leading to the persistence of the infection.

Thus, the effect of HBV on innate immune responses remains unclear. The debate is further amplified by the models used for the study of the innate immune responses during HBV infection which could be suboptimal. Indeed, in vitro, the use of transformed cell lines, in which the innate immune responses is impaired (Luangsay et al., 2015a) The aim of the first study, by Luangsay, Gruffaz, et al (published in 2015), was to analyse if HBV infection in hepatocytes could modulate the induction of innate immune responses by PRR agonists.

The aim of the second study, by Gruffaz, Testoni, et al (in preparation), was to analyse if HBV could modulate the innate immune responses at early times points after the infection (i.e. minutes to hours), and which viral proteins were responsible for this effect.

The aim of the third study, by Zanetti et al (published in 2016), was to analyse the functionality of different inflammasomes in hepatocytes and Kupffer cells and the modulation by HBV of the induction of these inflammasomes.

The aim of the fourth study, by Faure-Dupuy et al (in preparation), was to analyse the effect of HBV on infiltrating and resident macrophage phenotypes and their activation and how the modulation of this phenotype influenced the establishment of the infection in primary human hepatocytes.

Finally, the aim of the fifth study, by Faure-Dupuy, Vegna, et al (submitted), was to perform a non-exhaustive analysis of the expression of PRR, and proteins involved in their signalling pathways in liver resident cells. This work was performed in order to have a better view of which cells could respond to which PRR agonists and, thus, which agonist could be used to develop new experimental strategies to treat HBV chronic infection. For the studies on hepatocytes, we used two types of in vitro models: primary human hepatocytes (PHH) which are isolated from liver resections (Figure 27) and the HepaRG cell line which have been previously shown to have a profile of expression of TLRs and RLRs closer to that seen in primary hepatocytes than that in transformed cell lines (Luangsay et al., 2015a).

Hepatocytes were exposed to different ligands of PRR after the infection to study the impact of HBV on the activation of innate immune responses or they were exposed to cytokines (recombinant or produced by macrophages) before and during the infection process to determine the impact of factors secreted by macrophages on the establishment of HBV infection.

To study the effect of HBV on macrophages phenotype and function, we used two types of in vitro models: total liver macrophages (i.e. liver resident M containing Kupffer cells and infiltrating macrophages) purified from liver resections (Figure 27) and blood monocytes purified from peripheral blood and differentiated in vitro into either M1-or M2-MDM (Figure 28). M were exposed to HBV during differentiation and/or activation and were stimulated with different ligands of TLRs to assess the effect of HBV on their phenotypes and secretions. Finally, to assess the expression of different PRR in the liver resident cells, PHH, hepatic stellate cells, liver M , and liver sinusoidal endothelial cells were purified from liver resections (Figure 27). The different cell types were either analysed without any further treatment (assessment of basal expression levels of the PRR and their signalling pathway) or stimulated with PRR ligands to assess their ability to respond to the different stimulated pathways.

3. First study
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Summary

Hepatitis B virus (HBV), as many other viruses, has evolved different strategies to evade immune responses to establish and maintain viral persistence. In particular, HBV does not seem to induce any measurable IFN and pro-inflammatory responses during acute infection.

The absence of innate immune response could be due to an impaired detection of HBV by the host innate sensors or could result from an active evasion via the prompt establishment of inhibitory mechanisms.

In a previous work, we showed that HBV virion could trigger a very early inhibition of the hepatocyte-mediated IFN response immediately after infection. Here, we demonstrate that HBV core protein (HBc) is the main viral component involved in this inhibitory process. After HBV entry and migration of nucleocapsids to the nuclear pore, HBc enters the nucleoplasm, where, after binding to target promoters, it impairs the activation of specific innate immunity gene expression upon dsRNA sensors engagement. The recruitment of EZH2 histone methyltransferase is responsible for the establishment of repressive epigenetic histone marks (H3K27) at specific ISG-related HBc-bound-promoters, affecting IFN gene response immediately after the onset of infection. This inhibitory mechanism is maintained during persistent infection thanks to the recycling of nucleocapsids to the nucleus. Interestingly, we also found that this inhibition is at work in non-parenchymal cells (Kupffer and liver endothelial sinusoidal cells) into which HBV does penetrate and deliver HBc to the nucleus compartment.

HBV has evolved a strategy to impair IFN response immediately after the onset of infection by using the incoming virion structural protein HBc to regulate gene expression by epigenetic mean.

Introduction

Around 250 million individuals are chronically infected with hepatotropic viruses (WHO), which represent, if left untreated, a high risk of developing liver cirrhosis and hepatocellular carcinoma [START_REF] Arzumanyan | Pathogenic mechanisms in HBV-and HCV-associated hepatocellular carcinoma[END_REF]El-Serag, 2012). Hepatitis B virus (HBV), a DNA virus belonging to the Hepadnaviridae family, is highly endemic in some area of the globe where parenteral transmission was until recently possible. The natural history of HBV infection is quite complex with distinct physiopathology and therapeutic stages. The natural course of HBV infection consists of four phases: i) the previously called immune-toleranc phase (IT), -the virus replicates at very high levels without immune control and apparent liver damage, ii) a chronic-active-hepatitis (CAH) phase, iii) an inactive-carrier phase, and iv) potential reactivation episodes [START_REF] Busch | Natural history of chronic hepatitis B virus infection[END_REF][START_REF] Fattovich | Natural history of chronic hepatitis B: special emphasis on disease progression and prognostic factors[END_REF][START_REF] Mcmahon | Natural history of chronic hepatitis B[END_REF].

To establish and maintain a chronic infection, HBV has evolved various strategies to evade the host innate and adaptive immune responses (Ait-Goughoulte et al., 2010;Bertoletti and Ferrari, 2012;[START_REF] Dandri | New insight in the pathobiology of hepatitis B virus infection[END_REF][START_REF] Ferrari | HBV and the immune response[END_REF][START_REF] Tan | Immune Response in Hepatitis B Virus Infection[END_REF]. Several HBV proteins, including those expressed within the infected hepatocytes (e.g. HBx, HBV polymerase) or the HBV antigens released in the bloodstream (i.e. HBsAg and HBeAg), have been shown or proposed to bear immune-modulatory functions within infected hepatocytes or the liver micro-environment, with subsequently a lack of immune cell cross-talk and antigen presentation, as well as a general HBV-specific T cell exhaustion (Ait-Goughoulte et al., 2010;Bertoletti and Ferrari, 2012;[START_REF] Dandri | New insight in the pathobiology of hepatitis B virus infection[END_REF][START_REF] Ferrari | HBV and the immune response[END_REF][START_REF] Tan | Immune Response in Hepatitis B Virus Infection[END_REF]. To restore/favour an immune control of the virus, virus-mediated inhibitory mechanisms would have to be defeated/unlocked in an interventional therapeutic perspective. To this end, a better knowledge of the underlying molecular mechanisms responsible for the blockade of host immune responses is crucial before envisaging such strategies.

The interferon response is a central component of host antiviral strategies (de Weerd and Nguyen, 2012; [START_REF] Randall | Interferons and viruses: an interplay between induction, signalling, antiviral responses and virus countermeasures[END_REF][START_REF] Wang | The yin and yang of viruses and interferons[END_REF]. This response, which involves the production of a wide range of IFNs (type-I, II and III), may occur within the infected cells or in the microenvironment by the activation of professional innate immune cells (i.e.

IPC; IFN producing cells such as pDC or mDC2-BDCA3+). This response is crucial to hold the early spreading of viruses, to reduce the intensity of their replication, to finely tune cellular innate response and to finally enable the orchestration of subsequent adaptive response. In turn, viruses, in particular those that progress to chronicity, have evolved many strategies to evade this IFN response to their own benefit [START_REF] Bowie | Viral evasion and subversion of pattern-recognition receptor signalling[END_REF][START_REF] Heim | Innate immunity and HCV[END_REF][START_REF] Manel | Hiding in plain sight: how HIV evades innate immune responses[END_REF][START_REF] Randall | Interferons and viruses: an interplay between induction, signalling, antiviral responses and virus countermeasures[END_REF]. In this respect, HBV is a peculiar virus, as, in contrast to HIV or HCV, it does not seem to induce a measurable systemic production of IFN neither in the early (Dunn et al., 2009;Stacey et al., 2009) nor in the late phase of human infection [START_REF] Rehermann | Immunological aspects of antiviral therapy of chronic hepatitis B virus and hepatitis C virus infections[END_REF]. If the results obtained with human samples are subjected to caution, because of the difficulty to get robust and homogeneous cohort of patients during the acute phase of infection, the experiments performed in self-resolving HBV-infected chimpanzees have suggested that innate immunity genes were not up-regulated in their liver when HBV viremia was exponentially rising (i.e. few weeks post infection) (Wieland et al., 2004). Since then, HBV was virus, which does not induce IFN response, likely due to a lack of detection or activation, by innate sensors (pattern recognition receptors; PRRs) (Wieland et al., 2005). Corroborating this, a close look at the viral life cycle indeed suggests that viral PAMPs (i.e. pathogen associated molecular patterns), in particular viral nucleic acids, are not highly exposed to PRRs (Seeger et al., 2015). However, a stealth virus can also be a virus that is able to actively inhibit nascent responses.

Substantiating this hypothesis, our recent work, performed in vitro in infected primary human hepatocytes (PHH) or closely related in HepaRG cells {Luangsay, 2015 #96}, has shown that HBV could be weakly detected by PRRs in hepatocytes; however, HBV was capable to actively and rapidly counteract nascent innate response. The inhibitory mechanism involved a viral component present in HBV virions, but was neither due to HBsAg nor HBeAg {Luangsay, 2015 #95}. The core protein (HBc) and HBV polymerase, with a stoichiometry of 240 unit to 1 in favour of HBc (Seeger et al., 2015), were potentially the two viral proteins composing the infectious virions that could mediate this inhibitory effect. In this respect, it was shown that over-expression of the viral polymerase could both inhibit RIGI/MDA5 and STING-mediated IFN-induction by either interfering with DDX3, a regulating component of the IRF3 kinase complex (Wang and Ryu, 2010) or the K63-linked ubiquitination of STING {Liu, 2015 #98}.

Other studies have also suggested, using a reporter gene and a non-physiologic expression system, that HBc could inhibit the expression of IFN-and MxA by directly interfering with their transcription [START_REF] Fernandez | Hepatitis B virus downregulates the human interferon-inducible MxA promoter through direct interaction of precore/core proteins[END_REF][START_REF] Rosmorduc | Inhibition of interferon-inducible MxA protein expression by hepatitis B virus capsid protein[END_REF][START_REF] Whitten | Identification of the hepatitis B virus factor that inhibits expression of the beta interferon gene[END_REF].

However, detailed mechanisms about this inhibition remained until now largely unknown.

The aim of this work was to identify the HBV-virion associated factor responsible for the early inhibition of IFN response we evidenced in a previous work {Luangsay, 2015 #95}, and to get more insights on the molecular underlying inhibitory mechanism. In this study, HBc was identified as the major viral determinant responsible for this inhibition. This is the first demonstration that a viral structural protein of HBV virions is able to modulate the host innate immune response by epigenetic regulation of type-I IFN gene expression, shortly after viral entry/penetration.

Results

Virion-associated HBc is the viral determinant involved in the early inhibition of hepatocyte IFN response

We recently reported that HBV could actively and promptly, i.e. within minutes/hours after the onset of infection, and in the absence of de novo viral synthesis, inhibit PRR agonistmediated IFN response in both differentiated HepaRG (dHepaRG) cells and primary human hepatocytes (Luangsay et al., 2015b). We extended these results by very early kinetic studies (Figures 1A and1B). Again, a strong and early inhibition of a dsRNA-mediated IFN response (i.e. prototypic type-I (IFN-), type-III (IL-29) IFN, as well as OAS-1 as a prototypic ISG) in HBVinfected PHH stimulated with poly(I:C) was observed as early as 2h post-HBV exposure, whereas a delayed inhibition, starting at 8h p.i., was observed for IL-6 (i.e. prototypic proinflammatory gene). Interestingly, we showed that a HBV virion/inoculum-associated factor was responsible for this very early inhibition, as the inhibitory phenotype was still maintained with UV-inactivated virus in HBV-infected dHepaRG (Figures 1B). Since HBsAg and HBeAg, the two secreted viral antigens present in the HBV inoculum, were previously ruled out as early negative regulator of IFN response (Luangsay et al., 2015b), we reasoned that HBc, the major protein composing viral nucleocapsid (240 units/capsid) within infectious particles, could be potentially responsible for this inhibition. To test this hypothesis, we exposed dHepaRG cells to standardized amounts (100 or 1000 vge/cell) of HBV complete inoculum (i.e. containing HBV virions and subviral particles (SVPs;

HBsAg and HBeAg)), non-enveloped nucleocapsids only (NCs, gradient-purified), or recombinant HBc (recHBc). To allow their cell penetration, NCs and recHBc, were delivered by lipo-transfection as previously reported [START_REF] Rabe | Lipid-mediated introduction of hepatitis B virus capsids into nonsusceptible cells allows highly efficient replication and facilitates the study of early infection events[END_REF]. Twenty four hours later, cells were stimulated by poly (I:C) for an additional 4h after washing the excess of viral inoculum, nucleocapsids or core proteins. Transfection of dHepaRG cells with complete HBV inoculum, as for that obtained with a conventional infection, could also lead to a significant inhibition of poly (I:C)-mediated induction of the expression of IFN-, IL-29, OAS-1, and IL-6 genes (Figures 1C and1D). Importantly, similar results were obtained with both transfected NCs and recHBc, with the exception that induction of IL-6 gene expression was not affected by these two forms of HBV core protein. This suggests that HBc per se is responsible for the specific inhibition of the IFN response, whereas a different type of inhibition of NF-B-mediated pro-inflammatory response by other HBV proteins could be at play (Luangsay et al., 2015b). or not with tetracycline (10 μg/mL) for 24h.

To further demonstrate the prominent role of HBc in the early inhibition of hepatocyte IFN response, we engineered an inducible HepaRG cell line expressing HBV core protein under the control of tetracycline (i.e.). Similar cell lines were also generated for HBs, HBe and HBx expression as well as a control cell line expressing the T7 polymerase protein (Figure S1). In HepaRG-TR-HBc cells, HBc was detected as early as 2 hours post-induction, was not secreted, reached a plateau of expression by 48-72 h post-induction, and was mainly localized within the nucleus of cells (Figure S2). Following HBc, HBs, HBe, or HBx mock-or tet-induction, cells were stimulated for 4h with TLR3-L to measure IFNgene expression, as well as IP10 and IL-6 secretion. Among the four inducible cell lines, only that expressing HBc showed a reduced induction of IFN-gene expression and IP10 secretion following stimulation, thus confirming that HBc is the main contributor to this inhibition (Figures 1E). Similar results were also obtained with other prototypic genes of the IFN response, and with a RIGI/MDA5 ligand (poly (I:C)-LMW-Lyovec) (Figure 1F), or using an IFN-luciferase reporter construct transfected in HBc-expressing cells (Figure 1G). These results corroborated with those obtained in dHepaRG cells exposed to purified HBV nucleocapsids or recHBc (Figures 1C and 1D 

Nuclear localization of HBc is required to efficiently impair dsRNA-mediated IFN response

It has been previously proposed that HBc could be mainly localized in the nucleus of hepatocytes in patients with high viremia (i.e. IT/low inflammatory phase or HBeAg+ patients in CAH phase), whereas a cytosolic or mixed subcellular localization was observed in patients well-advanced in CAH phase (HBeAg negative patients). This suggested that the nuclear localization of HBc could be associated with a high viremia and a poor/lack of immune response [START_REF] Akiba | Relationship between the replication of hepatitis B virus and the localization of virus nucleocapsid antigen (HBcAg) in hepatocytes[END_REF][START_REF] Chevallier-Queyron | Immunohistochemistry as a tool for chronic hepatitis diagnosis[END_REF][START_REF] Chu | Intrahepatic distribution of hepatitis B surface and core antigens in chronic hepatitis B virus infection. Hepatocyte with cytoplasmic/membranous hepatitis B core antigen as a possible target for immune hepatocytolysis[END_REF]. By performing ISH staining on liver biopsies from a cohort of 45 patients in CAH (18 HBeAgpositive and 27 HBeAg-negative patients), correlations between the viral load and percentage of hepatocytes positive for HBcAg in the nucleus (Figure S4A), and between HBeAg positivity and percentage of hepatocytes positive for HBcAg in the nucleus (Figure S4B) were found. Our results confirmed that high viremia seems to correlate with a higher localization of HBcAg within the nucleus of infected hepatocytes. To further investigate whether the nuclear localization of HBc could significantly impact on the hepatocyte innate immune responses in vitro, HepaRG-TR-HBc cells were treated, prior to tetracycline induction, with two different capsid assembly inhibitors, an heteroaryldihydropyrimidine (i.e. BAY41-4109) or a phenylpropenamide derivative (i.e. AT-130), which both impair nucleocapsid assembly [START_REF] Deres | Inhibition of hepatitis B virus replication by drug-induced depletion of nucleocapsids[END_REF][START_REF] Feld | The phenylpropenamide derivative AT-130 blocks HBV replication at the level of viral RNA packaging[END_REF]. These two treatments, which could prevent both HBc trafficking and translocation into the nucleus (Figure 2A and 2B), reverted the phenotype of HBc-mediated inhibition of expression of IFN-, IL-29, OAS-1 genes (Figure 2C). These results suggest a correlation between the nuclear localization of HBc and the inhibition of IFN and ISG gene expressions upon engagement of TLR3 or RIGI/MDA5 signaling pathway.

Upon HBV infection, HBc can rapidly interact with hepatocyte innate gene promoters to control IFN response

In conditions of overexpression of HBc in hepatoma cells, it has been suggested that HBc could interact with host promoters to regulate gene expression. For instance, IFNand MX-A promoters were shown to be repressed by HBc [START_REF] Rosmorduc | Inhibition of interferon-inducible MxA protein expression by hepatitis B virus capsid protein[END_REF][START_REF] Whitten | Identification of the hepatitis B virus factor that inhibits expression of the beta interferon gene[END_REF], whereas HBc was shown to directly bind to ISRE-containing DNA in EMSA experiments [START_REF] Fernandez | Hepatitis B virus downregulates the human interferon-inducible MxA promoter through direct interaction of precore/core proteins[END_REF]. More recently, using liver biopsies from HBV-infected patients and chromatin immunoprecipitation (ChIP) microarrays, it was also shown that HBc could bind in vivo to a broad spectrum of CpG rich human gene promoters and potentially modulate their expression, even though functional analyses to validate the results were only performed in vitro with few genes [START_REF] Guo | Hepatitis B viral core protein disrupts human host gene expression by binding to promoter regions[END_REF].

To determine whether HBc could interact with our studied gene promoters, we performed ChIP-qPCR experiments on tet-induced dHepaRG-TR-HBc cells using an anti-HBc Ab (and control Ab) and primers specific for IFN-, IL-29, OAS-1 and IL-6 promoters, or control gene promoters (i.e. HKG, GAPDH, or DHFR). HBc was found to interact with IFN-, IL-29 and OAS-1 promoters, but not with IL-6 one, as early as 4 hours post-induction (Figure 3A). Interestingly, the blockade of the nuclear localization of HBc by capsid assembly inhibitor treatments that prevent HBc entry into the nucleus resulted in a marked decrease of the interaction between HBc and gene promoters in HBc-expressing cells (Figure 3B). and OAS-1 promoters was evidenced, whereas no binding to IL6 one at any of the time points was observed (Figure 3C). These results are consistent with the observation that IFN-, IL-29

and OAS-1 gene expressions were inhibited by HBc, while the expression of IL6 was not (Figure 1A). Of note, the binding of HBc was long lasting, as at dayon promoters. Importantly, no binding of HBc on IL-6 promoter was again observed, thus confirming that HBc did not regulate IL-6 transcription in our experimental conditions. We previously showed a correlation between HBc nuclear localization and gene expression modulation. To support this observation, we used short-term and non-cytotoxic treatment with nocodazole, which inhibits trafficking and translocation of HBc to nucleus [START_REF] Rabe | Lipid-mediated introduction of hepatitis B virus capsids into nonsusceptible cells allows highly efficient replication and facilitates the study of early infection events[END_REF], and in turn prevents the binding of HBc to target promoters evidenced by ChIP-qPCR experiment (Figure 3D). Altogether, our results suggest that in the very early phase of infection, could, after trafficking through the cytosol and translocation into the nucleus, negatively modulate the IFN response by binding to the promoters of some innate genes and, thereby, interfering with their expression.

HBc induces the recruitment on target genes of EZH2, a histone methyl-transferase involved in the establishment of repressive epigenetic marks

Several viruses were shown to manipulate the epigenetic state of the host genome notably by modifying the histone methylation status [START_REF] Berger | The complex language of chromatin regulation during transcription[END_REF][START_REF] Ferrari | Reorganization of the host epigenome by a viral oncogene[END_REF][START_REF] Fonseca | Adenovirus evasion of interferon-mediated innate immunity by direct antagonism of a cellular histone posttranslational modification[END_REF][START_REF] Niller | Epigenetic dysregulation of the host cell genome in Epstein-Barr virus-associated neoplasia[END_REF]. We postulated that HBc-mediated repression of innate genes could be due to its binding to targeted promoters and further epigenetic modulations. To demonstrate this, we performed ChIP studies on HBc-expressing cells using antibodies directed either against hyper-methylated or acetylated histone H3 or against EZH2, a methyltransferase involved in histone H3 methylation at position K27 [START_REF] Czermin | Drosophila enhancer of Zeste/ESC complexes have a histone H3 methyltransferase activity that marks chromosomal Polycomb sites[END_REF][START_REF] Wu | Histone methyltransferase G9a contributes to H3K27 methylation in vivo[END_REF]. Results showed significant enrichment of the repressive H3K27me3 mark on IFN-, IL-29 and OAS-1 promoters, as early as 4h post-HBc expression (Figure 4A). Mirroring the pattern of HBc expression after tet-induction and defining a dose response, the enrichment of this repressive mark further increased at 24h and 48h post-induction, while an active mark (H3K27Ac) remained low throughout the kinetic. Confirming this result, we also found EZH2, which contributes to the establishment of the H3K27me3 modification, on HBc-regulated promoters (Figure 4A). ChIP experiments were also performed on HBV-infected PHH at 24h post-infection and showed a concomitant occupation of IFN-, IL-29, and OAS-1 promoters by HBc, EZH2, and K27me3 histone H3, while no active marks (H3K27Ac and H3K4me3) were found (Figure 4B).

This result is consistent with the fact that the binding of HBc to specific innate gene promoters could result in a direct or indirect recruitment of EZH2, which in turn contributed to the establishment of epigenetic repressive marks by tri-methylation of H3 at position K27.

Therefore, these results strongly suggest that the inhibition of IFN response is due to a very early epigenetic reprogramming of innate immunity genes caused by the active transport into the nucleus and binding of incoming HBc to their promoters. In order to determine whether HBc could be directly responsible for the recruitment of EZH2 on target promoters, we attempted to co-immunoprecipitate HBc and EZH2 using specific antibodies, but failed to detect interaction between these proteins in HepaRG-TR-HBc cell lines, as well as in HBV-infected PHH. We also analyzed the effect of HBV infection on EZH2 expression. In both HBV-infected PHH (Figure 5A-5C) and dHepaRG (Figures 5D and5E), we found an increased expression of EZH2, as compared to kinetically-paired and non-infected hepatocyte. It is worth noting that the weak/lack of HBc detection in HepaRG cells is due to very low level of HBV replication in this model as compared to PHH.

expressing HepaRG cells (Figure S2) and in liver biopsies of chronically HBV infected patients during the immune-tolerance phase [START_REF] Akiba | Relationship between the replication of hepatitis B virus and the localization of virus nucleocapsid antigen (HBcAg) in hepatocytes[END_REF][START_REF] Chevallier-Queyron | Immunohistochemistry as a tool for chronic hepatitis diagnosis[END_REF][START_REF] Chu | Intrahepatic distribution of hepatitis B surface and core antigens in chronic hepatitis B virus infection. Hepatocyte with cytoplasmic/membranous hepatitis B core antigen as a possible target for immune hepatocytolysis[END_REF]. Then, ChIP experiments were performed in the liver of these chronically HBV-infected mice to measure HBc binding to innate gene promoters, as well as the association of EZH2 and related epigenetic marks (Figure 6). Results showed that these highly HBV replicative mice featured concomitant similar enrichment to IFN-related gene promoters for HBc, EZH2 and the repressive H3K27me3 mark, whereas active marks (H3K27Ac and H3K4me3) were not changed. In addition, in these mice the epigenetic profile was associated with a low expression of innate genes (Figure S6A The percentage of input enrichment was normalized to the non-infected mice. All results are represented as the mean ± SEM of 3 independent experiments performed with 3 independent extraction of the same liver samples.

Capsid assembly inhibitors increase the anti-HBV effect of an IFN-response inducer

As HBc interfere with the dsRNA-mediated induction of IFN response, we wondered whether administration of capsid assembly inhibitors, interfering with HBc localization in infected hepatocyte prior to dsRNA receptor stimulation, could potentiate IFN-mediated antiviral effect. To this end, we used the active enantiomer of BAY41-4109 [START_REF] Deres | Inhibition of hepatitis B virus replication by drug-induced depletion of nucleocapsids[END_REF], which is capable to block trafficking of HBc to nucleus in our models (Figure S7) and has an efficient concentration 50% (EC50) of around 320 nM (see panel CII of Figure 7). Persistently HBV-infected dHepaRG cells were treated twice (at day-7 and 10 p. All results are represented as the mean ± SEM of 3 independent experiments. On panels (Ci and Cii), the same data as in (B) were re-analyzed in order to standardized in a reciprocal manner to 100% for the no drug condition of a given drug while the other is varying in concentration. This could enable the visualization of EC50 that were 50 is given at the top of the graph.

HBc can also inhibit dsRNA-mediated IFN response in non-parenchymal cells exposed to HBV

So far we have shown that HBc is capable to inhibit IFN response in HBV-infected hepatocytes (i.e. liver parenchymal cells). But other cells can be exposed to the virus in the liver, including liver-resident macrophages (i.e. Kupffer cells) and liver endothelial sinusoidal cells (LSEC), the two main scavenger cell types that are also involved in foreign antigen presentation and have innate immune functions in the liver (Crispe, 2011;[START_REF] Knolle | Staying local antigen presentation in the liver[END_REF].

Moreover, both cell types could also contribute to the active delivery of HBV (or related virus)

to hepatocytes by transcytosis mechanisms (Breiner et al., 2001b) (Esser et al., unpublished data), thus suggesting that HBV could penetrate into and deliver HBc to the nucleus of these cells, without replicating in them. To check whether HBV and HBc could also inhibit dsRNAmediated IFN response in these cell types, we used purified KC from human liver resections, as previously reported (Zannetti et al., 2016), and an immortalized LSEC cell line we previously generated (called iLSEC here) (Parent et al., 2014), exposed them for 24h to 1000 vge/cell of HBV or 500 pg/cell (i.e. equivalent of 1000 vge/cell) of recombinant HBc, then stimulated them with poly(I:C) for 4h. An immunostaining with an anti-HBc at 24h post exposition to HBV (1000 vge/cell) is shown to evidence viral penetration into iLSEC cells (Figure 8A); auto fluorescence of KC did not allow to generate such data in this cell type. A significant reduction of the induction of IFN-, OAS-1, and IL-6 was observed in both cell types with HBV, whereas HBc was only able to inhibit induction of IFN-and OAS-1 (Figure 8B andC), which is consistent with results obtained in hepatocytes (Figure 1). ChIP experiments were also performed on HBV-exposed iLSEC and KC to measure HBc binding to innate gene promoters. As previously shown in infected hepatocytes or in the liver of infected mice, HBc was found on IFN-and OAS-1 promoters, and not on IL-6 one in both cell types (Figure 8D). 

Discussion

Neither acute human (Dunn et al., 2009;Stacey et al., 2009) or chimpanzee (Wieland et al., 2004) HBV infections, nor chronic HBV infections (Tan et al., 2010) are accompanied by the production of IFN in the bloodstream of patients and the induction of innate immunity gene expression in the liver. This is in sharp contrast with chronic HCV or HIV infections, in which some interferon-stimulated genes are up-regulated and an uncontrolled IFN response could contribute to immune-pathogenesis {Heim, 2014 #90;Doyle, 2015 #89}.

As for others viruses [START_REF] Bowie | Viral evasion and subversion of pattern-recognition receptor signalling[END_REF][START_REF] Heim | Innate immunity and HCV[END_REF][START_REF] Manel | Hiding in plain sight: how HIV evades innate immune responses[END_REF][START_REF] Randall | Interferons and viruses: an interplay between induction, signalling, antiviral responses and virus countermeasures[END_REF], HBV has likely evolved mechanisms to prevent and/or escape IFN response. Using rather non-physiological cell culture models and levels of viral protein expression, several groups have pointed out the role of HBx, HBV polymerase, and HBc as potential intracellular regulator of the induction of the expression of type-I IFN (Jiang and Tang, 2010;Wang and Ryu, 2010;Wang et al., 2010;Wei et al., 2010;Wu et al., 2007b;Yu et al., 2010). Moreover secreted HBV proteins, i.e. HBsAg and HBeAg, were also shown to inhibit

TLRs-mediated innate immune responses, yet by an ill-defined mechanism (Wu et al., 2007a;Wu et al., 2009). In this study, using more relevant models, i.e. proper infection of primary human hepatocytes (PHH) or closely related cells (dHepaRG), we demonstrate that HBc is a key very early negative regulator of the IFN response. Indeed, we have shown that the HBc protein nucleocapsids (NCs) through the cytosol and translocation of HBc into the nucleus, where it is able to transcriptionally repress IFN-response gene expression. In a previous study, using mainly HepaRG cells, we previously showed (Luangsay et al., 2015b), and we confirmed here using PHH, that this inhibition could be seen as early as 2 hours after the onset of infection, and showed that HBc can be found on the promoter of target genes after only 4h of exposure.

Others have found that, after experimental lipo-transfection of NCs to cells, the delivery of HBV genomic DNA into the nucleus takes only few minutes [START_REF] Rabe | Lipid-mediated introduction of hepatitis B virus capsids into nonsusceptible cells allows highly efficient replication and facilitates the study of early infection events[END_REF], thus confirming that HBc can be rapidly found in the nucleus of neo-infected cells, where it can play its immune-modulatory role.

HBc is capable to bind to dsDNA, including cccDNA as well as host genes (Bock et al., 2001;[START_REF] Guo | Hepatitis B viral core protein disrupts human host gene expression by binding to promoter regions[END_REF], and it likely does it via the same domain required for RNA binding, which is a protamine like domain found in mammalian DNA binding protein located at the C-terminus of the protein (Seeger et al., 2015;[START_REF] Zheng | The structure of hepadnaviral core antigens. Identification of free thiols and determination of the disulfide bonding pattern[END_REF]. The biophysical aspect of this

interaction is yet to be defined, but could involve a dimeric forms of the protein. It is worth noting that all the promoters of targeted genes contained ISRE motifs. EMSA experiment also showed that HBc could bind to ISRE-containing dsDNA [START_REF] Fernandez | Hepatitis B virus downregulates the human interferon-inducible MxA promoter through direct interaction of precore/core proteins[END_REF].

The early action of HBc could explain why a nascent innate response, as evidenced previously (Luangsay et al., 2015b), could be stopped and why no IFN would not be produced upon infection. We have also shown that when HBV life cycle is launched via a baculoviral vector, therefore in the absence of HBc during inoculation, a strong interferon response, accompanied by eradication of infection, could be observed {Lucifora, 2010 #91}. Altogether detection, but rather because of a very early inhibition of innate immune responses. Such an early inhibition of innate immune responses via a structural protein embarked into virions and readily mobilized into the newly penetrated cells has been shown, to our knowledge, only in the case of the tegument protein (ORF52) of KHSV. This protein was indeed very recently shown to prevent cGAS DNA sensing just after entry of virions within cells, and in the absence of viral replication and protein neo-synthesis [START_REF] Wu | Inhibition of cGAS DNA Sensing by a Herpesvirus Virion Protein[END_REF].

In the nucleus of newly infected cells, we have shown that HBc binds to promoters of IFN response genes, and somehow induce the recruitment of the histone methyl-transferase EZH2, which is in turn responsible for the establishment of the H3K27me3 repressive mark, leading to the impairment of their inducibility upon dsRNA sensors stimulation. The binding of HBc to IFN response gene promoters was also found in liver-humanized HBV-infected FRG mice, thus suggesting that this early-established mechanism, set with incoming HBc, would also at work in persistent infections. The accumulation of HBc within nucleus is possible throughout the life cycle of the virus thanks to the recycling of neo-synthesized nucleocapsid to nucleus in infected cells. In chronically infected patients, HBc was also found in the nucleus of hepatocytes [START_REF] Akiba | Relationship between the replication of hepatitis B virus and the localization of virus nucleocapsid antigen (HBcAg) in hepatocytes[END_REF][START_REF] Chevallier-Queyron | Immunohistochemistry as a tool for chronic hepatitis diagnosis[END_REF][START_REF] Chu | Intrahepatic distribution of hepatitis B surface and core antigens in chronic hepatitis B virus infection. Hepatocyte with cytoplasmic/membranous hepatitis B core antigen as a possible target for immune hepatocytolysis[END_REF][START_REF] Nakayama | Role of histone H3 lysine 9 methylation in epigenetic control of heterochromatin assembly[END_REF][START_REF] Ng | Dynamic protein methylation in chromatin biology[END_REF], in particular in patients who are in the high-replicative, low-inflammatory phase. Here, we show immune-staining data that further support the idea of a correlation between high viremia and nuclear localization of HBc in the liver of patients.

The correlation between the nuclear localization of HBc and the low-inflammatory phase might be explained, at least in part, by the inhibitory mechanism we described here.

As we have shown that the virus does not need to replicate to deliver HBc to the nucleus of hepatocytes, HBc could be delivered in other cell types to set similar inhibitory effect.

Indeed in the immune tolerance phase, a high amount of infectious particles, containing HBc, circulates in the blood of patients (between 10 7 and 10 10 HBV-genome-copies/mL) (Seeger et al., 2015), and this concentration may be even higher in the liver microenvironment, thus potentially out numbering liver cells. It has been suggested that HBV could penetrate into LSEC (liver sinusoidal endothelial cells) (Breiner et al., 2001a), Kupffer cells [START_REF] Esser | Hepatitis B virus hijacks neutral lipid transport to target the liver and infect hepatocytes[END_REF], and pDC (Vincent et al., 2011), which are three important cell types to mount an efficient innate response. Our data suggest that indeed HBc could be delivered to the nucleus of primary KC and immortalized LSEC, and lead to impairment of IFN gene expression. Therefore, the new concept of IFN response inhibition we described for hepatocytes may also be valid for many other non-parenchymal and/or liver resident immune cells.

Finally, we have shown that prevention of the migration of HBc to the nucleus with nocodazole or CpAMs, restore the IFN response to dsRNA ligands. Does this mean that core assembly modulators could be used in vivo to restore immune function in infected hepatocytes and help reinforced immune response against the virus? As HBc possesses both nuclear localization (NLS) and export (NES) sequences (Li et al., 2010), as it has been proposed that the pool of nuclear cccDNA could be constantly replenished by NCs recycling (Seeger et al., 2015), and despite its long-half life in the nucleus (our data not shown), it is tempting to speculate that a long-term treatment with core inhibitors could lead to such a purge. To substantiate this hypothesis, we have finally shown in this study that a capsid assembly inhibitor, leading to nuclear HBc removal (or aggregation), could potentiate the anti-HBV effect of a TLR3-L.

Many core/capsid inhibitors, also called CpAM (core protein allosteric inhibitor) [START_REF] Zlotnick | Core protein: A pleiotropic keystone in the HBV lifecycle[END_REF] inhibition of the packaging of HBV pregenomic RNA and subsequent inhibition of capsid reverse transcription, CpAMs could also have additional antiviral effect due to their impact on HBc nuclear function, and should therefore be also selected on this criteria. Our results

suggest that CpAMs could be favorably combined to immune stimulators to obtain a greater anti-HBV effect. Among immune-stimulator in current clinical evaluation is the TLR7 agonist GS-9620, which has shown very interesting antiviral effect, leading in particular to the degradation of cccDNA in animal models (Lanford et al., 2013;Menne et al., 2015). As TLR7 is not expressed in infected human hepatocytes (Luangsay et al., 2015a), and TLR7-L likely acts via pDC-expressed IFN-, it would be of interest to develop PRR agonist that could both stimulate innate cells and induce expression of IFN-and related ISGs within infected hepatocytes. In this respect, our study makes a case for a combinatory approach with CpAMs and PRR agonists in order to progress toward the rupture of tolerance to HBV. HBc; [START_REF] Petit | HBc and HBe antigenicity and DNA-binding activity of major core protein P22 in hepatitis B virus core particles isolated from the cytoplasm of human liver cells[END_REF]). A polyclonal rabbit anti-HBc from Dako, as well as a monoclonal from Abcam (Clone C1) were used for immunostainings and Western blots.

Material and Methods

Antibodies

Production of HBV inoculums, Dane particles and non-enveloped HBV nucleocapsids.

HBV viral stocks were prepared and tittered as previously reported (Luangsay et al., 2015b). Nonenveloped nucleocapsids (density of 1.25 g/mL) were purified from NP40-treated HepG2.2.15.

supernatant and characterized, as previously reported [START_REF] Rabe | Lipid-mediated introduction of hepatitis B virus capsids into nonsusceptible cells allows highly efficient replication and facilitates the study of early infection events[END_REF]Luangsay et al., 2015b). All preparations were tested for the absence of endotoxin (Lonza Verviers, Belgium).

Pichia pastoris, GMP-produced recombinant HBc (VTI610) was purchased from Meridian Life Science. To standardize the various inocula, the same quantity of HBc was used, and a dose of 100 vge/cell for a full HBV inoculum corresponded to 50 pg of HBc/cell.

Isolation of primary human cells and cell line culture conditions. Primary human hepatocytes

(PHHs) and Kupffer cells were prepared from surgical liver resections after informed consent of patients (kindly provided by Pr. Rivoire (CLB, Lyon)) as previously described (Lecluyse and Alexandre, 2010;Zannetti et al., 2016) supplemented with 1.8 % of DMSO for PHH, and complete RPMI medium for KC. The human liver progenitor HepaRG cells (Gripon et al., 2002) were cultured and infected as previously described (Luangsay et al., 2015a;Luangsay et al., 2015b). Immortalized liver endothelial sinusoidal cells TRP3/iLSEC cells were cultured as previously reported. (Parent et al., 2014). 

Generation of HBV core and other HBV protein-expressing

HBV infection and lipo-transfection of recombinant HBcAg and non-enveloped

nucleocapsids. Differentiated HepaRG cells and PHH were infected with HBV or its control mock (deplete medium supplemented with 4% PEG-8000 at 37°C as previously described [START_REF] Hantz | Persistence of the hepatitis B virus covalently closed circular DNA in HepaRG human hepatocyte-like cells[END_REF].

Recombinant HBcAg and non-enveloped nucleocapsids were lipo-transfected into HepaRG instructions (Thermo Scientific).

Humanized FRG mouse model and HBV infection.

All animal studies were reviewed and approved by a local ethical comity. The highly immunosuppressed FRG mice (Fah -/-/Rag2 -/- /Il2rg -/-), deficient for T-, B-and NK-cells were used [START_REF] Azuma | Robust expansion of human hepatocytes in Fah-/-/Rag2-/-/Il2rg-/-mice[END_REF] and maintained in a specific pathogen-free facility. High quality, cryopreserved human hepatocytes were purchased (BD, Biosciences) and injected via an intra-splenic route into 2 to 3 month old mice as described previously. Liver humanized Fah -/-/Rag2 -/-/Il2rg -/-mice featuring a seric production of human albumin of at least 5mg/mL were infected with 200 l of HBV inoculums (1.10 8 veg to 1.10 9 veg in PBS) via intra-peritoneal route [START_REF] Bissig | Human liver chimeric mice provide a model for hepatitis B and C virus infection and treatment[END_REF]. Serum was harvested every week by retro-orbital bleeding and stored at -80°C in aliquots for further antigenemia and viremia analysis. Mice were sacrificed 9 weeks post-infection and hepatic tissues were processed for RT-qPCR and ChIP analysis or fixed in formalin and embedded in paraffin for immune-staining.

PRRs stimulation. Cells were stimulated with TLR or RLR agonists and harvested for the analysis of the innate gene expression (after 4h) and cytokines production (after 6h). TRL and RLR agonist were: TLR1/2 (Pam3CSK4, 0.8 μg/ml), TLR3 (Poly (I:C)-LMH, 10 μg/ml), TLR4 (LPS, 0.4μg/ml), TLR5 (Flagellin, 0.1 μg/ml), TLR6 (FSL-1, 0.1 μg/ml), TLR7/8 (ssRNA40, 10 μg/ml), RIGI/MDA5 (Poly (I:C)-LMH-Lyovec 0.2 μg/ml).

RNA extraction and qRT-PCR.

Total RNA were purified with the Nucleospin RNA II kit according transcription using the Superscript® III Reverse Transcriptase (Life technologies) and qPCR was performed using the Express SYBR GreenER qPCR Supermix Universal according to the relative mRNA expression was analyzed with q-base software (Biogazelle, Belgium) using the comparative cycle threshold (2 -Ct ) method with 2 housekeeping genes (RPLP0 and -Actin).

The relative HBV mRNA level was quantified using the same primer pairs used for the HBV PCR quantification. The sequences of primer pairs were listed on Table 1. Extraction Reagents (Thermo Scientific) for nuclear and cytosolic proteins separation. All lysis buffers were complemented with inhibitor cocktail of proteases (Complete EDTA-free tablets, Roche). Extracted proteins were separated electrophoretically on a 10% SDS-PAGE gel and --ECL membranes (Amersham, biosciences). Membranes were blocked with 5% non-fat milk in PBS 0,1% Tween for 1 hr. at RT. Polyclonal rabbit anti-HBc [START_REF] Petit | HBc and HBe antigenicity and DNA-binding activity of major core protein P22 in hepatitis B virus core particles isolated from the cytoplasm of human liver cells[END_REF], anti-actin (13E5, Cell Signaling), anti-tubulin (MAB3408, Millipore)

Table 1. Primer pairs for RT-qPCR

GENE

and anti-PARP (Zymed, Invitrogen) antibodies were applied overnight at 4°C under gentle agitation. After washing, HRP conjugated secondary antibodies from Sigma Blots were applied. After extensive washing, blots were revealed using the SuperSignal West Pico Chemiluminescent substrate (Thermo Scientific). 

ELISA. Commercial immunoassay kits for

Table 2. Primer pairs for ChIP-qPCR

GENE --

GAPDHp

CTTCTCCCCATTCCGTCTTC CCCCAGCTACAGAAAGGTCA

IFN-CTTTCGAAGCCTTTGCTCTG CAGGAGAGCAATTTGGAGGA

IL-29p

GCCCAGGGAGTTCTAAGGAT CTGATGAGGGAACAGGTGTG

OAS-1p TGAAATTCAGCACTG GGATCAC GGAGGAGCTGTCTTTGCACTT

IL-6p

GCCCAGGGAGTTCTAAGGAT CTGATGAGGGAACAGGTGTG Statistical analysis. Statistical analysis was performed by two-way ANOVA, non-parametric Mann-Whitney, or t-tests using the GraphPad Prism software. For all tests, p-<0.01 (**), and <0.001 (***) were considered as significant.

5. Third study

Characterization of the Inflammasome in Human Kupffer Cells in

Response to Synthetic Agonists and Pathogens

Claudia Zanneti 1 , Guillaume Roblot 2016). Current treatments of CHB patients, mainly based on nucleos(t)ide analogues, induce a virosuppression, but do not allow virus elimination from the liver (1). The persistence of HBV replication in CHB patients increases their risk of developing cirrhosis and hepatocellular carcinoma (2). New treatments are needed to eliminate HBV infection in these patients.

HBV is a small DNA virus that persists as a covalently-closed-circular DNA (cccDNA) within the nucleus of liver parenchymal cells (hepatocytes). Viral RNAs, including mRNAs and the pregenomic RNA (pgRNA) are transcribed from the cccDNA. PgRNA is encapsidated within the cytoplasm and converted into relaxed-circular DNA (rcDNA) by an HBV polymerase-mediated reverse-transcription step. Different viral products circulate in the blood of infected patients including HBe antigens (HBeAg), Dane particles (infectious particles) and empty (i.e., nucleocapsid free) enveloped subviral particles (SVPs). The latter two have envelope proteins at their surface and are indistinctly detected as HBs antigens (HBsAg) (1). SVPs, which are produced in large excess compared to virions, are thought to play an important role in terms of immune subversion (3).

Several cytokines have been shown to induce a strong and direct antiviral effect on established HBV infections in hepatocytes (4 6), with IL--inflammatory cytokine produced upon inflammasomes induction (7). In the liver, it is mostly produced by macrophages since hepatocytes do not possess functional inflammasomes (8,9).

Liver resident macrophages named Kupffer cells (KC) represent 80% of the macrophages count in the body at steady state (10). They are specialized in the detection of pathogens coming from the enteric circulations, as well as in the elimination of aging blood cells, through their high phagocytic capacity (10). Upon inflammation, monocytes from the blood circulation can be recruited in the liver and differentiate into macrophages that are called monocyte-derivedmacrophages (MDM) (11). KC and MDM have different embryonic origin and function (12). In vivo, a wide range of different phenotype of macrophages exists depending on their origin, localization, and their micro-environment (13). Inflammatory macrophages, commonly called M1, secrete pro-inflammatory cytokines such as IL-6, IL--12, and TNFmacrophages have a broken Krebs cycle characterised by the accumulation of citrate, that induce the expression of the inducible nitric oxide synthase (iNOS), and the accumulation of are implicated in inflammation and the elimination of pathogens (13). Anti-inflammatory macrophages, commonly called M2, secrete anti-inflammatory cytokines, such as IL-10 and receptor CD163 (13). M2 macrophages are implicated in the resolution of the inflammation and in tolerance mechanisms (13). M2 macrophages are also found in tumour microenvironment and are called tumour associated macrophages (TAM) (15).

Several studies showed that HBV can influence macrophages ( 16), but few have been performed using resident or infiltrating primary human cells. Using highly relevant models, our aim was to further characterize the interplay between HBV and liver macrophages in order to determine their roles in the establishment of HBV infection in hepatocytes. Ex vivo and in vitro experiments were mainly performed; these approaches were possible because the modification of macrophage phenotype was readily measurable and could be recapitulated upon relatively short exposure with HBV.

Results

HBV affect liver macrophages (liver M ) phenotype in CHB patients. To initiate our analysis using human samples, we used liver biopsies from a cohort of 24 HBV patients and 31 control patients with different aetiologies (Table S1) to analyse the levels of livers mRNAs from two pro-inflammatory cytokines (IL-6 and IL--inflammatory cytokines (IL-10 and VEGF). No correlation was found between the levels of these mRNAs and the levels of HBV mRNAs (data not shown), but the levels of liver IL-6 and ILfound to be significantly lower in HBV patients compared to controls (Figure 1A). Although not significant, we also observed a slight increase in the levels of liver IL-10 mRNA in HBV patients compared to controls, but no difference in the levels of VEGF mRNA (Figure 1A). Second, to assess the consequences of HBV infection on the number of pro-inflammatory and antiinflammatory liver M , we analysed liver biopsies by immunochemistry. CD68 was used a marker for total amount of M , iNOS for pro-inflammatory M ( 13), and CD163 for antiinflammatory M (13). Another cohort of 18 patients was divided into four groups (Table S2): signal were observed with control antibodies (Figure S1). No correlation between the levels of CD68, iNOS or CD163 expression was observed for any of the viral parameters available (data not shown). However, the overall levels of CD68 staining decreased in HBV infected patients with a significant reduction of 25% in IN and 30% in IAe+ (Figure 1B). Moreover, among the total M (CD68 positive cells), the number of anti-inflammatory M (CD163 positive cells) were higher in HBV patients (Figure 1B). Altogether, these data suggest that HBV may affect liver M phenotypes. We therefore performed several ex vivo analyses presented thereafter to investigate the influence of HBV on liver cells with a focus on liver M that include Kupffer cells (KC) and monocyte derived macrophages (MDM) (8,9). To show that HBV could modulate the phenotype in ex vivo experiments realised in short-time exposure of naïve cell to the virus, and demonstrate that phenotypes can be recapitulate in this setting, we isolated non-parenchymal primary human liver mononuclear cells (LMNC) from liver resections (17) and assessed the effect of a 24h exposure to HBV on the secretions of several cytokines. We used HBV inoculum (genotype D, serotype ayw, multiplicity of infection varying from 100 to 1000 vge/cell as indicated in legends) produced by either HepG2.2.15 or HepAD38 for these experiments. Despite high variations in the activation of cells from one donor to the other (Figure S2A), a significant 25% decreased of ILslight increase of IL-10 secretions were measured in supernatant from LMNC exposed to HBV compared to non-exposed cells (Figure 2A). As ILactivated macrophages, purified primary liver M were stimulated with LPS (for TLR4 inflammasome (18) leading in our conditions to a slight induction of ILstrong induction of IL-10 (1000 pg/ml) (Figure S2B). LPS + poly(dA:dT) stimulation triggers the AIM-2 (absent in melanoma 2) inflammasome leading here to a stronger secretion of IL-(190 pg/ml) and a more modest secretion of IL-10 (450 pg/ml) (Figure S2B). When exposed to HBV for only 24h, primary liver M secreted equal amount of IL-10, but 25% to 35% less ILin response to inflammasome stimulations (Figure 2B andS3). Accordingly, mRNA levels of most of the tested pro-inflammatory markers (IL-in primary liver M exposed to HBV (Figure 2C), whereas levels of the anti-inflammatory IL-10 and VEGF mRNAs were slightly increased (Figure 2C). Of note, concentrated supernatant from naïve hepatocytes (that does not produce HBV) did not affect primary liver M activation showing that the effects observed above are due to HBV and not to any factors cosecreted by infected hepatocytes (Figure S4). In addition, UV-inactivated HBV also decreased IL-(Figure S4), and HBV-exposed liver M or MDM did not secreted HBeAg or HBsAg (Figure S5), highlighting that the effect of HBV on M is independent of viral replication within cells. Altogether these data suggest that HBV may interfere with activation of primary liver M . 

healthy

HBV interferes with blood monocytes differentiation and activation

During inflammation or injury, a high quantity of immune cells, among which monocytes, are recruited to the inflammation/injury site to mount a strong pro-inflammatory response and contribute to infection control (19). This response is thereafter limited by anti-inflammatory response, also involving infiltrating monocytes, in order to start the scarring processes and prevent chronic inflammation (19). Infiltrating monocytes differentiate into M within the tissue (13) and, in the case of the human liver, cannot be fully distinguished from resident M . To assess the effect of HBV on infiltrating-like M , monocytes were purified from peripheral blood mononuclear cells (PBMC) and differentiated into pro-inflammatory M (M1-MDM) or anti-inflammatory M (M2-MDM) ( 20) that express and secrete proinflammatory cytokines (IL-6, IL--12, TNF--inflammatory cytokines (IL-10) respectively (Figure S2C). Upon exposure to HBV during differentiation and activation (i.e., 6 days exposure to HBV) (Figure 3A), M1-MDM (i.e., monocyte intended to become M1 according to chemokine treatment) secreted 35% and 60% less IL-6 and IL-(Figure 3B). Accordingly, we detected less IL-6, IL--12, TNF-Figure 3B). No significant effect was observed on the levels of secreted IL-12 and TNF-mRNA level were significantly lowered (Figure 3B), thus suggesting that post-transcriptional events are likely involved for the final production of those cytokines. M2-MDM exposed to HBV during differentiation and activation secreted as much IL-10 as non-exposed cells but displayed lower IL-10, TGF-Figure 3C). We further investigated the effect of HBV on MDM activation by exposing cells (i.e., M1-MDM or M2-MDM) to the virus once already differentiated by 6 days exposure to either GM-CSF or M-CSF) (Figure 4A). Although, levels of IL-6, IL--12, TNFin M1-MDM activated in the presence of HBV compared to non-exposed cells, no difference was observed in the levels of the secreted cytokines (Figure 4B). However, a 2-fold increase of IL-10 secretion and mRNA expression as well as a strong increase of VEGF mRNA were observed in M2-MDM activated in the presence of HBV (Figure 4C). These results were confirmed with many donors and different time of exposure to HBV (Figure S6). In previous experiments, we used free HBV virus produced by either HepG2.2.15 or HepAD38 and concentrated by filtration/retention to allow exposure of cells to high, yet relevant (as high viral load are encountered in patients) levels of infectious HBV particles. It has been already shown in particular for HCV that differences could exist between phenotype changes induced by free virus or cell-produced one (i.e. experiment made in co-culture) (21,22). To assess if the physiologic secretion of viral components by infected cells could also interfere differentiation to HBV producing cells secreted less IL-6, IL--12 and TNF-(Figure 5). As described above (Figure 3 We previously showed that pro-inflammatory cytokines can directly block HBV replication in cells chronically infected in vitro and ILeffect of cytokines secreted by M on the establishment of HBV infection, dHepaRG cells or primary human hepatocytes (PHH) were treated 24h before and during the infection with recombinant IL--6, TNF--18, IL--1 (Table S3). ILto a 70-80% decrease of HBeAg and HBsAg secretion, HBV mRNA and cccDNA, without any cytotoxic effect in both dHepaRG cells and PHH (Figure 6). Of note, a 24h treatment with IL-HBV mRNA by 75% in dHepaRG (Figure S7A). IL-6 and TNFmeasured viral parameters without cytotoxicity, with the exception of HBsAg which is only decreased by 25% by IL-6 (Figure S7B). IL-18 had no direct effect on the establishment of HBV infection (Figure S7B). IL-10 treatment led to a slight increase of HBeAg and HBsAg secretion in dHepaRG cells, but not in PHH. A slight decrease of HBV RNA was also observed in PHH treated with IL-10 before and during infection (Figure 6B). Other tested anti-inflammatory cytokines, TGF--1, had no significant effect on the establishment of HBV infection (Figure S7B). The level of NTCP (sodium-taurocholate cotransporting polypeptide), HBV receptor, decreased in dHepaRG after 24h or 48h of treatment with IL-Figure S8A) but was not affected in PHH (Figure S8B). Altogether, these data indicate that ILinhibit the establishment of HBV infection in hepatocytes. 

Pro-inflammatory cytokines reduce establishment of HBV infection in hepatocytes.

HBV escapes the antiviral effect of cytokines secreted by pro-inflammatory macrophages and impairs lymphocyte activation.

In accordance to the latest data, concentrated supernatants from M1-MDM (containing 106.3 ng/ml of IL-6, 4.1 ng/ml of IL--IL-10 as shown in Figure S2 and table S4) also reduced HBV infection of dHepaRG (Figure 7A, (no-HBV M1-MDM)-CM). As HBV inhibits IL-6 and IL--MDM (Figure 3B and Table S4), we assessed if this inhibition was sufficient to prevent the antiviral effect M1-MDM secretions. Indeed, dHepaRG treated with concentrated supernatants from M1-MDM exposed to HBV during differentiation showed similar levels of HBV markers to those measured in non-treated dHepaRG (Figure 7A, (HBV diff M1-MDM)-CM). Accordingly, dHepaRG treated with concentrated supernatants from M1-MDM exposed to HBV during activation, that contains similar levels of pro-inflammatory cytokines to non-exposed M1-MDM (Figure 4B and Table S4), showed a 40% decrease of secreted HBV antigens and a 60% decreased of cccDNA amounts (Figure 7A and TableS4, (HBV stim M1-MDM)-CM).

Moreover, as IL-10 is known to impair lymphocytes activation (23), we assessed if the increase of IL-10 secretion induced by HBV (Figure 4, 5 and S6B) would further impair this activation.

Total lymphocytes were purified from peripheral blood and exposed to M2-MDM conditioned media for 2h before their activation with Phorbol 12-Myristate 13-Acetate (PMA) + ionomycine. As expected, total lymphocytes exposed to M2-MDM supernatants secreted 20% less TNF--exposed ones (Figure 7B, (no-HBV M2-MDM)-CM). Interestingly, supernatants from M2-MDM exposed to HBV during their activation containing higher amounts of IL-10 (Figure 4C and Table S5, (HBV stim M2-MDM)-CM) lead to a 30% inhibition of TNF-ecretion by total lymphocytes (Figure 7B). Altogether, our data indicate that HBV could escape the antiviral effect of pro-inflammatory macrophages by interfering with their differentiation into IL-producing cells and prevent the activation of a functional adaptive immune response (i.e. lymphocytes activation) by enhancing IL-10 secretion from anti-inflammatory macrophages thereby favouring its establishment in hepatocytes.

Discussion

Pro-inflammatory macrophages have been defined as crucial mediators of the defense against pathogens, whereas anti-inflammatory macrophages are mainly implicated in the resolution of inflammation, as well as in immune-tolerance and may also contribute to immune virusinfected or cancerous cells escape (13). As dendritic cells, macrophages, in particular in the liver, are thought to play a major role in the orchestration of adaptive responses. But more directly they also produce cytokines that may directly affect HBV replication after binding to hepatocyte-expressed receptors. As already reported in animal models of HBV infections ( 2224), we confirmed here that cytokines secreted by pro-inflammatory macrophages (including IL--6) strongly inhibit HBV establishment (Figure 6 and7) in addition to our previously reported antiviral effect in already infected human hepatocytes (4) (i.e. dHepaRG cells and PHH). As also reported, we observed a decrease in the level of NTCP ( 25) in dHepaRG treated with IL-Figure S8) hence ruling-out that ILestablishment exclusively by influencing the amount of HBV entry receptor.

Similar to several studies (8,29,30) and contrary to some others (29 31), HBV itself did not induce the secretion of any cytokine by primary human liver macrophages or MDM in our experimental settings (data not shown), thus suggesting either a lack of or an HBV-mediated evasion to the detection by innate sensors, including PRRs and inflammasomes. The quantity of the HBV inoculum used to perform experiments. Indeed, culture conditions for HBV production and concentration may lead to different amounts of contaminating nonenveloped nucleocapsids, recognized by TLR2 (34) or endotoxins, recognized by TLR4. This highlights the importance to characterize the HBV inocula used in each study (Figure S9), as well as to investigate the effect of HBV particles concentrated from HBV-infected sera of patients since peptide, lipid, glycan, and associated host-factors composition of virions and SVPs might change during the infection course.

Our data support the hypothesis of HBV being a stealth virus (35,36), not by passive mechanism, but by actively inhibiting liver innate responses. In particular, many studies using animal models or macrophage cell lines reported an inhibition of macrophages responses to HBV (8,24,25,37). Here, using human cells, we observed (i) lower levels of IL--6

mRNAs in liver biopsies from HBV-infected patients compared to non-infected ones (Figure 1A), (ii) that primary liver macrophages ex vivo exposed to HBV secreted less proinflammatory cytokines upon activation (Figure 2) confirming our previously published data ( 8), (iii) that M1-MDM also secreted less IL--6 upon activation if exposed to HBV during differentiation (Figure 3, 4 and S6) and (iv) that the antiviral effect of M1-MDM was lost when cells were differentiated in the presence of HBV (Figure 7A). These data are also in accordance with those reporting a down-regulation of TLR2 and TLR3 in PBMC and KC from chronically infected patients (38,39) but are opposed to a very recently published study that used ex vivo stimulated liver biopsies (38). Regarding the latter, even though, the model allows the maintenance of the liver 3D organization, as well as the natural proportion of all liver resident cells, the culture conditions used by the authors lead to a dramatic reduction of the hepatocytes viability after 24h of culture (40), and viability and functionality of nonparenchymal cells (including liver macrophages) were not assessed. Moreover, the high doses of TLR4 ligands (20 μg/mL compared to the 10 to 100 ng/mL that we used here) might activate the immune response to such a high extent that the HBV-induced inhibition is not sustained.

highly reversible and therefore lost ex vivo in a medium without any HBV particles and/or antigens. Hence in a model where phenotype changes could be due to a constant interaction between viral components and the targeted cell, purification procedure and ex vivo conditions cultures could have an impact and lead to the reversibility of a phenotype. Our data showing an increased inhibition of the secretion of pro-inflammatory cytokines by M1-MDM upon constant exposure to HBV via co-cultures with HBV producing cells (Figure 5A) compared to a single exposure to concentrated virus (Figure 3B) support the latest hypothesis. It would be important to test if the addition of HBeAg/HBsAg/HBV virions in the culture medium of ex vivo cultured liver biopsies would recapitulate the inhibitory phenotype we described here.

Importantly, we observed an increase in the number of anti-inflammatory macrophages (CD68+ CD163+ cells) in liver biopsies from HBV-infected patients compared to those from non-infected patients (Figure 1B) and an increase in the levels of IL-10 secreted by M2-MDM upon exposure to HBV during activation after ex vivo differentiation (Figure 4 and S6). These data suggest that HBV may reinforce the already described liver immune tolerance (39) to establish and/or maintain its infection. This is in accordance with studies reporting an increase of anti-inflammatory cytokines secretion (especially IL-10) induced by HBV in animal models and patients (30,42 44) and a positive role of anti-inflammatory liver macrophages in HBV persistence (42). Here, we reported that HBV-induced increase of IL-10 secretion by M2-MDM might further impair the activation of lymphocytes (Figure 7B). As others had previously described (29,42,44), the increased IL-10 expression during HBV infection could favor a tolerogenic environment and the inhibition of functional adaptive immune response, compromising HBV elimination. As these anti-inflammatory macrophages are also implicated in cancerization processes (through the secretion of angiogenic factors, such as VEGF, and the impairment of an anti-oncogenic response by the secretion of regulatory mediators, such as IL-10 ( 45)), it should be investigated if the HBV-induced modification of macrophages phenotypes may also play a role in HCC initiation and promotion.

Which viral components and by which mechanisms HBV influences the secretion of cytokines by macrophages remain so far unclear. Few data suggest that HBV can be internalized by macrophages (29,44). HBeAg ( 9), HBsAg (8,37) and the HBV capsid protein (47) have been suggested to contribute to the inhibition of macrophages responses. Of note, the use of recombinant viral proteins may be suboptimal, as post-transcriptional modifications associated to a given protein produced in a given cell system (bacteria, yeast or mammalian cells) could be different as compared to those found in viral proteins from infected hepatocytes and therefore have a different effect on immune cells. In addition, these modifications may vary during the different phases of HBV infection, giving the numerous functions of the viral proteins. HBV probably interfere with activation of macrophages (and thereby cytokine secretion) at different levels. Indeed down-regulation of innate sensors such as TLR (36,37,46) or inhibition of cell different signaling pathways (23,27,35) have been reported. Epigenetic modulations induced by the fixation of one viral protein to gene promoters, as we reported in hepatocytes (47) and as also reported for other viruses (47 50) might also be implemented in macrophages even though HBV do not replicate in those cells.

In addition, it should be investigated if, besides affecting secretion of cytokines, HBV also disturbs other macrophages functions such as phagocytosis or antigen presentation in order to prevent, for instance, viral recognition and/or local reactivation of lymphocytes. Cell metabolism was recently evidenced as a key player in the implementation of an efficient immune response (53) and HBV was shown to highjack or promote enzymes involved in lipids or amino acids metabolism in hepatocytes or myeloid cells (54 56). We observed here that in pro-and M1-MDM (Figure 2,3,4). The significance of these decreases for the cell function and the consequences for HBV infection need further investigation. One tempting hypothesis is that metabolism modulations of macrophages may promote the secretion of factors necessary to compensate the increased need of hepatocyte in amino acid and lipids to cope with HBV replication.

With therapeutic implications, we confirmed here that ILinhibit HBV establishment and replication in hepatocytes (Figure 6 and S7), thus highlighting a potential more direct contribution of IL-1 -producing cells in HBV control. However, recombinant ILcytokine storm. Thus, new anti-HBV therapeutic options should aim at inducing the local and endogenous secretion of ILbe considered to promote pro-inflammatory over anti-inflammatory phenotype in liver resident and infiltrating macrophages. For example, specific inflammasome inducer delivered in the liver and/or specifically to liver macrophages, may induce a boost of ILultimately an antiviral phenotype (57). Moreover, studies on cancer model showed that the tumour delivery of GM-CSF, an inducer of pro-inflammatory macrophage, induced tumor ketoglutarate balance in macrophages, with inhibitor of glutaminolysis, led to an anti-to proinflammatory phenotype switch (60). In summary, we showed that HBV can modulate the resident and transiting-macrophage phenotypes to favor its establishment, and likely its maintenance in the liver. On the one hand, HBV escapes the antiviral effect of proinflammatory liver resident and infiltrating M by interfering with their activation or differentiation respectively. And, on the other hand, it promotes the activation of liver antiinflammatory M to prevent the launching of the adaptive immune response. Our data also suggest that therapeutic strategies promoting the differentiation of pro-inflammatory liver macrophages over anti-inflammatory ones should be tested to reverse immune tolerance and cure chronic HBV infections.

Material and methods

Primary cells purification and cells culture. Peripheral blood mononuclear cell (PBMC) from blood donors were isolated by Ficoll gradient (Histopaque®-1077, Sigma) as previously described (61). Lymphocytes were separated from total PBMC by a Percoll gradient and further cultured in macrophage medium (RPMI medium supplemented with 10% of decomplemented FBS and 50 U/ml of penicillin/streptomycin). Monocytes were purified by

Percoll gradient followed by a negative selection with the Monocyte Isolation Kit II (Miltenyi Biotec) and cultured in macrophage medium. Monocytes were exposed during 6 days to 50 ng/ml of GM-CSF (R&D) or 50 ng/ml of M-CSF from (Peprotech) for M1-MDM or M2-MDM differentiation respectively. MDM were activated by a 3-hours stimulation with 10 ng/ml of LPS (Invivogen). Cells were washed three times with PBS and cultured in fresh medium for another 3 hours before a last medium exchange. Supernatants and cells were collected 24 h post stimulation (i.e. 18h accumulation). Liver cells were isolated from hepatic resections obtained in collaboration with three surgical departments of Lyon (Centre Léon Bérard, Hôpital de la Croix Rousse and centre hospitalier Lyon-Sud) with the French ministerial authorizations (AC 2013-1871, DC 2013 1870, AFNOR NF 96 900 sept 2011). After a two-step collagenase perfusion, the liver extract was filtered and centrifuged, as previously described (62). Primary Human Hepatocytes (PHH) were cultured on collagen layer and maintain in PHH medium (Williams medium supplemented with 5% of fetal clone II serum, 50 U/ml of penicillin/streptomycin, 1X glutamax, 5 μg/ml of bovine insulin, 5x10-5 M of hydrocortisone, and 2% of DMSO). Liver mononuclear cells (LMNC) or only liver macrophages were purified from the non-parenchymal cells mixture by respectively Ficoll gradients or a two phase iodixanol gradient (63). Liver macrophages were isolated by negative selection using pan monocyte isolation kit (Miltenyi Biotec) and cultured in macrophage medium. HepaRG cells were cultured and differentiated as previously described (64).

Viral infection. Differentiated HepaRG (dHepaRG) or PHH were cultured and infected by HBV as previously described (65). Blood monocytes, LMNC and liver macrophages were exposed to HBV at a multiplicity of infection of 1000 vge/mL HBV inocula are prepared by concentrating supernatant from HepAD38 (66) by ultrafiltration (Merk Millipore; UFC710008). All virus preparations were tested for the absence of endotoxin (Lonza) and characterized by analyses of the fractions from a 5.6-56% iodixanol gradient and analysed by ELISA, dot blot with HBV genes for hepatocytes and macrophages respectively. Primers sequences are presented in table S6.

Table S6. Primers sequences DNA extraction and cccDNA quantification. Total DNA were extracted using the NucleoSpin® Tissue kit (Machereywas digested for 45 min at 37°C with T5 exonuclease (epicentre) to remove rcDNA (relaxed circular HBV DNA) followed by a 30 min heat inactivation. cccDNA amount was quantified by qPCR analyses as previously described ( 2).

Cytotoxicity assay. Seven days post treatments, hepatocytes cell viability was assessed by quantification of neutral red uptake by living cells, as previously described(4).

Lymphocytes activation. Lymphocytes were cultured in different M2-MDM conditioned media at a density of 300,000 cells/cm² for 2 hours. Cells were activated by a 22h exposition to 20 ng/ml of Phorbol 12-Myristate 13-Acetate (Sigma) and 500 ng/ml of Ionomycine.

Activation was measured by assessment of TNF-Macrophage supernatants concentration. M1-or M2-MDM supernatants were pooled and concentrated by ultrafiltration (using 10 kDa Amicon ultra-15 column; Merk-Millipore)

supernatants were assessed by ELISA and amounts are presented in Table S4. Concentrated supernatants were diluted to 1/100. Antibodies (iNOS (ab15323), CD163 (ab74604), and CD68 (ab955)) were incubated overnight at 4°C in DAKO antibody diluent. Samples were incubated for 15 min at RT with secondary antibodies (Anti-Rabbit IgG/HRP (P0448; DAKO) and anti-mouse IgG/HRP (P0447; DAKO)).

Coloration was performed with DAB substrate (DAKO K3468) and counterstaining with haematoxylin (SIGMA MHS1). Negative controls were performed using control IgGs (IgG rabbit (cell signalling 27295), IgG 1 mouse (Biolegend 400143), IgG 1 mouse (ab18448)), and no staining was observed (Figure S1). Optical density (OD=log (max intensity/mean intensity)) of the DAB staining was quantified using Fiji (ImageJ) and the results are presented as 1/OD.

samples. -#DC2008-235. Flow cytometry. Cells were washed extensively with PBS and removed from plate with 150 μl of versene-EDTA at 37°C for 5 min before centrifugation at 1300 rpm for 5 min at 4°C. Cells were incubated for 30 min at 4°C with primary antibody (ab175289, 1/50). After extensive washes, cells were incubated with secondary antibody in the dark for 30 min at 4°C. After another wash, staining was measured by Flow Cytometry (BD FACSCALIBUR).

Statistical analysis.

Results are presented as mean ± standard deviation and analysed for statistical significance by a Mann-Whitney test. Significance is represented as follow: p<0.05: *; p<0.01: **; p<0.005: ***.

INTRODUCTION

Infection by microorganisms leads to the activation of the host immune response through a sensing mediated by innate pattern recognition receptors (PRRs). PRRs include Toll-like receptors (TLRs), C-type lectin receptors (CLRs), RIG-I-like receptors (RLRs), NOD-like receptors (NLRs), and DNA sensors, such as IFI16 (Gamma-interferon-inducible protein 16), cGAS or AIM2 (absent in melanoma 2) [1]. Each PRR detects specific pathogen-associated molecular patterns (PAMPs) derived from viruses, bacteria, mycobacteria, fungi and parasites that initiate the recruitment of distinct sets of adaptor molecules such as Myd88 (Myeloid differentiation primary response gene 88), TRIF (TIR-domain-containing adapter-inducing interferon-), MAVS (Mitochondrial antiviral-signalling protein), and STING (Stimulator of interferon genes), among others [1]. Activation of those signalling pathways lead to the secretion of many inflammatory cytokines, including interferons (IFN), but also different chemokines and antimicrobial peptides.

The liver is located at the crossroads of the systemic and enteric circulations and carries out important metabolic functions such as detoxifications, glucose and lipid metabolism. In addition, the liver performs many essential immune tasks and is considered a secondary lymphoid organ due to the number of flowing-through, infiltrating and resident immune cells it contains [2].

Mechanisms of physiologic tolerogenicity are in place in the liver in order to prevent a persistent inflammation in reaction to permanent exposure to gute bacteria, which can pass-through gut mucosa [2,3]. Among tolerogenic mechanisms, there are checkpoint ligand-receptor systems (i.e. PD-1/PD-L1, CTLA-4/B7--cell receptor (TCR)-mediated T cells activity [4,5]. This sequently can be the target of various pathogens establishing chronic infections [6].

The liver is, however, also capable of mounting a potent antimicrobial response. The liver tissue environment is composed of highly specialized cell types, including parenchymal and a number of non-parenchymal cells that play a key role in regulating hepatic immune functions.

Parenchymal cells, called hepatocytes, account for 80% of liver mass and respond to different type of stimuli [2,3,7]. Liver sinusoidal endothelial cells (LSEC) are also well known to participate in liver immune response by secreting cytokines upon pathogenic stimuli [8]. These cells also play a key role upon danger signal leading to fibrosis since upon shear stress, they will undergo cytoskeletal remodelling, leading to a loss of fenestration [8,9]. Hepatic stellate cell (HSC), the liver fibroblasts, and producers of extracellular matrix, are localised in the space of Disse, a perisinusoidal space between hepatocytes and sinusoids, and thus not directly exposed to the bloodstream. These cells normally represent 5 to 8% of the total number of the liver cells. However, upon chronic inflammation, HSC undergo transformation to become myofibroblasts (MFs), the activated state of HSC [9][10][11]. Once activated, these cells proliferate and start secreting numerous components of the extracellular matrix creating a scar-like tissue [12]. However, during uncontrolled inflammation and scarring/healing process, the overproduction of extracellular matrix induces fibrosis, which can ultimately lead to cirrhosis and favour the development of hepatocellular carcinoma (HCC) [9,12]. Finally, Kupffer cells (KC), the liver resident macrophages, represent 80% of total macrophages population within the body [13]. As macrophages, they form the first line of defence against pathogens and are specialized in pathogen recognition [14]. In response to stimulation, they produce a large spectrum of cytokines and chemokines that attract other immune cells such as neutrophils or infiltrating monocytes that will differentiate into macrophages upon entering the liver. KCs have a high phagocytic capacity and are implicated in the elimination of aging blood cells and pathogens. KC can subsequently present associated antigens to lymphocytes to reactivate them at the site of injury or infection [13].

Successful liver pathogens evolved strategies to either passively or actively evade innate and adaptive immunity. Indeed, Hepatitis B Virus (HBV) and Hepatitis C Virus (HCV) can persistently infect the hepatocytes. HBV and HCV, chronically infect around 70 million and 250 million people worldwide respectively, leading to more than 1.2 million deaths per year (WHO 2017). While curative treatments have been recently developed for HCV [15], leading to viral clearance in more than 95% of cases, HBV cure is not achievable yet, as available treatments (i.e. nucleoside analogues) only allow the control of viral replication and require lifelong administration [16]. New are currently under evaluation [16]. Among them, TLR7 agonists are currently evaluated in clinical phase-II study after showing promising antiviral effects in preclinical models of HBV infections [17,18].

knowledge of the expression and functionality of innate sensors in liver cells would help developing novel PRR agonists, with antimicrobial or anticancerous properties, or other strategies to revert immune inhibitory processes. This lead us to examine the expression and functionality of some PRR in freshly isolated liver cells, as well as in cell lines derived thereof.

RESULTS and DISCUSSION

PHH, LSEC, HSC and KC were purified from different liver resections (Figure S1A). RT-qPCR --SMA for HSC and CD68

for KC) revealed a high enrichment for each cell type (Figure S1B-C). The expression level of 53 mRNAs that are known to be involved in pathogens sensing and immune cells regulation was assessed in non-stimulated cells (i.e. basal state) by microfluidic high-throughput quantitative RT-qPCR (Fluidigm, Biomark) assays. As controls, we used total peripheral blood mononuclear cells (PBMC) and total non-parenchymal liver mononuclear cells (LMNC) from different healthy donors [23].

Interestingly, resident LMNCs showed, overall, higher expressions of the tested genes at basal state compared to PBMC supporting the fact that the liver is important for host immunity [2].

Non-stimulated liver cells showed high expression of cytosolic DNA (i.e. DDX3, Ku70, DHX9 or DHX36) and RNA sensors (i.e. RLR, RIG-I and MDA-5) compared to PBMC (Figure 1). Except for TLR2 and TLR4, which are highly expressed at basal level in KCs, TLRs mRNA levels were relatively low in liver cells. In contrast, MyD88, TRIF, and TRAM, the main TLR adaptors showed high basal expression level in all the different primary liver cells (Figure 1) and IRF1, 3, and 7, the transcription factors involved in TLR signalling, were detected in almost all tested cells.

Similarly, expression of NOD1 and NOD2 (previously described to be functional in hepatocytes [24,25]) was barely detectable at basal level but RIP2, a NOD adaptor protein was detected in almost all cell tested (Figure 1). Inflammasome receptor mRNA (NLRP1, NLRP3, NLRC4, AIM2)

were also barely detected, whereas mRNA coding for their signalling proteins (ASC and caspase 1) were readily detected in all liver cells. Finally, CLR, SOCS family, PD-1 and PD-L1, and TIM pathways were barely detected in the liver at basal state using microfluidic highthroughput quantitative RT-PCR (Figure 1). By Western blot analyses, we assessed more specifically the expression patterns of PD-L1 as well as a subset of proteins belonging to the TLR, RLR and DNA cytosolic sensor families in liver cells. Despite the presence of mRNA (Figure S2), TLR1, TLR9, members of the RLR family (RIG-I, MDA-5, and MAVS) and the DNA sensor IFI16 and cGAS proteins could not be detected in any of the tested cells (Figure 2A) suggesting that those proteins are expressed in liver cells at very low levels in steady state but may be up-regulated upon specific stimulation as already described [26,27]. Surprisingly, we could not detect TLR9 proteins neither in PMBCs nor in LMNCs (Figure 2A) that should contain pDCs and B cells known to express TLR9 [28] and as confirmed with pDC purified from PBMC (Figure 2A, TLR9, CTR+). This might be due to the heterogeneity of cells proportion between donors. TLR4, TLR5, TLR7, TLR8 and TRIF proteins were detected (although at various levels) in both LMNC and PBMC (Figure 2A) whereas TLR3

and STING proteins were only detected in LMNC suggesting that percentage of the different immune cells populations are slightly different in blood compared to the liver and/or that the liver microenvironment may influence the phenotype of immune liver cells. TLR3, TLR4, MyD88, TRIF and STING are ubiquitously expressed by KC, LSEC, HSC and PHH (Figure 2A)

implying that the liver is particularly well equipped to detect lipopolysaccharides as well as cytosolic RNA and DNA [29]. Whereas TLR2 mRNA was present in all cells (Figure S2), TLR2

protein was detected only in KCs, suggesting that those cells are specialized in sensing bacterial cell wall components. In accordance with their phagocytic capacities [3], KC and LSEC express TLR7 and TLR8 on protein level (Figure 2A), both TLRs involved in intracellular ssRNA detection [30]. Interestingly, TLR5 protein was only detected in HSC and PHH (Figure 2A). Since these cells are not directly exposed to blood streams, this specific basal expression could be an evolutionary way to detect infiltrating pathogens and avoid persistent inflammation due to the exposition of bacterial components coming from the enteric circulation. Finally, KC [START_REF] Folkl | Structure and function of programmed death (PD) molecules[END_REF] but also LSEC highly express PD-L1 protein (Figure 2A), highlighting those cells as the main drivers of liver tolerogenic activity. Altogether, we observed that all mRNAs from the tested TLR, RLR, DNA sensors and their respective adaptors are at least expressed by one of the liver resident cell types. While adaptors (Myd88, STING, TRIF, and STING) are detected at the protein level in all cells, a large number of proteins from these pathways are not detected. These results suggest that the majority of sensors are regulated to be expressed at relatively low levels probably to prevent chronic inflammatory stimulation at basal state [31]. However, in the presence of pathogens, parenchymal and non-parenchymal liver cells might mount an efficient immune response since all the adaptor molecules and the transcription factors are highly expressed already at basal state (Figure 1 and2A). For instance, we previously showed that primary human hepatocytes (PHH) and differentiated HepaRG cells (dHepaRG) express a number of PRR and that their agonisation can efficiently inhibit hepatitis B virus replication [32]. PHH responded to TLR1/2, TLR3, TLR4, TLR5, TLR2/6, and RIG-I/MDA-5 stimulation [32] despite the undetectable basal level of expression of several of those PRRs, such as TLR1/2 and RLR proteins (Figure 2A). Functionality of TLR and RLR were also assessed in KC, LSEC and HSC by stimulating cells from three to four different donors with the respective ligands. As expected from the protein expression data (Figure 2A), KC produced IL-6 and/or IP-10 in response to TLR1/2, TLR3, TLR4, TLR7 and TLR8 ligands (Figure 2B).

Similarly, LSEC did also respond to TLR3 and TLR4 but not to TLR7 or TLR8 stimulations (Figure 2B) suggesting that the amount of those proteins detected by Western blot analysis (Figure 2A) was too low to derive a measurable response upon ex vivo stimulation with agonists. In contrast, LSEC produced IL-6 and IP-10 in response to TLR2 and RIG-I/MDA-5 ligands respectively (Figure 2B), despite the fact that TLR2, RIG-I or MDA-5 proteins were not detected (Figure 2A) and only low amounts of mRNAs were detected in those cells (Figure S2). HSC mostly produced IP-10 in response to ligands for TLR3, TLR4 and RIGI/MDA5 whereas IL-6 production was very variable from one donor to the other (Figure 2B). S2. (B) KC, LSEC and HSC from different donors were exposed to the indicated ligands at the concentration indicated in Table S3 for 24 hours.

Supernatants were collected and IL-6 and IP-10 secretions were analysed by ELISA. Data are presented as mean +/-standard deviation of three biological replicates.

Access to liver resection and therefore primary liver cells is limited. Moreover, donors have different genetic backgrounds, environmental backgrounds and histories in term of diseases, treatment, food habits, etc that may influence metabolism, physiology and responses to pathogens of the liver cells. It is therefore complementary to test antimicrobial strategies in well-characterized cell lines, that can be in addition genetically engineered to perform mechanistic studies. We previously showed that, compared to Huh7 or HepG2 cells, dHepaRG cells were closest to PHH in term of TLR and RLR pattern expression [33] and therefore a suitable model to test antiviral effect of TLR and RLR ligands. Here we decided to extend our analysis to other immune signalling pathways than the ones we had previously characterized.

cGAS protein basal level are not detected in the different hepatocyte in vitro models (Figure S3). Regarding IFI16 and STING level of expression, we observed a higher basal expression in dHepaRG cells compared to the other in vitro models (Figure S3). In addition, PD-L1 protein levels in dHepaRG cells are similar to PHH, compared to HuH, HuH7.5, and HepG2 (Figure S3). for primary antibodies efficiencies as indicated in Table S2.

KCs are a unique macrophage population differentiated from myeloid progenitor during embryogenesis and have specific functions, such as self-renewing capacity, which distinguish them from circulating monocytes [34]. THP1 cell line is the most commonly used model for monocyte and macrophages [35][36][37] but to our knowledge no KC derivate cell line has been described so far. We therefore immortalized Kupffer cells (IKCs) by expressing the E6 and E7

proteins of the papilloma virus [38]. The resulting polyclonal cell line consisted of elongated cells (Figure 3A). IKC acquired proliferative capacity, far beyond the very self-renewing capacity of KC. To stop IKC proliferation, cells were treated with 2% DMSO during 48h for the following experiments. Although to a lower extend compared to primary KC, IKC retained their ability to phagocyte bacteria (Figure 3Bi-3Bii). KC, IKC and THP1 had similar pattern of protein expression for TLR1, TLR4, MDA-5 and STING (Figure 3C). Similarly to the abolishment of TLR9 expression by HPV [39], TLR7 and TLR8 proteins were not detected in IKC (and THP1) as compared to KC, whereas higher amounts of TLR5, MyD88, RIG-I, cGAS, and IFI16 proteins were found in both cell lines (Figure 3C). MAVS protein was only detected in IKC (Figure 3C).

Even though, KC and IKC express different amounts of TLR7, TLR8, Myd88, RIG-I and MAVS proteins, their responses to the respected stimulations were overall similar (Figure 3D).

Whereas a low basal signal was detected in both KC and THP1, TLR2 protein was not detected in IKC (Figure 3C) and response to TLR1/2 agonisation was much lower in IKC than in KC (Figure 3D, to be compared to Figure 2B). Interestingly, TLR3, TRIF and PD-L1 protein expression pattern in IKC was closer to KC than THP1 (Figure 3C). Furthermore, KC and IKC strongly responded to TLR3 and TLR4 stimulations (Figure 3D). Of note, amounts of secreted IL-6 upon IKC stimulations were 10 times higher than those detected in KC suggesting that immortalization processes potentiate these pathways (compare Figure 2B and Figure 3D). Of note, IL-6 and IP-10 secreted amounts (Figure 3D), as well as proliferating capacity (data not shown), decreased with cell passaging of IKC highlight the importance to perform experiments on low passage cells. Target protein levels are normalised to total protein quantification assessed by stain-free staining. Stimulated cells were used as controls (CTR+) for primary antibodies efficiencies as indicated in Table S2. (D) Supernatants were collected and IL-6 and IP-10 secretions were analysed by ELISA. Data are presented as mean +/-standard deviation of three biological replicates.

To summarize, we provided here a comprehensive analysis of innate immune signalling capacity of the most important liver cell populations and demonstrate their ability to respond to pathogens or PRR ligand stimulation. This knowledge will be useful to understand mechanisms behind antiviral effects of TLR agonists or check-point inhibitors [16,[19][20][21]40,41],

-therapeutic strategies are currently investigated to treat cancer and chronic viral infection. For instance, TLR7, TLR8, RIGI, and STING agonists are currently developed to fight chronic HBV infections [16] but our work highlights other ligands such as TLR2 and TLR3 agonists that are highly expressed in KC and LSEC and have the best direct anti-HBV properties in HBV-replicating PHH [42]. NF 96 900 sept 2011). After collagenase treatment, the liver extract is filtered and centrifuged, as previously described [43]. Pellets contain PHH whereas supernatants contain remaining non-parenchymal and other liver resident cells. PHH were cultured on collagen layer and maintain in PHH medium (Williams medium supplemented with 5% of fetal clone II serum, 50 U/ml of penicillin/streptomycin, 1X glutamax, 5 μg/ml of bovine insulin, 5x10 -5 M of hydrocortisone, and 2% of DMSO). The supernatants (containing all liver cells except PHH)

MATERIAL AND METHODS

Liver

were either used to purify total liver mononuclear cells (LMNC) by Ficoll gradient or used to purify hepatic stellate cells (HSC), Kupffer cells (KC) and liver sinusoidal endothelial cell (LSEC), by a two phase iodixanol gradient [44] (Figure S1). HSC were further cultured in Williams medium supplemented with 10% of fetal clone II serum, 50 U/ml of penicillin/streptomycin, 1X glutamax, 5 μg/ml of bovine insulin, and 5x10 -5 M of hydrocortisone). LSEC were purified by positive selection with CD146 microbeads (Miltenyi Biotec) and culture in LSEC medium (MCDB131 supplemented with 20% of fetal clone II serum, 50 U/ml of penicillin/streptomycin, 5X glutamax, 35 mM of hydrocortisone, and 10 mg/ml of cAMP). KC were isolated by negative selection using pan monocyte isolation kit (Miltenyi Biotec) and cultured in in RPMI medium supplemented with 10% of decomplemented FBS and 50 U/ml of penicillin/streptomycin. At least 3 batches of each primary cells were used to perform the experiments. Huh7, Huh7.5

and HepG2 cell lines were cultured as previously described [45][46][47]. HepaRG cells were cultured and differentiated as previously described [48]. THP1 were cultured and differentiated as previously described [49]. Immortalised Kupffer cell (IKC) were immortalized by transduction with lentiviruses expressing the HPV E6E7 proteins, cultured in macrophage medium and differentiated by a 48h treatment with 2% DMSO to stop proliferation.

RNA extraction, reversion transcription, dPCR and qPCR. Total RNA were extracted with Nucleospin RNA II (Macherey-Nagel) and cDNA synthetized using the SuperScript®III Reverse irst analysed by digital PCR (dPCR), on a 96x96 Biomark HD system (Fluidigm) using EvaGreen® dye (Invitrogen). mRNA expression was assessed by comparative cycle threshold (Ct) method, by normalising the mount of target cDNA on housekeeping genes: RPLP0 and GUS for dPCR and RPLP0 for qPCR (2 -).

Heat map construction and analysis. Primary results obtain with Biomark HD system were analysed with manufacturers software (Fluidigm Real-Time PCR Analysis). Construction of the Heat map was performed on MEV software.

Immunoblot Analysis. Cells were lysed in RIPA buffer supplemented with protease inhibitors for 30 minutes on ice, sonicated and boiled in Laemmli buffer complemented with DTT.

Protein concentration was measured by BCA protein assay kit (Thermo Scientific). Equal amounts of protein from total cell lysates (30 to 40 g) were loaded onto SDS-PAGE Stain-Free precast gels (BioRad) and transferred onto nitrocellulose membranes (BioRad). The membranes were blocked with TBST (1× TBS with 0.1% Tween 20) + 5% milk at room temperature for 1h and incubated overnight at 4°C with primary antibodies. Primary antibodies and their corresponding positive controls used in this study are described in Table S2. Membranes were washed and incubated with horseradish peroxidase (HRP)-coupled secondary antibody (SIGMA) for 1h at room temperature. Activity was visualized by chemiluminescence and the signal was quantified by ImageLab software. Stain-Free analysis

Western blot analyses were performed on a pool of protein samples obtained from at least three different donors. The nature of positive control samples are specified in Table S2.

Table S2: Antibodies and controls used for western blot analysis.

PRR stimulation and ELISA. TLR or RLR ligands from Invivogen or Riboxx life science are listed in Table S3. Cells were exposed to the ligands, supernatants were collected 24h later and IL- 

Is HBV recognized by the host innate immune system?

A few years ago, our team found that a strong intracellular HBV replication, experimentally launched by a recombinant baculovirus vector and thus bypassing the viral entry step, was sensed by innate receptors of hepatocytes and induced potent antiviral responses (Lucifora et al., 2010). The recent studies, in which I participated in, further confirmed these results and observed only a very modest and transient response, with no detectable production of cytokines in cell supernatant when HBV replication was launched in dHepaRG cells or PHH through a proper infection with cell-culture-produced HBV inocula (study#1; (Luangsay et al., 2015b)). Moreover, in our different experimental settings, we did not detect any cytokine secretion by LMNC, primary human liver macrophages or MDM exposed to cell-cultureproduced HBV inocula or co-cultured with HBV producing cells (HepAD38) even though the virus was observed within these cells ( (Zannetti et al., 2016) and data not shown). This is in sharp contrast with chronic HCV or HIV infections that induces strong host responses (Doyle et al., 2015;[START_REF] Heim | Innate and adaptive immune responses in HCV infections[END_REF]Shi et al., 2017a;[START_REF] Soper | Type I Interferon Responses by HIV-1 Infection: Association with Disease Progression and Control[END_REF]Wieland et al., 2004b) but in accordance with studies that reported an absence of measurable innate immune responses in patients, animal or in vitro models upon primary HBV infection (Dunn et al., 2009;Fletcher et al., 2012;[START_REF] Mutz | HBV Bypasses the Innate Immune Response and Does not Protect HCV From Antiviral Activity of Interferon[END_REF]Stacey et al., 2009b;Suslov et al., 2018;Tan et al., 2010;Wieland et al., 2004b) and contributed to define HBV as a stealth virus (Wieland and Chisari, 2005).

Of note, several groups have reported an induction of innate responses following exposure to HBV (Cooper et al., 2005;Hösel et al., 2009c[START_REF] Hösel | Hepatitis B Virus Activates Signal Transducer and Activator of Transcription 3 Supporting Hepatocyte Survival and Virus Replication[END_REF][START_REF] Sato | The RNA sensor RIG-I dually functions as an innate sensor and direct antiviral factor for hepatitis B virus[END_REF]. For instance, an activation of myeloid cells and the subsequent secretion of pro-inflammatory mediators were observed after exposure to HBsAg [START_REF] Boltjes | Monocytes from chronic HBV patients react in vitro to HBsAg and TLR by producing cytokines irrespective of stage of disease[END_REF](Boltjes et al., , 2015;;[START_REF] Van Montfoort | Hepatitis B Virus Surface Antigen Activates Myeloid Dendritic Cells via a Soluble CD14-Dependent Mechanism[END_REF]. It was also shown that HBV activated inflammation related genes in hepatocytes, including CXCL10, a chemokine implicated in the recruitment of pro-inflammatory cells [START_REF] Yoneda | Hepatitis B Virus and DNA Stimulation Trigger a Rapid Innate Immune Response through NF-B[END_REF]. The induction of IL-6 and other pro-inflammatory cytokines was also reported in primary human hepatocytes/non-parenchymal cells co-cultures (Hösel et al., 2009c).

Intriguingly, a recent publication described that HBV did not elicit any immune responses in hepatocytes, but a large quantity of the virus activated macrophages (Cheng et al., 2017).

Different hypotheses could explain the discrepancies reported between the different studies concerning the potential induction of cellular responses after in vitro/ex vivo exposure to or cellular replication of HBV. First, the quality of the HBV inoculum used to perform the ex vivo analyses is probably very different from one study to the other since no standard inocula are available and only very few manuscript reported the characterization of their inocula.

However, different HBV producing cells (HepG2.2.15 [START_REF] Ni | Hepatitis B and D viruses exploit sodium taurocholate co-transporting polypeptide for speciesspecific entry into hepatocytes[END_REF], HepAD38 (Ladner et al., 1997b), etc.), different culture conditions (different media as well as different concentration of supplements such as FCS/FBS or DMSO) and different concentration procedures (PEG precipitation, ultrafiltration, Heparin columns, etc) have been reported, which may all lead to different ratios of viral antigens, subviral particles and Dane particles as well as contaminating non-enveloped nucleocapsids, recognized by TLR2 (Cooper et al., 2005) or endotoxins, recognized by TLR4 [START_REF] Park | Recognition of lipopolysaccharide pattern by TLR4 complexes[END_REF] in the inocula. Similarly, HBsAg can be produced in yeast, purified from have different ratios of surface proteins with post-translational modifications and lipid compositions that may vary in their interactions with host cells/proteins. For instance, phospholipids have been shown to be essential for HBsAg interaction with CD14 [START_REF] Vanlandschoot | LPS-binding protein and CD14-dependent attachment of hepatitis B surface antigen to monocytes is determined by the phospholipid moiety of the particles[END_REF]. Of note, those parameters (ratios of the surface proteins, posttranslational modifications of these proteins and lipid composition) might be modified during the course of HBV infection, and therefore may modify their impact on the immune responses during the different phases of the disease. Thus, the study of the protein and lipid composition of virions and SVPs during HBV infection from different genotypes could bring to light any varying effect of HBsAg on immune responses.

Second, most of the in vitro studies are performed with HBV genotype D. However, clinical studies showed that viral genotypes highly influence the disease outcome [START_REF] Kramvis | Relationship of genotypes of hepatitis B virus to mutations, disease progression and response to antiviral therapy[END_REF][START_REF] Mayerat | Does hepatitis B virus (HBV) genotype influence the clinical outcome of HBV infection?[END_REF]. For instance, HBV genotype C is associated with lower remission rates and more aggressive outcomes as compared to HBV genotype B [START_REF] Su | Genotypes and viremia of hepatitis B and D viruses are associated with outcomes of chronic hepatitis D patients[END_REF]. Viruses from different genotypes might therefore have different interplays with their host.

Interestingly, the strongest hepatocyte response was described in experiments using HBV genotype C [START_REF] Sato | The RNA sensor RIG-I dually functions as an innate sensor and direct antiviral factor for hepatitis B virus[END_REF] whereas HBV genotype D did not elicit any responses in chimpanzees (Wieland et al., 2004b). Our team is currently producing HBV inocula from genotype A, B, C, D, E, H, and G and their ability to be detected by liver cells will be investigated.

Does HBV inhibit the host innate immune system?

A stealth virus can be a virus that i) does not induce measurable innate responses by passively evading innate immune detection by PRR or ii) a virus that is able to actively inhibit nascent innate responses

HBV life cycle (capped viral mRNA, retro-transcription within the capsids), which both limit the recognition of potential HBV PAMPs, favor the first hypothesis. However, many studies reported that HBV could not only modulate innate immune responses in hepatocytes but also in immune cells (Faure-Dupuy et al., 2017), and

shown to be down-regulated in chronically infected HBV patients (Lebossé et al., 2017).

Indeed, even though HBV is only replicating in hepatocytes (i.e., virus progeny originates only from hepatocytes), the secreted infectious virions, as well as other secreted non-infectious viral components, including enveloped nucleocapsids (either containing viral RNA or no viral nucleic acids), subviral particles (HBsAg spheres and filament; SVPs), and proteins (HBeAg and HBSP) may interact with the liver resident and circulating blood cells and modulate their physiology.

To decipher if HBV was able to modulate innate immune responses, we studied the interaction of the virus with several cells types: the infected cells, i.e. hepatocytes (studies#1 and 2), two types of non-parenchymal cells, the LSEC and the liver M (studies#2, 3 and 4), and one type of infiltrating cells, the monocytes-differentiated-macrophages (study#4).

First, we assessed if HBV could inhibit the induction of an innate immune response upon TLR/RLR stimulations of hepatocytes. A TLR3 or RIGI/MDA5 (sensors implicated in the recognition of dsRNA) stimulation that normally leads to the activation of interferon (IFN-, and subsequently the interferon stimulated gene, OAS1) and pro-inflammatory responses was indeed shown to be impaired (study#1 (Luangsay et al., 2015b) and study#2).

We observed that the type I interferon response (IFN-and OAS1) was inhibited by HBV before the onset of viral replication (i.e. after 2h of exposure, and 8h for pro-inflammatory response (IL-6)). We therefore first concluded that the viral components implicated in this inhibition should be present in the viral inoculum (Luangsay et al., 2015b) and further identified the structural HBV capsid protein (HBc) as a key regulatory protein (study#2).

Indeed, several experiments showed that HBc could bind to the host DNA and this binding was associated with an increase of repressive epigenetic marks on several innate immune genes promoters such as ifn-and oas1. Second, we hypothesized that if the inhibitory effect of HBV occurs without viral replication, this might be found in other cell types that are able to internalize the virus (for instance by endocytosis or phagocytosis). Indeed, we observed that HBV is able to impair several immune pathways in LSEC and liver M The TLR3-mediated induction of IFN-and OAS1 was also inhibited in those cells by HBV through an HBc-dependant mechanism (study#2). In addition, using primary liver M , we showed that HBV is able to inhibit the secretion of IL-1 induced by different stimulations (study#3 (Zannetti et al., 2016) and study #4). We also demonstrated that HBV interferes with the differentiation of blood monocytes from healthy donor into proinflammatory macrophages, thus preventing IL-6 and IL-1 secretions, while promoting an anti-inflammatory phenotype. In addition, we assessed whether the differentiation of purified monocytes from chronically infected patients into pro-inflammatory M was impaired.

However, the high inter-donor variations observed in the ability of monocytes to be differentiated ex vivo have not allow any definitive conclusions to be drawn yet. Interestingly, the modification of pro-inflammatory macrophages secretions by HBV was sufficient to abolish the antiviral effect of those M secretions (Figure 29). The anti-inflammatory response was also amplified in presence of HBV during the activation of anti-inflammatory MDM.

Taken together, our ex vivo experiments demonstrate that HBV can actively inhibit the induction of interferon and a pro-inflammatory response by liver resident cells (hepatocytes, LSEC and macrophages) and infiltrating M (MDM). This modification of innate immune responses might favour the establishment as well as the maintenance of the infection especially through the inhibition of antiviral effectors such as IFN [START_REF] Konerman | Interferon Treatment for Hepatitis B[END_REF] and IL-1 /IL-6 (Isorce et al., 2016). Moreover, the increase of anti-inflammatory cytokine secretion, IL-10, might have an impact on the implementation of an adaptive immune response, and, thus, favour the development of chronic infection and the progression to HCC (Figure 30).

In contrast to our results, several studies have described that HBV infection does not inhibit the innate immune response. Niu et al. showed that agonisation (GS-9620) of total PBMCs strongly inhibited HBV established infection in hepatocytes, without encountering any inhibition of innate immune responses in HBV infected cells [START_REF] Niu | The Smc5/6 Complex Restricts HBV when Localized to ND10 without Inducing an Innate Immune Response and Is Counteracted by the HBV X Protein Shortly after Infection[END_REF]. In addition, recently, Suslov et al. using fresh biopsies from control or HBV-chronically-infected patients did not observed any inhibition of liver responses to TLR stimulations (Suslov et al., 2018). Even though, the model allow the maintenance of the liver 3D organisation as well as the natural proportion of all liver resident cells, the raw culture conditions used by the authors lead to a dramatic reduction of the hepatocytes viability after 24h of culture and viability and functionality of NPC were not assessed (Suslov et al., 2018).

Itis important to note that, in those two studies, the levels of innate immune stimulation used may have been sufficient to breach the modest HBV-mediated inhibition of innate immune signalling [START_REF] Allweiss | Immune cell responses are not required to induce substantial hepatitis B virus antigen decline during pegylated interferon-alpha administration[END_REF][START_REF] Luetgehetmann | Hepatitis B Virus Limits Response of Human Hepatocytes to Interferon-in Chimeric Mice[END_REF]. Indeed, the inhibition we have described (study#1 (Luangsay et al., 2015b) and study#2) was robust, but weak, and was not sufficient to prevent the induction of these pathways by a very strong stimulus (e.g. superinfection with hepatitis D virus (HDV); [START_REF] Alfaiate | HDV RNA replication is associated with HBV repression and interferon-stimulated genes induction in super-infected hepatocytes[END_REF]). HBV probably actively suppresses the innate immune response induced by viral infection, but cannot counteract the strong response induced by innate immune activators or other potent inducer pathogens. An alternative hypothesis is that the inhibition of M by HBV could be highly reversible and therefore lost ex vivo in a medium without any HBV particles and/or antigens. It would be interesting to test if the addition of HBeAg/HBsAg/HBV virions in the culture medium would recapitulate, in these latter model, the inhibitory phenotype we described.

Interestingly, beside HBV, other viruses have been described to preferentially induce the antiinflammatory phenotype in M . For example, the porcine reproductive and respiratory syndrome virus (PRRSV) has been shown to increase CD163 expression in porcine M [START_REF] Patton | Modulation of CD163 receptor expression and replication of porcine reproductive and respiratory syndrome virus in porcine macrophages[END_REF]. In addition, human immunodeficient virus (HIV) chronic infection is associated with an increased proportion of CD16 + CD163 + monocytes [START_REF] Fischer-Smith | CD163/CD16 coexpression by circulating monocytes/macrophages in HIV: potential biomarkers for HIV infection and AIDS progression[END_REF]. The secretion of CD163 soluble form has even been described as a marker of active HIV infection [START_REF] Burdo | Soluble CD163 Made by Monocyte/Macrophages Is a Novel Marker of HIV Activity in Early and Chronic Infection Prior to and After Anti-retroviral Therapy[END_REF]. Moreover, hepatitis C virus (HCV) infection can inhibit several TLR signalling pathways, among which is TLR4 [START_REF] Abe | Hepatitis C virus nonstructural protein 5A modulates the toll-like receptor-MyD88-dependent signaling pathway in macrophage cell lines[END_REF]. In a macrophage cell line expressing NS5A, a non-structural HCV protein, a decrease of TLR4 mRNA was observed. Upon stimulation with LPS, NS5A expressing cells secreted less IL-6 and had less phosphorylated ERK1/2. This phenotype was associated to the interaction of NS5A with Myd88 (TLR4 intracellular adaptor) that inhibited Myd88 interaction with IRAK and subsequently the induction of the TLR4 signalling pathway. It should be investigated if similar mechanisms occur in the inhibition of pro-inflammatory M differentiation and TLR/PRR signalling induced by HBV.

How does HBV inhibit the host innate immune system?

Our results have shown that HBV is able to block innate immune responses in parenchymal (i.e. hepatocytes), non-parenchymal (i.e. LSEC and liver M ) and infiltrating cells (i.e. MDM).

HBc was identified has the key mediators of the early inhibition of the type I interferon response in hepatocytes, liver M and LSEC (study#2). In M , we further demonstrated that HBsAg was able to inhibit the AIM-2-mediated induction of IL-1 (study#3 (Zannetti et al., 2016)). However, which viral protein and the mechanism(s) involved in IL-6 inhibition upon TLR3-L agonisation and in M phenotype modifications are still unknown.

In hepatocytes, in which a complete viral life cycle can be observed, all of the viral proteins could be implicated in immune modulation. Several groups have pointed out the role of HBx, HBV polymerase, and HBc as potential intracellular regulators of the induction of the expression of type-I IFN in hepatocytes (Jiang and Tang, 2010;Wang and Ryu, 2010;Wang et al., 2010;Wei et al., 2010;Wu et al., 2007b;[START_REF] Yu | Hepatitis B virus polymerase inhibits RIG-I-and Toll-like receptor 3-mediated beta interferon induction in human hepatocytes through interference with interferon regulatory factor 3 activation and dampening of the interaction between TBK1/IKKepsilon and DDX3[END_REF]. Moreover secreted HBV proteins, i.e. HBsAg and HBeAg, were also shown to inhibit TLRs-mediated innate immune responses (Wu et al., 2007a;Wu et al., 2009).

In the immune tolerance phase, a large amount of infectious particles, containing HBc, circulates in the blood of patients (between 10 7 and 10 10 HBV-genome-copies/mL) (Seeger et al., 2015), and this concentration may be even higher in the liver microenvironment, thus potentially out-numbering liver cells. It has been suggested that HBV could penetrate into LSEC (Breiner et al., 2001a), Kupffer cells (Zannetti et al., 2016), and pDC (Vincent et al., 2011), which are three important cell types to mount an efficient innate response. However, due to the absence of replication in those cells (study#4), only the viral proteins secreted (HBeAg, HBSP), or embedded in SVPs (HBsAg) and virions (HBsAg, HBcAg, Pol) could influence the innate immune response. Of note, HBx might also be implicated in this modulation as the mRNA of this viral protein has recently been shown to be detected at highly early time point post infection in hepatocytes, suggesting that the X mRNA is encapsidated with the viral genome [START_REF] Niu | The Smc5/6 Complex Restricts HBV when Localized to ND10 without Inducing an Innate Immune Response and Is Counteracted by the HBV X Protein Shortly after Infection[END_REF]. Whether this viral mRNA would be translated in liver nonparenchymal cells and in sufficient amounts to show an effect remains to be determined.

In non-parenchymal cells, the delivery mechanism of virion/HBc inside the cells still remains unsolved. One hypothesis could be that HBV enters M either by a non-specific or a specific entry (i.e. another viral receptor as NTCP is not expressed by M (data not shown)) and escapes the phagolysosomes. Indeed, another virus, HIV1, has been shown to impair phagolysosome fusion preventing anti-fungal activities in PBMCs through a gp120 dependent mechanism [START_REF] Pietrella | Human immunodeficiency virus type 1 envelope protein gp120 impairs intracellular antifungal mechanisms in human monocytes[END_REF][START_REF] Pittis | Impaired phagolysosomal fusion of peripheral blood monocytes from HIV-infected subjects[END_REF]. It should be determined if HBV could impair the acidification of phagosomes to prevent the destruction of virions, allowing viral delivery in the cells. Moreover, the internalisation of HBV virions/proteins might not even be necessary to induce the antiviral effect observed, as several surface receptors implicated in the down-regulation of pro-inflammatory responses, such as tyrosine kinase TAM receptor [START_REF] Lemke | Biology of the TAM Receptors[END_REF], could be, for instance, targeted by circulating HBV particles and/or antigens.

Different molecules such as high molecular weight hyaluronate or Latrunculin A [START_REF] Forrester | Inhibition of phagocytosis by high molecular weight hyaluronate[END_REF][START_REF] De Oliveira | Latrunculin A is a potent inhibitor of phagocytosis by macrophages[END_REF]) could be used to inhibit phagocytosis in M and thereby to assess if the internalisation of HBV virions/proteins is necessary to modulate the M phenotype.

The molecular mechanisms of the modulation of innate immune responses by HBV still remain largely unclear. We showed that HBc contributes to the inhibition of the IFN response by the modulation of epigenetic marks on innate immune gene promoters both in PHH and nonparenchymal cells (study#2). HBc is capable to bind to dsDNA, including the viral cccDNA, as well as to host genes (Bock et al., 2001;[START_REF] Guo | Hepatitis B viral core protein disrupts human host gene expression by binding to promoter regions[END_REF], and it likely does so via the same domain required for RNA binding, which is a protamine like domain found in mammalian DNA binding proteins, located at the C-terminus of the protein (Seeger et al., 2015;[START_REF] Zheng | The structure of hepadnaviral core antigens. Identification of free thiols and determination of the disulfide bonding pattern[END_REF]. The biophysical aspect of this interaction has to be defined, but could involve dimeric forms of the protein. It is worth noting that all the promoters of targeted genes contained ISRE motifs. EMSA experiment also showed that HBc could bind to ISRE-containing dsDNA [START_REF] Fernandez | Hepatitis B virus downregulates the human interferon-inducible MxA promoter through direct interaction of precore/core proteins[END_REF]. Such an early inhibition of innate immune responses via a structural protein embarked into virions and readily mobilized into the newly penetrated cells has only been shown in the case of the tegument protein (ORF52) of KHSV. This protein was indeed shown to prevent cGAS DNA sensing just after entry of virions within cells, and in the absence of viral replication and protein neo-synthesis [START_REF] Wu | Inhibition of cGAS DNA Sensing by a Herpesvirus Virion Protein[END_REF].

We showed that the inhibition of IL-1 was dependant on HBsAg (study#3). However, the possible role of HBc in the modulation of IL-1 expression and other pro-and antiinflammatory factors has not been fully investigated yet. Using recombinant viral proteins, we performed several experiments on MDM to determine which HBV component is responsible for the observed effect but the results are not conclusive yet (data not shown). It is likely that several HBV proteins are implicated to different degrees in the modifications of innate immune responses both in hepatocytes and non-parenchymal cells. Therefore, the use of single proteins might not be sufficient to recapitulate the effects observed with a "full" HBV inoculum. In addition, the delivery of the recombinant viral proteins into M is probably different from the delivery of viral proteins circulating within viral particles. For example, non-enveloped capsids and Dane particles (that will both deliver the HBc protein) will probably be internalized by M using different pathways. Moreover, as naked HBc can be recognized by TLR2 (Cooper et al., 2005), it will trigger a pro-inflammatory response, not observed with the enveloped counterpart. Thus, the study of the role of HBc using recombinant protein might not be possible without bioporting the protein inside the cells, as done with hepatocytes in the study#2. In addition, in hepatocytes, TLR pathway signalling was shown to be impaired by HBsAg (Jiang et al., 2014b). More surprisingly, it was also suggested that HBs inhibits this pathway by a mechanism involving the inhibition of the c-Jun N-terminal protein Kinase (JNK), which in turn, would prevent IL-12 production (Wang et al., 2013). To specifically study the role of HBsAg without the HBc component, the use of HDV virions, which share the envelope of HBV, should be envisaged [START_REF] Alfaiate | Hepatitis delta virus: From biological and medical aspects to current and investigational therapeutic options[END_REF].

Even though one copy of the viral polymerase is encapsidated in each virion, it is unlikely that this protein will have an effect of innate immune modulation in M given the limited copies that will enter those cells. Thus, the two proteins remaining that might modulate immune responses are the secreted HBeAg and HBSP. HBeAg has already been described to inhibit NLRP3-mediated induction of IL-production [START_REF] Yu | HBV inhibits LPSinduced NLRP3 inflammasome activation and IL-1 production via suppressing the NF-B pathway and ROS production[END_REF], but this protein might have other effects on M modulation. Moreover, HBeAg was shown to impaired TLR pathway signalling (Wu et al., 2009b), and to bind to Myd88 interfering with the TLR2 signalling pathway [START_REF] Lang | The hepatitis B e antigen (HBeAg) targets and suppresses activation of the toll-like receptor signaling pathway[END_REF]. HBSP has been hypothesised to promote HBV infection through the down-regulation of immune responses and to reduce liver inflammation during chronic infection [START_REF] Pol | Alternative splicing-regulated protein of hepatitis B virus hacks the TNF--stimulated signaling pathways and limits the extent of liver inflammation[END_REF]. Recently, HBSP expression in mice liver was shown to decrease with the recruitment of inflammatory monocytes/macrophages, thus limiting liver damage (Duriez et al., 2017b). Authors further described that this phenotype was correlated with an inhibition of C-C motif chemokine ligand 2 (CCL2) expression in hepatocytes. However, will need future investigations.

In summary, even though several studies have shown that HBV can modify the immune response of macrophages, further investigations are required to precisely dissect the involved mechanisms. For instance, a full evaluation of the synthesis and secretion of the different cytokines/chemokines upon HBV exposure should be performed since modification of chemokines secretion might interfere with the recruitment of other immune effectors and, hence, HBV elimination. Moreover, it should also be investigated if HBV modulates other functions attributed to macrophages such as phagocytosis or antigen presentation in order to prevent for instance, viral recognition and/or local reactivation of lymphocytes.

Does HBV ?

Cell metabolism was recently demonstrated to be a key player in the implementation of an efficient immune response (Sinclair et al., 2013) and HBV was shown to highjack and/or promote enzymes involved in lipids or amino acids metabolism in hepatocytes or myeloid cells (Esser et al., 2018;Pallett et al., 2015a;Schurich et al., 2016). We observed that the level of the HIF-transcript, a marker of succinate accumulation and broken Krebs cycle in pro- One tempting hypothesis is that the modulation of macrophage metabolism may promote the secretion of factors necessary to compensate the increased need of hepatocytes in amino acids and lipids to cope with HBV replication. Indeed, it has been shown that the large amount of viruses produced by hepatocytes during acute and chronic infection requires amounts of deoxyribonucleotide triphosphates (dNTPs) that are not available in resting hepatocytes [START_REF] Cohen | Hepatitis B virus activates deoxynucleotide synthesis in nondividing hepatocytes by targeting the R2 gene[END_REF]. On the one hand, a study has described that HBV is able to increase level of dNTPs though a viral-dependent transcription activation of R2, the key component of ribonucleotide reductase, which is critical for the HBV life-cycle [START_REF] Cohen | Hepatitis B virus activates deoxynucleotide synthesis in nondividing hepatocytes by targeting the R2 gene[END_REF]. On the chronic infection is associated with an increase in the frequency of circulating gMDSC (Pallett et al., 2015a). During immune-tolerant phases, gMDSCs secrete more arginase-I, leading to peripheral and hepatic deprivation in L-arginine, impairing T cell function (Pallett et al., 2015a). Thus, it appears that even though HBV is in increasing need of nucleotides and amino acids to cope with its replication rates, not all HBV-induced modifications of metabolism are in favor of promoting the secretion/production of the needed metabolites.

Do liver macrophages play a role in the establishment and/or maintenance of HBV infection?

Liver M were shown to play a crucial role in the establishment of HBV infection as their depletion resulted in a loss of chronicity in a mice model (Xu et al., 2014). The authors described that IL-10 secretion by M was the key player to prevent an adaptive immune response against the virus and, thus, the maintenance of the infection. However, HBV might also translocate through liver macrophages to be delivered to hepatocytes as suggested by the group of Ulrike Protzer (personal communication) and shown for LSEC in the case of DHBV (Breiner et al., 2001). If this is so, the delivery of HBV to hepatocytes might be compromised when KC are depleted. To assess the role of liver M in the establishment and persistence of the infection, it would be interesting to add or deplete those cells (by a chlodronate treatment, [START_REF] Weisser | Depletion and reconstitution of macrophages in mice[END_REF]) before, during or after HBV infection, in different ex vivo or in vivo models that will be discussed below and presented in Table VI. Of note, the absence of liver M might also explain the very inefficient rate of HBV infection in vitro compared to in vivo.

Indeed, one viral particle is sufficient to chronically infect chimpanzees [START_REF] Shikata | Hepatitis B e Antigen and Infectivity of Hepatitis B Virus[END_REF], whereas at least 100 particles per cell in the presence of PEG are needed to infect hepatocytes cultured in vitro in 2D. In vitro infection of hepatocytes should therefore be performed in the presence of liver M to confirm their role in the establishment and/or maintenance of HBV infection. Several in vitro models of hepatocytes have been used over the years to study the HBV life cycle such as HuH7, HepG2, dHepaRG and PHH. However, each model has its limitations for the study of the HBV interactions with the immune cells and more precisely with macrophages. For instance, transformed cells (HuH7.5, HepG2) have an impaired innate pathways (Luangsay et al., 2015a). Differentiated HepaRG and PHH do have functional immune pathways, but need to be cultured in the presence of DMSO to prevent their dedifferentiation. However, the use of DMSO triggers M activation and thereby induces the secretions of cytokines such as IL-6 that were described to have an anti-viral effect (Isorce et al., 2016) (data not shown).

Co-culture of M and hepatocytes with inserts spatially separating the cells and allowing the use of two different types of media (i.e. containing DMSO for hepatocytes and without for M ) (Table VI) is useful to determine the effect of hepatocyte secretions on macrophages and vice versa. However, the absence of contact between the two cell types prevents any cellto-cell virus propagation/modification. Interestingly, the IKC cell line presented in the fifth study can be cultured in the presence of DMSO (up to 2%). During my thesis, we co-cultured PHH and liver M or dHepaRG and IKC in monolayers (Table VI) using different cell ratios in order to assess the role of macrophages in HBV infection establishment. However, control conditions (hepatocytes only vs hepatocytes + M ) were difficult to implement because of the necessity to maintain confluency in the cultures (to keep hepatocytes polarization and avoid dedifferentiation) as wells as because of the different durations of the cell sorting procedures (for primary cells).

Alternatively, co-culture of human M and hepatocytes could be performed in spheroids;

such a system has been reported to resemble the in vivo human liver [START_REF] Bell | Characterization of primary human hepatocyte spheroids as a model system for drug-induced liver injury, liver function and disease[END_REF]) (Table VI). Preliminary results obtained in our team showed that HBV infection can be detected in human hepatocyte spheroids (PHH or dHepaRG cells) cultured without DMSO and the formation of spheroids containing hepatocytes and M is currently being set up in our team.

spheroids of PHH (in the absence of DMSO and PEG) has also been very recently described (Ortega-Prieto et al., 2018) (Table VI). Interestingly, slight increases of HBeAg secretion and pgRNA levels were observed when liver M were co-cultured with PHH in this system [START_REF] Ortega-Prieto | 3D microfluidic liver cultures as a physiological preclinical tool for hepatitis B virus infection[END_REF]. Of note, M that can contaminate PHH cultures were not depleted so it will be necessary to assess in the future if this might have an impact on the establishment and/or persistence of the infection in this system. Moreover, the role of M might be underestimated when using such systems because of the absence of circulating cells that could be recruited by M secretions. Culture of liver slices has also been reported in very elegant studies from the team of Pr Stanislas Pol. Such a system presents the advantage of keeping the 3D organisation of the liver as well as a natural proportion of all the liver resident cells (Table VI). Compared to cultured biopsies mentioned previously, which cannot be kept in culture for more than 24h (Suslov et al., 2018), liver slices were still viable after ten days [START_REF] Lagaye | Efficient replication of primary or culture hepatitis C virus isolates in human liver slices: A relevant ex vivo model of liver infection[END_REF] and could be ex vivo infected with HCV [START_REF] Lagaye | Efficient replication of primary or culture hepatitis C virus isolates in human liver slices: A relevant ex vivo model of liver infection[END_REF][START_REF] Lagaye | Human Liver Fibrogenesis: The Proof of Concept of HCV-, Ethanol-or Palmitate-Induced Liver Fibrosis in the Ex Vivo Model of Human Liver Slices Culture[END_REF]. The same culture conditions could be used to test the ex vivo susceptibility of the liver slices to HBV infection. If confirmed, liver macrophages could be depleted to assess their role in HBV the establishment and maintenance of infection. One major drawback to all these ex vivo models is the absence of circulating cells that are a major component of the immune responses. Finding a good in vivo surrogate gold standard model for HBV infection is still an outstanding challenge. The use of small animals has been compromised by the fact that the mouse and human NTCP sequences are too different to enable infection of mouse hepatocytes by HBV [START_REF] Yan | Molecular determinants of hepatitis B and D virus entry restriction in mouse sodium taurocholate cotransporting polypeptide[END_REF]. Different strategies have been used to launch HBV replication in mice. For instance, mouse hepatocytes can be depleted in the Fah Rag2 Il2rg

(FRG) mouse and human hepatocytes engrafted to allow the formation of a humanised liver [START_REF] Azuma | Robust expansion of human hepatocytes in Fah-/-/Rag2-/-/Il2rg-/-mice[END_REF] (Table VI). These mice support HBV replication and represent a potent model for the evaluation of HBV targeting drugs (Diab et al., 2017), but they have a compromised immune system that strongly limits studies on the interplay between HBV and immune cells. However, the addition of purified human NPC and/or liver M to hepatocytes during the formation of the humanised liver should be performed to assess the role of those cells in HBV establishment. On the contrary and to address the same question, liver M could be depleted (i) in HBV-infected mice in which both the immune system of the mouse and the liver are humanised [START_REF] Dusséaux | Viral Load Affects the Immune Response to HBV in Mice With Humanized Immune System and Liver[END_REF] (HIS-HuHEP mice) (Table VI) or (ii) in AAV-HBV transduced immune-competent mice [START_REF] Dion | Adeno-Associated Virus-Mediated Gene Transfer Leads to Persistent Hepatitis B Virus Replication in Mice Expressing HLA-A2 and HLA-DR1 Molecules[END_REF]Lucifora et al., 2017) or macaques [START_REF] Burwitz | Hepatocytic expression of human sodium-taurocholate cotransporting polypeptide enables hepatitis B virus infection of macaques[END_REF] in which the viral entry step is bypassed through the use of the AAV vector (Table VI). In summary, in the past decades a lot of new models have been implemented for the study of HBV infection either ex vivo or in vivo. Those 3D models and/or animal models should lead to a leap forward in the understanding of HBV interactions with the host immune responses, and liver macrophages in particular, as well as for pre-clinical testing of potential modulators of the immune responses.

Table VI. Possible HBV ex vivo and in vivo models that could be used to assess the role of liver macrophages in the establishment and/or maintenance of HBV infection.

How activation of the innate immune system may lead to the cure of HBV infections?

Toll-like receptors are important molecular mediators linking innate and adaptive immunity, and their stimulation by cognate agonists induced an antiviral response in animal models of HBV infection. Indeed, treatments of chimpanzees or woodchucks with TLR7 or TLR9 agonists led to reduction of HBV replication markers (Lanford et al., 2013;Lawitz et al., 2015;[START_REF] Meng | Combination therapy including CpG oligodeoxynucleotides and entecavir induces early viral response and enhanced inhibition of viral replication in a woodchuck model of chronic hepadnaviral infection[END_REF]Menne et al., 2015). The strongest antiviral phenotype was obtained with GS-9620, a TLR-7 agonist, in the woodchuck model, with a strong effect of treatment on cccDNA levels and a long-lasting efficacy associated with an anti-HBsAg seroconversion. These antiviral effects probably resulted from the activation of non-parenchymal cells and subsequent production of anti-HBV cytokines/IFNs, since hepatocytes do not express TLR7 or TLR9 and cannot therefore be directly activated by these agonists (Luangsay et al., 2015a).

Thus, the knowledge of which resident cells are able to respond to a TLR agonisation and to which extent, is necessary to develop new agonists targeting specific liver immune responses, in hepatocytes and/or non-parenchymal cells. We therefore analysed the expression and functionality of the major immune receptors (study#5). Using primary human HSC, LSEC, hepatocytes and liver M , we observed that at least one liver resident cells is able to mount a pro-inflammatory response in response to a given TLR agonisation, with the exception being TLR9 which is not expressed in the liver resident cells tested (Figure 31). This study highlights the necessity to take into account NPC in the design of new agonists targeting the activation of the immune systems.

Different anti-viral effects mediated by TLR agonisation have been described using mouse models. The team of Pr. Schlaak showed that supernatants from mouse NPCs (liver M and LSEC) stimulated with different TLR agonists (TLR3 or TLR4 agonists for liver M and TLR3 agonists for LSEC) strongly inhibited the maintenance of HBV infection in hepatocytes (Wu et al., 2007). However, propatients or in murine NPC purified from mice exposed to viral components (virion, HBsAg, or HBeAg) compared to controls (Jiang et al., 2014b;Wu et al., 2009b). Huang and colleagues have described a specific population of inflammatory monocytes that can be activated and aggregated upon TLR9 agonisation to induce cytotoxic T lymphocytes expansion (Huang et al., 2013a). The resulting formation of iMATES (intrahepatic myeloid-cell aggregates for T cell population expansion) enables the control of chronic liver infections after vaccination in chronically infected mice (Huang et al., 2013a). Of note, iMATES formation in humans has not been reported yet.

Our team showed that TLR2 and TLR3 agonisation of human hepatocytes efficiently inhibits HBV infection (Lucifora et al., in revision). As macrophages are also able to respond to TLR2 agonisation, it is tempting to hypothesise that they might amplify this antiviral effect. But a very recent study showed that TLR2 agonisation of intrahepatic myeloid cells resulted in an amplification of KC and an increased IL-10 secretion inducing tolerance in naive CD8 T cell in C57Bl6 mice [START_REF] Liu | TLR2 Stimulation Strengthens Intrahepatic Myeloid-Derived Cell-Mediated T Cell Tolerance through Inducing Kupffer Cell Expansion and IL-10 Production[END_REF].

Thus, even though TLR agonists might offer new therapeutic options for the treatment of HBV infection, the impairment of innate immune responses induced by HBV in NPC and circulating cells might limit TLR agonist efficacy. Local and specific delivery of TLR agonists will probably be required to specifically and strongly stimulate the liver cells without inducing systemic cytokine storms. In this respect, our team is currently evaluating the use of a functionalizedparticulate TLR2 ligand. We showed that HBV can modulate hepatocytes and liver M to favour the establishment of infection. On the one hand, HBV escapes the antiviral mechanisms launched in hepatocytes, LSEC, pro-inflammatory liver resident and infiltrating M by interfering with their activation and/or differentiation. On the other hand, HBV promotes the activation of liver infiltrating anti-inflammatory M prevent the triggering of the adaptive immunity. Moreover, we identified IL-virus establishment and maintenance in hepatocytes (Isorce et al., 2016). Alternatively to recombinant IL-(that cannot be use systemically without risking severe side effects due to the triggering of cytokine storms), specific inflammasome inducer delivered in the liver and/or specifically to liver macrophages, may induce a boost of IL- (Demento et al., 2009). Moreover, the use of GM-CSF, that promotes pro-inflammatory macrophages and induced tumour regression after delivery in the tumour (Kim et al., 2006;Mastrangelo et al., 1999), could be tested in the context of chronic HBV infection. Similarly, the efficiencies of inhibitors of glutaminolysis that modify -ketoglutarate balance in macrophages and led to a switch from an anti-inflammatory to a pro-inflammatory phenotype [START_REF] Liu | -ketoglutarate orchestrates macrophage activation through metabolic and epigenetic reprogramming[END_REF] could also be evaluated.

In conclusion, the understanding of the host-virus interactions and the mechanisms that underlie the regulation of innate responses of (parenchymal and non-parenchymal) liver cells is an essential step for the development of future treatments aiming at reactivating a functional immune response and curing chronic HBV infections.
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First, I would like to thanks Dr. Hosmalin, Dr. , 2017). Upon exposure to the virus, 90-95% of immune-competent adults will clear the infection, whereas 5-10% will develop a chronic infection. In these chronically HBV-infected (CHB) individuals, the risk of developing, in the long-term, cirrhosis and hepatocellular carcinoma is greatly increased (Testoni et al., 2017). Despite an efficient prophylactic vaccine that protects from infection and treatments that induce a virosuppression (i.e., reduction of viral load in blood), a complete cure of CHB individuals is not achievable yet, due to the persistence of an episomal viral DNA template, called cccDNA (i.e., covalently-closed-circular DNA), inside the nucleus of infected cells (Nassal, 2015). The development of new treatments is therefore still necessary. One major cause of HBV chronicity comes from a non-optimal immune response against the virus and infected cells during the acute infection phase and after progression to a persistent infection (Fletcher et al., 2012;Wieland et al., 2004a). Why and how the virus interacts with and impairs immune cell functions still remains to be fully understood. In this review, we focus on the interaction between the virus and one specific type of immune cells: the macrophages.

Macrophages phenotypes and functions

th century, as evolutionary conserved phagocytes that have evolved for more than 500 million years (Gordon, 2016). Over the last 2 centuries origins, phenotypes of different subpopulations, and their various functions.

whereas infiltrating macrophages, which are recruited upon pathogen contamination and/or injury, are derived from the differentiation of peripheral blood circulating monocytes, themselves primarily coming from the bone marrow (Ginhoux and Guilliams, 2016). Depending example, in the human liver, no specific marker has been identified to differentiate these two viruses, and are therefore an important component of the innate immune response to infections. In addition to their physiologic phagocytic capacity, which allows the elimination to adaptive immunity by processing and presenting antigens after pathogen engulfment and their recognition through Pattern Recognition Receptors (PRR) (Hume, 2015). (Pollard, 2008).

and/or secreted cytokines (Hume, 2015;Murray et al., 2014). Several classifications have been proposed over the years, but a consensus is yet to be found. Nevertheless, they can be divided into two major phenotypes: pro-and anti-inflammatory. Of note, the pro-/anti-inflammatory (Hume, 2015).

Probacterial and viral pathogens. They are implicated in inflammation, tumour resistance and killing of intracellular pathogens (Mantovani et al., 2004). M1 are commonly described as STAT1 + , IRF5 + , and iNOS + , and can secrete a large panel of pro-inflammatory cytokines (IL-6, IL-1 family, IL-12, ILinflammatory mediators (i.e. reactive oxygen species or ROS) (Mantovani et al., 2004) product -.

activate tumour-killing mechanisms and to amplify Th1 responses, inducing a positive feedback in the anti-tumour response (Biswas and Mantovani, 2010). Indeed, M1 macrophages can present antigens to induce an adaptive immune response but can also reactivate lymphocytes locally, at the injury/infection site. Although pro-microorganism invaders, M1-like macrophage-derived cytokine production have also been identified as key factors in several autoimmune and chronic inflammatory diseases, including (Murphy et al., 2003;[START_REF] Smith | Disordered macrophage cytokine secretion underlies impaired acute inflammation and bacterial clearance i 206[END_REF].

Anti-ed in the resolution of inflammation and wound healing, but also, in some circumstances and by mechanisms not fully understood, in the defence against parasites [START_REF] Chávez-Galán | Much More than M1 and M2 Macrophages, There are also CD169+ and TCR+ Macrophages[END_REF]. M2 are commonly described as STAT6 + , IRF4 + , and CD163 + , and can secrete anti-inflammatory cytokines (ILproduction of ATP and glycosylation of M2-associated receptors . M2

macrophages are mandatory for the resolution of inflammation, and tissue repair after an injury and/or cytotoxic activity (Mantovani et al., 2004). However, M2 are also associated with tumour progression through the secretion of negative immuno-modulators, and are called, in the tumour micro- (Tang et al., 2013). TAM have been associated to the progression of numerous cancers and as such are potential new target for therapeutic purposes (Murray and Wynn, 2011;Ries et al., 2014;Tang et al., 2013).

Kupffer cells: the liver macrophages

positive cells (Fahimi, 1970). KC are (Crispe, 2009;Seki et al., 2000). KC are localized in liver blood vessels, seeded on liver sinusoidal endothelial cells and their fenestration, where they can phagocytose debris, aging blood cells or pathogens. After phagocytosis, pathogens can be processed into phagolysosomes and antigens can be presented to lymphocytes to activate or recall a local immune response (Crispe, 2009;Liaskou et al., 2012) (Ginhoux and Guilliams, 2016) and have more precisely been defined as CD14 + , HLA-DE + , HLA-ABC + , CD86 + , DC-SIGN + with low expression of CD1b, CD40 and CD83 (Tu et al., 2008). As previously mentioned, in humans, no specific marker has been identified to differentiate KC from infiltrating macrophages, whereas in the mouse (i.e.

Clec4F) (Scott et al., 2016) and rat (i.e. ED-1 and ED-2) (Zeng et al., 2013) markers have been described. In addition, KC have a long life-span (more than a year) and are self-renewing cells derived macrophages which have a limited life-span (Naito et al., 1997). Interestingly, a recent study by Scott and colleagues acquire KC phenotype (including self-renewal capacity) after depletion of the a model of KC expressing the diphtheria toxin receptor (Scott et al., 2016).

KC play a critical role in liver tolerance. Indeed, the liver is at the crossroad between systemic and enteric circulation, with 80% of the blood reaching the liver coming from the hepatic portal vein. Thus, liver cells are constantly exposed to pathogens. Indeed, lipopolysaccharide (LPS) endotoxin is found in measurable amounts (few nano grams) in the enteric circulation (Prytz et al., 1976). This phenomenon should theoretically lead to a constant inflammation within the liver but none is observed in healthy individuals. The liver is indeed described as an immune-tolerant organ (Crispe, 2009). This tolerance has been defined as a f enteric pathogens, which depends on the normal connection between the liver and gut (Yang et al., 1994). Yet, the full role of KC in this tolerance phenomenon still need further investigation, especially by assessing KC phenotype/state in healthy liver. Indeed, the anti-or pro-inflammatory phenotype of KC at steady state is yet to be pro phenotypes. It could be hypothesised that near the enteric circulation, where the exposition d in tolerance, through the secretion of immune-regulatory mediators (Ju and Pohl, 2005). In contrast, near the systemic circulation, where the presence of pathogens is a sign of infection, KC would be more likely to be in a pre-pro-inflammatory state in order to quickly eliminate any blood infections. Moreover, other factors could play a role in the fate of KC phenotype. The oxygen gradient in the liver is linked to the expression of hypoxia regulated genes (HIF family), among factor linked to the accumulation of IL- (Kietzmann, 2017).

As previously described, even in this tolerant environment, KC are able to respond to the detection of specific pathogens (Knolle et al., 1995a;Seki et al., 2000;Tu et al., 2008). KC express a large spectrum of PRR, among which, TLR1/2, TLR2/6, TLR3, TLR4, TLR8 and RIGI/MDA5 (Faure-Dupuy et al., 2018;Sun et al., 2016), leading, after stimulation, to the secretion of a large spectrum of immune factors such as ROS, cytokines (IL-6, IL-10, IL-12, (Knolle et al., 1995b;Sica et al., 2014;Tacke, 2017;Tu et al., 2008). KC have also been described to be functional for several inflammasomes (AIM2, NLRP3), which, upon stimulation, induce the production, maturation and secretion of IL--18 [START_REF] Yu | HBV inhibits LPSinduced NLRP3 inflammasome activation and IL-1 production via suppressing the NF-B pathway and ROS production[END_REF]Zannetti et al., 2016). Chemokines and cytokines secretion will further recruit and activate monocytes from the circulating blood that (Tacke, 2017). Thus in order to chronically infect the liver, pathogens (such as hepatitis viruses) must have evolved strategies to escape or prevent recognition by the immune system and liver inflammation.

In summary, the liver is both an immune-tolerant (Crispe et al., 2006) and immune-competent organ (Crispe, 2009), in which Kupffer cells play a central role in preventing the circulation in the blood of pathogens and aberrant cells.

Interaction between KC and HBV

The study of HBV infection often focuses on the hepatocytes in which the virus replicates. Viral antigens are defined as secreted viral components which can be protein (hepatitis B e antigen;

HBeAg), subviral particles (hepatitis B surface antigen embed in lipid membrane; HBsAg), and virions containing an icosahedral capsid enveloped by surface protein (empty virions, containing no viral genome or Dane particles, the infectious particles). However, the effect of the production of infectious particles and subviral particles in the liver and in the systemic circulation is still largely unknown. To note, several studies have shown that HBV replicative intermediate can be find in peripheral blood mononuclear cells (Gao et al., 2017;Loustaud-Ratti et al., 2013;[START_REF] Shi | Impact of HBV replication in peripheral blood mononuclear cell on HBV intrauterine transmission[END_REF]), yet, HBV is not able to replicate inside KC (i.e. no secretion of HBeAg and HBsAg, and no detection of HBV RNA) (our unpublished data). It has been described that HBV infection can modify the functions of several immune cells such as natural killer (NK) cells, T cells, and granulocytic myeloid derived suppressive cells (gMDSC) (Pallett et al., 2015b). We will now focus on the interaction of HBV and macrophages from four different angles: i) Can macrophages recognize HBV? ii) Can HBV modify the phenotype and function of play a role in the development of pathologies associated with HBV infection?

Can liver macrophages recognize hepatitis B virus?

-inflammatory response if needed to prevent, control and delay infections that could become chronic, as described above. A study in Pekin duck revealed that minutes after inoculation HBV was taken up by KC, highlighting their interaction in vivo (Tohidi-Esfahani et al., 2010). As a DNA virus with RNA intermediates, HBV could theoretically be recognized by several PRR expressed by KC such as TLR3 or RIGI/MDA5 as well as some cytosolic DNA sensors (Faure-Dupuy et al., 2018).

However, the recognition of HBV nucleic acids may be impaired by (i) the physical separation of encapsidated rcDNA (relaxed circular DNA, a partially double stranded DNA) from cytosolic DNA sensors, and (ii) the resemblance between HBV RNAs and host mRNAs as viral RNAs are transcribed by the host polymerase. Indeed, several studies have shown that in animal models, primary exposition to HBV elicits little to no immune responses (Fletcher et al., 2012;Wieland et al., 2004a). Even though the authors did not specifically analyse the responses in macrophages, the lack of immune responses in liver biopsies may be also interpreted as an absence of response in macrophages.

In the KC, the situation may be different as although they do not support viral replication (i.e.

no neo formation of HBV RNAs), viral components could be present after phagocytosis and viral epitopes could be recognised by immune receptors. Indeed, after purification of different subsets of human liver cells, Hösel et al. showed that non-parenchymal cells (i.e., all liver cells except hepatocytes) and especially KC were activated after a 3h of exposure to HBV. They observed a transient activation of nuclear factor kappa B (NF-inflammatory cytokines (IL-6, IL-8, TNF-response (Hösel et al., 2009b) (Figure 1, path#1). This results were recently confirmed by Cheng and colleagues who showed that in monocyte derived macrophages exposed to high quantities of HBV, a transient (between 0.5 to 6h) increase of IL-6, IL-was observed (Cheng et al., 2017) (Figure 1, path#1). Unexpectedly, TLR2, a PRR implicated in the recognition of bacterial components, has been described to recognize HBV capsid/core protein (HBc) (Cooper et al., 2005). Cooper and colleagues found that, in a monocyte cell line, THP1, a full-length HBc was bound to monocyte the production of the pro-inflammatory cytokines TNF--6, and IL-12p40 (Cooper et al., 2005) (Figure 1, path#2). These inductions were dependent of NF--1/2, and p38 MAPK activation. The authors demonstrated the necessity of binding between the arginine-rich C terminus of HBc and membrane heparin sulphate for a recognition by monocytes (Cooper et al., 2005). However, the relevance of this model is to be questioned as capsid proteins are normally enveloped in the virion when circulating outside of the hepatocytes, which should death, it may be possible that naked capsid could be released out of the hepatocytes. For example, a study by Arzberger et al, showed that apoptosis of HBV infected hepatocytes led to the release of naked nucleocapsid (Arzberger et al., 2010) which could theoretically induce TLR2-formed with samples from HBV-positive patients showed that KC stained positive for HBsAg and were more activated than those from control livers (Boltjes et al., 2015). Internalization of HBsAg was also observed in vitro using purified KC or monocytepro-inflammatory cytokines such as IL-6, TNF--15 as well as the anti-inflammatory cytokine IL-10, the chemokines CCL4 and CXCL8 (Boltjes et al., 2015) (Figure 1, path#3) and the subsequent activation of IFN- (Boltjes et al., 2015) (Figure 1, path#4).

Moreover, a study in HBsAg-transgenic mice showed that KC secretes IL-12 upon TLR9 ligand inducing liver injury caused by NK (Hou et al., 2016). In this model, an increase of Fas ligand (Jiang et al., 2014a;Wu et al., 2009a;Zannetti et al., 2016).

In summary (Figure 1), contradictory results regarding the potential activation or lack of perimental approaches. The lack of responses in HBV-infected animal models (Fletcher et al., 2012;Wieland et al., 2004a), compared to results demonstrating that macrophages seems to be equipped to recognize HBV (Boltjes et al., 2015;Cheng et al., 2017;Cooper et al., 2005;Hösel et al., 2009b;Hou et al., 2016;Real et al., 2016), raises the possibility of an active HBV-driven evasion mechanism which could contribute to the establishment and persistence of infections in vivo. Can HBV modify macrophage phenotype and function?

Several studies have described inhibitory mechanisms used by HBV to block the induction of a potential pro-inflammatory/anti-viral response, including inflammasome inhibition, immune receptor down-regulation, pro-inflammatory secretion inhibition, increase of antiinflammatory secretion, and negative immune checkpoint induction.

First, HBV has been shown to interfere with inflammasome activation. Zannetti et al.

determined that KC production of IL-HBV, through an HBsAg-dependent mecanism (Zannetti et al., 2016) (Figure 2, path#1). This inhibition seemed to be specific to the AIM2 inflammasome, as HBV was not capable of blocking IL- (Zannetti et al., 2016). However, Yu et al. recently showed that HBV could also inhibit NLRP3 induced IL-secretion by KC and that this inhibition was HBeAg dependent [START_REF] Yu | HBV inhibits LPSinduced NLRP3 inflammasome activation and IL-1 production via suppressing the NF-B pathway and ROS production[END_REF] (Figure 2, path#2). This difference in results may come from differences in the HBV inocula used and especially the quantity of HBeAg in the viral preparations. Although mechanisms involved may differ, both studies described an inhibition of ILcomponents. HBV has likely evolved several strategies to block the production of ILhas been recently described as the most efficient cytokine, amongst several tested (including IFNs) against the replication of HBV in vitro (Isorce et al., 2016).

In addition, HBV has been shown to prevent pro-inflammatory cytokine secretion by -regulation of TLR2 and TLR3 was found in peripheral blood mononuclear cells (PBMC) and KC of chronically HBV-infected patients compared to healthy controls (Huang et al., 2013b;Visvanathan et al., 2007) (Figure 2, path#3).

As TLR2 and TLR3 have been shown to, respectively, recognize HBc protein (Cooper et al., 2005) and HBV genome replication in non-parenchymal cells (Real et al., 2016), a downregulation of their expression in hepatocytes, KC and PBMCs may contribute to the lack of an efficient immune response against HBV (Real et al., 2016). However, another study showed a higher secretion of IFN---6 and IL-10 upon TLR3 stimulation in PBMC from HBV patients compared to healthy controls, contradicting the results of a down-regulation of TLR3 in monocytes (Jiang et al., 2014a). Moreover, in HBV patients, TLR2 expression on KC and peripheral monocytes was reduced in HBeAg-positive chronic HBV patients (i.e. immunetolerant/immune active patients) compared to controls individuals, whereas it was significantly increased in HBeAg-negative chronic HBV patients (e.g., in inactive HBV carrier) compared to controls (Visvanathan et al., 2007). This modification of expression was specific to TLR2, as TLR4 expression did not differ between groups. It appears that the effect of HBV on TLR expression may be differentially regulated during the different phases of HBV chronic infection that would partially explain the difference of immune responses observed during those phases.

HBV may also directly target pro-inflammatory cytokines secretion. For example, in CHB patients, HBsAg induced an inhibition of IL-12 secretion by monocytes/macrophages after TLR2 stimulation through the interference of HBV with the JNK/MAPK pathway (Wang et al., 2013) (Figure 2, path#4). To further decipher what happens in the liver, the team of Pr Schlaak purified murine KC and exposed them to some TLR-ligands in the presence or absence of HBsAg, HBeAg or HBV virions. Upon exposition to any of these viral components, expression of interferon sensitive genes and pro-inflammatory cytokines was inhibited in KC (Jiang et al., 2014a) (Figure 2, path#5). In addition, Wu et al. have shown that stimulating KC with TLR3 or hepatocytes in mice (Wu et al., 2007). However, this antiviral effect was lost when KC were pre-incubated with HBV (Wu et al., 2009a) (Figure 2, path#5). Among the mediators inhibiting HBV infection, IFN-patients (Isorce et al., 2015). Moreover, a recent study showed that HBV virions hijack enzymes involved in lipid metabolism to infect hepatocytes (Esser et al., 2018). It could be hypothesised that the same pa -through these cells to be delivered to hepatocytes.

Aiming at the same goal, others studies have shown that in addition to preventing proinflammatory responses, HBV also increases anti-inflammatory responses. In purified rat KC exposed to different quantities of HBV virions, no morphological changes were observed on KC, but, compared to non-infected animals, TGF--3 to 7.75 fold at day-7 post-exposure (Li et al., 2012) (Figure 2, path#6). In this study, no modification in the levels of pro-inflammatory cytokines IL-1, IL-6 and TNFcompared to non-HBV-exposed cells. However, the authors neither indicated the secretion level of those cytokines in both controls and HBV exposed KC nor did they examine if the proinflammatory cytokines could be secreted by KC after TLR stimulation and modified by incubation with HBV (Li et al., 2012) deficiency improved HBV elimination, thus indicating that TLR2 could modulate HBV persistence (Li et al., 2015) HBV-carrier mice and to produce more IL-10 upon TLR2 activation by an HBcAg stimulation leading to a poor induction of CD8+ T cells (Li et al., 2015;Xu et al., 2014) (Figure 2, path#7).

Indeed, IL-10 deficiency or anti-IL-10R treatment resulted in a functional CD8+ T cell response and HBV elimination in this mice model (Li et al., 2015;Xu et al., 2014). To get further insights into the context of a primary infection, Dunn et al. analysed a cohort of 21 patients with acute HBV, including 8 patients analysed before the peak of viremia, when the infection is still being established (Dunn et al., 2009). At the peak of viremia, during the inhibition of lymphocyte activation, a peak of IL-10 was observed in the serum. Moreover, in chronically infected HBV patients an increase of CD68 + CD86 + esponse, thus promoting of phagocytic-independent inflammation (Said et al., 2016). Lastly, Nebbia et al. described that in CHB patients there is an up-regulation of Galectin-9 on KC as well as an up-regulation of HBV specific Tim3 + CD8 T cell (Nebbia et al., 2012) (Figure 2, path#8). This Tim-3/Galectin-9 pathway up-regulation could be the cause of T cell exhaustion during chronic infection (Nebbia et al., 2012).

Finally, Programmed Death-1 (PD-1) and its ligands (PD-L1), proteins implicated in tolerance (Wang et al., 2016), have been described to be essential to balance antiviral immunity and inflammation in acute HBV patients (Kassel et al., 2009). A study carried-out with 32 chronic HBV patients, showed an up-regulation of PD-1 and PD-L1 in liver biopsies compared to healthy controls (Xie et al., 2009) (Figure 2, path#9). The same results were found in a chronic carrier mouse model (Tian et al., 2016). PD-1/PD-L1 up-regulation correlated with hepatic inflammation and increased alanine transaminase levels in patients (Xie et al., 2009) and with impaired cytotoxic T lymphocytes response in mice (Tian et al., 2016). However, PD-L1 expression was lower in liver residential antigen presenting cells, including KC (Xie et al., 2009), during the inactive carrier phase. Moreover, in mice, PD-L1 blockade or KC depletion led to an inhibition of HBV viral parameters, as well as an increase of IFN-+ CD8 + cells (Tian et al., 2016). Another study further showed that PD-L1 expression was up-regulated in CD14+ circulating cells during chronic HBV infection, liver cirrhosis and hepatocellular carcinoma (Huang et al., 2017). PD-1/PD-L1 interaction may therefore play an important role in balancing liver damage during chronic HBV infection (Xie et al., 2009).

In summary (Figure 2), HBV seems to block pro-inflammatory responses in KC and peripheral monocytes/macrophages, correlating with a poor elimination of the virus. On the other hand, HBV strongly activates anti-inflammatory cytokines secretion (IL-10 and TGF-Thesis Suzanne Faure-Dupuy Appendices 323 inhibitory checkpoint factors (e.g., PD-1/PD-L1). Overall, it seems that HBV concomitantly inhibits a pro-inflammatory/anti-viral M1-like phenotype, and activates an antiinflammatory/pro-tolerogenic M2-like phenotype.

Do macrophages promote the establishment or persistence of the infection?

As the first line of defence against pathogens, KC should counteract infection of hepatocytes by HBV. A study performed in ducks infected with DHBV (duck hepatitis B virus) showed that endotoxin stimulation could inhibit DHBV replication in primary duck hepatocytes (i.e., accumulation of viral proteins and amplification of the nuclear extrachromosomal DHBV DNA templates) (Klöcker et al., 2000). The authors further observed that this inhibition was due to non-parenchymal cells (NPC)-mediated cytokine secretion, and more probably to KC, which contaminates isolated hepatocytes. Nevertheless, HBV is able to chronically infect the liver, and counteract/escape these immune responses. The role of KC in the establishment and persistence of the infection remains unclear. Interestingly, in a mouse model the depletion of KC prior to HBV infection prevented the establishment of a chronic infection (Xu et al., 2014) (Figure 3, path#1). This effect was correlated with the secretion of IL-10 by KC, which impaired the humoral response against HBV infected hepatocytes (Xu et al., 2014). Moreover, Chen et al. have shown that the matrix metalloproteinase 9 (MMP-9) is up-regulated in PBMCs of chronic hepatitis B patients and can be activated by HBV in PBMCs and macrophages in vitro (Chen et al., 2017). This up-regulation may favour the infection as the authors further showed that MMP-9 enhanced HBV replication in hepatocytes through binding to IFNAR1 ( degradation (Chen et al., 2017) (Figure 3, path#2). IFNAR1 degradation prevents the binding of type I IFN and the associated antiviral effects.

In contrast, some studies have shown that KC may play a role in HBV elimination. Hösel et al. showed that KC exposed to HBV secreted more IL-6, inducing the activation of the mitogenactivated protein kinases (MAPK) in PHH, leading to the inhibition of hepatocytes nuclear al for HBV replication (Hösel et al., 2009b) (Figure 3, path#3). Another study conducted with HepG2 cells, showed that a treatment with TGF- (Li et al., 2012)) could supress HBV replication [START_REF] Hong | Transforming growth factor-1 suppresses hepatitis B virus replication by the reduction of hepatocyte nuclear factor-4 expression[END_REF]. TGFand, subsequently, viral pre-genomic RNA, core protein, and HBV replication, through (Hong et al., 2012) (Figure 3, path#4).

In summary (Figure 3), it is still unclear if KC plays a role in the establishment and persistence of the infection and further studies are required. The discrepancies between results may be due to the phenotype (pro-or anti-inflammatory) of KC during primary infection and could be one of the key factors involved in the infection outcome.

Do macrophages play a role in the development of pathologies associated with HBV infection?

KC have been described to play a role in several liver associated pathologies including aberrant responses (Ju and Pohl, 2005;Seki et al., 2000) and may be associated with of HBV-associated liver pathologies including fibrosis, cirrhosis and the progression to hepatocellular carcinoma [START_REF] Levrero | Mechanisms of HBV-induced hepatocellular carcinoma[END_REF].

As described above, Li et al. have shown an increase of TGFof HBV (Li et al., 2012). TGFhepatic stellate cells into myo-fibroblasts, subsequently stimulating the production of extracellular matrix components (Wynn and Barron, 2010) In addition to liver fibrosis, KC plays an important role in liver inflammation/tolerance and injury associated to uncontrolled inflammation. Different populations of macrophages have recently been described in the liver of chronically infected animal models and patients. A study showed that end-stage HBV liver disease is associated with an accumulation of CD14 + HLA-DR hi CD206 + macrophages (Tan-Garcia et al., 2017). These cells expressed spontaneously proinflammatory markers (TNF----10 which was increased (Tan-Garcia et al., 2017). This population has been described as resistant to LPS tolerization. Another population of CD205 + macrophages has been described in the liver of HBV transgenic mice and chronic hepatitis B patients (Yong et al., 2017). This population presented a higher expression of activation markers, pro-inflammatory cytokines, chemokines/chemokine receptors, and phagocytosis related genes (Yong et al., 2017).

Moreover, in patients with high ALT levels, a large decrease of CD8+ T lymphocytes and increase of Fas-L positive cells, especially KC, were shown (Tang et al., 2003). This observation led the authors to the hypothesis that during chronic infection, liver injury could not be the result of CD8+ T cell response but an increase of Fas-L expression on KC and, through an increased cytolytic activity (Tang et al., 2003) (Figure 3, path#5). Another study performed in liver biopsies from 74 chronically infected patients revealed that iNOS intrahepatic expression was significantly higher in patients with chronic HBV (Wu et al., 2008). In these samples, Kupffer cells stained positive for iNOS, a marker of procorrelated with ALT level, and with the grading of liver inflammation and staging of liver fibrosis (Wu et al., 2008) (Figure 3, path#6). Moreover, as previously described, peroxisome proliferator-activated receptorinflammation, well-known cancer risks factors (Nagasawa et al., 2006). In a model of HBV transgenic mice, (Balandaram et al., 2016) mRNA levels, as well as, reduced ALT level but increased apoptotic signalling (Balandaram et al., 2016) (Figure 3, expression, which could be prevented in a model of KC non-expressing- (Balandaram et al., 2016).

This data suggested a role of KC in liver inflammation during chronic HBV infection through TNFincreased of IL-10 secretion described by several teams (Dunn et al., 2009;Li et al., 2015;Xu et al., 2014). Indeed, a tolerogenic environment in the liver could lead to a non-efficient lymphocyte response and consequently, to cancer progression (Trehanpati and Vyas, 2017) (Figure 3, path#8). However, a study by Sitia et al. showed that in a chronic HBV carrier mouse model, KC, through scavenging receptors, removed apoptotic PHH, blocking the release of high-mobility group box 1 (HMGB1) and neutrophil infiltration in the liver (Sitia et al., 2011).

The authors hypothesized that this may prevent liver inflammation and damage during chronic infection.

Taken together these data show that HBV may modify KC phenotype in favour of the development of liver-associated pathologies such as fibrosis, particularly through TGFsecretion, and, ultimately, HCC, through aberrant expression of factors implicated in carcinogenesis. Moreover, KC could play an important role in liver inflammation during chronic HBV and prevent a functional humoral response by largely increasing IL-10 secretion by macrophages.

Conclusion

Contradictory data has been published with respect to the lack or activation of immune -infected animal model (Fletcher et al., 2012;Wieland et al., 2004a), despite the fact that liver macrophages are capable of recognising HBV (Boltjes et al., 2015;Cheng et al., 2017;Cooper et al., 2005;Hösel et al., 2009b;Hou et al., 2016;Real et al., 2016), raises the possibility of an active HBV-driven immune evasion mechanism, which could contribute to the establishment and persistence of infections in vivo by: i) inhibiting pro-inflammatory responses in KC and peripheral monocytes/macrophages, ii)

promoting anti-inflammatory cytokines secretion (IL-10 and TGFinhibitory checkpoint factors expression (e.g., PD-1/PD-L1). Taken together, HBV would concomitantly inhibit the pro-inflammatory/anti-viral M1-like phenotype, and promote an anti-inflammatory/pro-tolerogenic M2-like differentiation. This phenotype switch may initially favour viral replication but in the long term may also promote the pathogenesis of liver disease, such as fibrosis, cirrhosis and, ultimately, HCC as collateral damage.

A specific modulation of the function of macrophages to restore more favourable T-cellmediated immune responses against HBV should be tested within the development of complex immune therapeutic strategies to defeat HBV (Bertoletti and Bert, 2018). Therefore a substantial effort should be made to better understand the complex interplays between liver macrophages and HBV infections in order to determine whether a therapeutic intervention aiming at reversing the phenotype switch induced by HBV could favour the inhibition of HBV infection (i.e. by direct mechanisms for example through IL- (Isorce et al., 2016),

or by indirect mechanisms through the activation of a functional adaptive response) and prevent disease progression.
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 1 Figure 1. Major components of innate and adaptive immunities (adapted from Dranoff et al., 2004).

Figure 2 .

 2 Figure 2. Toll-like receptors, NOD-like receptors and inflammasome signalling pathways (adapted from Invitrogen). Representation of TLR, NLR and inflammasomes, their activating molecules, their adaptors and their simplified signalling pathways.

Figure 3 .

 3 Figure 3. C-type lectin receptors, RIG-like receptors and cytosolic DNA sensors signalling pathways (adapted from Invitrogen). CLR, RLR and CDS, their activating molecules, their adaptors and their simplified signalling pathways are detailed.

Figure 4 .

 4 Figure 4. Liver organization. Schematic representation of the liver organization with the parenchymal cells (i.e. the hepatocytes), the liver resident non-parenchymal cells (i.e. the stellate cells, the liver endothelial cells (LSEC), and the Kupffer cells (KC)), and the flowingthrough blood cells (i.e. plasmacytoid and myeloid dendritic cells (pDC and mDC), CD4 and CD8 T lymphocytes (CD8+T and CD4+T), regulatory lymphocytes (Treg), natural killer (NK and NKT), monocytes, and erythrocytes).

Figure 5 .

 5 Figure 5. Percentage of liver infiltrating immune cells (Adapted from Gruffaz, Testoni, Isorce, Luangsay et al., in preparation).

Figure 6 .

 6 Figure 6. Tissue resident macrophages (adapted from Singh et al., 2014).

Figure 7 .

 7 Figure 7. Pro-and anti-inflammatory phenotype of macrophages.

Figure 8 .

 8 Figure 8. Seroprevalence of hepatitis B virus infection worldwide (adapted from CDC, 2016).Prevalence of hepatitis B is defined as the percentage of people infected with HBV categorized in four groups: low (<2%), low-intermediate (2-4.9%), high-intermediate (5-7.9%) and high (>8%).

  (HBV) chronically infects 257 million people worldwide (WHO, 2017). The persistence of viral replication is associated with a high morbidity and mortality, due to major

Figure 9 .

 9 Figure 9. Genotype prevalence of hepatitis B virus infection worldwide (adapted from Osiowy, Coffin and Andonov, 2016). Major genotypes found in different regions of the world.
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 212 Transmission pathwaysHBV can either be transmitted vertically and horizontally (Figure10)[START_REF] Dény | Hepatitis B virus: from diagnosis to treatment[END_REF]: Vertical transmission, from mother to infant, is frequent in highly endemic zones and occurs during the peripartum or the initial months after birth. No significant placental transmission has been demonstrated. Acute HBV infection in the third semester, high viral load and HBeAg positivity are associated with the highest risk of transmission; Horizontal transmission occurs, mainly, by parenteral exposure to infected blood (blood transfusion, contaminated needles) or unprotected sexual contact with exchange of body fluids (Kidd-Ljunggren et al., 2006). HBV biology 2.2.1. Viral classification Hepatitis B virus is a partially dsDNA virus. Thus, in the Baltimore classification, HBV belong to group VII, namely dsDNA viruses which replicate through an RNA intermediate. HBV is classified in the Hepadnaviridae family with other hepatotropic DNA viruses. Those viruses have been regrouped together by four common features: hepatotropism, genetic organisation, viral morphology and replication mechanisms (a retro-transcription step in their viral life cycle). Hepadnaviridae are divided into two genera: the genus orthohepadnavirus, includes HBV along with other mammalians viruses (as woodchuck hepatitis virus (WHV), ground squirrel hepatitis virus, woolly monkey hepatitis virus and bat hepatitis virus), the genus avihepadnavirus includes avian virus, as the duck hepatitis B virus (DHBV) and heron

Figure 10 .

 10 Figure 10. Hepatitis B virus transmission pathways. HBV can either be transmitted horizontally by blood of fluid exchanges or vertically from mother to infant.

1 .

 1 Virions and subviral particlesAn HBV inoculum is composed of a secreted dimeric antigen, HBeAg (see viral proteins), and several major viral particles (Figure11): Complete virions, also called Dane particles named after their discoverer, are the infectious form of the virus. In the serum of patients, viral titer can go up to10 10 

Figure 11 .

 11 Figure 11. Viral components secreted released during apoptosis by HBV-infected hepatocytes and their protein composition. The viral inoculum is composed of the Dane particles (the infectious form of the virus), two subviral particles form (spheres and filaments) and secreted HBeAg. Upon apoptosis of hepatocytes, naked nucleocapsid can be released. In addition to Dane particles, other forms of enveloped nucleocapsid have been described in patients serum. The different viral proteins are presented in the right panel.

Figure 12 .

 12 Figure 12. HBV genome organization (adapted from Liang et al., 2009). Organization of HBV genome includes key regulatory elements and open reading frames.

Figure 13 .

 13 Figure 13. The different viral transcript (adapted from Liang et al., 2009). Schematic representation of HBV RNA transcript with initiation codons and shared polyA tail.

Figure 14 .

 14 Figure 14. The three forms of HBV envelop proteins (S, M, and L). Translation is initiated at different in-frame positions with the L form containing the 108 aa Pre-S1 domain and the 55 aa PreS2 domain, the M-HBsAg containing the Pre-S2 and the shortest S form just the S protein. The three forms share the same C-terminus.

Figure 15 .

 15 Figure 15. Hepatitis B virus pre-core and core proteins. HBcAg, Pre-Core and HBeAg all share the Core domain whereas only HBcAg and Pre-Core proteins contains the NLS/NES sequence.The NLS sequence as well as a part of the Pre-Core domain is cleaved from Pre-core protein to form the secreted HBeAg.

Figure 16 .

 16 Figure 16. Domains of hepatitis B virus polymerase. The four functional domains are represented from N-to C-terminus: TP (terminal protein), RT (reverse transcriptase), and

Figure 17 .

 17 Figure 17. Formation of Hepatitis B Spliced Protein, HBSP (adapted from Assrir et al., 2010). Schematic representation of pgRNA splicing to form the spliced mRNA of 2.2 kb later translated to form HBSP. pgRNA: pre-genomic RNA; Pol: polymerase ORF.

  transcribed from cccDNA by the DNA-dependent RNA polymerase II, and all common poly-A tail. The transcripts are then recognized and translated as cellular RNAs by ER associated ribosomes (Figure 18.5).

3 3 .

 3 Interaction between hepatitis B virus and innate immunity Natural history of HBV disease

Figure 19 .

 19 Figure 19. Natural course history of hepatitis B infection (adapted from Deny and Zoulim, 2010). Evolution of serologic, hepatic and viral markers throughout the course of the disease.

Figure 20 .

 20 Figure 20. Pathogenesis of HBV-related liver disease (adapted from Rehermann 2013).

  B replication within hepatocytes (Figure20.B)[START_REF] Brunelle | Inhibition of hepatitis B virus DNA replication by a thermostable interferon-variant[END_REF], but also induced the activation of several liver resident cells(HSC, LSEC and KC) and already infiltrating cells (macrophages) leading to the secretion of numerous chemokines (CCL3, --and IFN-(Figure 20.C). Chemokines further induce the recruitment and activation of other circulating mononuclear cells (NK, macrophages, T CD4 + , T CD8 + , Treg, and B , a response which may not be specific to HBV (Figure 20.D) (Rehermann, 2013). This infiltration and immune response is associated with serum ALT increased. At this point, activated platelets are found in liver fenestration, leading to the activation of NK (Figure 20.E). Liver inflammation is further reinforced by neutrophils recruitment within the liver, which, through matrix metallopeptidase (MMP) 8 and 9 secretion, induced damage in the LSEC wall (Figure 20.F) (Sitia et al., 2004). Neutrophils are activated by pro-inflammatory secretion (IL-1 , IL-6, IL-8, and TNF-in the liver micro-environment (Figure 20.G). Activated neutrophils disrupt the extracellular matrix, allowing further infiltration of immune cells (Figure 20.H). During chronic hepatitis, inflammation continues the death of hepatocytes and liver regeneration associated with IL-10 secretion and immune control (Figure 20.I). This process can last from years to decades, and is associated with the development of fibrosis through HSC activation (Figure 20.J) (Tsuchida and Friedman, 2017). With time, fibrogenesis and scarring will lead to the down-regulation of liver function and to the development of HCC, associated with T cell death (Figure 20.K).

Figure 21 .

 21 Figure 21. Hepatitis B virus (HBV) detection by innate immune sensors and regulation by host factors. Details explanations are present in the text according to the indicated numbers.

Figure 22 .

 22 Figure 22. HBV modulation of innate immune sensors. Details explanations are present in the text according to the indicated numbers.

Figure 23 .

 23 Figure 23. Detection of HBV by macrophages. Mechanisms schematically presented in the figure are described in the main text.

  no neo formation of HBV RNAs), viral components could be present after phagocytosis and viral epitopes recognised by immune receptors. Indeed, after purification of different subsets of human liver cells, Hösel et al. showed that non-parenchymal cells (i.e., all liver cells except hepatocytes) and especially KC were activated after a 3h of exposure to HBV. They observed a transient activation of nuclear factor kappa B (NF-B) and the secretion of pro-inflammatory cytokines (IL-6, IL-8, TNF-and IL-1 (Hösel et al., 2009b) (Figure 23.1). These results were recently confirmed by Cheng and colleagues who showed that in monocyte derived macrophages exposed to high quantities of HBV, a transient (between 0.5 to 6h) increase of IL-6

  Cooper and colleagues found that, in a monocyte cell line, THP1, a full-length HBc was bound to monocyte receptors, leading to their differentiation into M . Moreover, this binding strongly induced the production of the pro-inflammatory cytokines TNF-, IL-6, and IL-12p40(Cooper et al., 2005) (Figure23.2). These inductions were dependent of NF-B, ERK-1/2, and p38 MAPK activation. The authors demonstrated the necessity of binding between the arginine-rich C

Figure 24 .

 24 Figure 24. Modification of macrophages phenotype by HBV. Mechanisms schematically presented in the figure are described in the main text.
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 372 Can HBV modify macrophage phenotype and function?Several studies have described inhibitory mechanisms used by HBV to block the induction of a potential pro-inflammatory/anti-viral response, including inflammasome inhibition, immune receptor down-regulation, pro-inflammatory secretion inhibition, increase of antiinflammatory secretion, and negative immune checkpoint induction.First, HBV has been shown to interfere with inflammasome activation.Zannetti et al. determined that KC production of IL-1 by AIM2 inflammasome engagement was blocked by HBV, through an HBsAg-dependent mechanism(Zannetti et al., 2016) (Figure24.1). This inhibition seemed to be specific to the AIM2 inflammasome, as HBV was not capable of blocking IL-1 production driven by other inflammasomes, including NLRP3(Zannetti et al., 2016). However, Yu et al. recently showed that HBV could also inhibit NLRP3 induced ILsecretion by KC and that this inhibition was HBeAg dependent[START_REF] Yu | HBV inhibits LPSinduced NLRP3 inflammasome activation and IL-1 production via suppressing the NF-B pathway and ROS production[END_REF]) (Figure24.2).

  CHB patients, HBsAg induced an inhibition of IL-12 secretion by monocytes/macrophages after TLR2 stimulation through the interference of HBV with the JNK/MAPK pathway (Wang et al., 2013) (Figure 24.4). To further decipher what happens in the liver, the team of Pr Schlaak purified murine KC and exposed them to some TLR-ligands in the presence or absence of HBsAg, HBeAg or HBV virions. Upon exposition to any of these viral components, expression of interferon sensitive genes and pro-inflammatory cytokines was inhibited in KC (Jiang et al., 2014a) (Figure 24.5). In addition, Wu et al. have shown that stimulating KC with TLR3 or TLR4

3 to 7 .

 7 [START_REF] Chen | Matrix Metalloproteinase 9 Facilitates Hepatitis B Virus Replication through Binding with Type I Interferon (IFN) Receptor 1 To Repress IFN/JAK/STAT Signaling[END_REF] fold at day-7 post-exposure(Li et al., 2012) (Figure 24.6). In this study, no modification in the levels of pro-inflammatory cytokines IL-1, IL-6 and TNFcompared to non-HBV-exposed cells. However, the authors neither indicated the secretion level of those cytokines in both controls and HBV exposed KC nor did they examine if the pro-inflammatory cytokines could be secreted by KC after TLR stimulation and modified by incubation with HBV(Li et al., 2012). In addition, Jiang et al. demonstrated that in nonparenchymal liver cells exposed to HBV, the expression of anti-inflammatory cytokines (IL-10 was enhanced(Jiang et al., 2014a) (Figure 24.6). This phenotype was associated with an inhibition of NF--3 and MAPKs pathways in these cells. Specific T-cell activation by KC was also impaired when cells were exposed to HBsAg, but this phenotype could be reverted by a treatment with IL-10 antibodies, suggesting that the effect of HBV on KC impairment of T cell response was mediated by this cytokine(Jiang et al., 2014a) ( ).Furthermore, in an established HBV carrier mouse model,Li et al. showed that TLR2 deficiency improved HBV elimination, thus indicating that TLR2 could modulate HBV persistence(Li et al., 2015) -carrier mice and to produce more IL-10 upon TLR2 activation by an HBcAg stimulation leading to a poor induction of CD8+ T cells(Li et al., 2015; Xu et al., 2014) (Figure24.7). Indeed, IL-10 deficiency or anti-IL-10R treatment resulted in a functional CD8+ T cell response and HBV elimination in this mice model(Li et al., 2015; Xu et al., 2014). To get further insights into the context of a primary infection, Dunn et al. analysed a cohort of 21 patients with acute HBV, including 8
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 373 Do macrophages promote the establishment or persistence of the infection?As the first line of defence against pathogens, KC should counteract infection of hepatocytes by HBV. A study performed in ducks infected with DHBV (duck hepatitis B virus) showed that endotoxin stimulation could inhibit DHBV replication in primary duck hepatocytes (i.e., accumulation of viral proteins and amplification of the nuclear extrachromosomal DHBV DNA templates)(Klöcker et al., 2000). The authors further observed that this inhibition was due to NPC-mediated cytokine secretion, and more probably to KC, which contaminates isolated hepatocytes. Nevertheless, HBV is able to chronically infect the liver, and counteract/escape these immune responses. The role of KC in the establishment and persistence of the infection remains unclear.Interestingly, in a mouse model the depletion of KC prior to HBV infection prevented the establishment of a chronic infection(Xu et al., 2014) (Figure 25.1). This effect was correlated with the secretion of IL-10 by KC, which impaired the humoral response against HBV infected hepatocytes(Xu et al., 2014). Moreover, Chen et al. have shown that the matrix metalloproteinase 9 (MMP-9) is up-regulated in PBMCs of chronic hepatitis B patients and can be activated by HBV in PBMCs and macrophages in vitro(Chen et al., 2017). This up-regulation may favour the infection as the authors further showed that MMP-9 enhanced HBV nducing its ubiquitinylation and degradation(Chen et al., 2017) (Figure 25.2). IFNAR1 degradation prevents the binding of type I IFN and the associated antiviral effects.In contrast, some studies have shown that KC may play a role in HBV elimination.Hösel et al. showed that KC exposed to HBV secreted more IL-6, inducing the activation of the mitogenactivated protein kinases (MAPK) in PHH, leading to the inhibition of hepatocytes nuclear factor (HNF) 1 and 4 , two transcriptional factors essential for HBV replication(Hösel et al., 2009b) (Figure25.3). Another study conducted with HepG2 cells, showed that a treatment with TGF-(Li et al., 2012)) could suppress HBV replication[START_REF] Hong | Transforming growth factor-1 suppresses hepatitis B virus replication by the reduction of hepatocyte nuclear factor-4 expression[END_REF]. TGFsubsequently, viral pre-genomic RNA, core protein, and HBV replication, through repression of[START_REF] Hong | Transforming growth factor-1 suppresses hepatitis B virus replication by the reduction of hepatocyte nuclear factor-4 expression[END_REF] (Figure25.4).

Figure 25 .

 25 Figure 25. Effect of KC in HBV establishment and pathogenesis. Mechanisms schematically presented in the figure are described in the main text.
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 423 Development of PRR Agonists for Combinational Therapeutic Approaches

  , could mask HBV effect on immune responses. Moreover, due to the difficulties associated with working on an animal model which can be infected with the human HBV (i.e. chimpanzees), the majority of the in vivo studies on HBV have been performed in animals infected with other hepadnaviruses (WHB, DHBV) or in transgenic mice. Both types of models have different advantages but neither supports a normal human HBV infection. In addition, the difference in the inoculum used for the different studies (i.e. quantity of SVPs/HBeAg or the presence of endotoxins or the viral genotype) might have different impacts on the innate immune responses. The objectives of our team are to study the interaction of HBV with innate immunity and the intrinsic responses of liver cells using relevant models. I have participated in five studies during my PhD that are presented in this manuscript. The interaction between the different studies is presented in Figure 26.

Figure 26 .

 26 Figure 26. Summary of the thesis objectives and paper I was involved in. In yellow, papers where I have been the principal investigator; in green, papers that I was involved in to different extents. *: authors contributed equally.

Figure 27 .

 27 Figure 27. Purification method of the different types liver resident cells.

Figure 28 .

 28 Figure 28. Method of purification of monocytes from peripheral blood and differentiation into M1-or M2-MDM.
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 234 Institut Universitaire de France (IUF), 75005, Paris, France; * Contributed equally as first authors; $ Contributed equally as senior authors. Published in 2015 in the Journal of Hepatology. Kinetics of Bac-HBV-mediated intracellular replication in mock or HBV-pre-exposed dHepaRG. dHepaRG cells were either mock, HBV, or UV-inactivated HBV infected (100 vge/cell) for 24 hr, then super-transduced with Bac-HBV at a m.o.i. of 25 pfu/mL. A m.o.i. of 25 was used here instead of 100 as used in other part of the work, to prevent cell toxicity. Total DNA was then extracted at indicated days post-transduction, run into a 1% agarose gel in 1x Tris/Borate/EDTA buffer, transferred into positively charged nylon membrane, and subjected to Southern blot analysis using a P 32 radioactive probe against HBV. Kinetics of HBV replication after infection with UV-inactivated HBV or after inhibition with entry inhibitor myrcludex. (A) HBV/ mock inoculum was irradiated or not for 30, 60 and 90 min and dHepaRG cells were incubated for 24h with either HBV or UV-inactivated HBV (UV-HBV) inocula (A). The mRNA level of HBV was measured by RT-qPCR 12 days post-infection to follow the effect of the UVinactivation on the virus replication and the secretion of HBeAg and HBsAg was monitored from day-3 to day-12 post-infection in the HBV or UV-HBV infected cells and results were given as a mean ± SD of one representative experiment. (B) dHepaRG were mock-or HBV-infected (100 vge/cell) in absence or presence of the indicated amount of Myrcludex (entry inhibitor) for 24 hr. At the end of the inoculation time cells were extensively washed with cold PBS, and HBV replication monitored over-time by ELISA (HBe and HBsAg detection) and RTqPCR (Purification of viral components and verification of the purity of viral inocula by sucrose gradient ultracentrifugation. (A) HBV infectious particles (Dane particles), subviral particles SVPs (HBsAg) and HBeAg were purified through a sucrose cushion, then a sucrose gradient as described in the experimental procedure section. The purity of each fraction was tested by qPCR (for the Dane particles) and by ELISA for HBsAg and HBeAg (left axis), and the density determined by refractometry (right axis). (B) PEG precipitated HBV inocula were either mock or NP40-treated, then loaded onto a sucrose gradient (20-60%), and subjected to ultracentrigugation at 100,000g for 16 hr at 4°C. HBV DNA was detected in each fraction by qPCR (left axis) and the density determined by refractometry (right axis). (C) Typical HBV inoculum used for experiments was passed through a 5.6-56% iodixanol gradient to separate viral components. Twelve fractions were collected then analyzed by WB to detect the core protein, by dot blot to detect viral DNA, by ELISA to detect HBs and HBe antigens, and by SDS-PAGE/Syproruby stain to check purity of Dane containing fractions.

5 .

 5 Expression of HBeAg in HepaRG-TR-HBe cell line.A recombinant HepaRG cell line was engineered using two lentiviruses to transfer genes encoding respectively tetracycline repressor (TR) and preCore gene (HBe). The cell line was named HepaRG-TR-HBe. Another cell line was created with the core gene, named HepaRG-TR-HBc, and used as control. Both cell lines were used to monitor the expression of respective proteins upon tetracycline induction. Increasing doses of tetracycline (in indicated mg/L) were added to cells for a period of 48 hr. Then, both cell supernatants and intracellular protein extracts were assayed in ELISA to detect HBe and HBc. HBe protein can be secreted, whereas HBc could not.

Figure 1 .Fig. 1 .

 11 Figure 1. HBc protein is the viral determinant involved in the early inhibition of dsRNA-mediated IFN responses in hepatocytes. (A) PHH or (B) differentiated HepaRG were exposed/infected with 1000 vge/cell of wild type or UV-inactivated HBV for the indicated time, then stimulated with poly(I:C)-LMW (10 μg/mL) for 4h. After total RNA purification, the expression of innate immunity genes (IFN-, IL-29, OAS-1 and IL-6) was analysed by RT-qPCR and compared to the mock control normalized to 100%. Proliferative HepaRG cells were either mock-or lipo-transfected for 4 hours with (C) low or (D) high amounts of complete HBV inoculum, nucleocapsids or recombinant HBcAg (100 or 1000 vge/cell and HBcAg at 50 or 500 pg /cell) prior to poly(I:C) stimulation (4h). Expression of indicated genes was analysed by RT-qPCR and compared to the mock control normalized to 100%. (E) dHepaRG expressing in a tetracycline dependent manner (Tet at 10 μg/mL; 48h of expression of the corresponding protein) either HBc , HBs, HBx, or HBe were stimulated with poly(I:C) for 4h. Then IFN-gene expression as well as IL-6 or IP-10 secretion were monitored by RT-qPCR or ELISA. (F) Differentiated HepaRG-TR-HBc and HepaRG-TR-T7 cells were treated or not for 24h with tetracycline (Tet, 10 μg/mL) prior to stimulation with poly (I:C) for 4h and gene expression analysed by RT-qPCR and compared to the non-tet-treated cells normalized to 100%. (G) HepaRG-TR-HBc cells were transfected with the pIFN-p-Luc plasmid, induced or not with tetracycline for 48h, then stimulated with poly(I:C) for 4h. Luciferase activity was analysed on cell lysate with a Luminoskan Ascent. All results are represented as the mean ± SEM of at least 3 independent experiments.

Suppl. Fig. 2 .

 2 Core expression and subcellular localization in the inducible HepaRG-TR-HBc cell line. (A) Kinetical expression of HBcAg analysed by ELISA in differentiated HepaRG-TR-HBc cells, following treatment with several dose of tetracycline (0.08, 0.4, 2 and 10 μg/ml) for 2h, 4h, 8h and 24h. (B) Kinetic of HBc expression after induction with 10 g/mL of tetracycline for the indicated time analysed by WB. (C) Kinetic and subcellular localization of HBc in tet-induced HepaRG-TR-HBc cells after cytoplasm and nucleoplasm separation analysed by WB. (D) Immunofluorescence analysis of HBc expression (with anti-HBc C1 Abcam) in tet-induced HepaRG-TR-HBc cells at 24h post induction. Cell nucleus were stained with Hoechst reagent. Suppl. Fig. 3. Core expression and subcellular localization in the inducible HepaRG-TR-HBc cell line. (A) IL-6 cytokine gene expression, and (E) protein secretion were analysed by RT-qPCR and ELISA respectively in dHepaRG-TR-HBc cells treated or not for 24h with prior stimulation with several TLRs ligands (TLR2, Pam3CSK4; TLR3, Poly(I:C); RIGI/MDA5, Lyovec-Poly(I:C); TLR4, LPS; TLR5, Flagellin; TLR6, FSL1; TLR7/8, ssRNA40) for 4 hours and compared to the non-tetracycline stimulated HepaRG-TR-HBc cell line normalized to 100%. (C) Expression of TLR3, RIGI, and MDA5 genes analysed by RT-qPCR on total RNA extracted from dHepaRG-TR-HBc cells induced or not with tetracycline (10 μg/mL) for 24h. (D) FACS analysis of TLR3 expression dHepaRG-TR-HBc cells induced

Fig. 4 .

 4 ). Similarly, in this cell line, IL-6 expression or secretion was not affected by HBc and interestingly none of the other viral protein tested (HBs, HBx, HBe) could modulate its secretion as well(Figures 1E and 1F). The fact that, in our experimental conditions, HBc did not seem to regulate HBV-mediated NF-B-dependent pro-inflammatory pathways was further confirmed by using other TLR agonists (TLR1/2, TLR3, RIGI/MDA5, TLR4, TLR5, TLR6, and TLR8 agonists) involved in NF-B dependent IL-6 induction (RNA and protein levels) (FiguresS3A and S3B). Importantly, the inhibition of the poly(I:C)-mediated induction of IFN and ISG genes, observed in HBc expressing cells, was not due to a modification of expression of dsRNA sensors in the time rame of the experiment (FiguresS3C and S3D). Altogether, these results suggest that HBc is an early inhibitor of the IFN response in hepatocytes exposed to HBV. Suppl. HBc immunohistochemistry in biopsies of HBeAg positive an HBe-Ag negative patients. A total of 42 biopsies from HBe-Ag positive (n= 17) and HBe-Ag negative (n=25) were labeled with an anti-HBC antibody and revealed by immunoperoxidase staining. The percentage of cells with nuclear staining was established and plotted in function of viremia (A) or HBeAg status (B). Statistics were done with the Mann-Whitney test.

Figure 2 :

 2 Figure 2: Capsid assembly inhibitor treatment reverts HBc-mediated inhibitory effect. (A and B) Differentiated HepaRG-TR-HBc cells were treated or not for 72h with Bayer41-4109 (1 μM) or AT130 (3 μM) prior stimulation with tetracycline (10 μg/mL) for 24h. Nuclear and cytoplasmic protein extract from dHepaRG-TR-HBc cells

Figure 3 :

 3 Figure 3: HBc protein interacts rapidly with innate gene promoters to inhibit dsRNA-mediated IFN response in hepatocytes. (A) Differentiated HepaRG-TR-HBc and HepaRG-TR-T7 cells were treated for 4h, 24h and 48h with tetracycline (10 μg/mL), or (B) dHepaRG-TR-HBc cells were treated or not for 72h with Bayer41-4109 (1 μM) or AT130 (3 μM) prior to be stimulated with tetracycline (10 μg/mL) for 24h, and ChIP-qPCR was performed with homemade anti-HBc (or isotopic antibodies) and specific primers for IFN-, IL-29, OAS-1 and IL-6 promoters. The percentage of input enrichment was normalized on the non-tetracycline stimulated HepaRG-TR-HBc cells and on HKG promoter. (C) PHH were infected with a complete HBV inoculum for 2h, 4h 8h, or 12 days and ChIP-qPCR performed as in (A and B). (D) PHH were infected with a complete HBV inoculum for 8h in the presence or absence or nocodazole, and ChIP-qPCR was performed as in (A and B). All results are represented as the mean ± SEM of

Figure 4 :

 4 Figure 4: HBc affects host gene epigenetic status to inhibit IFN response in hepatocytes. (A) Differentiated HepaRG-TR-HBc cells were treated for 4h, 24h, or 48h with tetracycline (10 μg/mL), or (B) PHH were infected by 100 vge/cell of HBV for 24h, then histone modifications, recruitment of the histone methyl-transferase EZH2, and binding of HBc to IFN-, IL-29, OAS-1, and IL-6 promoters were assessed by ChIP-qPCR, using either none, control, anti-H3K27Ac, anti-H3K27me3, anti-EZH2, or anti-HBc antibodies. The percentage of input enrichment was normalized either to the non-tetracycline stimulated HepaRG cell lines (A) or to mock infected PHH (B) and on HKG promoter. All results are represented as the mean ± SEM of 3 independent experiments.

Figure 5 :

 5 Figure 5: HBV induces EZH2 expression very early after the onset of infection. Three independent batches of PHH (A to C) and two different lots of differentiated HepaRG (D and E) were infected with 500 vge/cell of HBV and protein harvested at indicated times. Cell protein extracts were subjected to western blotting using anti-EZH2, anti-HBc and anti-Actin or anti-HSP60 antibodies.

Suppl. Fig. 6 .

 6 and S6C). Moreover, on the IL-6 promoter, neither HBc, nor EZH2 and the associated repressive mark H3K27me3 were found enriched, whereas positive marks (H3K27Ac and H3K4me3) were found with a low level of enrichment, thus confirming the absence of HBc effect on IL-6 promoter. Interestingly, in mice with low viremia and antigenemia (Mice 323, 324, 374, 408 and 413; Figure S5B), HBc was not found associated to IFN-, IL-29, and OAS-1 promoters (Figure S6D), and IFN-and IL-6 genes were found significantly up-regulated (Figure S6B), which nicely correlated with the low replicative status. Innate immune gene expression and ChIP analysis with mouse liver samples. Expression of indicated innate immune genes and level of HBV RNA in high (A) and low (B) viremia mice as measured by RT-qPCR. Results of ChIP-qPCR experiments done with anti-HBc and primers specific to indicated promoters in high (C) and low (D) viremia mice.

Figure 6 :

 6 Figure 6: Long-term inhibition of hepatocyte innate response by HBV core protein.Persistently HBV-infected liver-humanized FRG mice were sacrificed 8 weeks post-infection and livers store at -80°C after snap freezing in liquid nitrogen. ChIP-qPCR was performed using none, control, antiH3K4me3, anti-H3K27Ac, anti-H3K27me3, anti-EZH2, or anti-HBc antibodies and specific primers for IFN-, IL-29, OAS-1, IL-6, GAPDH and DHFR promoters.

Fig. 7 .

 7 i.) with various concentrations (between 0 to 5 M) of the active enantiomer of BAY41-4109, then co-treated once (day-13) with the same concentrations of BAY41-4109 and suboptimal antiviral concentrations (0, 0.33, 1, and 3 g/mL; see FigureS8for the data on antiviral effect) of a TLR3 ligand (i.e. poly (I:C)-LMH). While the effect of combined treatments on HBeAg secretion was minor (Figure7A), the inhibition of the intracellular HBV DNA accumulation by poly(I:C)-LMW was potentiated by increasing amounts of the capsid assembly inhibitor (Figure7Band Ci); and vice versa, the inhibition of the intracellular HBV DNA accumulation by BAY41-4109 was also potentiated by increasing amount of poly(I:C)-LMW, with an EC50 for the former going from 0.321 nM to 0.078 nM (Figure7Cii). The removal of HBc from the nucleus by specific inhibitors could therefore represent an interesting strategy to restore IFN responsiveness of infected hepatocytes.Suppl. Effect of capsid assembly inhibitors on HBc trafficking and subcellular localization. (A)Immunofluorescence analysis with anti-HBc (C1; Abcam) in tetracycline-induced HepaRG-TR-HBc and HBVinfected dHepaRG cells. (B) Immunofluorescence analysis, as in panel A, on cell treated or not with inactive and active Bay41-41-09 {Deres, 2003 #66}. (C) Western blot analysis with anti-HBc, anti-HSP60, and anti-PARP antibodies using cell lysates from mock-or tetracycline-induced HepaRG-TR-HBc, which have been fractionated into cytosol and nuclear fraction.

Figure 7 :

 7 Figure 7: HBc inhibitor treatment potentiates the anti-HBV effect of TLR3-L.Differentiated HepaRG cells were infected with HBV (100 vge/cell) and left untreated for 7 days. Infected cells were treated twice (at days 7 and 10 p.i.) with various concentration of an HBc inhibitor (BAY41-4109) as indicated, then co-treated (day 13) for 72 h with various concentrations of BAY41-4109 and poly (I:C). Secretion of HBeAg was monitored in the

Suppl. Fig. 8 .

 8 Antiviral effect of TLR3-L on HBV replication in infected dHepaRG. Persistently HBV-infected dHepaRG (day-7 p.i.) were treated for 3 days with indicated concentrations of poly (I:C)-LMW. (A) Intracellular HBV DNA was monitored by qPCR on total DNA. (B) HBV secreted antigens were quantified by ELISA in the supernatant of treated cells. (C) Toxicity was evaluated by neutral red staining on cell and dosing of secretion of apolipoprotein B in supernatant with ALerCHEK ELISA.

Figure 8 :

 8 Figure 8: HBc also inhibit TLR3-L-mediated IFN response in primary Kupffer and immortalized liver endothelial sinusoidal cells. (A) Immortalized LSEC were mock-or exposed to HBV (1000 vge/cell), and 24h later cells were fixed and permeabilized (2% PFA; 0.5% triton), then immunostained with an anti-HBc (C1; Abcam). (B and C) Immortalized LSEC or primary KC were either mock-, or exposed to HBV (1000 vge/cell) or recombinant HBc (500 pg/cell; i.e. equivalent of 1000 vge/cell) for 24h, and stimulated by poly (I:C) (10 g/mL) for 4h. Expression of indicated gene was analyzed by RT-qPCR and compared to the mock control normalized to 100%. (D) ChIP experiment was performed on HBV-exposed (1000 vge/cell) iLSEC and KC, with an anti-HBc on indicated promoters as in Figure 3. All results are represented as the mean ± SEM of at least 2 independent experiments.

  and others reagents. Most of chemicals and control antibodies were purchased from Sigma Aldrich. Poly (I:C) low-molecular weight (LMW), poly (I:C) (LMW)/Lyovec, and other ligands were from Invivogen. Antibodies for ChIP experiments were purchased from Diagenode (anti-H3K27me3 pAb-069-050, anti-H3K4me3 pAb-003-050, anti-H3K27Ac pAb-196-050, anti-EZH2 pAb-039-050, and control antibodies), or homemade (polyclonal against

  HepaRG cells. To generate T-ystem). Stable overexpression of the tetracycline repressor (TR) in HepaRG cells was obtained after transduction with a lentivirus (m.o.i. of 5) produced upon cotransfection of HEK-293 cells with pLenti6-TR plasmid and packaging vectors according to manufa -resistant HepaRG-TR cells were then transduced with a second lentivirus conferring zeocin resistance and containing either HBc, HBs, HBx, HBe e, and produced upon cotransfection of HEK-293 cells with packaging vectors and with corresponding pLenti4/TO plasmids, in which transgene are under the control of a tetracycline-regulated promoter. HepaRG-TR-HBc, HepaRG-TR-HBs, HepaRG-TR-HBe, HepaRG-TRx and HepaRG-TR-T7pol were derived by co-selection with blasticidin and zeocin.

  Cells were lysed in TTB buffer (10 mM Tris, 150 mM NaCl, 2 mM EDTA, 0.5% Triton X-100, pH 7.5) for total proteins extraction or in NE-PER Nuclear and Cytoplasmic

  HBs antigen (Autobio Diagnostics Co., China), HBe/HBc antigens (Autobio Diagnostics Co., China), and IL-6 and IP-10 cytokine (R&D system) Chromatin immunoprecipitation (ChIP) assays. Cells were fixed with formaldehyde 1% at room temperature with rocking to capture the DNA protein interaction and cross-linking was stopped with Glycine 0.125M (Euromedex). Cells were washed 3 times with ice-cold PBS 1X then scrapped and lysed in 500μl of lysis buffer per 10 7 cells (50 mM Tris HCl pH8, 10 mM EDTA, 1% SDS and protease inhibitor cocktail (Complete EDTA-free tablets, Roche)) for 5 min in ice. Cell lysates were sonicated to reduce DNA length to 200 bp using a Bioruptor system (Diagenode). The sheared chromatin extract was then frozen in aliquots at -80 o C until use.Sheared chromatin (100 μl) was diluted 10-fold in RIPA buffer (10 mM Tris HCl pH5, 140 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1% Triton, 0.1% SDS, O.1% sodium deoxycholate, protease inhibitor cocktail) and then pre-blocked with protein A sepharose 4B (Sigma) for 2 hours at 4°C under gentle agitation. Pre-blocked chromatin was incubated overnight with rotation at 4°C with 10μg of specific antibodies. An additional sample of lysate containing no antibody was also incubated overnight at 4°C (no antibody control). Chromatin was then immunoprecipitated with magnetic beads (Dynabeads Protein G, Novex) for 2 h at 4°C with rotation. After several washes with RIPA buffer, cross-linking was reversed at 68°C for 2h under shaking in elution buffer (20 mM Tris HCl pH7.5, 5 mM EDTA, 50 mM NaCl, 1% SDS, 50 μg/ml proteinase K (Eurobio) and inhibitor cocktail proteases). DNA from elution buffer was extracted with Phenol/Chloroform/Isoamyl-Alcohol and precipitated with ethanol supplemented with NaAc 3M and Glycogen 20mg/ml (Sigma) overnight at -20°C. Extracted DNA from non-immunoprecipitated fraction of no antibody control was used as internal control (total input). Extracted DNA was used as template for qPCR specific on IFN-p, IL-29p, IL-6p, OAS-1p and GAPDHp. The percentage of input enrichment (2^ Ct (total input antibody input)) was normalized on the Mock condition depending of the experiments (no tetracycline stimulation or no HBV infection) and also on GAPDH housekeeping gene promoter. Results are representative of 3 independents experiments. The list of primer pairs is given on Table2.

Figure 1 :

 1 Figure 1: Pro and anti-inflammatory markers in HBV-infected liver macrophages. (A) Total RNAs were extracted from HBV-infected or non-infected liver biopsies and the levels of the indicated mRNA were assessed by RT-qPCR. (B) Liver biopsies from healthy controls (HC), inactive carrier (IN; HBeAg negative, low viral load), immune active (IA; HBeAg negative, high viral load) and immune tolerant (IT; HBeAg positive, high viral load) patients were stained by IHC for the expression of CD68 (total macrophage), iNOS (M1 macrophage) and CD163 (M2 macrophage). Representative pictures as well as quantification of the levels of CD68, iNOS and CD163 are presented.

  controls (HC; not infected by HBV), inactive carrier (IN; HBeAg negative with low viral load), HBeAg-negative immune active (IAe-; HBeAg-neg with high viral load), and HBeAgpositive immune active (IAe+; HBeAg-pos with high viral load). Strong signals were observed for CD68 and CD163 in the liver of HC, whereas iNOS signals were lower (Figure 1B) and no

Supplementary figure 1 :

 1 Control antibodies for immunohistochemistry analyses. Liver biopsies from healthy controls (HC), inactive carrier (IN; HBeAg negative, low viral load), immune active (IA; HBeAg negative, high viral load) and immune tolerant (IT; HBeAg positive, high viral load) patients were stained by with control antibodies. HBV inhibits activation of primary liver macrophages donors. (A) resection and stimulated 24h later with 100 ng/ml of LPS (TLR4-L) or 100 ng/ml of LPS + 100 ng/ml of Poly (dA:dT) (AIM2-L) for another 24h. (C) Monocytes were purified from peripheral blood mononuclear cells, differentiated in M1-MDM or M2-MDM for 6 days, stimulated with 10 ng/mL LPS for 3h, washed and further cultured for 24h with a medium exchange 3h after washing. (A, B, C) Supernatant were collected and the levels of the indicated secreted cytokines were assessed by ELISA. For each cell type, three biological replicates per donors (one colour per donor) have been analysed.

Figure 2 :

 2 Figure 2: Levels of pro-inflammatory markers decreased in liver macrophages exposed to HBV. (A) Total LMNC were isolated and exposed or not to HBV for 24h. Supernatants were collected and the levels of secreted ILand IL-10 were assessed by ELISA and analysed as ratio to non-exposed cells. Results are the mean of five independent experiments (with five different donors) each performed with three biological replicates. (B, C) Liver

Supplementary figure 3 :Supplementary figure 4 :Supplementary figure 5 :

 345 Levels of IL-1 decreased in liver macrophages exposed to HBV. Liver M were isolated, exposed or not to HBV for 24h before stimulation with 100 ng/ml of LPS and 100 ng/mL of poly(dA:dT) for (C) 3h or (B) 24h. Supernatants were collected and the levels of secreted IL-1 and IL-10 were assessed by ELISA and analysed as ratio to nonexposed cells. Results are the mean +/-standard deviation of four independent experiments (with four different donors) each performed with three biological replicates. Concentrated medium from inactivated HBV has similar effect as HBV isolated from liver resection, exposed to medium (HBV-), concentrated supernatants from non-infected hepatocytes (CMH HBV-), HBV (HBV+) or to an UV-inactivated HBV (UV-IN HBV+) for 24h, and stimulated with 100 ng/ml of LPS (TLR4-L) or 100 ng/ml of LPS + 100 ng/ml of Poly (dA:dT) (AIM2-L) for another 24h. Levels of IL-1 were were assessed by ELISA and analysed as ratio to non-exposed cells. Results are the mean +/-standard deviations of one experiment performed with three biological replicates. HBV did not replicate in macrophages HBV for one day and M1-MDM and M2-MDM for six days. Supernatant were collected and levels of HBeAg and HBsAg were determined by ELISA seven days post exposure. Data are presented as mean +/-SD of three different experiments each performed in three biological replicates.

Figure 3 :

 3 Figure 3: HBV interfered with M1-MDM differentiation. Monocytes were purified from peripheral blood mononuclear cells, differentiated into (B) M1-MDM (with the use of GM-CSF) or (C) M2-MDM (with the use of GM-CSF) in the presence or not of HBV before stimulation with 10 ng/ml of LPS for 3 hours. Media removals are indicated by dotted arrows in (A) the schematic representation of the experiment. Levels of the indicated mRNA were assessed by RT-qPCR at the end of the stimulation. Results are the mean +/-standard deviation of three independent experiments (with three different donors) each performed with three biological replicates. Levels of the indicated secreted cytokines were assessed by ELISA and analysed as ratio to non-exposed cells. Results are the mean of six independent experiments (with six different donors) each performed with three biological replicates.

Figure 4 :

 4 Figure 4: HBV increased M2-MDM activation. Monocytes were purified from peripheral blood mononuclear cells, differentiated into (B) M1-MDM (with the use of GM-CSF) or (C) M2-MDM (with the use of GM-CSF) and stimulated with 10 ng/ml of LPS for 3 hours in the presence or not of HBV before. Media removals are indicated by dotted arrows in (A) the schematic representation of the experiment. Levels of the indicated mRNA were assessed by RT-qPCR at the end of the stimulation. Results are the mean +/-standard deviation of three independent experiments (with three different donors) each performed with three biological replicates. Levels of the indicated secreted cytokines were assessed by ELISA and analysed as ratio to non-exposed cells. Results are the mean of six independent experiments (with six different donors) each performed with three biological replicates.

  , 4 and S6), exposition to concentrated virus did not modify IL-12 and TNFshown) but might come from the fact that, in this co-culture model, M1-MDM are exposed to constantly renewed amounts of viral components. Similarly, M2-MDM exposed to HBV producing cells during their activation secreted more of IL-10 (Figure 5). Altogether these results demonstrate that on one hand, HBV interferes with M1-MDM differentiation, and thereby with the secretion of ILthe secretion of IL-10 by M2-MDM.

Figure 5 :

 5 Figure 5: HBV producing cells impaired M1-MDM differentiation and enhanced M2-MDM activation. Monocytes were purified from peripheral blood mononuclear cells, differentiated into M1-MDM (with the use of GM-CSF) or M2-MDM (with the use of GM-CSF) and stimulated with 10 ng/ml of LPS for 3 hours, in the presence of non-infected HepG2-NTCP (HBV-cells) or HepAD38 (HBV+ cells). Levels of the indicated secreted cytokines 18h after the last media exchanges were assessed by ELISA and analysed as ratio to non-exposed cells. Results are the mean of two independent experiments (with two different donors) each performed with three biological replicates.

Figure 6 :

 6 Figure 6: IL-(A) dHepaRG cells or (B) PHH were treated with recombinant IL--10 24h before infection and during infection with HBV. Seven days post infection, supernatants were collected and levels of HBeAg and HBsAg were quantified by ELISA. Cells were harvest, total RNA or DNA were extracted and levels of HBV RNAs and cccDNA were quantified by RT-qPCR or qPCR analyses. Cell viability was assessed by neutral red uptake assay. Results, presented as ratio to non-treated cells, are the mean +/-standard deviation of three independent experiments each performed with three biological replicates.

Supplementary figure 7 :

 7 Effect of recombinant cytokines on the establishment of HBV infection. dHepaRG cells were treated with the indicated recombinant cytokines (A) 24h before or (B) 24h before infection and during infection with HBV. Seven days post infection, supernatants were collected and levels of HBeAg and HBsAg were quantified by ELISA. Cells were harvest, total RNA or DNA were extracted and levels of HBV RNAs and cccDNA were quantified by RT-qPCR or qPCR analyses. Cell viability was assessed by neutral red uptake assay. Results, presented as ratio to non-treated cells, are the mean +/-standard deviation of three independent experiments each performed with three biological replicates. Supplementary figure 8: NTCP levels in dHepaRG and PHH treated with IL-. (A) dHepaRG cells were treated with recombinant IL--10 for 24h or 48h. (B) were treated with recombinant IL--10 for 48h. NTCP protein expression was analysed by flow cytometry. Results are presented in percentage normalised to the non-treated cells. Data are presented as mean +/-SD of three independent experiments.

Figure 7 :

 7 Figure 7: HBV prevented the antiviral effect of M1-MDM on HBV establishment and enhanced the inhibition of lymphocytes activation by M2-MDM. (A) dHepaRG cells were treated 24h before and during HBV infection with concentrated supernatants from LPS-stimulated M1-MDM exposed to HBV during their differentiation or during their stimulation (CM; conditioned medium pooled from at least 5 independent experiments). Seven days post infection, supernatants were collected and levels of HBeAg and HBsAg were quantified by ELISA. Cells were harvest, total DNA were extracted and levels of cccDNA were quantified by specific qPCR analyses. Cell viability was assessed by neutral red uptake assay. Results, presented as ratio to non-treated cells (mock), are the mean +/-standard deviation of three independent experiments each performed with three biological replicates. (B)Lymphocytes were extracted from peripheral blood mononuclear cells and exposed to media (mock) or LPSstimulated M2-MDM exposed or not to HBV during their stimulation (CM; conditioned medium) for 2h before stimulation with 20 ng/ml of PMA and 500 ng/ml of ionomycine. Supernatants were collected 22h later and the levels of TNF-ented as ratio to non-treated cells (mock), are the mean +/standard deviation of three independent experiments (lymphocytes from 3 different donors) each performed with three biological replicates.

  Paraffin was removed from FFPE samples by successive alcohol bathes and epitopes were unmasked as previously described (68). Endogen peroxidases were blocked by a 15 min exposition at room temperature with Dual Endogenous enzyme Block (DAKO S2003). Saturation was performed by two successive incubations at RT of 20 min with horse serum (VECTOR S-2012 Za0328) and 15 min with DAKO antibody diluent (DAKO S3022).

Figure 1 :

 1 Figure 1: Liver cells expression of innate sensors and related molecules. PHH, LSEC, HSC, KC, LMNC and PBMC were purified from different donors and cultured for 24h. RNAs were extracted and expression level of 53 mRNAs was assessed by microfluidic high-throughput quantitative RT-PCR (Fluidigm, Biomark) assays. Data are presented as relative expression to two housekeeping genes (RPLP0 and GUS). Black square indicates an absence of expression, nuances of grey a low expression, and nuances of red a higher expression. TLR: Toll Like Receptor; RLR: Retinoic acid Inducible Gene (RIG) Like Receptor; IRF: Interferon Regulatory Factor; NOD: Nucleotide-binding Oligomerization Domain (NOD) Like Receptor; CLR: C-type Lectin Receptor; SOCS: Suppressor Of Cytokine Signalling protein; PD-1: Programmed cell Death one; PD-L1: Programmed cell Death Ligand one; TIM: T-cell Immunoglobulin and Mucin domain.

Supplementary Figure 2 :

 2 TLR1, TLR2, TLR6, TLR9, RIG-I, MDA-5, and IFI16 mRNA expression in liver primary cells. PHH, LSEC, HSC, KC, LMNC and PBMC were purified from different donors and cultured for 24h. RNAs were extracted and expression level of the indicated mRNA were analysed by RT-qPCR. Data are presented as mean +/-standard deviation of three different experiments (three different donors).

Figure 2 :

 2 Figure 2: TLR, RLR, cytosolic DNA sensors and PD-L1 expression in non-stimulated primary liver resident cells and in responses to PRR stimulations. (A) PHH, LSEC, HSC, KC, LMNC and PBMC were purified from at least 3 different donors and cultured for 24h. Proteins were extracted, pooled and TLR1 to TLR9, MyD88, TRIF, RIG-I, MDA-5, MAVS, cGAS, IFI16, STING, and PD-L1 protein expression was assessed by western blot analysis. Target protein levels are normalised to total protein quantification assessed by stain-free staining. Stimulated cells were

  Altogether these results highlight the importance to choose the proper in vitro model according to the scientific question addressed. Supplementary Figure 3: cGAS, IFI16, STING and PD-L1 expression in hepatocytes. PHH were purified from at least three different donors and cultured for 24h. HuH7, HuH7.5, HepG2-NTCP cells were seeded and cultured until reaching confluence. HepaRG cells were differentiated for four weeks. Proteins were collected and expression level of the indicated proteins were analysed by WB. Stimulated cells were used as controls (CTR+)

Figure 3 :

 3 Figure 3: Characterization of Immortalized Kupffer Cells (IKC). IKC from three different passages were seeded and cultured for 48h with 2% DMSO. KC purified from three different donors were seeded and cultured for 24h.

  for 24 hours. (A, Bi) Microscopic analyses of cells (x20 magnification) were performed. (Bii) Bacteria phagocytosis was assessed by flow cytometry analysis. (C) Proteins were extracted, pooled and TLR1 to TLR9, MyD88, TRIF, RIG-I, MDA-5, MAVS, cGAS, IFI16, STING, and PD-L1 protein expression was assessed by western blot analyses.

  primary cells purification and cells culture. Peripheral blood mononuclear cell (PBMC) from at least 3 blood donors were isolated by Ficoll gradient cultured in RPMI medium supplemented with 10% of decomplemented FBS and 50 U/ml of penicillin/streptomycin. Liver cells were isolated from liver resections (FigureS1A) obtained from three surgical departments in Lyon (Centre Léon Bérard, Hôpital de la Croix Rousse and centre hospitalier Lyon-Sud) with the French ministerial authorizations(AC 2013-1871, DC 2013 1870, AFNOR 

Figure 29 .

 29 Figure 29. HBV modifies M phenotype towards the establishment of its infection. Schematic representation of the results obtained in the fourth study. HBV interferes with the differentiation of monocytes into M1-MDM preventing the anti-viral effect of M1-MDM secretions, while impairing adaptive immune responses by increasing IL-10 secretion by M2-MDM.

Figure 30 .

 30 Figure 30. Effect of HBV on hepatocytes, LSEC and liver M innate immune responses. Schematic representation of the results from the first to the fourth studies, showing that HBV modifications of liver resident innate immune responses favor the establishment and the maintenance of the infection. Top right panels: HBV prevent the secretion of IL-1 by liver and infiltrating pro-inflammatory M through the inhibition of the AIM2 inflammasome and impairment of monocytes differentiation respectively. In addition, HBV increases IL-10 production , which prevents the induction of an adaptive immune response against the virus. Bottom right panels: HBV prevent the induction of TLR3-mediated interferon and proinflammatory responses in hepatocytes, LSEC and liver M through the binding of HBc on innate immune genes promoters which is associated to the increase of repressive epigenetic marks (H3K27Me3) on the promoters.

  (-MDM exposed to HBV(study#4). Interestingly, HIV-1 was also shown to modulate M metabolism through a Vpr-HIF-to induce the expression of hexokinase (HK), glucose-6-phosphate dehydrogenase (G6PD) and pyruvate kinase muscle type 2 (PKM2) that facilitates viral replication and biogenesis, and long-term survival of macrophages[START_REF] Barrero | HIV-1 Vpr modulates macrophage metabolic pathways: a SILAC-based quantitative analysis[END_REF]. It would be interesting to investigate if HBV can further modulate metabolic pathways in M and what are the consequences for the cell function and for HBV infection in hepatocytes.

Figure 31 .

 31 Figure 31. Basal protein expression of tested immune sensors and/or sensors triggered by agonisation in the different liver resident cells.

Figure 1 :

 1 Figure 1: Detection of HBV by macrophages. Detailed mechanisms are given in the text.

(

  FasL) and Fas proteins were observed respectively on NK and PHH, leading to an induction of a cytotoxic response against PHH(Hou et al., 2016) Some studies have shown that HBV could also induce an interferon-dependent immune response, which should have a direct antiviral effect on HBV infection in hepatocytes, indeed Peg-(Durantel and Zoulim, 2016). Using a transgenic mouse model allowing high levels of HBV replication, Real et al. recently showed that HBV replication lead to a TLR3 dependent interferon response in non-parenchymal liver cells(Real et al., 2016) (Figure 1, path#5). A significant up-regulation of IFNsubsequently ISG15 and LFIT1 mRNAs was observed in mouse model in which the small HBsAg immune responses facilitating chronic infection (see section on HBV modification of KC phenotype)

Figure 2 :

 2 Figure 2: Modification of macrophages phenotype by HBV. Detailed mechanisms are given in the text.

10 (

 10 . In addition, Jiang et al. demonstrated that in nonparenchymal liver cells exposed to HBV, the expression of anti-inflammatory cytokines (IL-Jiang et al., 2014a) (Figure 2, path#6). This phenotype was associated with an inhibition of NF--3 and MAPKs pathways in these cells. Specific Tcell activation by KC was also impaired when cells were exposed to HBsAg, but this phenotype could be reverted by a treatment with IL-10 antibodies, suggesting that the effect of HBV on KC impairment of T cell response was mediated by this cytokine(Jiang et al., 2014a) (Figure 2, et al. showed that TLR2

Figure 3 :

 3 Figure 3: Effect of KC in HBV establishment and pathogenesis. Detailed mechanisms are given in the text.
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Figure 18. HBV viral life cycle. Detailed

  explanations are given in the text for the indicated numbers.
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  An interesting path forward will be to test this molecule in association with either NA or other DAA (e.g., core assembly inhibitors) in current development, as well as with therapeutic vaccines. Indeed, PRR agonists are mainly meant to have adjacent activity in the context of combination therapy. In this respect, the excellent results obtained in monotherapy in animal models are more indicative than predictive of what will happen in humans. 4 4.2.4. Manipulation of the Numbers or Biological Activity of Innate Immune Cells with Impaired Functions in CHB Patients to Help Restore HBV Immune Control
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Therapeutic concepts, based on processes such a manipulation, are more complex to implement, as we have to keep in mind that immune responses in CHB patients are a subtle equilibrium between the lack of antiviral activity and excessive pro-inflammatory or unspecific killing activities, which could worsen immune-pathogenesis.
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Table S2 . Patients characteristic (livers biopsies analyzed by IHC)

 S2 

Table S1 :

 S1 Primers sequences8 8. Discussion and perspective Most viruses are detected/sensed early after infection by both immune and/or infected cells mainly via Pathogen Recognition Receptors (PRR) expressed at the surface or inside cells[START_REF] Wilkins | Recognition of viruses by cytoplasmic sensors[END_REF]. It is still debated if HBV is recognized by the innate immune system and/or if the virus can actively suppress or avoid antiviral responses that could impair its establishment and/or maintenance in hepatocytes.
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6/IP-10 concentration were assed using Duoset ELISA (R&D systems) according to the Table S3: Ligands and concentration used for PRR stimulation.

Phagocytosis assay. THP1, bioparticles at either 4°C or 37°C. After 1h, cells were collected by scrapping and phagocytosis was assessed by flow cytometry using FACScalibur flow cytometer and analysed using CellQuestPro software (BD Biosciences).

Supplementary Figure 1. Kinetics of HBV replication in dHepaRG cells and PHH.

Cells were infected with HBV (100 vge/cell) for 2, 4, 8 and 24 hr (A-D), or infected with increasing amount of virus (1-10-100-1000 vge/ml) for 24 hr (E-F). The secretion of HBsAg and HBeAg was measured by ELISA at day-3, 6 and 9 post-infection in dHepaRG cells (A-B, E-F), and PHH (C-D). Results are given as a mean ± SD of one representative experiment.

Long-term in vivo maintenance of the HBc-mediated inhibition of IFN response

Suppl. Fig. 5. Viremia, antigenemia, and intra-liver virologic parameters in HBV-infected FRG mice. (A and B) Viremia and antigenemia (HBeAg and HBsAg) was monitored every week for 9 weeks after HBV (5.10e8 vge/mouse for panels A; 5.10e7 vge/mouse for panels B) infection by qPCR and ELISA. (C) Intra-liver total HBV DNA and cccDNA levels were obtained by qPCR and cccDNA specific qPCR {Werle, 2004 #88}. (D)

Immunohistostaining was performed on paraffin embedded mouse liver samples with anti-HBc (Dako) and human-specific anti-FAH (Cliniscience) antibodies. Representative picture of immune-staining in mock-and HBVinfected mice are shown.

The next step was to determine whether HBc could play the same role in vivo. We first investigated the sub-cellular localization of HBc in human hepatocytes engrafted in liverhumanized FRG mice [START_REF] Bissig | Human liver chimeric mice provide a model for hepatitis B and C virus infection and treatment[END_REF], which were chronically infected with HBV. In mice showing persistent infection and high levels of HBV DNA and viral proteins in the serum and liver (Figure S5A and S5C,i.e. mice 396,399,and 420 versus mock infected 375), we assessed for the cellular distribution of HBc in hepatocytes and found it mainly in the nucleus (Figure S5D, lower right panel). These results were consistent with the data obtained with HBc-
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Abstract

The use of immunotherapeutic strategies is currently being investigated as an alternative to the current treatments of chronic Hepatitis B Virus (HBV) infection that only allow replication virosuppression. IL--inflammatory cytokine produced upon inflammasomes induction that has a very strong antiviral effect on HBV replication in hepatocytes. In the liver, this cytokine is mostly produced by pro-inflammatory macrophages or related cells, but little is known on the interaction between HBV and these cells. Using primary human liver macrophages, primary blood monocytes differentiated into pro-inflammatory or antiinflammatory macrophages, liver biopsies (from healthy or HBV-infected donors), primary human hepatocytes and differentiated HepaRG cells, we performed ex vivo experiments to further characterized the interplay between HBV and macrophages. We showed that proinflammatory macrophages strongly reduced the establishment of HBV infection in hepatocytes through the secretion of cytokines such as ILthat HBV escapes the antiviral effect of pro-inflammatory macrophages by interfering with their activation or differentiation respectively. Finally, we observed that HBV promotes the activation of anti-inflammatory macrophages to prevent the triggering of the adaptive immunity. Altogether our data showed that HBV can modulate the liver innate immunity to favour its establishment. Cytokine treatment. Cytokines references and used concentration are indicated in Table S3.

Table S3. 

ABSTRACT

Different liver cell types are endowed with immunological properties, including cell-intrinsic innate immune functions that are important to initially control pathogen infections. However, a full landscape of expression and functionality of the innate immune signalling pathways in the major human liver cells is still missing. In order to comparatively characterize these pathways, we purified primary human hepatocytes (PHH), hepatic stellate cells (HSC), liver sinusoidal endothelial cells (LSEC), and Kupffer cells (KC) from human liver resections. We assessed mRNA and protein expression level of the major innate immune sensors, as well as checkpoint-inhibitor ligands in the purified cells, and found TLR, RLR, as well as several DNA cytosolic sensors to be expressed in the liver microenvironment. Amongst the cells tested, KC were shown to be most broadly active upon stimulation with PRR ligands confirming their predominant role in immune shaping the liver microenvironment. By KC immortalization we generated a cell line that retained higher innate immune functionality than THP1 cells extensively used to study monocyte/macrophages functions. Our findings and the establishment of the KC line will help to understand immune mechanisms behind antiviral effects of TLR agonists or checkpoint inhibitors that are in current preclinical or clinical development.

Supplementary Moreover, PD-1/PD-L1 inhibitors are considered to combat the development of several types of cancers [19,20], including HCC in chronic HBV infection [21,22]. Interestingly, they also are currently in clinical trial to treat CHB patients without signs of HCC. In this context, a better 

Abstract

The Hepatitis B virus chronically infects the liver of 250 million people worldwide. Over the past decades, major advances have been made in the understanding of Hepatitis B virus life cycle in hepatocytes. Beside these parenchymal cells, the liver also contains resident and infiltrating cells involved in immune responses to pathogens and much less is known about their interplay with Hepatitis B virus. In this review, we summarized and discussed the current knowledge of the role of Kupffer cells, the liver resident macrophages, in HBV infection.

Hepatitis B virus can be recognized by macrophages in specific conditions (i.e. hepatocytes cell death). Hepatitis B virus inhibits pro-inflammatory responses in macrophages that are described to have an anti-viral effect. Hepatitis B virus favours anti-inflammatory responses macrophages and liver tolerance. Kupffer cells participate in hepatitis B virus associated pathogenesis through activation of hepatic stellate cells and through inhibition of T cell responses by antiinflammatory secretions.

Understanding the mechanisms by which hepatitis B virus inhibits macrophages responses could be the first step towards development of new therapies for chronically infected patients.