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Treatment of hepatitis B virus: an update
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Chronic hepatitis B virus infection is a global health concern as it affects over 240 million
people worldwide and an estimated 686,000 people die annually as a result of complications
of the disease. With the development of newer antiviral drugs, viral suppression of HBV is
achievable, however elimination of HBV from infected individuals (functional cure) remains
an issue. Due to persistence of HBV DNA (cccDNA) in infected cells, chronically infected
patients who discontinue therapy prior to HBsAg loss or seroconversion are likely to relapse.
Several novel therapeutic strategies are being researched and studied in clinical trials. Here
we review these novel strategies to achieve sustained cure or elimination of HBV. These
strategies include the targeting of the host or viral factors required for viral persistence as
well as therapeutic vaccines.
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Background KEYWORDS
The long-term management of chronic hepatitis B (CHB) is a significant challenge. Approximately o cccDNA o eradication ® HBV
240 million people have CHB worldwide (1], making it a major public health problem. HBV e hepatitis B  Toll-like
persistence is the result of a combination of viral factors and the inadequate immune system  receptors ¢ TLRs
activation seen in patients with acute HBV, which naturally clears the HBV infection. CHB
leads to liver cirrhosis and hepatocellular carcinoma (HCC), and is the major cause of noncir-
rhotic HCC worldwide [2]. These sequelae result in an estimated 686,000 deaths annually 3).
Therefore, it is important to successfully treat those who are infected in order to decrease the
burden on health care systems worldwide. Current therapies suppress viral replication and liver
inflammation with the goal of reducing liver-related morbidity and mortality [4]. Viral suppres-
sion is easily achieved in most patients using medication currently available; however, they do
not lead to sustained remission, requiring indefinite treatment as viral load frequently rebounds
once suppressive therapy is stopped [5].
This review will provide an overview of the basis of HBV persistence, current therapy and new
therapeutic approaches.

¢ Basis of HBV persistence

In order to design new treatment strategies to eradicate HBV, it is important to understand
the factors that contribute to viral persistence in the liver. Viral factors and host immune fac-
tors interplay to create the complicated problem of persistence of HBV. The virus utilizes a
replication system that uses covalently closed circular DNA (cccDNA) as a transcriptional
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template. cccDNA is sequestered in the nucleus
of infected cells and avoids detection by the
DNA sensing cellular machinery (part of the
innate immune response). Furthermore, the
virus produces tolerogenic proteins (HBsAg,
HBeAg) that lead to T-cell exhaustion g].
Obtaining a more complete understanding of
how these viral and immune factors lead to
viral persistence has allowed for novel therapies
that might lead to sustained viral response to
be designed. The current therapeutics (reverse
transcriptase inhibitors) prevent formation of
new cccDNA, but have no effect on existing
cccDNA [7].

e Viral factors

Error-prone replication

HBV is a small, enveloped virus with a unique
genomic organization and replication mecha-
nism. Its genome is only 3200bp long and
has multiple overlapping open reading frames
(ORFs). These are associated with constraints
on variation of other viruses, such as HIV. In
HBYV, however, in spite of the ORFs replication
is error prone because of the lack of proofread-
ing mechanism on the HBV polymerase (error
rate of 107 to 10?). The high error rates allow
for the accumulation of a heterogeneous viral
population, or quasispecies [5.8].

Precore/core mutants

The major nucleocapsid protein and RNA
dependent DNA polymerase are encoded by
the viral core mRNA, which also acts as the
pregenomic RNA — the template for reverse
transcription [9]. Precore mRNA encodes the
precore protein, which is processed in the
endoplasmic reticulum to produce HBeAg.
Mutations in HBV in the genome, in turn,
influences HBeAg production. There are mul-
tiple reported precore and core mutants. Two
well-studied precore mutations include: stop
codon mutation at nt 1896, which results in
cessation of HBeAg expression, and a mutation
in the basal core promoter (BCP) at nt 1762
and nt 1764, which results in diminished pro-
duction of HBeAg and an increased immune
response as a result. These precore mutants are
associated with increased pathogenicity, severe
chronic liver disease, and acute liver failure.
Double mutations of BCP at nt 1762 and nt
1764 are reported to be associated with severe
liver disease, fulminant hepatitis, cirrhosis and

HCC [91.
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S mutants

The S gene codes for HBsAg. One particular
region, the major hydrophilic region (amino
acids 120-160), is especially prone to muta-
tion. The most commonly transmitted muta-
tion is G145R, which results in a transcription-
ally competent virus even after vaccination [10].
The G145R variant is associated with high HBV

DNA levels and viral persistence [11].

HBV genotypes

The ten known HBV genotypes (A-]) and
multiple subtypes account for the heterogeneity
seen in clinical manifestations and differential
treatment response among patients with CHB
in different parts of the world. Genotypes are
associated with clinical outcomes of treatment,
especially interferon treatment [12]. Furthermore,
specific genotypes have different risks for disease
progression. Having genotype A infection is an
independent risk factor for progression to chronic
infection after acute hepatitis B infection [13].
Acute infection with genotypes A and D are
more likely to progress to chronicity than acute
genotype B or C infection. HBV genotypes are
also associated with precore and BCP mutations.
For example, genotype C has higher frequency
of double mutation in BCP A1762T/G1764A,
pre-S deletion and is associated with higher viral
load than genotype B. Genotypes C and D are
also associated with more severe liver disease.
Genotypes A and B respond better to interferon-
based therapy than genotypes C and D, but there
are limited consistent differences for nucleos(t)
ide analogs (NAs) [14].

cccDNA

cccDNA is the main barrier to treating CHB
due to its sequestration in the nucleus of infected
cells. It avoids the cellular machinery that is
part of the innate immune response by forming
a supercoiled minichromosome, complete with
histones and DNA chaperone proteins. These
infected hepatocytes have a long half-life, which
allows cccDNA to be maintained in the nucleus
indefinitely. Thus, cccDNA acts as a reservoir
for the reactivation of HBV genome replica-
tion after natural or treatment-induced silenc-
ing. Additionally, mutations that confer drug
resistance may be maintained with the cccDNA
found in the nucleus [15-17]. When reactiva-
tion of replication occurs, this drug resistance
presents a problem for further treatment with
antivirals. Thus, cccDNA serves as the latent
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reservoir of CHB. Currently approved antiviral
agents, including lamivudine (3TC), adefovir,
telbivudine, entecavir and tenofovir, suppress
viral replication, but not reverse transcription,
allowing cccDNA persistence. Novel strategies
for HBV eradication will need to eliminate or
inactivate cccDNA.

¢ Host factors

Host genetics

Multiple host factors influence HBV persistence
and the observed variability in outcomes. An
individual’s human leukocyte antigen (HLA)
type is one of the important factors that deter-
mine variability in response to HBV. HLA DRB
locus alleles DRB1*1301/2 are consistently asso-
ciated with spontaneous resolution upon initial
infection with HBV 18). HLA-DR7 (DRB*07),
HLA-DR3 (DRB*0301) and HLA-DPA2 are
associated with increased susceptibility to
CHB [19-24]. Decreased expression of HLA-
DPALI is associated with HBV persistence [25].
Multiple other alleles are associated with
increased susceptibility to chronic HBV infec-
tion in addition to failure to respond to HBsAg-
based vaccine, including HLA-DRB1*0701
and DRB1*0301 [26.27]. Another study of the
genomes of siblings with CHB has discovered
that a region of linkage on chromosome 21 with
single nucleotide polymorphisms spanning the
IEN-o receptor 1I and IL-10 receptor II was
associated with chronicity [2829]. HLA-DP
polymorphism might be a useful therapeutic
predictor for PEG-IFN.

Host-viral interactions

HBYV antigens have been shown to hinder sign-
aling of Toll-like receptor (TLR) 2, 3, 7 and 9
molecules, which allows for diminished innate
immune recognition of the virus. TLRs are
vital in HBV immunity due to their role in
generating effective innate adaptive crosstalk.
In CHB subjects, innate immune responses are
blunted and facilitate persistence, as described
in Figure 1. TLRs are down regulated in hepato-
cytes and intrahepatic type-I interferon antiviral
response is virtually absent [30]. This will in turn
lead to inadequate priming of adaptive immune
responses. Both humoral and cellular immu-
nity to HBV antigens are impaired. Protective
antibodies are not formed, since B cells are not
optimally activated by CD4* T cells. Moreover,
the T cells from these subjects with CHB have
an exhausted phenotype and are less responsive
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to HBV antigens [30]. Altogether, these lead to
establishment of HBV persistence.

¢ Current therapy for HBV

Increased HBV DNA level is associated with
poorer outcomes, including cirrhosis and
HCC [31-33]. Therefore, current therapy sup-
presses HBV DNA levels (by inhibiting viral
replication but not affecting cccDNA) with the
goal of slowing the progression to liver fibrosis
and cirrhosis and preventing HCC, which are the
primary complications of the disease. Currently,
interferon or pegylated-IFN-o and/or long-term
use of NAs are the primary treatment strategies.
The newer NAs, tenofovir (TDF) and entecavir,
have a higher barrier to resistance and are well
tolerated, thus are prescribed as the first line of
treatment more often than older NAs, includ-
ing lamivudine (3TC), adefovir and telbivudine.
Additionally, telbivudine has been shown to cause
myopathy and neuropathy with long-term use [34].

In CHB patients that are HBeAg positive,
PEG-IFN-a. with or without 3TC may be used
to achieve durable viral suppression, increased
rate of HBsAg seroconversion, and improved
fibrosis and cirrhosis, as demonstrated by long-
term follow-up studies [35-37]. Genotypes A
and B demonstrated increased response rates to
this treatment compared with genotypes C and
D [38-40]. Additionally, favorable outcomes are
more likely in CHB patients with lower levels of
HBV DNA and higher alanine aminotransferase
(ALT) levels [38,40].

While PEG-IFN is effective in some patient
populations, its use is limited greatly by intoler-
ance, thus NAs are likely to be used to achieve
durable viral suppression.

One problem with the earlier NAs (3TC,
adefovir and telbivudine) is the increased
likelihood to develop resistance mutations.
Tenofovir and entecavir overcome this problem
with high barriers to resistance, as well as hav-
ing increased potency and good tolerability for
CHB patients. Patients show durable viral sup-
pression and improvements in both histological
and biochemical signs of disease while taking
tenofovir or entecavir, according to long-term
follow-up studies [41.42]. However, it has been
demonstrated that persistence of HBeAg and
high ALT remain risk factors for HCC despite
patients receiving suppressive therapy [2].

There remain several limitations to current
therapy. As stated earlier, despite being effective
at suppressing viral replication, for the majority
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Figure 1. Interactions between hepatitis B virus proteins and the immune system.

(A) Innate immune system: HBV-infected

hepatocytes trigger a type 1 interferon response in the liver. This in turn primes DCs to antigen uptake, processing and initiation

of an effective adaptive immune response. This interferon response also activates NK cells to lyse target (HBV-infected) cells and
promote maturation of DCs. HBsAg can inhibit NK cells thereby downmodulating intrahepatic innate immunity. (B) Adaptive immune
system: appropriate priming of T cells results in maturation of an effective HBV response that leads to secretion of protective antibodies
and/or cytotoxic T cells in the lymph node. These HBV-specific T and B cells circulate to the liver via blood, targeted by CXCR3 and
CXCRS5 ligands. Chronic HBV infection is associated with enhanced T, activity (inhibits T-cell maturation and proliferation), impaired
humoral response (low protective antibodies), emergent escape mutants (ineffective cytotoxic T-cell response) and enhanced T-cell

exhaustion. Collectively these effects contribute to HBV persistence.
DC: Dendritic cell; HBV: Hepatitis B virus; NK: Natural killer.

of patients, current therapy will not result in cure
as they do not target cccDNA. Furthermore,
long-term use of current antiviral agents is hin-
dered by the emergence of drug resistance as
changes within the viral polymerase — the target
of NAs — generates HBV surface protein vari-
ants due to the overlapping nature of the viral
genome [5,43,44], which may influence treatment
response [45].

¢ Current end points of HBV treatment

Currently, biochemical, serological, virological and
histological endpoints defined below and meas-
ured during treatment course are used in HBV
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treatment (46]. Percentage of participants who
normalize elevated levels of ALT after initiation
of therapy constitute biochemical endpoint [46].
Similarly, proportion of patients with undetectable
HBV DNA after initiation of therapy is used for
the virological end point for HBV treatment. Since
sustained suppression of HBV DNA levels after
cessation of therapy seldom happens, this is not a
completely accurate measure of HBV elimination.
For patients with CHB who are HBeAg positive,
serological response is defined as loss of HBeAg
and seroconversion to anti-HBe antibodies [46].
For CHB patients who are HBsAg positive, sero-
logical response is defined as the loss of HBsAg
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and seroconversion to anti-HBs antibodies [46].
Loss of HBsAg is associated with a diminished
likelihood of developing complications such as
cirrhosis and HCC; therefore it is the most valu-
able clinical outcome marker for treatment end-
point [47-49]. Finally, the histological treatment
endpoint is defined by lowering in necroinflam-
matory activity by two points or more >2 points
in hepatic activity index (HAI) or Ishak’s system
without worsening fibrosis compared with baseline
histology [46]. According to a long-term follow-up
study of patients treated with TDF, suppression
of HBV over time can reduce fibrosis and cirrho-
sis (50]. While many patients achieve viral suppres-
sion on current therapy, only 10-25% of patients
seroconvert [51]. It is because numbers remain so
small that novel therapeutics are necessary.

Ultimately, HBV elimination can be defined
by complete suppression of HBV DNA levels,
the loss of HBsAg and seroconversion to anti-
HBs antibodies after stopping antiviral therapy.
Loss of HBsAg levels is critical since HBsAg
levels are surrogate markers for levels of tran-
scriptionally active cccDNA, meaning that if
HBsAg is eliminated, the virus is most likely
inactivated [52,53].

« Novel treatment strategies

The purpose of this review is to highlight poten-
tial newer treatment for HBV aimed at achiev-
ing a functional cure of sustained virologic
remission. This is defined as absence of HBV
DNA levels and HBsAg with or without HBsAg
seroconversion after cessation of therapy.

¢ Improved nucelos(t)ide analogs

In order to overcome concerns about long-term
safety of entecavir and tenofovir, which are the
current first-line treatments for CHB, besifovir
and tenofovir alafenamide are being studied.
Besifovir has been shown to be safe and effica-
cious over 96 weeks, with potency similar to that
of entecavir. The only problem found was the
depletion of L-carnitine, which was easily recti-
fied with a carnitine supplement [s4]. Tenofovir
alafenamide is a phosphonate prodrug of teno-
fovir that optimizes potency and safety [5s).
These will be valuable in conjugation with other
treatments in development.

¢ Targeting the virus

Targeting viral entry

HBYV viral entry is mediated through inter-
actions between viral envelope proteins and
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cellular receptors. This provides a new target for
treatment with receptor antagonists that would
prevent entry of the virus into the cell. Yan ez al.
reported that sodium taurocholate cotransport-
ing polypeptide (NTCP) is a functional recep-
tor for HBV in vitro (56]. NTCP is expressed
at the basolateral membrane of hepatocytes and
responsible for most of the sodium-dependent
bile acid uptake. The synthetic lipopeptide,
Myrcludex-B, specifically targets the NTCP
and has been shown to efficiently block HBV
infection 77 vitro [5758) and in mouse models by
efficaciously blocking entry of the viral parti-
cles into the uninfected hepatocytes [59.60]. In
the upA/SCID human mouse model, admin-
istration of Myrcludex-B results in suppression
of not only HBV DNA levels but HBsAg lev-
els as well [60]. These results are promising that
Myrcludex-B could be an adjunct to antiviral

therapy for CHB.

Targeting cccDNA

Current NA-based therapies can prevent the
formation of new cccDNA, but do not affect
the existing cccDNA in already infected cells,
which has a long half-life (33—50 days) and is
dependent on several host factors. The viral
cccDNA in the nucleus serves as a store of viral
escape variants, which can cause a viral rebound
once treatment is stopped. cccDNA also serves
as a reservoir of escape mutants that confer drug
resistance.

Epigenetic silencing of cccDNA

Recent studies have demonstrated that cccDNA
can be epigenetically silenced so that they remain
transcriptionally inactive even after cessation
of antiviral therapy. Using uPA-SCID mouse
model with HBV-infected human hepatocytes,
IFN-o was shown to reduce pgRNA and pre-
S1 RNA even though cccDNA levels were not
affected. Hence, it is possible to suppress HBV
replication by targeting the epigenetic control
of cccDNA function and transcription [61]. A
mapping of post-translational histone modifi-
cations in cccDNA from infected liver revealed
chromatin targets for epigenetic manipulation
as potential therapy [62].

Transcriptional silencing of cccDNA

One of the recently developed therapeutic
approaches involves using zinc-finger nucleases
(ZFNs) that directly target HBV cccDNA.
Zinc finger proteins (ZFP) can be used to block
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transcription of cccDNA and have two compo-
nents. One is a restriction endonuclease enzyme
that is capable of introducing DNA breaks and
the other (zinc finger motifs) provides DNA
binding specificity. ZFPs can be used specifically
to target the cccDNA of duck HBV infection
and inhibit viral transcription and replication
in vitro [63]. Expression of ZFPs in LMH cells
undergoing the DHBV viral lifecycle resulted
in decreased expression of viral RNA and
decreased protein expression compared with the
empty vector control. No toxicity effects were
observed. Additionally, the viral particle produc-
tion decreased in the presence of the expressed
ZFPs [63].

While it has been shown that ZFNs can cleave
HBYV DNA in vitro, there are concerns about off
target effects i vivo and the challenge of deliv-
ering ZFNs specifically to the patients’ infected
liver [64]. To overcome this challenge, a vector
platform may be applied for delivery. Adeno-
associated virus vectors are being investigated as
delivery vehicles for designer nucleases to cells.
These vectors were found to be safe in clinical
and preclinical applications [65].

Transcription activator-like effector nucleases
(TALENS) can cleave sequence specific DNA
targets, making them an ideal treatment strat-
egy for silencing of cccDNA [66]. In cells trans-
fected with monomeric linear full-length HBV
DNA, expression of TALENs decreased produc-
tion of HBeAg, HBsAg, HBcAg and pgRNA.
Furthermore, it suppressed the cccDNA level
and misrepaired cccDNA without any appar-
ent cytotoxic effects. In a mouse model, it was
shown that TALENs can be used in combi-
nation with IFN-a to specifically target and
inactivate the sequestered cccDNA, potentially
providing a new treatment option for patients
with CHB [s6].

Disruption of cccDNA

Two disubstituted sulfonamides, CCC-0975
and CCC-0346 were recently shown to inhibit
cccDNA production [67]. Mechanistic studies
demonstrated the reduction of both cccDNA and
its precursor, deproteinized relaxed circular DNA
(DP-rcDNA) without inhibition of HBV DNA
replication or reduction of viral polymerase activ-
ity. Furthermore, it was shown that the disubsti-
tuted sulfonamide compounds did not promote
intracellular decay of DP-rcDNA and cccDNA,
which suggests that these compounds interfere
with the conversion of rcDNA into cccDNA [67].

Future Microbiol. (2016) 11(12)

Recent studies have also shown that IFN-o
and lymphotoxin-f receptor activation in pri-
mary human hepatocytes and differentiated
HepaRG (dHepaRG) cells can induce deg-
radation of cccDNA via the induction of the
APOBECS3 family of proteins, which restrict for-
eign DNAs. HBV core protein facilitates interac-
tion between nuclear cccDNA and APOBEC3A
and APOBEC3B cytidine deaminases resulting
in cytidine deamination, apurinic/apyrimidinic
site formation. This culminates in the degrada-
tion of cccDNA and prevents further HBV
reactivation [68].

Additionally, clustered regularly interspaced
short palindromic repeat (CRISPR)/CAS-9 can
be used to target the HBV genome and inhibit
HBYV infection by cleaving the cccDNA of HBV
transfected cells. This method has been tested in
a mouse model and provides a promising novel
technique for treating humans [69].

Targeting viral assembly/encapsidation

Viral assembly is a critical step in the viral life
cycle, thus is an attractive target for therapeu-
tics. The assembled core particle of the virus is
composed of a capsid protein, polymerase and
pregenomic RNA [7]. Proper assembly is vital
to the ability of the virus to persist in humans.
Heteroaryldihydropyrimidines are known to
inhibit HBV virion encapsidation both 7z vitro
and 77 vivo, thus preventing assembly [70.71]. Bay
41-4109 is a heteroaryldihydropyrimidine that
both inhibits capsid formation and also reduces
the half-life of the core protein. Furthermore,
these drugs misdirect viral assembly when in
excess, which decreases the stability of normal
capsids (72-74]. Furthermore, these compounds
are active against HBV mutants resistant to
NAs, making them an even more attractive
therapeutic agent [75].

Phenylpropenamides also inhibit viral
encapsidation by inducing changes in tertiary
and quaternary structures of HBV capsid pro-
teins. Phenylpropenamides are active against
3TC-resistant strains [75-77). A phenylpropena-
mide derivative, AT-130, acts by binding to a
promiscuous pocket at the dimer—dimer inter-
face and decreases viral production by initiating
virion assembly at the wrong time, resulting in
normal capsids that are empty and noninfec-
tious [78.79]. While these are promising therapeu-
tic agents, their clinical efficacy still needs to be
studied. It is unclear whether capsid inhibitors
have any effect on HBsAg levels, which could
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determine their utility in achieving sustained
viral remission.

NVR 3-778, a core inhibitor, is another newly
discovered drug that may be used for the treat-
ment of CHB. In the humanized mouse model,
NVR 3-778 demonstrated high antiviral activ-
ity. In combination with PEG-IFN-a., antivi-
ral activity was higher than with NVR 3-778
or PEG-IFN-a alone (80). This may be a ben-
eficial treatment in conjunction with currently
approved therapies.

Targeting envelopment

The HBV genome contains four ORFs that
code for three envelope proteins, the viral poly-
merase and capsid-forming core protein. The
three envelope proteins: large (LHBs), middle
(MHBs) and small hepatitis B surface antigens
share the same S-domain and contain N-linked
glycosylation at amino acid 146 within that
domain. Within the S-domain are the pre-S1
and pre-S2 domains. MHBs contain the pre-S1
domain, while LHBs contain both of the pre-S
domains [81]. The interaction between non-gly-
cosylated pre-S sequences with specific regions
on the core particle leads to envelopment of via-
ble hepatitis B capsids. There is evidence that
the transport of the enveloped virus and subvi-
ral empty envelope particles (SVPs) depends on
glycosylation and the processing of the MHBs
glycoprotein [82,83]. Glucosidase inhibitors sup-
press viral infectivity and morphogenesis, likely
by inhibition of the glycosylation of the envelope
protein in endoplasmic reticulum [84-88].

Targeting HBsAg levels

Typically, antiviral response starts with the
production of type I interferons (IFN-a
and IEN-f), signaled by the innate immune
response. In HBV-infected chimpanzees, it
has been shown that type I interferons are not
produced at all during the early stages of infec-
tion. Furthermore, type I interferon response
is completely lacking in human patients with
HBV as well (89,90]. In the early stages of acute
HBV infection, IL-10 is produced rather than
type I interferon, accompanied by a temporary
attenuation of natural killer (NK) cell and T-cell
responses [91].

Patients with HBV experience a suppressed
immune response to the virus that is likely caused
by direct interference of HBV antigens with host
cells. HBV-infected patients have high levels of
HBsAg [81.92.93], which are thought to suppress
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immune activation via direct action on dendritic
cells’ production of cytokines. Reduction of
HBsAg production can be achieved with sev-
eral classes of drugs [94]. Specifically, it has been
demonstrated that nitazoxanide and its active
metabolite, tizoxanide reduce not only extracel-
lular HBsAg, but also HBeAg and intracellular
HBcAg in a dose-dependent manner iz vitro. In
combination with lamivudine or adefovir, nita-
zoxanide has synergistic activity and inhibits
HBV replication [94].

Triazolo-pyrimidine inhibitors of HBsAg
secretion were recently identified using high-
throughput screening of the HBV-expressing
HepG2.2.15 cell line [93]. The parent com-
pound does not inhibit viral replication, but
does selectively inhibit HBV envelope secretion.
The triazolo-pyrimidine derivatives were active
in inhibiting HBsAg secretion of HBV variants
that are resistant to current NAs [92,93]. It is still
unclear whether these compounds would be able
to enhance HBV specific immunity 7z vivo or
impact secretion of important host translated
proteins of significance.

HBYV produces two other types of particles in
addition to infectious virion: SVPs and naked
capsid particles. Noninfectious subviral particles
share antigenic features of the virus envelope and
are thought to act as a decoy for the immune
system. Recently, it has been found that SVPs
and infectious virions do not share a pathway to
production, as it was originally hypothesized [s2].

Nucleic acid polymers are amphipathic oli-
gonucleotides shown to have both entry and
postentry antiviral activity in the duck hepatitis
B virus model and can be engineered to remove
the secondary proinflammatory and immu-
nostimulatory effects associated with single-
strand nucleic acids [95,96]. In the same % vivo
duck model, the NAP REP 2055 resulted in
rapid clearance of duck HBsAg with an increase
in antiduck HBsAg antibodies with no viral
antigens detected in the liver, and only trace
amounts of intrahepatic cccDNA post-treat-
ment [97]. Two recent proof-of-concept studies
evaluated the safety and antiviral response to
REP 2055 (and its calcium chelate formulation,
REP 2139-Ca) monotherapy and in combina-
tion with immunotherapy in patients with CHB
infection. HBsAg and HBV DNA levels were
reduced in participants treated with REP 2055,
accompanied by detection of HBsAb. However,
HBsAD titers were not consistently maintained
with REP 2055 monotherapy. The majority of
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participants experience virologic rebound at fol-
low-up after monotherapy. Immunotherapy with
either PEG-IFN or Thymosin-o (compound
with immunomodulatory activity) was added
on to nine other participants who had HBsAg
reductions but persistent low grade viremia after
REP 2139-Ca monotherapy. With the addition
of immunotherapy, HBV DNA levels declined
to below the lower limit of detection in seven
of the of the nine participants, and eight par-
ticipants had HBsAg loss by the end of initial
follow-up; however, the majority did eventually
experience virologic rebound with reappearance
of HBsAg and loss of HBsAB [98,99]. A follow-up
trial evaluating the safety and efficacy of triple
combination therapy with nucleic acid polymers,
PEG-IFN and tenofovir in patients with HBeAg
negative CHB is currently underway and we

await the results (NCT02565719).

Targeting viral mRNA

Antisense oligonucleotides, ribozymes and
RNAI can be used to directly target viral mRNA.
According to 77 vitro data, the following can be
used to decrease HBV transcript levels: antisense
oligonucleotides [100], hairpin ribozymes [101], or
hammerhead ribozymes using a lentiviral vector
for delivery [102].

RNAI uses small interfering RNA molecules
to induce gene silencing post-transcriptionally,
which effectively knocks down genes of interest.
In mammalian cells, it can be used to specifically
target the degradation of mRNA [103]. HBV is
particularly vulnerable to RNAI because of the
use of multiple ORFs in the HBV genome [104].
Multiple studies have shown that in cell cultures
and mice, viral mRNA and HBV replication
are inhibited through the use of RNAI [105-108].
Furthermore, a recent study has shown that
RNAI can be applied in cell culture and in
immunocompetent and immunodeficient mice
transfected with an HBV plasmid to inhibit
the production of HBV replicative intermedi-
ates (106]. RNAI inhibited all steps of replica-
tion both in culture and in mice. In mice RNAi
reduced HBsAg in serum and HBV RNA in
the liver. Futhermore, HBV genomic DNA was
undetectable in the liver, and fewer cells showed
any presence of HBcAg [106].

ARC-520 has recently been shown to sig-
nificantly decrease HBsAg in CHB patients in
a single-dose Phase Ila clinical trial [109]. This
drug utilizes a dynamic polyconjugate method of
delivery to the infected hepatocytes. In dynamic

Future Microbiol. (2016) 11(12)

polyconjugates the RNAI trigger is conjugated to
cholesterol and is coinjected with a hepatocyte-
targeted membrane-active peptide, which limits
off-target effects of the drug. Based on the results
of this Phase II trial, ARC-520 may be a useful
agent for treating CHB.

¢ Targeting the host
HBYV clearance requires robust immune responses
from both the adaptive and innate immune sys-
tems. The innate immune response results in
the production of type I interferon, which leads
to suppression of viral replication, mediation
of NK cell-mediated killing of viral infected
cells and supports the efficient maturation and
site recruitment of adaptive immunity through
production of proinflammatory cytokines
and chemokines [30.110]. Interferon modulates
both innate and adaptive immune cells [91111].
Plasmacytoid dendritic cells (pDC) are the pri-
mary producers of type I interferon. pDC respond
to viruses and other pathogens via recognition of
pathogen-associated molecular patterns by two
intracellular TLRs: TLR7 and TLRY [91.112]. In
addition to the increased production of interferon
upon activation of pDC, other cytokines are also
released, including TNF-a., IL-6 and cell surface
costimulatory molecules. pDC also activate NK
cellsand T lymphocytes, allowing further priming
and regulation of antiviral immunity [111,113,114].
Priming of the adaptive immune system causes
the maturation of B- and T-cell clones, which
recognize specific infectious agents, leading to
infection control and memory responses for future
infections with the recognizable pathogen [30].
As described above, in patients with CHB,
HBYV is associated with diminished adap-
tive and innate immune responses. Therefore,
augmenting the innate immune response may
aid in reconstitution of HBV-specific immu-
nity by enhancing intrahepatic innate immu-
nity and priming effective adaptive anti-HBV
immunity. TLR 2, 3, 4, 7 and 9 play important
roles in controlling infections and eliminating
virally infected cells. Studies have shown that
HBYV interferes with their signaling, and that
expression is decreased in CHB [115-118].

TLR agonists

Studies in which HBV transgenic mice were
injected with ligands specific for TLR 2-9 have
shown that the livers of these mice produce IFN-
o, -p and -y to inhibit HBV replication [119]. This
suggests that the activation of the innate immune
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response in the liver can suppress HBV replica-
tion [119]. Inhibition of HBV replication is accom-
plished post-transcriptionally by suppressing the
assembly or stability of HBV RNA-containing
capsids [119.120]. Thus, TLR activation directly
inhibits HBV replication [121,122]. However, HBV
somehow evades detection by TLRs as a strat-
egy to escape innate immune response [121,122].
Expression of TLRs in hepatocytes is down-
regulated in the presence of multiple HBV viral
products [116,123-127].

Although HBV circumvents endogenous type
I interferon pathways, the use of a TLR7 ago-
nist could plausibly induce the IFN-a response.
When combined with current NA therapy for
viral suppression, the use of TLR agonists may
allow for the development of protective immu-
nity via induction of exogenous interferon.
Various studies have shown that NA therapy
results in long term suppression of HBV and
partial reconstitution of adaptive immunity [128].
Thus, an adjuvant therapy using TLR agonist
may be able to accelerate the process of immune
reconstitution and HBV clearance.

TLR agonists are available as oral compounds
and could potentially be combined with other
NAs as a single pill, making treatment regimens
simple for patients to follow. Finally, similar to
injected interferon, TLR agonists induce inter-
feron production, triggering the production of
cytokines to facilitate intracellular communica-
tion and cellular trafficking [128]. While injected
interferon causes many adverse events, selective
TLR agonists would act specifically in the liver,
limiting the systemic innate immune activation
by bypassing TLR8 stimulation.

GS-9620 is one of the TLR7 agonists cur-
rently being studied for CHB treatment. Oral
TLR7 has demonstrated significant reductions
in both HBV DNA and HBsAg levels in HBV-
infected chimpanzees, although the scope of the
study is limited because of a short dosing dura-
tion and only three animals were studied [129].
In humans, it has been shown to be safe and
tolerable in healthy volunteers [130] as well as in
virally suppressed and treatment naive patients
with CHB [131]. No reduction in HBsAg or HBV
DNA, however, were observed, likely because of
the short dosing period [131].

Cytokine therapy

Several cytokines have been studied extensively
in relation to immunomodulation of chronic
viral infections. The most promising of the
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compounds that have been studied are IL-7 and
1L-21 [132-134].

IL-7 is essential for primary T-cell develop-
ment and likely plays a role in B-cell devel-
opment as well [135,136]. It also plays a role in
the development of some dendritic cell (DC)
subsets. Regulation of peripheral CD4* T-cell
homeostasis is accomplished via IL-7-mediated
signaling [137]. In patients with CHB, IL-7
therapy may enhance, rejuvenate and restore
immune response to HBV. In addition to its
immune restorative effects, IL-7 has vaccine
adjuvant effects, as well as beneficial effects in
adoptive cell therapy.

IL-21 mediates the induction of maintenance
of effector CD8* T cells. In mice, decreased
IL-21 or IL-21R causes a progressive decline
in the number of virus-specific effector CD8*
T cells. This correlates with poor viral con-
trol [138-140]. In mice induced with CHB, IL-21
is important for promoting infection-controlling
immune responses [141]. Patients with CHB who
were treated with antivirals and show complete
viral suppression also demonstrated significantly
higher levels of serum IL-21 than those who did
not achieve viral suppression [142]. Furthermore,
increased levels of serum IL-21 is associated with
better viral control due to HBeAg seroconversion.
An option for IL-21 therapy is recombinant IL-21
(rIL-21), which is an immune modulator undergo-
ing Phase I and II trials in cancer patients. In CHB
patients receiving NA-based therapy, rIL-21 is a
promising new approach to therapy [143].

¢ Therapeutic vaccines

Development of an efficacious therapeutic vac-
cine for HBV is a promising avenue for the
eradication of the disease. Control of CHB
may be accomplished through inducing helper
and cytotoxic T-cell response, counteract-
ing immune tolerance and the activating the
humoral immune response. Several promising
options currently being explored are: vaccines
based on recombinant proteins, HBV-envelope
subviral particles, naked DNA combined
with viral vectors and vaccines, dendritic cell-
based vaccines (tarmogens) and those based
on T-cell peptide epitopes derived from HBV
proteins [144-146]. However, T cells of patients
with CHB are associated with an exhausted
immunophenotype, with reduced response to
HBYV proteins. This may contribute to why
HBsAg-based vaccines have unsuccessful so
far [147).
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Therapeutic vaccination based on
recombinant HBV proteins or HBV-envelope
subviral particles

Immunogenic complexes

Immunogenic complex vaccines, using anti-
gen—antibody complexes, target dendritic cells
in order to efficiently prime HBV-specific CD8*
cytotoxic T-cells responses [148]. In a double-
blind placebo-controlled Phase IIb trial using
HBsAg and anti-HBs immunoglobulin com-
plexes there was initial evidence suggesting clini-
cal and virological efficacy [149]. However the
Phase II trial failed to show therapeutic efficacy
of the immune-based complex vaccine [150].

HBsAg & HBcAg combination

HBsAg and HBcAg are used in the nasal vaccine
candidate. This vaccine complex has been shown
to have a good immunogenicity and safety pro-
file in preclinical studies. In a Phase I clinical
trial, recombinant HBcAg acted as a potent
Th1 adjuvant to HBsAg and also as a strong
immunogen [151,152]. A pilot study of nasal and
subcutaneous HBsAg/HBcAg combination-
based vaccination monotherapy reported good
tolerability and safety profile among 18 patients
with CHB. HBV DNA levels were suppressed
in seven participants during the vaccination
period. HBV DNA remained undetectable for
all seven participants, and a further two par-
ticipants at 48-week follow-up. This included
two HBeAg positive participants, both of whom
seroconverted to HBeAg negativity and HBeAb
positivity [153]. Furthermore, production of pro-
inflammatory cytokines (IL-1B, TNF-a and
IL-12) by dendritic cells from vaccinated partici-
pants were higher than unvaccinated controls.
This pilot is followed by a Phase III trial and
results are awaited (ClinicalTrials.gov identifier:

NCT01374308).

Whole recombinant yeast-based therapeutic
vaccine

Tarmogens (targeted molecular immuno-
gen), a yeast-based immunotherapy platform,
are currently under development. Tarmogen
incorporates multiple viral antigens, express-
ing HBV (X), surface (S) and core Ags (X-S-
Core). Tarmogens can be engineered to express
HBV antigens by genetically modifying whole,
heat-killed yeast. Saccharomyces cerevisiae (yeast)
facilitates preferential uptake and processing
by dendritic cells in order to effectively prime
adaptive immune responses to inserted HBV

Future Microbiol. (2016) 11(12)

antigens. This platform favors induction of cel-
lular effector responses (T cells) over humoral
immunity (B cells) that arises from the use of
subunit vaccines.

In mice studies, it has been shown that
GS-4774, a tarmogen currently undergoing
clinical trials in humans, protects mice from
tumors specifically engineered to express HBV
antigens [154]. Additionally, human studies using
peripheral blood mononuclear cells collected
from healthy donors and patients with CHB
to show that tarmogens can elicit HBV-specific
T-cell responses ex vivo [154]. GS-4774 has been
shown to be safe and tolerable in healthy sub-
jects [154]. The safety and efficacy of GS-4774
was recently evaluated in a Phase II study. In
this study, 178 patients with CHB who were
already suppressed on antiviral therapy were
randomized to continue oral antiviral alone or
receive GS-4774 2, 10, or 40 yeast units subcuta-
neously every 4 weeks until week 20 in addition
to oral antiviral therapy. The vaccine was safe
and well tolerated; however, no clinical benefit
was observed, with no significant reduction in
HBsAg levels [155].

Adeno-virus based therapeutic vaccination
TG1050 is a therapeutic vaccination based on
a recombinant nonreplicative human adeno-
virus serotype 5, expressing multiple specific
HBV antigens (core, polymerase and envelope)
from genotype D. It has been designed to prime
de novo and/or stimulate functional T cells
expected to control the HBV replication and
to clear HBV. In naive mice, TG1050 induced
high levels of T cells targeting core, polymer-
ase and HBsAg domains. High frequencies of
cytolytic HBV-specific T cells were detected in
spleens and livers of immunized mice. Further,
induced HBV-specific T cells were detected in
the blood of injected mice up to 10 months
postimmunization [156].

Therapeutic vaccination based on DNA

& T-cell peptide epitope

Based on the results of a woodchuck hepatitis
virus (WHYV) model study, a T-cell vaccine
may be a viable option for treatment of HBV in
humans. WHV-transgenic mice were vaccinated
with a DNA prime-adenovirus boost vaccine in
order to determine whether the vaccinated mice
would control the WHYV infection and induce
WHcAg-specific T-cell response. In 70% of

immunized mice, a strong WHcAg-specific
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CD8* T-cell response that resulted in reduction
of viral load beneath the limit of detection was
demonstrated [157]. Combining the vaccine with
entecavir resulted in WHsAg- and WHcAg-
specific CD4* and CD8* T-cell response. These
animals demonstrated prolonged response with
two out of four chronic carriers developing
anti-WHs antibodies in the process [157]. These
results show that a combination of antivirals
and a vaccine may be a useful approach to a
functional cure for HBV.

DNA vaccine

DNA vaccines may be used to induce a T-cell
response from CHB patients. The DNA vaccine
has been shown to induce both CD8* and CD4*
cells, with the helper cells producing IFN-y [158].
This particular vaccine activates HBV- and
NK-cell specific T-cell responses [159].

In a proof of concept study, 12 CHB carriers
treated with 3TC were vaccinated with a combi-
nation of HBV genes and genetically engineered
IL-12. Type 1 T-cell responses correlated with
viral suppression, and showed a 50% virologi-
cal response rate. Moreover, T-cell responses
were well-tolerated and maintained for at least
40 weeks after cessation of treatment [160].

T-cell peptide epitope vaccine

In a recent Phase I trial the safety of a multie-
pitope-based (HBV derived) vaccine presented
with HLA molecules was tested in healthy vol-
unteers. This vaccine was found to be safe and
tolerable in healthy volunteers and future studies
are awaited [161].

Therapies involving T-cell response in HBV

T cells control HBV through direct cytolytic
action; in addition, TNF-a and IFN-y released
by T cells was recently shown to eliminate HBV
replication and reduce cccDNA in infected
hepatocytes. This required activation of nuclear
APOBEC3 deaminase by these cytokines [162].
Hepatocytes from acute but not CHB patients
or healthy controls expressed APOBEC3A/3B.
Strategies to restore T-cell response in chronic
HBV - such as use of checkpoint inhibitors
or adoptive T-cell therapy — might achieve
sustained viral control.

PD-1 inhibition

Most T cells specific to HBV are found to be
exhausted and expressing PD-1 receptors. These
T cells are energized when they interact with
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PD-1L1/2 on antigen presenting cells in vivo.
Ability to reverse this effect by interfering with
PD-1/PD-L1/2 interaction presents an oppor-
tunity to rejuvenate T-cell responses and aid
in HBV clearance as shown in a recent study
using the woodchuck model [163]. Studies using
PBMC:s from CHB patients when stimulated
with HBV genome overlapping peptides in
the presence of PD-1/L1/2 blockade results in
increase in IFN-y secreting HBV-specific CD8*
T cells [164]. It is unclear if such approaches can
be reproduced 77 vivo. Recently, both anti-PD-1
and PD-L1 monoclonal antibodies have been
studied in patients with cancer. Whether such
strategy can be tried for CHB patients is not
clear.

Chimeric antigenic receptor

The above strategies of stimulating or rejuve-
nating HBV-specific T cells iz vivo would only
work in the presence of T cells specific to HBV.
In some cases, T-cell deletion may occur, deplet-
ing the frequency of HBV specific T cells 77 vivo.
In such cases, passive transfer of engineered chi-
meric T cells (CARs), may be an effective strat-
egy. At least one patient with CHB and HCC has
received CARs and much more are awaited [165].

¢ Combination approach

Using an antiviral therapy prior to treatment of
CHB with a vaccine may lower the HBV DNA
enough that there is significantly improved effi-
cacy of the therapeutic vaccination. Multiple
studies demonstrate correlations between low
HBV DNA in serum at the start of vaccine
therapy and increased treatment efficacy [166,167].
Therefore, development of a more effective ther-
apeutic vaccine may hinge on using NAs to lower

the HBV DNA levels.

Future perspective

The ultimate goal for HBV treatment is to be able
to completely eliminate the virus from the body.
By using combinations of the therapies mentioned
above, achieving a cure may soon be possible. For
example, TALENS, which disrupts cccDNA, has
an increased antiviral effect when used in combi-
nation with IFN-a., thus may allow the immune
system to eliminate the virus when used in combi-
nation. Additionally, through the use of an entry
inhibitor, such as Myrcludex-B, and a potent anti-
viral, the body may be able to eventually eradicate
the virus due to the lack of production of new
cccDNA. Combination therapy using both viral
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EXECUTIVE SUMMARY

Chronic hepatitis B (CHB) affects a large number of people worldwide and remains a leading cause of hepatocellular
carcinoma, liver failure and mortality.

e Current antiviral therapy is effective in suppressing hepatitis B virus (HBV) DNA levels and normalizing toll-like receptor
levels, but cessation of therapy is associated with rebound of HBV DNA levels.

e Viral and host factors play a major role in establishment of persistence of chronic disease.

e Presence of covalently closed circular DNA and secretion of HBsAg and HBeAg subviral particles remain the two major

viral causes for HBV persistence.

e Blunting of intrahepatic innate immunity and presence of exhausted HBV-specific T cells remain major host immune

factors of HBV persistence.

e Absence of HBV DNA levels and HBsAg after cessation of therapy is the goal for sustained viral remission for CHB

patients.

e Targeting various aspects of HBV lifecycle offers unique perspective for combination therapy that may be able to

achieve sustained viral response.

e Blocking HBV entry, nucleocapsid formation, secretion of subunits and destabilizing or deactivating covalently closed
circular DNA are some of the novel strategies to achieve sustained remission.

o Toll-like receptor agonism, therapeutic vaccinations, PD-1 blockade and CARs are novel strategies to target host

immunity and aid in HBV clearance.
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