Chapter 14

The Basis for Antiviral Therapy: Drug
Targets, Cross-Resistance, and Novel Small
Molecule Inhibitors

Peter Revill and Stephen Locarnini

There is currently no cure for chronic hepatitis B (CHB), with current treatments
limited to a small number of direct acting antivirals (Chap. 17), or interferon
(Chap. 16), the latter being poorly efficacious against most HBV genotypes. There
is an urgent need for new treatments that augment existing therapies, as well as
development of cure strategies for the 300 million people living with CHB world-
wide. In this Chapter we discuss the basis and limitations of current antiviral therapy,
as well as recent advances leading to new approaches which may form the basis of
future treatment and cure regimens.

The HBV Life Cycle

Genomic Replication Pathway

Hepeatitis B virus (HBV) is a pararetrovirus with a partially double-stranded relaxed
circular DNA genome which replicates via reverse transcription of an RNA inter-
mediate (pregenomic RNA, pgRNA) (Fig. 14.1). Viral entry is mediated first via
attachment of the hepatitis B surface antigen (HBsAg) to cell surface heparan sul-
fate (HS) proteoglycans (HSPGs) [1, 2], followed by viral entry through engage-
ment of the preS1 domain of the large envelope protein to the sodium-taurocholate
co-transporting polypeptide (NTCP) receptor [3]. Following this, the viral envelope
is removed and viral nucleocapsids comprising the relaxed circular DNA (RC DNA)
genome, the endogenous HBV DNA polymerase, and a host protein kinase, all
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enclosed by the hepatitis B core protein, are released into the cytoplasm. The cap-
sids are transported to the hepatocyte nucleus [4], where the capsid disassembles
and releases the viral genome [5]. The partially double-stranded RC DNA is
“repaired” by the endogenous HBV DNA polymerase and host cell DNA poly-
merase II to be fully double-stranded forming a covalently closed circular (ccc)
DNA structure [6]. This highly stable nuclear-localized cccDNA is the major tran-
scriptional template for pgRNA and viral mRNA production, which complexes with
host cell histones, the viral core protein (HBcAg) and other nuclear proteins and
transcriptional factors to form viral minichromosomes [7].

Two forms of RNA molecule are transcribed from cccDNA, namely the greater
than genome length 3.5 kb pg RNA which also serves as mRNA for the HBV core
and polymerase proteins, as well as viral mRNAs encoding the HBV precore
(pcRNA, 3.5 kb), envelope (2.4 and 2.1 kb), and HBx (0.7 kb) proteins.

Following the export of pgRNA from the nucleus and translation of the viral core
and polymerase proteins, the pgRNA and the polymerase protein are packaged
within newly forming viral nucleocapsids. The reverse transcriptase domain within
the viral polymerase promotes synthesis of minus sense DNA, which is then copied
to plus sense DNA, producing the relaxed circular DNA genome. Two fates await
the nucleocapsid-localized RC DNA—it may either be recycled back to the nucleus
to continue the cycle of cccDNA generation and formation, mRNA synthesis and
RC DNA formation, or it may bud into the Golgi (microvesicular body) where it is
enveloped by viral surface proteins, and secreted from the cell. The mature virion is
then secreted into the blood, enabling the infection cycle to continue.

Generation of HBV Proteins

mRNAs transcribed from cccDNA encode the core protein (nucleocapsid) and poly-
merase (translated from the 3.5 kb pgRNA), the precore protein which is processed
to form the secreted hepatitis B e antigen (HBeAg, translated from the pcRNA),
envelope proteins and the HBx protein. The pcRNA is initially translated as an
intracellular 25 kDa protein (p25), which is subsequently processed to a 22 kDa
molecule (p22) and finally the 17 kDa HBeAg which is secreted from the cell [8].
The HBeAg in serum exists as dimeric and multimeric forms and delineation of
both the HBeAg [9] and HBcAg [10] crystal structures, sheds light on structural
differences between these molecules that may facilitate identification of future ther-
apeutic targets for both molecules. Cysteine molecules at positions —7 and 61 are
critical for HBeAg stability, whilst core dimers are formed via the core dimer inter-
face of two monomeric core proteins via the cysteines at position 61 [10]. In addi-
tion to replication of unspliced RNA molecules, up to 15 different splice derived
transcripts have been identified, some of which encode novel proteins, including the
hepatitis B splice protein, and have been associated with disease progression [11-15],
although they do not appear to be critical for HBV replication.
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HBY Genotypes

HBYV exists as ten different genotypes (A-J) and multiple sub-genotype with geo-
graphically distinct distributions which are becoming increasingly blurred through
human migration [16]. CHB should not be thought of as a single disease, but rather
as a “disease state” or spectrum with marked diversity in CHB natural history
including differences in age of acquisition (neonate vs. adult), modes of transmis-
sion, disease progression, replication phenotype, response to therapy, and disease
resolution across HBV genotypes [16]. For example, persons infected with geno-
type A respond better to treatment with IFN-a than do all other genotypes and
patients infected with genotype B respond much better than genotype C. However
interferon is virtually ineffective against patients infected with genotype D. Genotype
C is generally associated with more severe liver disease and a higher propensity for
liver cancer than most other genotypes, although there are exceptions with subgeno-
type Al associated with rapid progression to cancer without prior cirrhosis in young
African males [17, 18] via mechanisms that have not been fully identified. HBV
sequences differ by at least 8 % across the complete HBV genome between geno-
types, and by between 4 and 8 % between sub-genotypes, suggesting that new treat-
ments targeting specific areas of the HBV genome (such as the HBeAg) may need
to be tailored to individual genotypes or subtypes.

Molecular Targets: Current and Future HBV Treatments

Current Direct Acting Antiviral Therapies

Current direct acting antiviral therapies (DAAs) inhibit the reverse transcription of
pgRNA to DNA, i.e., the replication stage of HBV that takes place within the viral
nucleocapsid (Fig. 14.1). They include the class of nucleos(t)ide analogs (NA) and
act as competitive inhibitors of the HBV pol, inhibiting synthesis of viral DNA from
the pgRNA template through chain termination. The clinical activity of these mol-
ecules is explained in detail in Chap. 16.

DAAs have no direct impact on the initial formation of cccDNA, although in
reducing the amount of RC DNA they should indirectly impact cccDNA that is
formed following the recycling of RC DNA to the nucleus. However, since this
recycling happens early in the HBV infection cycle and DAA treatment routinely
commences following the establishment of persistent infection long after initia-
tion of HBV infection, the impact of DAAs on cccDNA levels is essentially mini-
mal. This is important, as the continual presence of cccDNA in the nucleus, even
in the absence of productive viral replication, is one of the main impediments to
curing HBV infection. In turn, continual production of hepatitis B surface antigen
(HBsAg) originating from cccDNA or integrated DNA is associated with disease
progression and liver cancer, meaning that eradication of HBV-associated disease
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Table 14.1 Cumulative annual incidence of resistance for lamivudine, telbivudine, adefovir,
entecavir, and tenofovir

Year 1 Year 2 Year 3 Year 4 | Year 5 | References
Lamivudine 23 46 55 71 80 [21]
Telbivudine 4.4 21 - - - [24, 25]
Adefovir 0 3 6 18 29 [26, 27]
Entecavir 0.2 0.5 1.2 1.2 1.2 [28]
Tenofovir 0 0 0 0 0 [22, 23]
LMV resistant Adefovir | Up to 20 % - - - - [29]
LMYV resistant Entecavir | 6 15 36 46 51 [19]

Shows percentage of HBeAg-positive patients encoding resistant strains of HBV, at each year of
treatment

may only be achieved when strategies are developed that eliminate or suppress
cccDNA.

To date five drugs belonging to the class of NA have been approved for treat-
ment of CHB. These are lamivudine (LMYV), adefovir dipivoxil (ADV), entecavir
(ETV), telbivudine (LdT), and tenofovir (TDF). These drugs are divided into three
groups, the L-nucleosides (LMV and LdT), acyclic phosphonates (ADV and TDF),
and p-cyclopentane (ETV) groups. The effectiveness of many of these drugs is
limited by the selection of resistant strains of HBV during treatment [19]. This is
because the “error prone” nature of the HBV reverse-transcriptase results in a high
mutation rate (1 in every 10° nucleotide substitutions for each cycle of replication
[20]) leading to a large population of variant HBV sequences, some of which
encode preexisting mutations in the HBV polymerase gene which confer resistance
to one or more DA As. These mutant strains of HBV are typically selected on ther-
apy, giving rise to a dominant population of drug resistant viruses. The different
DAAs have different propensities for selection of resistance, with the most widely
used drug LMV driving selection of resistant HBV in up to 23 % of patients fol-
lowing 12 months of therapy, rising to 80 % by 5 years of treatment [21]. In con-
trast it is encouraging that there is no evidence to date for selection of HBV strains
that encode resistance to TDF, even following 5 years of treatment [22, 23] (Table
14.1). Although rates of resistance are low for adefovir and entecavir monotherapy,
in the setting of prior resistance to LMYV, high rates of resistance to these drugs is
observed because of cross-resistance (Table 14.1, adapted from Zoulim and
Locarnini, 2009 [19]).

Resistance Profiles of Current DAAs

The molecular mechanisms of resistance to drugs for treatment of CHB have been
eloquently described previously [19, 30] but are briefly summarized herein.
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Terminal

POL/RT RNaseH
Protein
183 349 (rt1) 692 (rt 344) 845a.a.
F_V_| LLAQ YMDD
11(F)

L-Nucleoside Resistance
LMV rtA181T/V. . rtM204V/I
L-dT rtA181T/V rtM2041

D-Cyclopentane Resistance
ETV rntL180M plus rtM204V/I
rt1169 rtT184 tS202 rtM250

Fig. 14.2 Primary resistance mutations to NA identified within the HBV polymerase. (Reproduced
from Zoulim and Locarnini 2012 [31])

To date, eight codons within the HBV polymerase are associated with primary
drug resistance to NAs. These are codons 169, 180, 181, 184, 202, 204, 236, and
250 [19] (Fig. 14.2).

The reason for the strong barrier to selection of resistance to the acyclic phos-
phonate TDF is unclear. It remains to be determined whether continued use of this
drug as monotherapy leads to selection of TDF resistant HBV. Nonetheless, the high
degree of potency exhibited by TDF (and related compounds such as TAF—see
below), and the high genetic barrier to selection of HBV resistance shows there is a
role for these compounds in first line therapy against CHB. These compounds also
have an important role when first line therapy with alternative NA treatments (such
as LMV) has led to the selection of HBV encoding resistance mutations, or in the
setting of failed immunomodulatory therapy.

New DAAs in the Pipeline: Tenofovir Alafenamide (TAF)

Although TDF is a very effective antiviral compound with no evidence to date of
selecting antiviral resistance, there are reports of small numbers of HBV infected
patients who do not respond to TDF therapy [130]. The reasons for this are unclear—
it is likely that poor compliance is a contributor in these studies, but where compli-
ance was not an issue it suggests reduced TDF efficacy might be related to
quasispecies diversity or coinfection with multiple genotypes, such as genotypes A
and G. Tenofovir alafenamide (TAF) is a TDF prodrug that provides efficient deliv-
ery of active drug to hepatocytes at reduced dosage, with improved plasma stability [32].
A recent study of 51 CHB subjects with HBeAg negative HBV infection showed
that doses as low as 8 mg per day for 4 weeks resulted in similar levels of viral
decline as the standard 300 mg daily dose of TDF [33]. Further clinical studies in
larger cohorts are currently underway at a dosage of 25 mg per day.



14 The Basis for Antiviral Therapy: Drug Targets, Cross-Resistance, and Novel... 309
New Compounds Undergoing Clinical Trial

DAAs are limited in their effectiveness in that they only inhibit active viral replication.
They have no effect on viral entry, nor does it on the preexisting pool of viral
cccDNA. These mRNAs express a continual source of HBV proteins such as the
HBsAg and HBx, both associated with persistence and disease progression. There
is an unmet need for new HBV treatments which complement existing antiviral
therapies. In the following section new strategies currently under phase II clinical
development targeting HBV entry, or expression of HBV mRNAs and small mole-
cules targeted to the core protein will be discussed.

Mpyrcludex B

Although the discovery of the NTCP receptor for HBV entry has been relatively
recent [3, 34, 35], it has been known for some time that synthetic peptides derived
from the large envelope protein block HBV entry, as well as entry of the related
hepatitis delta virus (HDV), which utilizes the HBV envelope protein for viral
entry [36-39]. This discovery has led to the production of an HBV “entry inhibi-
tor” Myrcludex B, which is a myristlyated PreS1 peptide currently under clinical
trial. It has recently been shown that Myrcludex B not only prevents HBV spread-
ing from infected human hepatocytes in vivo, but also hinders amplification of the
cccDNA pool in initially infected hepatocytes [40]. This important finding sug-
gests Myrcludex B could be a useful tool in the treatment of CHB, as well as more
obvious applications such as the prevention of reinfection following liver
transplantation.

RNA Interference

RNA interference (RNALI) is gaining increasing credence as a treatment strategy for
chronic HBV. RNAI is a process by which small interfering RNA molecules of
21-25 nucleotides (short interfering or siRNAs) induce gene silencing at the post-
transcriptional level, to effectively knock down gene expression [41]. The overlap-
ping nature of the HBV genome means that multiple HBV RNAs can be targeted by
a single siRNA molecule [42]. Cell culture and murine studies have shown that
RNAI, delivered as a HBV plasmid, inhibits HBV replication in these models [43].
In transgenic mice, RNAi expression reduced HBsAg secretion in serum, as well as
HBYV mRNAs and genomic DNA in the liver, and also reduced the number of hepa-
tocytes staining positive for core antigen (HBcAg) to undetectable levels [44].
Although effective at reducing HBV replication in cell culture and murine mod-
els, progress towards RNAI as an effective therapy has been limited by difficulties
in delivering siRNA molecules to the liver. A recent major advance in the field has
overcome the problem of liver-specificity, using cholesterol-conjugated siRNAs
[45] which localize the siRNAs to the hepatocyte. Using this approach, researchers
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at Arrowhead have demonstrated liver-specific knockdown of HBV replication and
protein expression in murine models [45]. These studies have now been extended to
a chronically infected chimpanzee [46] and Arrowhead has successfully treated
patients in a phase 2 multicenter randomized, double-blind placebo controlled dose-
escalation study in patients with HBeAg-negative CHB whose viremia was con-
trolled by entecavir [47]. The RNAi ARC-520 was shown to be safe and
well-tolerated, with a 50 % drop in HBsAg observed in treated subjects compared
to placebo controls. In addition to the Arrowhead molecules, RNAi approaches are
being developed by other biotech companies including Alnylam [ALN-HBV: ESC-
GalNAc-SiRNA multicomponent lipid nanoparticles] and Tekmira [TKM-HBV:
Lipid Nanoparticle (LNP)]. These too show promise, with preclinical evaluation of
the Alnylam RNAi demonstrating a 2.3 log reduction in HBsAg in chronically
HBV-infected chimpanzees. Since prolonged expression of the HBsAg is associated
with increased risk of progression to HCC [48], it remains to be determined whether
siRNA-mediated reductions in HBsAg levels would positively impact on the long-
term risk of progression to liver cancer.

Emerging Viral Targets

HBY Core Protein

The HBV core protein (nucleocapsid) is critical for viral RNA packaging, reverse
transcription and intracellular trafficking. It is also an important for cccDNA gen-
eration and stability, binding directly to the cccDNA [49, 50]. These properties sug-
gest the core protein is a suitable therapeutic target, enabling regulation of multiple
facets of the HBV life cycle. Elucidation of the core crystal structure in 1999 [10]
has provided new insights in core protein assembly, including defining the core
dimer—dimer interface [10] leading to development of a range of compounds with
therapeutic potential.

Packaging and Capsid Assembly Inhibitors

Several non-nucleoside analog (NNA) inhibitors of pgRNA packaging and HBV
capsid assembly have been identified that dysregulate or selectively inhibit either
pgRNA encapsidation, nucleocapsid assembly, or both. These include the phenylpro-
penamide derivatives AT-61 and AT-130 developed by Avid Therapeutics (later man-
aged by Gilead Sciences) [51]. These compounds selectively inhibit viral pgRNA
packaging [52] and are active against both wild-type and lamivudine-resistant HBVs
[53, 54], inducing structural changes in HBV capsids. AT-130 has been shown to
bind to a promiscuous pocket at the core dimer—dimer interface that favors a unique
binding site in the capsid [55, 56]. This binding decreases viral production by initiating
virion assembly prematurely in the replication cycle, resulting in morphologically
normal but empty capsids that are noninfectious [52].
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Hetero-aryl-dihydropyrimidines (HAPS) are a class of antiviral agent which
inhibit HBV replication by preferentially stabilizing non-capsid polymers of the
core protein [57-62]. In addition to reducing HBV replication and pgRNA levels,
they markedly reduce cccDNA [59] and prevent interaction of the core protein with
the minichromosome, thereby inhibiting cccDNA transcription and stability [57].
Like the phenylpropenamides, the HAPs are also active against nucleos(t)ide ana-
logs (NA)-resistant strains of HBV [54].

Other compounds targeting the viral nucleocapsid include core inhibitors being
developed by Novira Therapeutics (NVR-1221) [63] and 2-amino-N-(2,6-
dichloropyridin-3-yl) acetamide which binds in the groove structure within the HBV
capsid [64].

HBY cccDNA

The continual presence of cccDNA in the hepatocyte nucleus is a major impediment
to HBV treatment and cure, as it is not directly targeted by current treatments and is
a continual source of the pgRNA transcriptional template and additional viral
mRNAs. Although a proportion of cccDNA molecules are removed during resolu-
tion of acute (transient) HBV infection, due to immune-mediated clearance of HBV
infected cells during hepatocyte turnover [65—71], reactivation of HBV infection in
immunosuppressed patients that may have previously resolved their acute infection
[72-76] shows that cccDNA is not completely cleared during disease resolution in
all patients. Hence the removal of cccDNA, or the suppression of its transcriptional
activity, is a desired aim for treatment and cure regimens.

Epigenetic Regulation of cccDNA

Studies of the related hepadnavirus duck hepatitis B virus (DHBV) show that
cccDNA extracted from infected duck livers exists as a heterogeneous pool of viral
minichromosome of 20-21 topoisomers, present as either a half-chromatized (tran-
scriptionally active) or fully chromatized (transcriptionally silent) molecules [7].
Studies of cccDNA extracted from HepG2.2.15 cells which are stably transformed
with an overlength copy of the HBV genome showed that HBV cccDNA is also
present as a minichromosome [77].

HBYV replication and gene expression is controlled by epigenetic regulation of
cccDNA, by acetylation and methylation of histone proteins which surround the
cccDNA minichromosome [49, 61]. Histone deacetylases (HDACsS) are a class of
enzymes that remove acetyl groups from histones, allowing them to wrap the DNA
more tightly, thereby regulating transcription. A second class of enzymes, the his-
tone acetyl transferases (HATS) facilitate binding of transcription factors to DNA
through the acetylation of histones bound to cccDNA. Together these molecules
play a critical role in transcription of viral mRNAs from the HBV minichromosome,
including pgRNA, the major replicative intermediate.
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Recent advances in the HIV arena have shown that molecules which inhibit HDAC
activity (HDAC inhibitors or HDACi) reactivate latent HIV proviral DNA incorpo-
rated within resting CD4 cells. This has led to the development of the “Shock and
Kill” approach for HIV cure [78], whereby latent provirus in resting CD4 cells is
reactivated by HDACi’s, with subsequent replicating virus then destroyed using DAAs
[79, 80]. It is over 20 years since Newbold and colleagues [7] first suggested that HBV
chromatin could represent a unique target for novel antiviral therapies. However it is
not clear that the aforementioned HIV approach is directly applicable to HBV treat-
ment, since HBV is never truly “latent.” Indeed, acknowledged reactivation of HBV
cccDNA would be an outcome, leading to increased viral replication, with elimination
or deactivation of cccDNA likely to be the best means of achieving HBV cure.
However, such reactivation could be managed clinically with potent NAs such as TDF
or ETV. Transcriptionally active cccDNA is associated with histone acetylases (PCAF,
p300, CBP), and HBx regulatory protein [58, 81] and it has recently been shown that
interferon alpha (IFN-a) represses cccDNA transcription by recruting a range of tran-
scriptional co-repressors to the cccDNA, providing a molecular mechanism for IFN-o
mediated repression of HBV transcription.

Stimulation of HDAC activity decreases both pgRNA transcription and HBV
replication [82] suggesting that treatment with HDAC inhibitors would increase
transcription and replication. However for reasons that are unclear, treating HBV
infected cells with the HDAC SIRT1 inhibitor Sirtinol reduced HBV replication and
pgRNA transcription [83]. It has also been shown that inhibition of cccDNA bound
HAT activity results in detachment of PCAF and p300, decrease HBV replication
and pgRNA transcription from cccDNA [82]. Together these findings show that
epigenetic regulation of cccDNA is possible, although a complete understanding of
factors regulating cccDNA biogenesis and expression will be required before these
molecules are further progressed with confidence.

DNA methyltransferases. HBV gene expression is regulated in part by DNA meth-
ylation, with transfection of methylated HBV DNA in HepG2 cells leading to
reduced HBV mRNA levels, decreased surface and core protein expression and
decreased secretion of HBV viral proteins [84]. Methylated cccDNA was also iden-
tified in tumor and nonneoplastic human liver tissues [84]. Proof of principal utiliz-
ing HBV DNA methylation as a method for reducing gene expression has been
provided by Xirong et al. [85], who showed that DNA methyltransferase 3a
(Dnmt3a) targeting the HBV X promoter (XP) suppressed HBV replication and
HBsAg expression in HepG2 cells and transgenic mice. These studies are yet to be
performed using infection models which would demonstrate specificity for HBV
cccDNA, but they show promise as an additional mechanism for regulating HBV
replication and gene expression.

Selective Removal of cccDNA

The ability to eliminate cccDNA from the infected hepatocyte would be a major
advance towards HBV cure. The development of designer targeted endonucleases
that specifically recognize and cleave selected DNA sequences [86], resulting in
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gene disruption due to imprecise DNA repair, suggests this approach is indeed fea-
sible. These methodologies include transcription activator-like effector nucleases
(TALENS) [87] as well as the CRISPR (clustered regularly interspaced short palin-
dromic repeats) CAS9 system [88, 89].

Talens. DNA targeting transcription activator-like effect ors (TALEs) derived from
the plant pathogen Xanthomonas [90] been coupled with nuclease domains to form
transcription activator-like effector nucleases (TALENS), capable of directed cleav-
age of specific DNA sequences. Recently, Bloom and colleagues reported that
TALENS targeting HBV core and envelope gene sequences led to targeted disrup-
tion of up to 31 % of cccDNA molecules in HepG2.2.15 cells, with concomitant
reductions in other HBV markers such as the secreted HBsAg [87]. This is a promis-
ing finding; however, it must be noted that this cell line, similar to other stably trans-
duced cell lines commonly used for analysis of cccDNA (i.e., AD38 cells) contain
integrated forms of the HBV genome, and true cccDNA is not the transcriptional
driver in these systems. It remains to be determined whether the observed changes
in DNA levels were mediated against newly synthesized cccDNA molecules, or had
resulted from disruption of HBV DNA integrated into the HepG2.2.15 genomes.
The effectiveness of Talens against cccDNA will become clearer when they are
tested in the NTCP expressing cells that mimic more closely natural infection.
Importantly though, TALENs demonstrate high specificity for HBV sequences [87],
with “off-target effects” and toxicity not evident in cell culture or murine studies.

CRISPR. The CRISPR (Clustered Regularly Interspersed Palindromic Repeats)
Cas9 (CRISPR associated protein 9) gene editing technology has recently been
utilized to target HBV DNA in cell culture [88, 89] and murine models [89]. This
approach uses RNA “guide” sequences which target the CAS9 endonuclease to the
desired sequence for specific cleavage, which is then disrupted following DNA
repair via a nonhomologous end joining (NHEJ) process. Importantly, Seeger and
Sohn [88] have recently demonstrated the utility of this approach to specifically
target HBV cccDNA, using the NTCP-HepG2 infection model. They showed that
CRISPR/CAS?Y targeting of the HBV ENII/CP region and the PC regions resulted in
deletions in HBV cccDNA up to 2 kb in size, providing proof of principal that this
approach can be used for the targeted disruption of cccDNA.

Limitations to Epigenetic Regulation of cccDNA as Therapy

Epigenetic regulation of HBV cccDNA as anti-HBV therapy needs to be carefully
considered due to possible off-target effects on acetylation of host DNA and their
ability to reactivate HBV infection. Indeed, reactivation of HBV has been observed
following treatment of patients with the anticancer HDAC inhibitory drug
Romidepsin [91] and in patients receiving immunosuppressive therapy [72-76, 92].
This suggests that not all cccDNA is eliminated in some patients who have
previously cleared an acute infection, raising questions about the true definition of
HBYV cure. With the development of increasingly sensitive diagnostic tools it may
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become evident that some level of cccDNA persists in all patients, even with the
clearance of the majority of infected hepatocytes, meaning that natural eradication
of HBV is unachievable. Through specifically targeting cccDNA, it may be possible
to induce cure, although this approach is currently not being considered based on
current knowledge and clinical experience. A further problem with this approach for
controlling HBV infection are “off-target” effects, since they may also affect the
epigenome of host chromosomes. Approaches need to be developed that are specific
to HBV cccDNA epigenome and not host DNA. Additional important questions
include whether such alteration of cccDNA promotes integration of the modified
DNA and whether this in turn may lead to expression of novel protein(s) and or a
greater propensity for progression to HCC.

Future Targets for HBV Therapies?

HBeAg

The HBeAg is required for the establishment of persistent infection, with CHB
rarely establishing in babies borne to HBeAg-negative mothers, in contrast to 90 %
of newborns from HBeAg-positive mothers developing CHB [93]. In turn, low lev-
els of HBeAg in patient serum are associated with HBeAg seroconversion in the
setting of [FN-« treatment [94], this being an accepted marker of treatment response
that usually precedes HBsAg clearance. Taken together these findings suggest that
the HBeAg itself may be a suitable therapeutic target, with reductions in the levels
of HBeAg perhaps driving the immune response to clear infection, or reducing
mother to baby transmission in newborns. Unlike the related HBcAg, the HBeAg
crosses the placenta [95], and is thought to establish tolerance to the HBcAg and
HBeAg in the developing fetus [96, 97]. The HBeAg protein sequence differs from
the HBV core protein by the addition of ten highly conserved [98] amino acids at
the N-terminus and removal of the C-terminal arginine rich core domain [99].
Recent delineation of the HBeAg crystal structure [9] shows that the cysteine mol-
ecule at position —7 in the N-terminal 10-mer sequence (SKLCLGWLWG) bonds
with cysteine 61 to form a dimer whose structure differs markedly from the HBcAg
dimer [10]. It has been suggested that these differences may explain some of the
biophysical, biochemical and functional properties of the HBeAg and HBcAg mol-
ecules [9, 10]. For example, the HBeAgs inability (usually) to form capsids, instead
forming high molecular weight soluble forms in the blood [100], its propensity to
initiate tolerogenic rather than immunogenic T-cell responses [101-104], inability
to bind and activate B cells without T cell support [102—-104], and suppression of
innate immune signaling pathways [105-107]. It is hoped that the characterization
of the HBeAg crystal may lead to development of molecules such as humanized
mAbs which specifically target the HBeAg that may in turn drive HBeAg and
HBsAg seroconversion. This approach should also be considered for other HBV
proteins as it is becoming increasingly important for treatment of chronic conditions
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such as rheumatoid arthritis and Crohn’s disease [108]. Our group has recently iden-
tified a novel single variable domain (VNAR) of the shark immunoglobulin new
antigen receptor (IgNAR) antibody which displayed biologically useful affinity for
recombinant and native HBeAg, and recognized a unique conformational epitope
[109]. This molecule was subsequently engineered for ER-targeted in vitro delivery
to function as an intracellular antibody (intrabody), which effectively regulated pre-
core/HBeAg expression, showing potential as a HBeAg therapeutic that is worthy
of further investigation, exploiting the possible importance of FcRn expression on
hepatocytes and their role in intracellular antibody “neutralization” [110].

HBx

The hepatitis B virus X protein is a non-structural protein that is essential to initiate
and maintain virus replication after infection [111]. Although HBx does not bind
directly to cccDNA, its recruitment is mediated through its interaction with a wide
range of cellular transcription factors and cofactors [112]. Modulation of cccDNA
transcription and HBV replication by “HBx-knockout” strains of HBV which tran-
scribe less pgRNA that wild-type HBV strongly implicates the HBx protein in regula-
tion of cccDNA transcription [58, 111]. These findings suggest that the HBx protein
may be a suitable therapeutic target. Indeed numerous studies have shown that siRNA
mediated knockdown of the HBx protein reduces HBV replication [113, 114]. The
overlapping nature of the HBV genome means that siRNAs targeting the HBX gene
also target the major pgRNA transcriptional template, as well as the 3’ end of the HBV
polymerase. Consequently it is unclear if HBV replication is reduced in these models
due to reduced HBx-mediated transcription of cccDNA, or decreased levels of the
pgRNA itself, or both. Studies using the NTCP infection model as well as in non-
transformed hepatocytes are required. It should also be noted that the overlapping
nature of the HBV genome means that mutations at positions A176T2/G1764A which
frequently occur in the HBV basal core promoter also alter the HBx coding sequence
at positions 130 and 131. These changes are associated with increase virulence and
disease progression, with Tseng and colleagues showing that the A1762T mutation in
particular was associated with increased risk of liver cirrhosis [115]. The role of HBx
in this association is unclear. Identifying the crystal structure of the HBx protein may
enable identification of the exact location of binding sites with host transcription fac-
tors, facilitating the HBx protein as a novel therapeutic target.

HBsAg

HBsAg clearance and seroconversion to anti-HBs is the closest outcome to natural
HBYV “cure.” However, this rarely occurs during therapy, thought mainly due to the
persistence of the cccDNA and associated minichromosome transcriptional tem-
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plate which is not affected by the most potent antiviral currently available, TDF.
A recent clinical study of HBeAg-positive patients treated with TDF showed that
HBsAg loss was observed in 10 % of patients following 5 years of therapy [22, 27].
Independent predictors of HBsAg loss in these patients included high levels of
HBsAg at baseline and the log 10 IU/ml decline in HBsAg levels by week 24. This
contrasts with studies on patients treated with IFN, where treatment response
(HBsAg loss) was associated with low levels of HBsAg at baseline [116]. Since the
continued expression of HBsAg in the absence of viral replication is associated
with adverse disease outcomes, strategies which target the HBsAg itself may be a
useful addition to current NA therapies and reduce the likelihood of progression to
liver cancer in CHB patients. One such approach may be therapeutic mAbs. This
approach was initially tested by van Nunen and colleagues [117], who evaluated the
efficacy of the anti-HBs mAb Tuvirumab in chronic HBV patients, either as mono-
therapy or in combination with IFN. Although long-term efficacy (neutralization of
HBsAg in serum) was not observed, temporary reductions of HBsAg levels by at
least 50 % were observed in all patients. In three patients receiving combination
therapy, serum HBsAg was reduced to background levels. In addition, loss of serum
HBV-DNA was observed in three patients in the combination group, with subse-
quent HBeAg seroconversion in two patients. Subsequently Lever and colleagues
showed that although treatment of two patients with an anti-HBs mouse monoclonal
(RFHBs1) had no impact on serum HBsAg levels, serum HBeAg levels were
reduced to below the level of detection in both patients, and HBV DNA was reduced
to below the level of detection in one patient [118]. Taken together, these findings
suggest that therapeutic mAbs targeting the HBsAg are worth revisiting.

Host Targets
Toll-Like Receptors

New therapeutic approaches for treatment of CHB are not limited to targeting HBV itself,
with promising studies showing upregulation of cell defense mechanisms by TLR ago-
nists activating antiviral signaling pathways that reduce HBV replication [119]. For
example, TLR7 and TLRS agonists limit HBV replication by upregulating IFN-a expres-
sion, with these compounds currently in phase II clinical trials [120-122].

APOBEC

APOBEC proteins are host cytidine deaminases that hypermutate single stranded
DNA. Lucifora and colleagues recently demonstrated that IFN-a mediates its anti-
viral effect at least in part by upregulating APOBEC3A enzymes that hypermutate
the HBV genome [123]. The antiviral effect was also mediated following stimula-
tion of the lymphotoxin beta receptor, which activated the related APOBEC3B
[124]. Interestingly, the HIV Vif protein binds to and downregulates Apobec3, and
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is thought to be a potential therapeutic target for HIV, although a HBV protein
which downregulates Apobec analogous to the HIV Vif protein is yet to be identi-
fied. Although the HBV core protein binds Apobec3, it does not downregulate
Apobec expression, instead facilitating the interaction of Apobec with viral
cccDNA, thought to be critical in mediating the antiviral effect of IFN-o [123].
Since HBV encodes proteins such as the HBeAg that downregulate antiviral signal-
ing pathways [105-107, 125, 126] it would not surprise if it also encodes a suppres-
sor of Apobec3A. Studies determining whether HBV encodes a mediator of
Apobec3 expression similar to the HIV Vif protein are worthy of consideration.

Cyclophilin

Cyclophilins are host cofactors essential for replication of a number of viruses
including hepatitis C virus (HCV) and HIV [127, 128], although their role in the
HBYV life cycle is yet to be elucidated. Cyclophilin inhibitors have antiviral activity
against HCV, and it has recently been shown in cell culture studies that the
cyclophilin inhibitors alisporivir and NIM811 have antiviral activity against HBV,
reducing HBV DNA and HBsAg production [129]. The effect was enhanced fol-
lowing co-treatment with the NA telbivudine. The potential of cylophilin inhibitors
as an HBV therapy has been recognized by biotechnology companies such as
OnCore, with the cyclophilin inhibitor OCB-030 currently under development for
this purpose (http://www.oncorebiopharma.com).

Conclusion

There is an urgent need for improved HBV therapies and curative regimens for
chronic HBV. Although there is a highly effective preventative HBV vaccine, it has
no impact on existing infections affecting over 300 million people globally. The
development of new treatments, including more potent DAAs, entry inhibitors, epi-
genetic or enzymatic manipulation of HBV cccDNA, viral protein targets and host
targets, suggests that we are on the dawn of a new era for chronic hepatitis B treat-
ment. The recent identification of the HBV NTCP entry receptor and the establish-
ment of appropriate cell culture and animal models enabling studies of the complete
HBYV life cycle including cccDNA should speed development of new therapeutic
approaches that may lead to HBV cure in the foreseeable future.
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