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Abstract

Chronic hepatitis B (CHB) remains a significant unmet
medical need, with 240 million chronically infected
persons worldwide. It can be controlled effectively
with either nucleoside/nucleotide-based or interferon-
based therapies. However, most patients receiving
these therapies will relapse after treatment withdrawal.
During recent years, the advances in molecular biology
and immunology have enabled a better understanding
of the viral-host interaction and inspired new treatment
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approaches to achieve either elimination of the virus from
the liver or durable immune control of the infection. This
review aims to provide a brief overview on the potential
new therapies that may overcome the challenge of
persistent CHB infection in the near future.

Key words: Hepatitis B; Antiviral therapy; Covalently
closed circular DNA; Drug target; Immunomodulator
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Core tip: Current hepatitis B treatments can only control
the disease, but they rarely lead to substantial rates
of hepatitis B surface antigen loss and seroconversion.
Several new therapeutic approaches are being developed
so as to attain the elusive goal of successful functional
cure of chronic hepatitis B infection.
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INTRODUCTION

Chronic hepatitis B (CHB) remains a global health
challenge. More than 240 million persons have been
infected with CHB virus. CHB has become one of the
most common causes of liver cirrhosis and hepatocellular
carcinoma, and has led to more than 780000 deaths
per year'"?, At this point, there is no cure for CHB,
even though potent drugs are available to control the
virus and prevent complications. In the last few years,
several new drug classes targeting the various stages
of hepatitis B replication cycle are under investigation.
Whether and which of these agents could become
clinically useful therapies are still unclear’®. The review
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will discuss these new investigational approaches for the
treatment of hepatitis B virus (HBV) infection, and their
respective stages of development in clinical trials.

WHY DO WE NEED NEW DRUGS FOR
CHB?

The Food and Drug Administration-approved chronic
hepatitis B treatment of choice is either an immuno-
modulators [standard and pegylated interferon (Peg-
IFN)] or nucleoside/nucleotide analogues (lamivudine,
adefovir, telbivudine, entecavir and tenofovir). The latter
class is less expensive and orally available. These drugs
have minimal side-effects comparing to interferon and
can be used for decompensated cirrhosis and after liver
transplantation'. However, they have to be taken on
a long-term basis in general, and result in hepatitis B
e antigen (HBeAg) seroconversion rate of 20%-25%
and HBV antigen (HBsAg) loss of 1% or less™., This is
because they are designed to be reversible transcriptase
inhibitors, a crucial step in viral replication, but not to
eliminate the HBV minichromosomes [HBV covalently
closed circular DNA (cccDNA), Figure 1] persisting in
the nucleus of the hepatocytes'. There is a significant
risk of HBV reactivation and sometimes HBV flare after
withdrawal of the antiviral agents. Drug resistance
may evolve after long-term therapy”. In contrast, the
interferon-alfa therapy is of finite duration and results
in 30%-40% HBeAg seroconversion, 5%-10% HBsAg
seroclearance, with no risk of drug resistance. However,
its systemic adverse effects limit its usefulness, especially
in patients with decompensated liver cirrhosis'®.

Modifications to existing therapies are being
investigated, such as combining nucleoside/nucleotide
analogues with interferon, switching treatments, and
extending Peg-IFN. Twenty-five HBeAg negative patients
were given an extended (96-wk) course of Peg-IFN
plus adefovir in a study by Cao et al”’. All patients
achieved HBV DNA of less than 500 copies/mL, and
HBsAg seroconversion rates were 12%, 28%, and
32% at weeks 48, 96 and 120 respectively. HBeAg
positive patients who had been on entecavir for 9 to 36
mo, with HBV DNA of < 1000 copies/mL and HBeAg
< 100 PEIU/mL, randomized to switch to Peg-IFN or
to continue entecavir for 48 wk in OSST trial. The
trial showed that switching to Peg-IFN led to a higher
HBeAg seroconversion at week 48 (14.9% vs 6.1%, P
= 0.0467). Among Peg-IFN-treated patients with HBeAg
loss and HBsAg < 1500 IU/mL at randomization, as high
as 22.2% achieved HBsAg loss®.. Larger studies for the
optimal combination regimen are ongoing, but HBsAg
loss much higher than 30% is unlikely using current
modalities available.

WHAT ARE THE POTENTIAL TARGETS
IN THE VIRAL LIFE CYCLE?

Viral life cycle
Understanding the HBV life cycle is essential before
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attempting to discuss the mechanisms of the new
targets. HBV, belonging to hepadnaviridae family, is
42 nm in diameter comprising of approximately 3.2 kb
double-stranded relaxed coiled DNA (rcDNA) formed by
the reverse transcription of pregenomic RNA (pgRNA)™.
HBV is hepatotrophic and hepatocytes are the only cells
that support HBV replication in the human body™.
Availability of the cell lines susceptible to HBV infection
has led to the better understanding of the early stages
of its life cycle, starting from viral attachment, entry and
translocation of rcDNA into nucleus to form cccDNA,
as well as the later stages viral replication, including
transcription of viral RNA, reverse transcription to form
daughter DNA, assembly of viral particles and secretion
out of the cells™"! (Figure 1).

HBV virion enters the hepatocyte via endocytosis
by its N-terminal region of large (L) envelope (preS1)
binding to the sodium taurocholate cotransporting
polypeptides (NTCP) receptor on the plasma membrane
of hepatocyte™, A peptide derived from this preS1
region is a possible therapeutic target to inhibit viral
entry by binding to its receptors™. After uncoating and
releasing into the cytoplasm, nucleocapsid containing
rcDNA is transported to the nucleus to form cccDNAP,
This formation is mediated by the viral polymerase that
completes the incomplete plus-strand of viral rcDNA after
which the polymerase is removed by cellular enzymes,
leading to the formation of cccDNA by covalent ligation of
both DNA strand™. cccDNA is also known as episomal
minichromosome and is crucial for the persistence of
the virus in the host hepatocytes and cause chronic
infection!®.. It acts as the sole DNA template for the
formation of 4 groups of viral RNA, namely precore
mRNA (pre-C); pgRNA; mRNA coding for surface (S),
middle (M) and large (L) envelope proteins; and mRNA
coding for X protein™, Pre-C mRNA is processed into
HBeAg that can be detected in the circulation with
commercial assays, which reflects infectivity of the HBV
infection. The pgRNA serves as a template for viral DNA
by reverse transcription, DNA polymerase and viral
capsid protein. pgRNA, together with core protein and
DNA polymerase, are self-assembled and encapsidated'..
Inside the nucleocapsid, pgRNA is reverse transcribed
into rcDNA, enveloped and is either secreted out of
the hepatocyte!® or shunted back into the nucleus to
replenish the HBV cccDNA poolt”,

HBYV entry inhibitor

PreS1 region of viral L protein is required to bind to cell
surface receptor for viral entry. The functional receptor
is the heparan sulphate proteoglycans, specifically NTCP
on the surface of hepatocytes™*®!, With this knowledge,
the scientists discovered that a synthetic myristoylated
lipopeptide derived from HBV envelop protein'**,
myrcludex-B, reversibly inhibits HBV entry into the naive
hepatocyte!, Six weeks of subcutaneous treatment
of Myrcludex B to humanized mice infected with HBV
reduced amplification of existing intrahepatic cccDNA as
well as the spread of infection® !, without interfering
with viral replication™. The drug has also been tested in
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Figure 1 Replicative cycle of hepatitis B virus and the respective targets of the current and experimental therapeutic agents. Modified from Chan et al"®,
with permission granted by Elsevier (Copyright owner). ER: Endoplasmic reticulum; HAP12: Heteroaryldihydropyrimidines 12; HBs protein L, M, S: HBs protein Large,
Medium, Small; HBV: Hepatitis B virus; HBsAg: Hepatitis B virus antigen; RC-DNA: Relaxed circular DNA; RNAi: RNA interference; shRNA: Short/small hairpin RNA;
cccDNA: Covalently closed circular DNA; KAT: Kynurenine aminotransferase; LTBR: Lymphotoxin beta receptor; TALEN: Transcription activator-like effector nuclease;

ZFN: Zinc finger nuclease.

chronic HBV infected subjects showing good tolerability
and lack of serious side-effects with doses up to 5 mg
intravenous and 0.8 mg subcutaneous'. Moreover, this
entry inhibitor could be used as a treatment option for
infected patient and high risk neonates. The application
could potentially be extended clinically to post-liver
transplantation and post-immunosuppression therapy to
prevent HBV reactivation or flare™™. In order to achieve
the optimal outcome, the entry inhibitor was suggested
to be used together with existing antivirals®®”.

Targeting the HBV cccDNA

Persistence of HBV cccDNA in patients after successful
long-term viral suppression by antiviral agents suggests
that the key to HBV eradication in established CHB
infection lies in the elimination of the reservoir of HBV
minichromosomes from the hepatocyte!™!. Efforts in
this area are still in early pre-clinical phases. This can
be achieved by inhibiting cccDNA synthesis and main-
tenance, which include inhibition of its establishment,
silencing its activity by transcription inhibitors, direct
deactivation of cccDNA using engineered nucleases and
activation of host innate immune response.

Blocking of HBV cccDNA formation: Recently, two
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novel compounds were reported that block conversion
of relaxed circular HBV DNA into cccDNA at micromolar
concentrations. Broadly known as distributed sulpho-
namide (DSS) compounds, they have phosphodiesterase
or protease inhibitor activity, and can inhibit the
conversion to cccDNA from rcDNA in human and duck
hepatocytes through direct inhibition of deproteinization
of rcDNA. The compounds were identified through
a cell-based high throughput screen and neither the
mechanism nor the target for these compounds is
currently known. Among DSS, CCC-0975 and CCC-0346
were found to be the most potent in duck hepatocytes.
Further studies are needed to improve their potency in
order to obtain optimal benefits'*".

Promoting HBV cccDNA loss: One of the most
exciting finding in 2014 in the field of HBV was the work
by Lucifora et al®!, which described how IFN-o can
induce specific degradation of the nuclear HBV cccDNA
without detectable hepatotoxicity. Similar effect can also
be achieved by activating the lymphotoxin-f receptor
(LTBR), a receptor engaged by members of the TNF
cytokine superfamily, which up-regulated APOBEC3A
and APOBEC3B cytidine deaminases in HBV-infected
cells. This appeared to be mediated through HBV
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core protein and its interaction with nuclear cccDNA,
resulting in cytidine deamination, apurinic/apyrimidinic
site formation. Extensive nucleotide changes [guanine
(G) to adenine (A)] in cccDNA, a transition that was
a hallmark of cytidine deamination, eventually led to
cccDNA degradation that prevented HBV reactivation.
Remarkably, this deamination did not occur in cellular
DNA, which indicates that viral clearance might involve
cccDNA-specific mechanisms®.

Although there were some questions raised on the
technical aspects of the study, the major concern with
regards to the clinical application of this discovery was
safety issue. LTBR agonists had been known to trigger
apoptosis, hepatocellular proliferation, inflammation, and
hepatocellular carcinoma. Thus safety considerations
are likely to preclude regulatory approval in its current
form™”.,

Scientists have also developed engineered site-
specific mutagenic nucleases as a powerful laboratory
technique, and are working to apply these methods
to the treatment of human diseases. This type of
technology includes the zinc-finger nucleases (ZFNs), the
transcription activator-like effector nucleases (TALENS)
and the CRISPR-Cas9 (clustered regularly interspaced
short palindromic repeats-associated caspase-9)%>?,
Potentially it may be used to strategically disrupt
the targeted gene related to viruses such as human
immunodeficiency virus (HIV) and HBV, with the aim of
mutating the intra-nuclear viral DNA reservoir, making it
no longer competent for replication™”,

In HBV infection, the target gene is the HBV
cccDNAP., For viral hepatitis B, these cleavage enzymes
are delivered through viral vectors to reach the target
HBV minichromosomes inside the hepatocyte nucleus?®!..
ZFNs are derived from consecutive alteration of the
amino acids on the zinc-finger protein domains®?.
Three days after cotransfection of ZFN pair with a target
cccDNA plasmid, 26% of target remained linear while
10% was cleaved and misjoined tail-to-tail, resulting in
loss of function in both groups. It was also found that
the simultaneous use of multiple pairs of ZFNs not only
inactivate the target DNA but also circumvent the viral
resistance if combined with existing antivirals™?.

Alternative to ZFNs are TALENs, which can also
specifically disrupt or cleave the target episomal
DNA and inactivate it. Bloom et a/*® successfully
engineered mutagenic TALENs that target four HBV-
specific sites within the viral genome. TALENs targeting
sequences in the S or C open-reading frames (ORFs)
can efficiently disrupt the sequences at the intended
sites and suppressed HBV replication. The S TALEN
caused targeted mutation in about one third of cccDNA
molecules following triple transfection of the TALEN-
expression plasmids into HepG2.2.15 cell lines that
contained stably integrated copies of HBV genome.
Markers of viral replication were also inhibited in vivo in a
murine hydrodynamic injection model of HBV replication.
HBV target sites within S and C ORFs of the injected HBV
DNA were mutated without evidence of toxicity. Efficacy
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in vivo indicated these engineered nucleases have
potential for use in treatment of chronic HBV infection®..
Other groups of scientists were trying to develop the
best possible mathematical model for how to achieve
the best outcome with the effective minimal doses of
nucleases while taking all parameters, such as vector
delivery, intracellular pharmacodynamics and resistance
into consideration, which may eventually bring these
DNA-editing technology to clinical applications™".

HBV cccDNA transcription inhibitor: Small molecules
had been identified that can hinder cccDNA transcription
to pgRNA and HBV replication by alteration of epigenetic
regulation. By controlling the acetylation or methylation
of the histone proteins surrounding the cccDNA, the
transcription of the HBV genome can be inhibited. These
small molecules include Class I, I and Il histone
deacetylase inhibitors; p300 and P300/CBP-associated
factor histone acetyltransferases inhibitors; hSirtl
activators; JMID3 histone demethylase inhibitors®*. All
of these are still in the preclinical phase of development.
Due to the wide ranging effect of these target enzymes
on the expression multiple genes, the safety profiles
of these compounds still requires extensive evaluation
before clinical use.

As a proof-of-concept, liver regeneration was tested in
uPA/SCID chimeric mice, which showed potent reduction
of cccDNA levels and viral replication, when there is rapid
regeneration of cccDNA-free hepatocytes. However, this
regeneration technology requires further investigations
in combination with existing antiviral agents, to have a
possible chance of curing of chronic HBV infection'*.

Inhibiting viral replication by RNA interference

RNA interference is carried out using complementary
double stranded RNA to silence the homologous gene
in post-transcriptional mRNA level®. In mammalian
cells, the silencing is induced by the small interfering
RNA (siRNA). In HBV-infected cells, siRNAs had been
used to produce sequence-specific and dose-dependent
knockdown of HBV surface or polymerase region of viral
mRNA. siRNA functions by binding to complementary
HBV mRNA and pgRNA, which will be degraded,
resulting in no translation/reverse transcription[36].
Animal studies conducted by biotechnology company
had demonstrated long-term suppression of HBV RNA,
HBsAg, HBeAg and HBV DNA can be achieved by co-
injection of ARC-520 (an anti-HBV siRNA) with DPC
delivery vehicle into chimpanzees. This was followed
by a phase 1 study, showing that all studied doses
were safe and well-tolerable by normal volunteers
and this result had led to an ongoing phase 2a clinical
trial of ARC-520 in combination with entecavir in Hong
Kong. This study will evaluate not only the safety and
pharmacodynamics of the drug but also its efficacy on
the levels of HBsAg, HBeAg and HBV DNA quantity,
when given in combination with entecavir®”.. Meanwhile,
some researchers suggested that the use of combination
of siRNAs may achieve a stronger inhibition on HBV
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replication and antigen expression in HepG2.2.15 cell
line and in mice models™***,

New nucleoside analogues

Like lamivudine and tenofovir, a number of drugs
designed to target the reverse transcriptase of HIV are
also potential new active therapies for HBV.

Besifovir (LB80380): Besifovir (LB80380), a potent
acyclic nucleotide phosphonate, has demonstrated
excellent preclinical safety profile, being effective
against both wild-type and YMDD mutant HBV. In a
randomized placebo-controlled Phase I /Il study of
besifovir, 29 HBeAg positive patients were treated for 4
wk, and led to maximum HBV DNA reduction of up to 4
log:o copies/mL respectively™®.

A Phase II b randomized trial of besifovir vs entecavir
in chronic hepatitis B patients was carried out™®'. One
hundred and fourteen patients were randomized to
receive besifovir, at 90 mg or 150 mg daily or Entecavir 0.5
mg daily. Mean logio HBV DNA changes from baseline
were -5.84, -5.91 and -6.18 for HBeAg-positive patients,
and -4.65, -4.55, and -4.67 respectively for HBeAg-
negative patients (P > 0.05). Of ninety-four point one
percent of patients on besifovir had lowering of serum
L-carnitine, which returned to normal with carnitine
supplement.

MIV-210: 2,3-dideoxy-3-fluoroguanosine (FLG), a
fluorinated guanosine analogue, was initially developed
for treatment of HIV-infected patients, and is currently
being investigate for HBV therapy. In 2006, Jacquard
et a*” studied its mode of inhibition and found that it
inhibits the priming of the reverse transcription and also
a competitive inhibitor of deoxyguanosine triphosphate
incorporation resulting in termination of the DNA chain.
It is @ more potent inhibitor of wild-type DHBV minus-
strand DNA synthesis than lamivudine. In Huh7 cells
transfected with HBV, the inhibition of wild-type,
lamivudine-resistant, adefovir-resistant and adefovir-
plus-lamivudine-resistant HBV mutants by FLG were
similar.

In woodchucks infected with woodchuck hepatitis
virus (WHV), oral administration of MIV-210 at 20 or
60 mg/kg per day led to a rapid virological response,
reducing WHV DNA levels by 4.76 logio and 5.72 logzo
respectively™. A daily dose of 10 mg/kg was found to
decrease serum WHV load by 400-fold after 4 wk of
treatment, and a dose at 5 mg/kg per day was sufficient
to maintain this antiviral effect. MIV-210 at 20 or 60
g/kg per day led to a 2.0 logio drop in hepatic content
of WHV cccDNA. MIV-210 is currently undergoing Phase
II trial in South Korea by Daewoong.

Tenofovir alafenamide (GS-7340): Tenofovir
alafenamide (TAF, or GS-7340), a new oral prodrug
of tenofovir, was found to be more stable in plasma
compared to tenofovir disoproxil fumarate (TDF). TAF
achieved higher levels of tenofovir diphosphate in
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target cells at lower doses than TDF*., In an open-

label phase 1b trial, patients were randomized to TAF
8 mg, 25 mg, 40 mg, 120 mg, and TDF 300 g for 2 d.
Most adverse reactions were mild to moderate, with the
most common being headache, nausea, vomiting and
fatigue. There was also minimal decline in creatinine
clearance with TAF compared to TDF. At doses of 8 mg
to 120 mg of TAF, there were no differences in viral
decline!™*. Compared to TDF, TAF does not interact with
OAT1 or OAT3 (renal transporters) and hence is unlikely
to accumulate in renal proximal tubules!*.

Multiple studies performed on HIV patients had
shown that both TAF and TDF were well tolerated,
and adverse events were mild to moderate in severity
and self-limiting"*®*”). Patients on the TAF regimen had
smaller reductions in estimated creatinine clearance, less
renal tubular proteinuria and smaller changes in bone
mineral density for hip and spine. However, they also
had higher increases in HDL, LDL and total cholesterol.
Phase 2 studies of TAF on anti-HBV are currently in
progress.

Interruption of HBV capsid assembly

The nucleocapsid of HBV is composed of hundreds of
core proteins™® and its structure is important for HBV
DNA synthesis and virion assembly™®*?, Heteroaryl-
dihydropyrimidines (HAPs) are inhibitors of nucleocapsid
formation or assembly of core particles. This is achieved
by misdirecting the process, without primarily affecting
the core protein level and viral transcription level.
Nonetheless, diminished core proteins level was observed
as a consequence of its inhibitory effect on the capsid
assembly and viral replication®"..

Bay 41-4109, a member of HAPs is a highly potent
non-nucleoside antiviral whose inhibitory effect on the
viral replication could be detected within 5 d of drug
administration in mice model, while at the same time
controlling the spread of infection. Hepatotoxicity was
detected only at doses over 100 mg/kg per day™.
Unexpectedly, studies revealed its effects on the
epigenetic state of host genes, which controlled the host
innate immunity™*!. However, the drug action ceased
after its withdrawal tested™*. Despite its reversibility, Bay
41-4109 is still a potential novel therapeutic which could
be useful for patients infected with resistant HBV strains
or those who failed standard therapy™?.

Another member of the HAP with intriguing property
is HAP12 which binds to core proteins on the nuclear
minichromosome, causing structural changes and for-
mation of core protein that does not support cccDNA
transcription and further production of pgRNA. Therefore,
HAP12 is also another potential therapeutic agent that
can suppress cccDNA function in addition to its effective
inhibition of capsid proteins®,

Alternative to HAPs is a direct-acting agent against
HBV core protein, known as NVR-1221, which is
currently in phase I a trial with the drug test tested on
approximately 40 healthy volunteers™®. Other similar
alternatives with inhibitory effects on capsid proteins
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are 2-amino-N-(2,6-dichloropyridine-3-yl) acetamide
derivatives™, sulphamoylbenzamide derivatives®” and
sulfanilamide derivatives™®!, with the first derivatives
shown to have synergistic inhibitory effect on HBV load
if used together with lamivudine®™.

Inhibition of HBsAg secretion

The release of HBsAg is independent of virion release
and the antigen itself is postulated to be involved in
suppressing the host innate immunity allowing the virus
to cause persistent infection in human liver. REP 9AC,
a nucleic acid polymer compound®®, is a potent HBsAg
secretory inhibitor, which can eliminate HBsAg from
the human circulation as early as 7 d of administration
in a small study. This was followed by reactivation of
the suppressed innate immune system of the host to
produce anti-HBs antibody by weeks 15 and achieved
sustained virological response after stopping the
administration™, HBV DNA remained undetectable if
add on immunotherapy was given. More work is being
carried out to better understand the optimal duration of
treatment to sustain its effects, tolerability and the best
route of administration™®.

Novel immunomodulators
Host immune response can be broadly divided into
the innate and adaptive immunity. The adaptive HBV-
specific, T cell-mediated immune responses are widely
regarded as the most important elements against HBV.
As an essential part of host innate immune system, Toll-
like receptors are membrane-bound receptors involved
in recognition of pathogens thereby activating the
expression of several genes that contribute to antiviral
immune responses™”. Their importance in chronic HBV
infection is increasingly recognized in recent years.
Toll-like receptor (TLR)-7, expressed on the dendritic
cells and B lymphocytes'®!, is able to recognize nucleic-
acid like structures of viruses™ and the stimulation
of their respective receptors enhance dendritic cells to
produce interferon alpha and other cytokines to further
activate natural killer and cytotoxic T lymphocytes™. It
is also found that TLR-7 and a number of other receptors
are suppressed in chronic HBV infected patients leading
to immune dysfunction against the infection®®?, especially
in the presence of HBsAg'®, GS-9620, a potent oral
agent containing TLR-7 agonist action, was shown to
have ability to reduce HBsAg as well as HBV DNA in
both serum and liver with even short-term usage in
woodchucks and chimpanzees. The immune responses
triggered by TLR-7 eliminate HBsAg, HBeAg and hepatitis
B core antigen (HBcAQ) positive hepatocytes and inhibit
viral replication directly™. The drug also has high
bioavailability and tolerability among healthy volunteers
without serious side-effects'®. The combination of
GS-9620 and nucleoside analogues may be able to treat
HBV infection effectively without significant systemic
side-effects associated with interferon-based therapy'™®'..
An ongoing research has recently been conducted on the
safety and pharmacodynamics of GS-9620 in chronic
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hepatitis B patients'®.,

Therapeutic vaccine

GS-4774 is a yeast-based vaccine expressing a recom-
binant X, large S and core antigens of HBV. Its action
includes activation of dendritic cells after phagocytosis,
stimulation of CD4" and CD8" T cells and reduction of
regulatory T cells level. Phase 1 studies of GS-4774
in normal healthy adults provided satisfactory results
showing high tolerability while achieving satisfactory
immune responses to the administered recombinant
antigens and peptides. Further study to further evaluate
its usage in chronic hepatitis B patients is being
conducted recently™®,

DV-601 is another therapeutic vaccine, containing
recombinant HBV surface and core antigens, whose
action is to trigger immune responses and to produce
antibodies relating to HBV-specific cytotoxic T lymphocyte
and B cell. The vaccine was given intramuscularly
to chronic HBV infected patients, 8 HBeAg positive
treatment-naive and 6 HBeAg negative entecavir-treated
subjects. The vaccine was found to be well-tolerable
with only mild adverse effects that resolved without
treatment. All patients were found to achieve the desired
lymphoproliferative response and HBsAg, HBeAg and
viral load were found to be reduced satisfactorily. Anti-
HBs antibody and anti-HBe antibody were detected in
those receiving the higher dose of DV-601"".,

A combination therapeutic vaccine containing
HBsAg and HBcAg (known as NASVAC) was developed
at CIGB, Cuba. NASVAC is delivered through nasal
spray and in phase I trial was found to be safe and
tolerable. All subjects developed anti-HBc antibody
at days 30 after immunization, with 75% developing
anti-HBs antibody of more than or equals 10 IU/L at a
maximum at days 90°®". The phase I trial to evaluate
the therapeutic effects on lowering HBV DNA and
other clinically important parameters is presently being
conducted.

Synthetic HBV core antigen vaccine, firstly invented
in 2012 by Inovia researchers aimed at reducing the
risk of liver cancer, was reported to be a highly potent
immune-therapeutic vaccine. This vaccine was designed
to eliminate the HBV infected hepatocytes, without
causing liver damage, through strong HBcAg-specific
killer T-cell and antibody responses whose action will
add on to existing host T-cells responses in the liver™®,

HOW CLOSE ARE WE TO CLINICAL
APPLICATION?

Most of the new antiviral agents discussed above
remains in the early preclinical phase (laboratory and
animal study) (summarized in Table 1). A few of these,
driven by established biotechnology and pharmaceutical
companies, had made it to phase- I /Il A clinical trials.
Gaining momentum and safety profiles from the HIV
trials, the newer nucleoside analogues are likely to be
the first group of drugs to obtain formal approval for
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Table 1 Novel anti-hepatitis B virus compounds in development

Therapeutic agents Mechanism Manufacturer Status
Viral entry inhibitors
Myrcludex B Entry inhibition Myr_GmbH, Germany Phase Il A, Russia

cccDNA Transcription inhibitors

CC-0975, CC-0346 (DSS) Induces deproteinization of rcDNA Preclinical

LTRR Induces cccDNA cytidine deamination Preclinical

Small molecules cccDNA transcription inhibitor Preclinical
DNA editing technology

ZFNs cccDNA inactivation Preclinical

TALENs cccDNA inactivation Preclinical
RNAI gene silencer

ARC 520 RNAI gene silencer Arrowhead Research Pasadena, CA Phase T A
New nucleoside analogues

Besifovir (LB80380) Inhibits viral DNA polymerase LG Life Sciences, South Korea Phase II

MIV-210 Inhibits viral DNA polymerase Medivir/Daewoong, South Korea Phase I

Tenofovir alafenamide (GS-7340) Prodrug of tenofovir Gilead Foster City, CA Phase III
Interruption of HBV capsid assembly

Heteroaryldihydropyrimidine (Bay 41-4109) Inhibits viral nucleocapsid AiCuris, Germany Phase I

Heteroaryldihydropyrimidine (HAP12) Inhibits capsid assembly Preclinical

NVR-1221 Capsid inhibitor Novira Therapeutics, Doylestown, PA Phase T A
HBsAg release inhibitor

REP 9AC HBsAg release inhibitor REPLICor Inc. Montreal, Quebec Phase I

HBsAg-3 shRNA HBsAg expression inhibitor Preclinical
Immunomodulator

GS-9620 TLR-7 agonist Gilead Foster City, United States Phase I

CYT 107 (interleukin-7) Immunomodulator Cytheris, Paris, France Phase 1 /TTA
Therapeutic vaccination

GS-4774 HBV X, surface and core antigens Gilead Sciences with Globe Immune Phase 1

Louisville, CO

DV601 HBYV surface and core antigens Dynavax, Berkeley, CA Phase 1 B

NASVAC HBV surface and core antigens CIGB, Cuba Phase |

HBV core Ag vaccine T-cell mediated therapeutic vaccine Emergent Europe, United Kingdom Phase |

Modified from hepatitis b foundation drug watch™. NASVAC: Nasal Vaccine Candidate; rcDNA: Relaxed circular DNA; RNAi: RNA interference;
shRNA: Short/small hairpin RNA; cccDNA: Covalently closed circular DNA; DSS: Distributed sulphonamide; LTBR: LymphoToxin beta receptor; TALEN:
Transcription activator-like effector nuclease; ZFN: Zinc finger nuclease; HBsAg: Hepatitis B virus antigen; HBV: Hepatitis B virus; TLR-7: Toll-like

receptor-7.

clinical use. Being in the same class as the existing
therapy, they are unlikely to be game changers, but
they may add to the arsenal of reverse transcriptase
inhibitors to tackle the drug-resistant HBV strains that
may emerge with long-term use of current agents.

However for the new classes of anti-HBV compounds
that truly aims to cure CHB, the development is still
in their infancy and major breakthrough is required to
deliver the compound to the target (infected hepatocyte
nucleus for the cccDNA inhibitors) or overcome esta-
blished immune tolerance (new immunomodulators), at
acceptable safety profiles.

CONCLUSION

We discussed the new anti-HBV compounds and new
targets that can be broadly divided into two main
categories: (1) therapies that target the virus either
directly or by targeting host factors required for viral
replication; and (2) therapies targeting the host innate
or adaptive immune response.

To achieve the goal of curing CHB, any new
approaches based on targeting the virus, will need to
establish that target inhibition ultimately translates into
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significantly increased cccDNA depletion and HBsAg loss.
For example, simply blocking viral replication, even by a
mechanism other than nucleoside/nuclectides, is unlikely
to cure infection unless the cccDNA reservoir is removed.
Directly targeting cccDNA fundamentally tackles the
issue of viral persistence but such new technologies
as sequence-targeting nucleases and modulation of
epigenetic regulators face challenges including drug
delivery to target cells and risk of off-target effects.
Approaches such as blocking antigen secretion, directly
targeting viral RNA and blocking the HBV entry receptor
are more technically feasible in the near term, but likely
will not clear the cccDNA reservoir on their own. Our
growing understanding of the immune defects in CHB
is enabling the development of new immunotherapy.
TLR-7 agonist represents one of such promising
immunotherapeutic approaches. There remains the
concern of safety in activating the immune system.
Although many potential new approaches to treat
CHB have been identified, therapeutic translation has
been challenging and relatively few drug candidates
have emerged and entered clinical trials. If the success
story of developing effective therapies leading to the
ability to cure nearly all hepatitis C infection is any
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guide, the search for a functional cure for CHB is
definitely not an illusive dream, and it is likely to come
in the form of combination therapies of current effective
antiviral agents with one or more new anti-HBV agents
that either eliminate HBV cccDNA or overcoming specific
immune pathways that will result in immunoclearance
of the virus.
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