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Hepatitis B virus (HBV) infection is a major public health problem, with some 250
million people currently at high risk of developing chronic liver diseases. The
current antiviral treatment for chronic hepatitis B (CHB) is effective in controlling
viral replication but fails to achieve a complete cure. Since the identification of
sodium taurocholate cotransport polypeptide (NTCP) as an HBV receptor, anti-HBV
drugs targeting viral entry, capsid assembly, cccDNA, transcription, and secretion
have been developed. In this paper, the potential inhibitors in various steps of the
HBV life cycle are summarized.
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INTRODUCTION

Hepatitis B virus (HBV) is a partially 3.2kb double-stranded DNA virus that infects
hepatocytes. Persistent HBV infection is a major cause of chronic hepatitis B
(CHB), cirrhosis, and hepatocellular carcinoma (1, 2). The natural history of HBV
infection is divided into four phases according to serum alanine aminotransferase
(ALT), serum HBV DNA levels, and HBeAg status (seroconversion): immune tolerant
(IT), immune active or clearance (1A), inactive carrier (IC), and reactivation phase.
Adults with acute HBV infection generally clear the infection spontaneously
through the IT phase and the IA phase within 4 - 20 weeks. However, 95% of
neonates, 2 - 30% of children, and less than 5% of adults develop CHB through
the HBV reactivation phase (2). Currently, an estimated 250 million people are
infected with HBV worldwide, resulting in 1.4 million deaths annually, and 10 -
30 million are newly infected. In particular, a half of the patients with CHB in the
world are distributed throughout Asia, including China and India. In Korea, it is
estimated that 2 to 3 million people are infected with HBV, and of whom
400,000 are CHB patients.

The FDA-approved antiviral agents administered to patients with CHB are modified
interferon alpha (Peg-interferon) and nucleot(s)ide analogs. Peg-interferon has
serious side effects including fever, chills, and heart failure, and shows less
response to treatment because the IFN signal is blocked by HBV. Nucleot(s)ide
analogs interfere with and terminate the DNA strands synthesized by HBV
polymerase within the HBV capsid during the reverse transcription. Nevertheless,
natural mutation by viral polymerase, which lacks proof-reading, occurs in the
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reverse transcriptase domain of polymerase, and consequently resists Lamivudine, Adefovir, Entecavir, and Tenofovir
following long-term administration (3, 4). Therefore, it is impossible to completely cure CHB, suggesting that it is necessary
to develop novel antiviral agents targeting the various steps of the HBV life cycle without drug resistance. In this review,
potential drugs targeting viral entry, capsid assembly, cccDNA, transcription, and secretion are summarized.

BODY

Life cycle of Hepatitis B virus

HBV initially attaches to the heparin sulfate proteoglycans (HSPGs) on the cell surface, and then entry into hepatocytes
through HBV large surface protein (Pre-S1) binding to sodium taurocholate cotransport polypeptide (NTCP) (5). After
internalization of HBV, the capsid is released and moves into the nucleus, and then partially double-stranded viral DNA in
the capsid is transformed to a covalently closed circular DNA (cccDNA). cccDNA, an episome type of mini-chromosome, is
the template for subgenomic RNA (for surface and HBx protein) and major viral RNAs (pregenomic (pg) RNA and pre-core
RNA that produces the viral antigen (HBeAg). Specifically, core protein and polymerase are translated by bicistronic pgRNA.
pgRNA and polymerase is encapsidated into the capsid consist of core protein dimer. pgRNA in capsid works as the
template for HBV rcDNA which synthesized by viral polymerase. Capsid reused for HBV rcDNA conversion to cccDNA in
nucleus or bound to the surface protein on ER to form full HBV virions (Dane particles), and is then released (1, 6). Dane
particles infect the surrounding liver cells or re-infect the cell to continuously proliferate HBV.

Entry inhibitors

Since the discovery of NTCP, an HBV receptor in 2012, many researchers have proposed an entry inhibitor. Myrcludex B, a
lipopeptide derivative of the N-terminal of Pre-S1 and Cyclosporin A, a cyclic peptide binding to NTCP and its derivatives
have been reported. It has also been reported that irbesartan and ezetimibe, which have been used as treatments on
certain diseases, block HBV infection by suppressing NTCP (5).

Myrcludex B

Myrcludex B (MyrB, drug name; Bulevirtide) is a myristoylated peptide synthesized from 47 amino acids (a.a.2 - 48) at the
N-terminal of the PreS1 and binds to NTCP to interrupt the binding between HBV and NTCP, consequently inhibit the entry
of HBV into hepatocytes (7). In addition, Myrcludex B inhibits HDV infection, which shares surface proteins with HBV.
Combination therapy of Myrcludex B with nucleot(s)ide analogs or interferon is effective in patients with chronic hepatitis
B and D and that is currently under phase 2a clinical trial. However, no reduction effect of HBV surface protein (HBsAg)
was observed in the case of monotherapy (8).

Cyclosporin A

Cyclosporin A (CsA) is known to be an immunosuppressant of the calcineurin (CN) inhibitors series used to prevent
rejection after organ transplant, and to inhibit the transport activity of membrane transporters. It has been reported that
CsA suppresses NTCP activity and inhibits the HBV entry using the small molecule screening system (9). However, the side
effect have been reported that CsA inhibits bile acid transport of NTCP and increases the bile acid concentration in the
blood, causing hypercholanemia and growth retardation. Recently, synthesized CsA derivatives (SYC) which do not affect
the bile acid transport of NTCP have been developed (10).
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Small molecules

Recently, HBV entry inhibitors have been developed through drug repositioning. It has been reported that irbesartan, which
is used as a treatment for hypertension, heart failure, and diabetic kidney disease, and ezetimibe, which is used as a
treatment for hypertension and hyperlipidemia, inhibit HBV infection by inhibiting NTCP activity, but serious adverse effects
such as hyperkalemia and hypotension were observed to develop due to their high blood concentration (11, 12).

Capsid assembly inhibitor

Capsid assembly inhibitors, which are divided into core protein allosteric modulators (CpAMs) and core assembly
modulators (CAM) according to the mechanism of action, bind to HBV core proteins to interrupt the double-bond between
proteins and then to inhibit capsid formation, or bind to the capsid to inhibit pgRNA encapsidation, HBV replication, and
de novo cccDNA synthesis. CpAMs are small molecules of the heteroaryldihydropyrimidine (HAT) class that bind to the
pocket between the core protein dimer-dimer and induce the formation of capsids with an abnormal structure, and they
have been reported to be HAP1, HAP18, AT130, GLS4, and RO7049389 (13, 14). CAMs are small molecules of the
sulfamoylbenzamide class that induce the formation of capsids with an abnormal structure or an empty capsid formation
lacking pgRNA, to prevent DNA replication and the full virion (virion progeny) formation of HBV (14, 15). Currently, there
are JNJ6379 (phase 2 clinical trial), JNJO440 (phase 1 clinical trial), and ABI-HO0731 (phase 2 clinical trial); and NVR 3-778
was observed to have an HBV inhibitory effect for the first time in patients with chronic hepatitis B (14, 16). However, it is
highly possible that resistance will develop due to spontaneous mutations of the core protein.

cccDNA inhibitor

HBV cccDNA exists as a mini-chromosome, which is surrounded by histone protein like the host cell's chromosome, in the
nucleus of the host cell (6). All viral mRNAs are synthesized from cccDNA, and the expression of viral mRNA is regulated by
posttranscriptional modifications (PTDs) such as methylation, acetylation, phosphorylation, and ubiquitination of the
histone protein, as in the host cell. Hyper acetylation and methylation of histone open the cccDNA required for an active
transcription process and HBV replication (17). Thus, methylation and acetylation inhibitors have been studied as drugs for
inhibiting cccDNA transcription. Also, the CRISPR/Cas9 (CRISPR-associated system 9) method, which works directly on
SiRNA and cccDNA, which inhibit RNA expression by targeting viral mRNA, has been developed.

Epigenetic drugs (Epidrugs)

Histone protein methylation and HBV DNA methylation have been reported to increase HBV replication, while
FDA-approved methylation inhibitors (DNMT inhibitors), i.e. 5-azacytidine and 5-aza-2’-deoxycytidine, have been reported
to inhibit HBV but with hepatotoxicity. Another methylation inhibitor, (-)-epigal-locatechin-3-gallate (EGCG), has been
reported to inhibit HBV infection, but its effects on the chromosomes of the host cell are unknown, raising the need for
further studies (17). It has been reported that the histone acetylation inhibitor (HAT inhibitor) C646 inhibits the acetylation
of H3K27ac and H3K122ac and the transcription of cccDNA in human primary hepatocyte without cytotoxicity (18).

siRNA and CRISPR/Cas9

siRNA, which directly targets mRNA (pgRNA, HBx) produced from HBV cccDNA, is currently under development as a drug,
and VIR-2218 and RG6346 are currently undergoing phase 2 clinical trials. It has been reported that CRISPR/Cas9, which is
designed to directly target cccDNA, cuts cccDNA by working on the ORF of the HBV surface protein and the X protein (19),
but such problems as intracellular delivery and cccDNA target specificity are yet to be resolved.
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HBsAg secretion inhibitors

Based on the fact that the HBV surface antibodies (HBsAQ) in the blood neutralize the immune system of the host cell and
promote HBV infection, nucleic acid polymers (NAPs) have been developed that inhibit the transport and secretion of HBV
surface antibodies. Representative NAPs include REP compounds and ALG-10133. It has been confirmed that REP2139 and
REP2165 inhibit the secretion of HBV surface antibodies in the cell and pre-clinical trial, and are currently under phase 2
clinical trial. Despite their proven effectiveness in the clinical trials, the exact nature of the inhibition mechanism remains
unclear (20).

Immune modulators

To eliminate HBV completely or achieve a functional cure of the liver cells, it is necessary not only to develop materials that
target various parts of the virus but also to restore the immune system of the host cell (21, 22). Accordingly, studies on
toll-like receptors (TLR) and RIG-I agonists, which recognize HBV DNA or RNA and induce cytokine secretion to activate the
innate immune system, are being performed: Inarigivir (RIG-I agonist, phase 2 clinical trial), RO7020531 (TLR7 agonist,
phase 1 clinical trial), GS-9620 (TLR7 agonist, phase 2 clinical trial), and GS-9688 (TLR8 agonist, phase 1 clinical trial) are
all undergoing clinical trials (14, 22), while the acquired immunity activating vaccines TG-1050 and HepTcell are currently
undergoing phase 1 clinical trials (14).

Recent study conducted by KNIH (Korea National Institute of Health): Interferon-stimulated
gene 20 (ISG20)

Interferons (IFNs) are main molecules of innate immune response against viral infection. ISG20 is a 3'-5" exonuclease and
induced by type | and Il IFNs, which mediated IFN-induced antiviral activity. However, anti-HBV activity and molecular
mechanism of ISG20 on the HBV replication are poorly investigated. Recently, our study reported that ISG20 controlled
HBV infection at the transcription level (23). The underlying mechanism of HBV inhibitory effect of ISG20 induced by IFN-B
is directly binding to Enhll/Cp region which contained the DNA binding sequence to transcriptional factor, consequently
inhibited HBV transcription from viral enhancers. Finally, ISG20 expression was associated with natural history of HBV
infection in patients with chronic hepatitis B. This findings revealed a novel mechanism of antiviral activity targeting various
step of HBV life cycles.

CONCLUSION

To achieve the complete cure of CHB, it is necessary to develop drugs targeting the various step of HBV life cycle. Here, we
introduced the several drugs targeting the HBV life cycle and immune modulators. Since these agents showed the less
antiviral activity, side effect, and no effect of cccDNA reduction, the clinical trials in combination with nucleot(s)ide analog
are under investigating. Although cytidine deaminase APOBEC3A, 3B induced by IFN-a and lymphotoxin-8 has been
reported to degradate cccDNA, its precise mechanism for cccDNA elimination has not yet been clearly demonstrated.
Therefore, the underlying mechanism of cccDNA elimination should be investigated through the discovery of host factors
such as tyrosyl-DNA-phophodiesterase (TDP2) involved in the conversion of rcDNA to cccDNA.,
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