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Abstract:

Chronic hepatitis B virus (HBV) infection remains a major challenge for clinicians, as there are only two
types of approved therapies: interferon-alpha (IFN-o.) or its pegylated form, Peg-IFN-o. and nucleoside
analogues (e.g. tenofovir, entecavir...). The first are used as finite-duration treatments of around 48-52
weeks, while the second must be taken life-long to prevent rebound. Other immune-modulators, including
other types of recombinant IFNs and cytokines/chemokines, could be developed for treating chronic
hepatitis B. Alternatively, strategies aimed either at restoring or favouring the endogenous production of
IFNs, cytokines and/or chemokines, or at alleviating HBV-mediated inhibitory processes could also be en-
visaged. In this article, we review current investigational, preclinical and clinical efforts to implement im-
mune-modulatory components in the therapy of chronic hepatitis B. This review forms part of a symposium
in Antiviral Research on "An unfinished story: from the discovery of the Australia antigen to the develop-

ment of new curative therapies for hepatitis B."
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1. Introduction

Chronic hepatitis B virus (HBV) infection remains a major challenge for clinicians, as there are only two
types of approved therapies: interferon-alpha (IFN-a) or its pegylated form, Peg-IFN-a, and nucleoside
analogues (e.g. tenofovir, entecavir...). The first are used as finite-duration treatments of around 48-52
weeks, while the second must be taken life-long to prevent rebound. In this article, we review current
investigational, preclinical and clinical efforts to improve the therapy of chronic hepatitis B by implementing
novel immune-modulatory components. As listed in Tables 1 and 2, these approaches include new IFNs and
other recombinant cytokines/chemokines, which have been tested mainly as adjuvant components in vitro,
in animal models or/and in human trials in the context of various chronic viral infections. We also discuss
new strategies aimed either at restoring or favouring the endogenous production of IFNs, cytokines and/or

chemokines, or at alleviating HBV-mediated inhibitory processes.

2. Background: Interferons, cytokines and chemokines

Cytokines/chemokines are soluble substances, in general polypeptides, glycosylated or not, with rather low
molecular weights, which are secreted mainly by professional immune cells, but also by non-immune cells
(e.g. epithelial and endothelial cells exposed to a virus) upon an exogenous or endogenous stimulus
(Leonard, 2013; Murphy, 2013). Major stimuli of cytokines/chemokines production are pathogens, including
viruses. Cytokines/chemokines signal to target cells after binding to specific/cognate receptors and
triggering downstream signaling pathways, which lead to gene expression modulation and synthesis of
effector proteins bearing biological activities, including antiviral activities. Cytokines/chemokines can be
produced during acute infections with many viruses, and help mounting an innate and adaptive immune
response to eliminate them (Ilwasaki and Medzhitov, 2013). They can also be produced during chronic
phases of infection, and in this case are not much involved in the inhibition of viral replication, but instead
contribute to immune-pathogenesis. The latter has been suggested for chronic hepatitis C virus (HCV)
infections, human immunodeficiency virus (HIV) infections, and even more significantly for co-infections

with both viruses (Chen et al., 2014; Snell and Brooks, 2015; Szabo and Petrasek, 2015).
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The first cytokines to be described in 1957 were interferons (Issacs and Lindenmann, 19573, b), a
large family of low-molecular weight (15-30 kDa), soluble glycoproteins with potent antiviral activities. IFNs
are now classified into three different categories, according to the structure of their receptors, called type-I,
Il and IIl (Sadler and Williams, 2008; Samuel, 2001). Type-I IFNs consist of at least 18 members: 14 highly
homologous IFN-a subtypes encoded by different non allelic genes, the well-known IFN-3 encoded by.a
unique gene, and others, which have not been so far intensively studied, including IFN-g, IFN-®, and IFN-x.
Whereas IFN-3 can be virtually produced by all nucleated cells exposed to viruses or other IFN=inducing
pathogens, IFN-a are mainly produced by one particular type of immune cells, the plasmacytoid dendritic

cells (pDC) (Reizis et al., 2011).

All type-I IFNs bind and signal through the same receptor, called IFN-aR (IFNAR), and composed of
two subunits: IFN-aR1 and IFN-aR2 (Sadler and Williams, 2008; Samuel, 2001). This receptor is widely
expressed at the surface of cells, which is an advantage when it comes to endogenous systemic protection,
but an inconvenient for a systemic use of exogenous recombinant type-I IFNs, as it can lead to toxicity. Type-
Il IFNs consist only of IFN-y, are mainly expressed by immune cells, including natural killer (NK), T and NKT
cells, and signal through the IFN-yR receptor, which is composed of two heterodimers of IFN-yR1 and IFN-
YR2 and is widely expressed at the surface of cells (Sadler and Williams, 2008; Samuel, 2001). Type-IIl IFNs
consist of 4 different members, IFN-A1 (also known as IL-29), IFN-A2 (IL-28A), IFN-A3 (IL-28B), and the only
very recently identified IFN-A4 (Egli et al., 2014). IFN-As can be produced by many epithelial cells, including
hepatocytes, but are mainly produced by immune cells. Amongst dendritic cells (DCs), the main producer
type would be the myeloid DC-BDCA3(+)/CLEC9A(+) cells (van der Aa et al., 2015). IFN-As signal through a
specific heterodimeric receptor (IFN-AR), composed of IL-10RB and IL-28RA (or IFN-AR1) subunits (Sadler
and Williams, 2008; Samuel, 2001), which is not widely expressed as compared to IFN-aR and IFN-yR
receptors. Indeed, this receptor is mainly expressed in epithelial cells (e.g. hepatocytes). This particularity

has attracted a lot of interest for this type of IFNs in the field of hepatotropic viruses.
IFNs have been very useful immune-modulators to fight chronic infections, including hepatitis C, B,

and delta (Ciancio and Rizzetto, 2014; Lin and Young, 2014). Indeed a pegylated form of IFN-a, Peg-IFN-a,

combined with ribavirin (RBV), has represented the standard of care (SOC) to fight HCV chronic infections
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during the last two decades, and is yet playing an important role in low-income countries (Feld, 2014).
Indeed if developed-countries have entered into an IFN-free era in terms of therapeutic practice, the cost of
DAA (direct acting agents) treatments, is yet non-affordable in many countries. For hepatitis delta virus
(HDV) infections, Peg-IFN-o. remains the sole therapeutic option, combined with nucleoside analogues to
induce HBV viro-suppression (Ciancio and Rizzetto, 2014). IFNs have taken the lead as therapeutic antiviral
agents over other cytokines due to the early development of techniques to produce and purify.them as
injectable recombinant molecules. However, only few IFNs, amongst which IFN-a2a, IFN-a2b, consensus
IFN-a, IFN-B, IFN-y, IL-29, have been produced and tested in clinical trials against chronicviral infections or
other indications (Ciancio and Rizzetto, 2014; Lin and Young, 2014; Zitvogel et al;, 2015). It is therefore likely

that other IFNs could be useful therapeutic options as antiviral and anticancer agents.
3. Interferon-a for the treatment of chronic hepatitis B

Regimens containing IFN-o. remain a front-line therapy in many countries (Table 1), despite the fact that it
has many adverse effects. It represents the sole treatment with a finite duration for CHB patients, as

compared to NUC.
3.1. Treatment indications

The goal of therapy for CHB is to improve the quality of life and survival by preventing or significantly
delaying progression of the disease toward end-stage liver disease and hepatocellular carcinoma (HCC). This
goal can be achieved if HBV replication is suppressed in a sustained manner, leading to a reduction in
histological activity of CHB and decreased risk of developing cirrhosis and HCC (EASL, 2012; Zoulim and

Durantel, 2015).

The natural history of CHB is rather complex, with 4 different phases that can occur during the
course of infection, including the i) “immune-tolerant”, ii) immune active/HBeAg(+) chronic hepatitis, iii)
immune active/HBeAg(-) chronic hepatitis, and iv) “inactive carrier” phases (Gish et al., 2015; McMahon,
2014). Treatment is not indicated in all phases of CHB. The international clinical practice guidelines
recommend that CHB patients, which can either be HBeAg(+) or HBeAg(-), should be considered for

treatment when they have HBV DNA levels above 2,000 IU/ml, serum alanine aminotransferase (ALT) levels



O J oy Ul WN

OO U T OO0 B DD DASDASDNDLDDEDNWWWWWWWWWWNRNNNONNRNONNNNNNRE R 2R R R R
O WNRPOWOJANAWNROWOWO-JANUDNWNROO®O-JNUTIDRWNROWOWO-JONU B WNROWWIJOU S WNDR O W

above the upper limit of normal (ULN), and moderate to severe active necro-inflammation and/or at least

moderate liver fibrosis severity (EASL, 2012; Zoulim and Durantel, 2015).

3.2. IFN-a therapy in HBeAg(+) and (-) patients

In current practice, Peg-IFN-a (180 pg) is weekly administered for 48-52 weeks in HBeAg(+) patients to
increase rate of HBeAg to anti-HBeAg (HBeAc) seroconversion at the end of treatment (Lau et al., 2005;
Marcellin et al., 2004). During treatment, patients become undetectable for HBV in serum in only 25% of
cases, which is far lower than that achieved with either entecavir (~65%) (Kang et al., 2007) or tenofovir
(~75%) (Marcellin et al., 2008). But the rate of HBeAg seroconversion post-treatment is at around 30%,
which is higher than that achieved by NUC (e.g. ETV or TFV). The normalization of ALT is observed in 30 to
40% of cases, which is well in phase with the seroconversion rate. As for NUC therapies, the rate for HBsAg
to anti-HBs seroconversion is very low for Peg-IFN therapy (i.e.~3%). Of course this means that they are few
patients that are significantly capable to “immunologically control” HBV in the long term, and this is a strong
rational to develop new therapies. Regarding HBeAg(-) CHB patients, if the performance of Peg-IFN in term
of viro-suppression is higher (around 60% of HBV DNA negativation on treatment), the ALT normalization

and HBs seroconversion are no better than for HBeAg(+) patients.

One major drawback of IFN therapy comes from the frequent, numerous, and sometime severe,
adverse effects experienced by patients (EASL, 2012; Zoulim and Durantel, 2015). Common side effects of
IFN include flu-like symptoms following each injection such as fever, headache, muscle aches, pains
(articulation, abdominal, back...). These side effects vary from mild to severe and occur in up to half of all
patients. The symptoms tend to diminish with repeated injections and may be managed with analgesics and
antihistamines. Other important side effects include: general fatigue, gastrointestinal disorders,
thrombocytopenia, neutropenia, and depression episode that can be very severe and lead to suicidal
behavior.

3.3. Combinations of Peg-IFN and NUC

One of the major questions regarding antiviral therapy of CHB, was whether the combination of Peg-IFN-o,
with NUC could improve the rate of off-treatment response and HBsAg seroconversion and shorten

treatment duration. Despite the observation that combination of Peg-IFN-o with lamivudine (LMV) or
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telbivudine (LdT) showed a higher on-treatment virological response, combination did not show a higher
rate of sustained off-treatment virological or serological response (Janssen et al., 2005; Lau et al., 2005;
Marcellin et al., 2004). Several studies are ongoing with the combination of Peg-IFN-a. and ETV or TFV (Kao,
2014), but currently these types of combination are not yet recommended for CHB. Furthermore, there are
no data to indicate an advantage of de novo combination with ETV and TFV in NUC-naive patients, although
more studies in patients with high baseline viremia (HBV DNA >10% [U/mL) are required.

In contrast to CHB patients, patients chronically infected by both HBV and HDV need to be treated
with Peg-IFN-a plus a NUC. The results of recent clinical trials have been recently disclosed and provide a
good framework for clinical managements (Heidrich et al., 2014; Wedemeyer et al., 2011).

3.4. Modes of action of IFN-a

There are two main modes of action (MOAs) for exogenously administered IFN-a, explaining its broad
antiviral activities (Table 2). IFN-a can induce in a receptor-specific manner the expression of genes
encoding intracellular or secreted effector proteins. On the one hand, these effectors bear antiviral
properties and can act within infected to help eliminating the virus, as well as non-infected cells to protect
them against infection. On the other hand, they promote the differentiation/activation of immune cells

(Sadler and Williams, 2008; Samuel, 2001).

IFN-a binds to the IFNAR receptor and activates the JAK/STAT pathway, which leads to the
transcription of a particular set of genes called interferon-stimulated genes (ISGs) via the action of the
phosphorylated hetero-trimeric transcription factor ISGF3 (composed of pSTAT1, pSTAT2 and IRF9) (Figure
1). The promoters of ISGs contain one or several “interferon-stimulated response element” (ISRE motifs),
which are the sites of binding of ISGF3 complexes. There are hundreds of I1SGs (Sadler and Williams, 2008),
but the exhaustive subsets of the ones that may lead to anti-HBV effect within infected cells are far from
being identified. The analysis of the implication of ISGs in an anti-HBV phenotype in vitro is rendered
difficult by the fact that IFN-a. is a not a very potent inhibitor of HBV replication in relevant cell culture
models, including primary human hepatocytes (PHH) and the HepaRG cell line. Those models are relevant
because there are functional for innate functions in contrast to hepatoma cells (Luangsay et al., 2015). In

our hands, only a 50% reduction of the intracellular total HBV DNA accumulation is observed with a single
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and high (i.e not physiologic; 1000 1U/mL) dosing of IFN-a (Isorce et al., submitted; AVR-S-15-00187).
Moreover, in these cell types, it is not technically easy to either over-express ISGs or down-regulate their
expression in gain and loss of function studies. Hence, ISGs proteins responsible for the antiviral effect
mediated by IFN-o have not yet been firmly identified. The ones that have been pointed out as potentially
involved, i.e. MxA, ZAP, APOBEC3G (Gordien et al., 2001; Mao et al., 2013; Nguyen et al., 2007), following
experiments in transfection, have yet to be confirmed. Nevertheless it has been shown that IFN-o would be
capable to restrict HBV replication by preventing encapsidation of genome, by inducing RNA degradation,
and by silencing cccDNA through epigenetic regulation (Belloni et al., 2012; Rang et al., 1999; Wieland et al.,
2000). More strikingly, it was recently found, using relevant cell culture models (i.e. PHH and HepaRG), in
which cccDNA is formed and physiologically regulated, that IFN-a treatment could induce the degradation

of cccDNA via an APOBEC3A-mediated deamination mechanism (Lucifora et al., 2014; Xia et al., 2014).

IFN-a is also known to promote the differentiation/activation of immune cells, which play an
important role in clearing viral infections (Crouse et al., 2015). Amongst important cells that are positively
regulated by IFNo are pDC, mDC, NK/NKT, and T cells. The problem in the context of CHB is that immune
responses are impaired by the virus itself, notably by the induction of T-reg, cell exhaustion, and removal of
HBV-specific T cells (Koh and Bertoletti, 2015). A treatment with exogenous IFN-a is often not sufficient
enough to restore an appropriate response to the virus. In a recent and elegant study, it was shown that
IFN-o could boost NK/NKT cells functions in CHB patients, but that in turn these boosted NK/NKT cells were
responsible for the destruction of CD8" T cells via a TRAIL-mediated mechanism (Micco et al., 2013). As long
term NUC treatments are associated with restoration of T cell functions in CHB patients, it gives a strong
rational to revisit combination therapy associating IFN-o. with a NUC (Thimme and Dandri, 2013). In this
respect the use of the recently developed liver-humanized mouse models can be useful for pre-clinical

studies (Allweiss et al., 2014).

4. Other IFNs for the treatment of HBV infections

4.1. Other Type-l IFNs
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Due to the numerous side effects and the fact that currently used IFN-a (i.e. IFN-ai2a and IFN-a.2b) may not
be adapted to all patients, because of population genetic diversity of ligand/receptor systems, others IFNs
have been considered for therapeutic use. Many other subtypes of IFN-a. or formulations have been
evaluated in particular for their effect against the replication of the hepatitis C virus, another hepatotropic
virus (Table 1). When IFN-a is naturally produced by human leucocytes, it consists of a mixture of many
subtypes (up to 14). This is the principle of Alferon-N (IFN-an-3), which is used for the treatment of genital
warts caused by human papillomavirus (HPV). But the manufacturing process to produce this IFN‘is only
compatible with local and not systemic injection; this could explain why this IFN was not extensively tested
in other indications. Alternatively clonally-produced other subtypes of IFN-ohave been tested for their
antiviral properties, and it was found that IFN-a17 was particularly efficient in vitro against HCV (Escuret et
al., 2006); this suggest the relevance of considering a tailored use of various IFN-a, subtypes for a given
indication. But the main problem is that converting this into clinically usable drugs is beyond feasibility. An
interesting alternative approach was to generate a consensus interferon (CIFN or IFN-ciconl; InterMune) by
using the most commonly observed amino acids amongst all IFN-o. subtypes at each position. In vitro CIFN
has demonstrated a 10- to 100-fold increase in antiviral activity, as compared to other recombinant IFN-o
(Ozes et al., 1992), thus enabling weaker dosing and reduced toxicity. In the context of HCV infections, it
was shown in particular that retreatment of full non-responders to Peg-IFN/RBV with CIFN (up to 15 ug) +
RBV was safe and “efficacious” (up to 30% sustained virological response (SVR)) to some extend (Bacon et
al., 2009).

The main problem with this approved drug is that, due to its short half-life, it has to be injected daily,
which is not acceptable nowadays in clinical setting. The development of a long-life form of CIFN is
necessary; in this respect a hyper-glycosylated form of CIFN has been recently shown to have a very
extended life span in mouse, hence rendering possible a monthly or bimonthly dosing of the drug (Taylor et
al., 2015). One could expect that initial interesting results, obtained in clinical trial with CIFN in CHB patients
(Zheng et al., 2009), could be improved with a future novel formulation of the drug.

Modified IFN-a, obtained by conjugation with moiety meant to stabilize or humanize the cytokine,

have also been envisaged. Hence Peg-IFN-0.2a (Pegasys; Hoffmann-La-Roche) and Peg-IFN-a2b (Pegintron;
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Schering Plough), which consist respectively of a single (40 kDa) or several (12 kDa) polyethylene-glycol (Peg)
chain(s) added to IFN backbone are currently used to treat CHB patients (Foster, 2010). Other modification
included the addition of human albumin moiety to IFN backbone to generate a long half-life fusion protein
(albinterferon), which was evaluated in stage Ill clinical trial in the context of HCV infections and showed no
superiority to Peg-IFN (Nelson et al., 2010; Subramanian et al., 2007; Zeuzem et al., 2010). Moreover,.in the
context of HBV infection, albinterferon has shown higher rates of certain adverse effect as compared to Peg-
IFN-a, thus likely limiting its further development (Colvin et al., 2015).

IFN-B, which uses the same cell-signaling receptor than IFN-a,, but with a greateraffinity (Zitvogel
et al., 2015), has been also considered as an alternative. IFN-3, and in particular its recently developed
pegylated form, is already used for the treatment of multiple sclerosis, a chronic immune mediated disease
(Khan et al., 2015). Studies proving the safety and efficiency as anti-HCV of either naturally produced or
recombinant, non-pegylated form, of IFN-B1a/b have been mainly performed in Asian countries (Lin and
Young, 2014). If the pattern of toxicity looked more favorable than that with IFN-a, further studies with a
pegylated form (in combination with RBV for CHC patients) would be require to move forward regarding its
potential use in CHB context. In vitro, it was early shown that recombinant IFN-3 could have a weak, yet
comparable to IFN-a, anti-HBV activity in-the suboptimal HepG2.2.15 model (Caselmann et al., 1992). More
recently, using the relevant HepaRG cell line model (Luangsay et al., 2015), we have shown that
recombinant IFN-B was slightly more potent than IFN-o. at inhibiting HBV replication (Isorce et al., submitted;
AVR-S-15-00187). The anti-HBV effect of IFN-B was also investigated in an HBV-transgenic mouse model by
direct injection of large amount of recombinant cytokine (500,000 unit/mouse) or by activation of
endogenous production by another pathogen or TLR agonists HBV (Guidotti et al., 1996a; Guidotti et al.,
1994; Isogawa et al., 2005; Pasquetto et al., 2000). Mechanistically, using the same model, or cells derived
from their liver, it was shown that IFN-} could induce the destabilization of pregenomic-RNA containing
capsid within replicating cells, thus leading to a reduction of intracellular DNA production and viremia
(Pasquetto et al., 2002; Wieland et al., 2000). However this transgenic model does not feature cccDNA, as
HBV is transcribed from integrated genome; therefore it is not adapted to investigate strategies aiming at

transcriptionally silence or degrade cccDNA. Using the same relevant models than that used by Lucifora and

10
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colleagues (Lucifora et al., 2014), it would be nice to investigate the details of the mode of action of IFN-3.

4.2. Type-lll IFNs - IFNs lambda

Type-lll IFNs represent a truly interesting therapeutic alternative to type-I IFNs, as the pattern of expression
of their receptors (IFN-AR; i.e. heterodimer of IL-10RB and IFN-AR1/IL-28RA) is far more restricted than the
ubiquitously-expressed IFNAR. Indeed IFN-AR, i.e. in particular the IFN-AR1 (or IL-28RA) subunit, is
expressed mainly in cells of epithelial origin (e.g. hepatocytes, enterocytes, keratinocytes...), as well as in
some immune cells, including lymphoid B/T cells and myeloid cells (macrophages, monocytes, DCs) (Egli et
al., 2014); although in the latter the receptor would not be as functional as in epithelial cells (Lin and Young,
2014). In contrast, fibroblasts, endothelial, and most leucocyte cells do not express the full and functional
receptor. This restricted pattern of expression is expected to positively. impact on the toxicity profile of type-
Il IFNs. Moreover, as for IFN-B and in sharp contrast to IFN-a., type-IIl IFN are not affected by IFN-induced
refractoriness (Makowska et al., 2011). Refractoriness is defined by the lack of activation of the receptor-
mediated signal transduction by repetitive and time closer exposure to its ligand. This theoretically, and in
practice, limits the efficacy of IFN-a based therapy. Upon binding to their receptors, IFN-As activate also the
JAK-STAT transduction cascade leading to the formation and nuclear translocation of the ISGF3
(STAT1/STAT2/IRF9) transcription complex (Figure 1). The subset of genes induced by IFNAs is very similar to
that induced by type-I IFNs, but the level of induction is thought to be in comparison weaker (Dumoutier et
al., 2004).

Similar to type-l IFN, it was shown that IFN-As could inhibit the replication of HBV and HCV by
inducing similar pattern of gene expression (Pagliaccetti et al., 2010; Robek et al., 2005). We have also
studied the antiviral properties of IL-28B (IFN-A3) and IL-29 (IFN-A1) in HBV-infected HepaRG and PHH, and
found that had almost similar effect as type-I IFNs, while displaying weaker toxicities (Isorce et al.,
submitted; AVR-S-15-00187). It is likely that type-Ill IFNs will also impact on the stability of cccDNA by an
APOBEC3A-mediated MOA (Lucifora et al., 2014), but this remains to be firmly demonstrated using ad hoc
models and kinetics of treatment allowing cccDNA degradation. If no direct injection of IFN-As was
attempted in HBV-infected liver-humanized mice, it was shown that targeted induction of these IFN-As, by
injection of hepatotropic cationic-liposome containing a synthetic double-stranded RNA analog poly(l:C) in
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the liver microenvironment, could lead to a strong HBV inhibitory phenotype in this animal model
(Nakagawa et al., 2013).

As for other IFNs, the development of an IFN-A-based therapy for the treatment of CHB is lagging
behind that of CHC. In a phase-llb study performed on 526 treatment-naive CHC patients, it was found that
Peg-IFN-A (between 120 and 240 pug; given weekly) + RBV (daily) achieved higher response rates, with fewer
flu-like, musculoskeletal symptoms, and cytopenia/anemia, as compared to the previous standard of care
(SOC; Peg-IFN-o. + RBV) (Muir et al., 2014). Indeed Peg-IFN-A/RBV treatment led to respectively 56% of
cEVR (complete early virologic response) as compared to 37% with Peg-IFN-o,/RBV all genotypes
confounded. The SVR (sustained virologic response) were comparable (37-46%) between Peg-IFN-L/RBV
and Peg-IFN-a/RBV for genotype 1 and 4, but were superior with Peg-IFN-A/RBV for genotype 2 and 3 (60-
76% versus 53% with Peg-IFN-o,/RBV). Results obtained in CHC patients should encourage investigator to
perform clinical trials in CHB patients.

4.3. Type-ll IFN - IFN gamma (Table 1)

IFN-y has a dimeric structure consisting of two polypeptides with antiparallel symmetry. It can bind to the
IFN-yR, which is composed of two subunits: IFN-yR1 and IFN-yR2, and activate signal transduction cascades
leading to the canonical nuclear translocation of the hetero-trimer ISGF3 transcription complex, as with
type-l and Il IFNs, but also the formation and nuclear translocation of a STAT1 homodimer (called GAF and
composed of two phosphorylated STAT1), which binds in a cooperative manner to GAS elements present in
the promoters of specific IFN-y inducible genes (Begitt et al., 2014) (Figure 1). The subsets of gene induced
by type-l and type-Il IFNs is largely overlapping, but some genes are better activated by IFN-y, including for
irf-1, cxcl-9, cxcl-10, adar-1, ido (Ahmed and Johnson, 2006; Begitt et al., 2014). Interestingly IRF-1, amongst
ISG proteins, is thought to bear the broadest antiviral activity (Schoggins et al., 2011). IFN-y has of course
“direct” antiviral activity against HCV and HBV, when applied to replicating hepatocytes in the absence of
any immune cells. However, we found it to be the less active and most toxic of all IFNs tested in our HBV-
infected HepaRG/PHH models (Isorce et al., submitted; AVR-S-15-00187).

Using the HBV transgenic model it was found that T-cell-produced IFN-y was very important to
induce a non-cytopathic inhibition of HBV replication (Guidotti et al., 1996b). This inhibition could be
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recapitulated by administration of recombinant murine IFN-y, and was dependent on IRF-1 and PKR in this
model (Guidotti et al., 2002). The fact that IFN-y was capable to non-cytopathically induce HBV clearance,
was confirmed in the even more relevant “chimpanzee model” of infection with HBV (Guidotti et al., 1999).
Besides its action on the HBV pgRNA stability, encapsidation process, IFN-y would also be capable to induce
cccDNA degradation by similar mechanisms than that featured by IFN-a (Xia et al., EASL 2015) (Table 2).
The injection of recombinant IFN-y is approved for bacterial or fungal infection prophylaxis in patients
suffering from chronic granulomatous disease, although the benefits appear limited (Smith and Denning,
2014). IFN-y therapy is also given to patients with profound defects in IFN-y and interleukin-12 production
and seems to be beneficial for patients with invasive aspergillosis and cryptococcal meningitis. A high
number of patients with chronic pulmonary aspergillosis are poor producers of IFN-y and could also benefit
from IFN-y administration. As for its use in viral chronic diseases, IFN-y has not demonstrated, when injected
alone, convincing efficacy against HIV, but is yet considered as a potential adjuvant for DNA-based
therapeutic vaccination strategies (Roff et al., 2014).

In another non-comparative, multicenter trial, CHC patients, who were non-responders to Peg-IFN-
o/RBV were restarted on a standard regimen of PEG-IFN- a.2a /RBV for 16 weeks, and for those did not
reduce viral load by 2 log(10) copies/mL, IFNy-1b (100 pg three times per week) was added for the last 32
weeks of treatment. None of these patients reached un-detectability of HCV-RNA at week 28 and none had
a decrease > 1 log(10)1U/mL, thus suggesting that this add-on strategy was not successful (Couzigou et al.,
2013). In a randomized open-labeled multicenter trial involving 99 CHB patients, with proven fibrosis,
injection of IFN-y (50 pg/day for 3 months) was shown to significantly improves fibrosis scores most likely
by antagonizing pro-fibrogenic transforming growth factor-beta (TGF-B) effects, but no effect on HBV
replication was reported (Weng et al., 2005). Other long-term trials would be necessary to further
investigate the positive (and safe) effect of IFN-y treatment in CHB patients, but as compared to IFN-As, this

type of IFN does not seem to be a priority.

5. Non-IFN immune-modulators for the treatment of HBV infections or as adjuvant?

5.1. Cytokines
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Many pro-inflammatory cytokines, including tumor necrosis factor alpha (TNF-a), interleukin 6 (IL-6), and
interleukin 1 beta (IL-1) have been investigated for their direct or indirect anti-HBV effect. TNF-a is a 185
amino acids (aa) cytokine mainly secreted by macrophages and other myeloid cells, upon activation of the
NF-kB pathway, in particular by TLR4 agonisation. TNF-a exerts its biological function on target cells by
binding to either TNF-aR1 or TNF-aR2 of the TNF receptor superfamily. If TNF-aR1 is expressed in most
nucleated cells, TNF-aR2 is mostly found at the surface of immune cells, and in particular on T-cells. Upon
ligation as a trimer to its receptor, TNF-o. can activate three signaling pathways, through TRADD mediation:
NF-xB, MAP Kinase, and cell-death program via caspase 8 activation (Verstrepen et al., 2008) (Figure 2). In
the late 90’s, using the HBV transgenic model, the group of Franck Chisari showed in different published
works that TNF-a, as type-l1 and Il IFNs, could be a mediator of the non-cytopathic inhibition of HBV
replication in this model (Guidotti et al., 1999; Heise et al., 1999). However by crossing HBV-transgenic mice
with mice deficient for IFN-aR, TNF-aR, or IFN-y, it was found that TNF-o. was not the main driver of the
anti-HBV effect obtained by super-infecting mice with viruses (adenovirus or LCMV) inducing IFN and pro-

inflammatory responses (McClary et al., 2000).

In vitro studies, performed in hepatocytes replicating HBV after stable transfection of pgRNA
expression cassettes, reported that TNF-a could directly inhibit HBV replication in the absence of immune
cells (Kawanishi et al., 1995). We, and others, have recently confirmed the direct antiviral effect of TNF-o. in
HBV-infected hepatocytes (Isorce et al., submitted; AVR-S-15-00187) (Watashi et al., 2013). The underlying
mechanism could involve AID, a cytosine deaminase (Watashi et al., 2013), but also likely APOBEC3B,
another DNA deaminase shown to induce degradation of cccDNA (Xia et al., EASL 2015), as well as
mechanisms described in transgenic mice and involving destabilization of pgRNA capsids (Pasquetto et al.,

2002) (Table 2).

The IL-6, a cytokine also secreted by myeloid cells, including macrophages, upon PRR stimulation,
has been recently found to induce a direct anti-HBV effect in replicating hepatocytes (Hosel et al., 2009)
(Isorce et al., submitted; AVR-S-15-00187). IL-6 acts through the binding to its receptor, IL-6R, composed of
IL-6Ra subunit (CD126) and gp130 (CD130), and activates STAT transcription factors, including STAT3 (Figure

2). In the context of HBV infection, it was found that IL-6 could mediate its anti-HBV action via inhibition of
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HNF4a, a hepato-specific transcription factor crucial for HBV transcription from cccDNA template (Hosel et
al., 2009). In a more general manner IL-6 seems to induce a hepatocyte dedifferentiation, which could
contribute to HBV inhibition, as HBV replicates only in highly differentiated hepatocytes (Seeger et al., 2015).
In this respect it was recently found that another mechanism to explain the anti-HBV effect of IL-6 could be
related to the down-regulation of the HBV entry receptor expression (Bouezzedine et al., 2015), namely

NTCP (sodium (Na*) taurocholate co-transporting polypeptide) (Table 2).

The IL-1f is a member of the large IL-1 family of cytokines (Verstrepen et al., 2008). This highly pro-
inflammatory cytokine is produced and secreted mainly by activated macrophages/monocytes-derived
macrophages in reaction to a pathogen intrusion, in the context of chronic infections, or in association with
auto-inflammatory syndromes. In most cases, the production and secretion of IL-1f is a two-step regulated
process. IL-1f is initially produced intracellularly as pro-IL-1p upon the activation of the NF-kB pathways via
engagement of a PRR (e.g. TLR4 or TLR2), but needs the concomitant activation of one inflammasome
leading to the activation of caspase 1, which in turn cleaves pro-IL-1f3 to generate secreted IL-1p. Several
inflammasomes have been characterized, involving NLRP1, NLRP3, NLRC4, or AIM2 (and many others) as
molecules organizing, together with ASC, the proteolytic platform (Ulland et al., 2015). The same regulation
applies for the production of IL-18, another chemokine produced concomitantly to IL-1f3. IL-1 mediates its
action on target cells by binding to the dimeric IL-1-receptor composed of IL-1RI and IL-1RAcP, which in turn,
via the Myd88 adaptor, leads to the activation of signaling pathway involving NF-kB as transcription factor
(Figure 2). As IL-1B'is mainly associated with detrimental long-term inflammation, the main therapeutic
issue around this cytokine consist of the inactivation of its action. Many strategies, involving a recombinant
soluble receptor antagonist (anakinra; for the treatment of rheumatoid arthritis for instance) or the more
recent anti-IL-1b MAbs (i.e. canakinumab or gevokinumab), have been developed to block IL-1f action

(Ulland et al., 2015).

Until recently IL-1p was not identified as a cytokine bearing direct antiviral activity. But a work
performed by Watashi and colleagues has revealed that, amongst 36 cytokines/chemokines, pretreatment
(prior to infection with HBV) of HepaRG cells with IL-13 (or TNF-a) could lead to a potent anti-HBV

phenotype. In this study they identified AID, a cytosine deaminase, as a potential effector of the antiviral
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effect. We have confirmed the antiviral activity of IL-1f3 in a different context. Indeed we treated either HBV-
infected HepaRG or PHH with cytokines/chemokines when the infection was already established, and found
that IL-1p was the most potent molecule, leading after only one dosing and 72h of exposure to the cytokine
to potent effect on intracellular HBV DNA (“inhibitory concentration 50%” at 25 pg/mL in this model) (Isorce
et al., submitted; AVR-S-15-00187). The MOA of IL-1f is rather complex, as it involves an initial silencing of
cccDNA transcription via an “inhibitory NF-kB binding” to cccDNA (phenotype observed after a single
dosing of IL-1B, independently of secondary cytokines (IL-6) produced upon IL-1J3 exposure), followed by a
dedifferentiation (HNF4a, albumin and ApoB decreased expression and secretion) of hepatocytes, which
has as discussed previously also an effect on transcription (H6sel et al., 2009), and likely the expression of
effectors responsible for cccDNA destabilization (phenotype obtained after several treatments and 3 days
single treatment with IL-1f), including the deaminase APOBEC3B (Isorce et al., unpublished results) (Table
2). There are also preliminary genetic evidences of the importance of IL-1f for the regulation of the
replication of HBV in vivo (Tungbilek, 2014); nevertheless GWAS studies remains to be conducted on well

designed cohort of CHB patients to further reinforce these evidences.

The systemic use of recombinant IL-1f3 in the context of CHB treatment is not envisageable due to
the expected toxicity of such an approach. One would have maybe to determine whether this cytokine
could be delivered to the liver compartment using nanoparticles or other ad hoc approaches. Alternatively,
an acceptable strategy would be to induce endogenous production of IL-1f within liver microenvironment
by targeted strategies (Figure 3). In this respect, we need to further understand the interplay between HBV
and Kupffer cells (i.e. resident macrophages) as well as with other resident or recruited myeloid cells, to find

a way to unlock viro-induced blockades (see section 5).
5.2. Chemokines as adjuvant?

Chemokines could also be considered to boost immune responses against HBV. In the transgenic model of
HBYV, it was shown that IL-2, IL-12 and IL-18 could induce the inhibition of HBV replication (Cavanaugh et al.,
1997; Guidotti et al., 1994; Kimura et al., 2002). These three chemokines, which are produced by DCs, and
macrophages, are important to favor production of IFN-y by NK/NKT and T cells. They can be produced by

stimulation with PRR agonist, and TLR8 agonist has been shown to be very potent in this respect in the liver
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(Jo et al., 2014). Recombinant forms of these cytokines have not yet been widely used, but several trials
performed in animal model or in human, and aiming at investigating DNA vaccination as therapeutic
approach have used co-injection of vectors encoding these chemokines, and shown that they indeed
improved immune responses (Brass et al., 2015; Chow et al., 1998; Saade et al., 2013; Yang et al., 2012).
However therapeutic DNA vaccination strategies are yet being developed. In the mean time knowledge on
the role of chemokines, including those which had recently “come into light” with respect to liver
immunology (e.g. IL-17, IL-23, IL-33, IL-35...), is also growing, and we may expect great improvement of such

strategies in the near future (Tables 1 and 2).
5.3. Other strategies

Rather than using an IFN/cytokine/chemokine itself, monoclonal antibodies capable to specifically bind and
agonize a given receptor of interest could be used. This approach.presents the advantage of using the
tremendous knowledge that has been recently generated regarding GMP-production of humanized
monoclonal antibodies (MAbs) for many indications and clinical uses. This approach was nicely exemplified
recently in the HBV field by using an agonistic MAb directed against the lymphotoxin-beta receptor (LT-R).
CBE11 and BS1 have been used to stimulate the LT-BR in HBV-infected cells and shown to be able to induce
an extremely potent antiviral effect in HBV-infected hepatocytes in the absence of any immune cells.
Amongst stimulated genes was the gene encoding APOBEC3B, a nuclear member of the APOBEC family
involved in DNA deamination. It was then convincingly demonstrated that APOBEC3B could induce the
degradation of cccDNA'in a non-cytopathic manner in these infected cells (Lucifora et al., 2014) (Figure 4).
As the non controlled activation of the LT-B/LT-BR axis in the liver is involved in hepatocellular
carcinogenesis (Haybaeck et al., 2009) and APOBEC3B has been genetically associated with breast cancer
(Nik-Zainal et al., 2014), one can wonder whether these antibodies could be use in the context of chronic

viral infections, and careful safety/toxicity studies are warranted.

6. Strategies to restore depleted “immune-modulator-mediated” functions

6.1. Strategies to restore endogenous production of cytokines/IFNs
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6.1.1. PRR agonists

The use of recombinant IFNs/cytokines/chemokines for therapeutic purposes can have limitations. Indeed
systemic injection of these molecules is not always possible due to possible “stormy inflammation” leading
to toxicity or risks of induction of autoimmunity events. The restoration of the endogenous production
IFNs/cytokines/chemokines in a targeted manner could represent an interesting approach. Regarding IFNs,
this strategy could enable the production of a wider variety of IFNs (i.e. many subtype can be produced by
pDCs in contrast to the unique subtype exogenously injected) at the site of replication. If hepatocytes can
produce type-l and lll IFNs via the stimulation of PRR (Luangsay et al., 2015), there are two main types of
cells specialized in the productions of IFN-o. and IFN-A: the pDC and the mDC-BDCA3(+)/CLEC9A(+) (Dalod et
al., 2014; van der Aa et al., 2015). The first cell type can be stimulated. by either TLR7 or TLR9 ligands,
whether the second is the main cell type expressing TLR3 in the liver; and can be activated by cognate
ligands. When activated these cells produce IFNs as well as other cytokines/chemokines that could activate
in turn other innate immune cells and in fine adaptive cells. Hence, agonist-induced activation of PRR could
represent a novel approach for the treatment of chronic hepatotropic viral infections; this of course is

theoretically possible if the virus is not capable to inhibit PRR and their signaling pathways.

In the case of HBV, studies aiming at understanding the interplay between HBV and PRR pathways
are yet necessary to clearly define this landscape. However, interestingly, in HBV-infected chimpanzees, GS-
9620, an orally administered agonist of TLR-7, was found to induce a strong anti-HBV effect with a 2-log10
reduction in viremia in'the majority of animals tested (Lanford et al., 2013). Surprisingly, short-term
administration of GS-9620 led to off-drug, long-term suppression of serum and liver HBV DNA, thus
suggesting that cccDNA could be targeted. Moreover, it was found that serum levels of HBsAg and HBeAg,
as well as the numbers of HBV-antigen-positive hepatocytes, were reduced. As expected, GS-9620
administration induced the production of IFN-a (most likely by pDCs) and other cytokines/chemokines, up-
regulated ISGs expression in the liver, and activated NK cells and other lymphocyte subsets. Importantly,
similar effects were also observed in chronically infected woodchucks treated by GS-9620, with
confirmation of the long lasting off-drug effect (Menne et al., 2015). Following these studies, a phase-I
clinical evaluation, aiming at evaluating the safety of this drug in human was initiated, and patients are now
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being enrolled in a phase Il trial combining tenofovir and GS-9620 in comparison to tenofovir monotherapy
(Gane et al., 2015). More data on the potential use of PRR agonists for the treatment of CHB are given in

another review of this symposium (see Chang & Guo; AVR-D-15-00165).

6.1.2. Other investigational strategies

Beside IFNs, we have seen that other cytokines, including in particular IL-1p, could bear strong anti<HBV
activity. The production of this cytokine by liver macrophages (Kupffer cells) is blocked by HBV via a
molecular mechanism yet to be fully uncovered, but likely involving both the inhibition of IFN response
(Gruffaz et al., 2013) and AIM-2 inflammasome (Zannetti et al., 2013) by viral proteins. The understanding
of the molecular inhibitory mechanisms at works could help us defining strategies to unlock them in a
therapeutic perspective (Figure 3 and 4). Macrophages seem to be particularly targeted by HBV as for its
immune evasion strategy. Hence, it was convincingly shown that TLR2, a master PRR in this cell type, is
down-regulated in HBe-positive patients in monocytes/macrophages both in the blood and liver
compartment (Visvanathan et al., 2007). Moreover in the woodchuck model of WHB infection, long-term
therapy with NUC was associated with restoration of TLR2 expression (Zhang et al., 2012). Therefore a
concept combination therapy with NUC and TLR2 agonist could be envisaged to restore innate immune
functions in the liver microenvironment (Durantel and Zoulim, 2012), which could also implicate the local

re-secretion of endogenous IL-13 by macrophages.
6.2. Blockade or depletion of immune-inhibitory signals or cells

In chronic HBV infection, the lack of T-cell-mediated specific responses against the virus is, at least partially,
due to.an exhaustion phenotype. This phenotype is characterized by the scarcity or absence of HBV-specific
T cells, associated with poor effector cytotoxicity activity, impaired cytokine production, and sustained
expression of co-inhibitory receptors, including programmed cell death (PD-1), cytotoxic T lymphocyte-
associated antigen-4 (CTLA-4 or CD152), lymphocyte activation gene 3 (Lag-3), T-cell immunoglobulin
domain and mucin domain 3 (TIM-3), and CD244 (2B4). This exhausted phenotype is maintained by the
presence in the microenvironment of immunosuppressive cytokines/chemokines, including IL-10 and TGF-§3,

produced by tolerogenic-prone innate cells and T-reg cells that are enriched in the liver of CHB patients
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(Rehermann and Bertoletti, 2015; Ye et al., 2015).

Recent studies in the field of cancer therapy have highlighted the clinical relevance of the blockade
of these co-inhibitory receptors via antibodies. Hence in advanced melanoma, the use in combination of
nivolumab (anti-PD-1) and ipilimimab (anti-CTLA-4) has been shown to be associated with a significant
increase in survival (Wolchok et al., 2013). As chronic HBV infection and tumor immunology share similar
characteristics in terms of immune subversion, blockade co-inhibitory receptors may be an attractive
concept for HBV therapy. In a mouse model of HBV persistence, it was recently shown that anti-PD-1 could
reverse immune dysfunctions and help clearing HBV to some extend (60% negativity for HBsAg compared to
20% in control animals) (Tzeng et al., 2012). Recent studies performed in chronically infected woodchucks
have tested the anti-WHV (woodchuck hepatitis virus) effect of a combination of ETV, anti-PD-L1 MAb, and
WHYV DNA vaccine. PD-L1 blockade was shown to synergize with ETV and therapeutic vaccination to control
viral replication and restore WHV-specific T cell responses (Liu et al., 2014). Moreover, in ex vivo
experiments (on CD8 T cells isolated from 98 CHB patients) aiming at comparing the efficacy of inhibitory
receptor blockade strategies targeting PD-1, 2B4, Tim-3, CTLA-4, and BTLA (B and T lymphocytes attenuator),
it was shown that the anti-PD-1 led to the strongest restoration of function, thus suggesting a dominance of
PD-1/PD-L1 blockade in the context of CHB. Further evaluations are needed, using one or several anti-
receptors, maybe also combined with the blockade of immunosuppressive cytokines/chemokines by

antibodies, to take forward these strategies into clinical trials.

7. Conclusions

Acute HBV infections are cleared in 90% of cases in immune-competent adults thanks to a strong and
adapted immune response. A long-term, and off treatment, control of chronic infections beyond NUC-
mediated viro-suppression will require a rupture of tolerance and restoration of specific immune responses
against the virus. In this respect, immune-modulators, other than IFN-a, may represent an interesting
addition to the therapeutic arsenal. In particular peg-IFN-A, which has shown equivalent anti-HCV
properties, but with a better toxicity profile than IFN-a, should be tested in CHB patients. In parallel the

efforts to develop molecules capable to induce the endogenous production of IFNs, or other
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cytokines/chemokines, should be pursued. In this line, the results of human trials with the TLR7 agonist
from Gilead Sciences (GS-9620) are eagerly awaited, as this strategy could better recapitulate the mounting
of a more physiologic immune response, thanks to the endogenous production of different subtypes of IFNs
(and other cytokines) collectively bearing wider antiviral properties. Basic research to better understand the
interplay between HBV and the immune system should remain more than ever in the agenda of HBV

researchers to further fuel these therapeutic concepts.
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10. Figure legends

Figure 1. Interferon signaling pathways. Type |, II, or lll IFNs interact with their respective receptors and
trigger downstream signaling pathways leading to the translocation of transcription factors capable of
binding to specific sequences in promoters to induce gene expression. ISRE, IFN-stimulated response
element; GAS, IFN-y activation sites.

Figure 2. Pro-inflammatory cytokine signaling pathways. IL-6, TNF-a, or IL-1f interact with their
respective receptors and trigger downstream signaling pathways leading to the translocation of
transcription factors capable of binding to specific sequences in promoters to induce gene expression. NF-
kB, binding site for NF-xB transcription factor; AP1, binding site for cFos/cJun (AP1) transcription factor;
STAT3-RE, STAT3 response element.

Figure 3. Endogenous pathways of production and action of IL-1f. Upon a bimodal activation (TLR and
Aim2 inflammasome), IL-1f3 can be produced by Kupffer cells, and can then act on infected hepatocytes,
leading to the inhibition of HBV replication by first inducing the silencing of cccDNA, then its degradation via
a mechanism involving likely APOBEC3B. However, HBV is capable of blocking the production of IL-13 from
macrophages/Kupffer cells by molecular mechanisms which are yet to be uncovered. Therefore, strategies
aiming at unlocking HBV-mediated inhibition or inducing the production of IL-1b, despite the presence of
HBV, would be an interesting immune-therapeutic approach.

Figure 4. Mechanism of antiviral action of various drugs or investigational molecules. While nucleoside
analogues lead only to the suppression of circulating HBV virions, IFN-a and IL-13, when used at the right
concentrations, can also prevent the production of all kind of HBV particles and HBV antigens. Long-term
exposure to either IFN-a, a LT-BR agonist or'IL-1 can also induce the degradation of cccDNA, which is the
main template of HBV transcription. Such a strategy can lead to the eradication of HBV from an infected
cells, and represent a new exploratory avenue for novel therapeutic developments.

29



Commercial

Molecule Manufacturer Indications
name
Hoffmann-La- Chronic hepatitis B and C;
Roferon A IFN-a2a Roche leukemia (CML and HCL), Kaposi’s
sarcoma
Intron A IEN-a2b Merck Chronic hepatitis B and C; some
cancers
Hoffmann-La- Chronic hepatitis B and C;
Pegasys Peg-IFN-c.2a Roche coinfection with HIV
Chronic hepatitis B and C;
Peg-Intron Peg-IFN-a2b Merck coinfection with HIV
Chronic hepatitis C; leukemia (CML
Inf IFN-alph -1 | InterM !
niergen alphacon nteriviune and HCL), Kaposi’s sarcoma
Hemispherx Genital and perianal warts caused
Alferon N IFN-ain3 Biopharma by human papillomavirus (HPV)
Rebif IFN-B1a Merck-Serono Multiple sclerosis
Avonex IFN-B1a Biogen Multiple scle.r05|s; lymphoma (in
some countries)
Extavia IFN-B1b Novartis Multiple sclerosis
Betaseron IFN-B1b Bayer Multiple sclerosis
Peg-IFNGA BMS ICn clinical trial for chronic hepatitis
imukin IEN-y1b Boehrin.ger Chronic gra.nulomatous disease:,'
Ingelheim severe, malignant Osteopetrosis
Actimmune IFN-y1b Horizon Pharma Chronic grahulomatous dlseasg;
severe, malignant Osteopetrosis
Proleukin IL-2 Prometheus Metastatm cancer (melanoma,
kidney...)
. Progressive multifocal
Cyt107 -7 Cytheris leukoencephalopathy
Prevention of severe reductions of
Oprelvekin IL-11 Pfizer platelet number caused by

chemotherapies

Table 1. Interferons and cytokines/chemokines used in the clinic.




Molecules

HBYV life cycle steps

Study models

References

targeted
Hepatoma cell Gordien et al., 2001; Mao et
Encapsidation lines al., 2013; Nguyen et al:, 2007;
IEN-o cccDNA silencing dHepaRG Belloni et aI.., 2012; Rang et
cccDNA PHH al., 1999; Wieland et al.,
degradation . 2000; Lucifora, Xia et al.,
HuHep mice . .
2014 ; Allweiss et al., 2014.
Hepatoma cell Guidotti et al., 19963;
Destabilization of lines Guidotti et al., 1994; Isogawa
IFN-B pgRNA containing dHepaRG et al., 2005; Pasquetto et al.,
capsids HBV-transgenic 2000; Pasquetto et al., 2002;
mice Wieland et al., 2000.
e, | ekt 100 e
B _ ) . ’ 9T -
IFN-A As for type-l IFN? ZHE . 00187; Nakagawa et al.,
uHep mice 2013,
RNA stabilit HepaRG
Eg Z at.l Y gHEpa Guidotti et al., 2002; Isorce et
IFN-y ncapsidation _ al., submitted; AVR-S-15-
cccDNA HBV-transgenic
. . 00187.
degradation mice
Destabilization of Hepatoma cell Kawanishi et al., 1995;
roit i lines Guidotti et al., 1999; Heise et
TNF-al Eag sids & dHepaRG al., 1999; Pasquetto et al.,
8 PHH 2002; Watashi et al., 2013;
cccDNA . . .
deeradation HBV-transgenic Isorce et al., submitted; AVR-
& mice S-15-00187.
L6 tHri\;STr?'\iﬁ) ] PHH Hosel et al., 2009;
P dHepaRG Bouezzedine et al., 2015.
Entry
cccDNA silencing
HBV mRNA dHepaRG Watashi et al., 2013; Isorce et
IL-1B transcription o Hp al., submitted; AVR-S-15-
cccDNA 00187.
degradation
. Cavanaugh et al., 1997;
:t’ig'blz' Lr::nr:l‘jg‘;on :?X:ransge”'c Guidotti et al., 1994; Kimura
et al., 2002.
dHepaRG
HBV mRNA
LTBR- transcription PHH
. P HBV-transgenic Lucifora, Xia et al., 2014.
agonists cccDNA

degradation

mice
HuHep mice




TLR7-
agonist

cccDNA silencing?
HBV mRNA
transcription?
cccDNA
degradation?

HBV-infected
chimpanzees
WHV-infected
woodchuck

Lanford et al., 2013; Menne
et al., 2015.

Table 2. In vitro and animal studies using various IFNs and cytokines/chemokined.
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ISORCE Highlights Bray edits 8 Aug 15:

e Interferon-a (IFN-a) and its pegylated form are used as “front line” therapy to
treat patients with chronic hepatitis B.

e IFN-a-based therapies result in “HBeAg to anti-HBeAg” seroconversion in about
30% of cases.

e The same therapies result in “HBsAg to anti-HBsAg” seroconversion in about 3%
of cases.

e New immune-modulator strategies are needed to restore endogenous
production of IFN-a and other cytokines/chemokines.

e Basicresearch is also needed to better understand the interplay between
hepatitis B virus (HBV) and the immune system.





