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Chronic hepatitis B virus (HBV) infection affects 292 million people worldwide and is associated with a broad range of
clinical manifestations including cirrhosis, liver failure, and hepatocellular carcinoma (HCC). Despite the availability of an
effective vaccine HBYV still causes nearly 900,000 deaths every year. Current treatment options keep HBV under control,
but they do not offer a cure as they cannot completely clear HBV from infected hepatocytes. The recent development of
reliable cell culture systems allowed for a better understanding of the host and viral mechanisms affecting HBV replication
and persistence. Recent advances into the understanding of HBV biology, new potential diagnostic markers of hepatitis B
infection, as well as novel antivirals targeting different steps in the HBV replication cycle are summarized in this review
article.
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| 1. Current Global Status

Almost 60 years after the discovery of Australian antigen (AuAg) and more than 30 years after the approval of the first
vaccine, hepatitis B virus (HBV) infection remains the most common chronic infectious disease in humans corresponding
to 292 million people globally . According to the World Health Organization (WHO), at least 2 billion people live with
serological evidence of past or present infection with HBV, and nearly 900,000 deaths every year are caused by HBV-
related complications, including hepatic failure and hepatocellular carcinoma (HCC) [&. The global incidence of cirrhosis
and HCC associated with hepatitis B is around 30% and 45%, respectively, with the proportion as high as 60% and 80%
in highly endemic areas (East Asia, Africa) &, Importantly, up to 72 million people worldwide are coinfected with hepatitis
delta virus (HDV), which is associated with more rapid progression to cirrhosis, a higher incidence of HCC, and increased
mortality compared to chronic HBV monoinfection &I,

The epidemiology of HBV infection has always been determined by the detection of the hepatitis B surface antigen
(HBsAQg) in the general population. In concordance to these data the geographic prevalence of HBV infection is classified
into three regions of high (>8%, East Asia, Africa), medium (2-8%, Mediterranean, Eastern Europe), and low (<2%, North
America, Western Europe) endemicityll. Over the past few years, the epidemiology of HBV infection is changing due to
the introduction of the universal vaccination program, hepatitis B screening programs as well as through the human
migration between high and low-risk areas . Currently, the complete vaccination schedule in healthy individuals consists
of three doses of vaccine and according to the clinical trials the first dose should be delivered as soon as possible after
birth (within 24 h) to prevent perinatal HBV infection and induce immunity against HBV. Despite the WHO
recommendations, by 2015 only 55% of European countries reported offering Hepatitis B Birth dose (HepB-BD) as part of
their National Vaccine Plan, while in remaining countries infants received the first dose of vaccine at 2 months of age or
even later €. Therefore, the current main route of HBV is vertical, or mother to child transmission (MTCT) that is
responsible for approximately 50% of the global disease burden 4. Nevertheless, other sources such as sexual contact,
inadequate sterilization of health care instruments, administration of contaminated blood products, as well as intravenous
drug use also remain important modes of transmission. Moreover, special attention should be paid to highly endemic
areas (Asia Pacific, sub-Saharan African) where the vertical transmission remains predominant route of infection. The
majority of HBV carriers in these regions are infected at birth or during their first 5 years of life, when the risk of
progression to chronicity is high B2, This phenomenon is caused by the low coverage of the HBV birth dose, concerns
about appropriate vaccine storage, unsuccessful prophylaxis against HBV, as well as high incidence of home births [8,10].
Another reason for HBV infection spreading is the poor or non-response to HBV vaccination. Despite the overall high
efficiency of the vaccine, still, around 5% of individuals do not respond to the primary HBV series and the cause of this
phenomenon remains unclear 212 What should be also considered is the fact that the undetermined group of patients
infected with HBV remains underdiagnosed by routine serological tests. These are individuals infected with escape
mutants that lack HBsAg, or carriers with an occult infection which is defined as the persistence of viral genetic material in
the liver in the absence of HBsAg in serum. According to the Global Hepatitis Report from 2017 only 9% of 257 million



patients with a chronic infection have been diagnosed and knew of their status and in consequence as low as 1% of HBV
carriers are properly treated worldwide. Furthermore, around 25% (15-40%) of those with chronic hepatitis B (CHB) if left
untreated would develop cirrhosis, liver failure, or hepatocellular carcinoma (HCC). All these facts together with the lack of
curative therapy against HBV were the cause of WHO implementation of the first global strategy to eliminate HBV
infection as a public health threat by 2030 131,

| 2. HBV Virology

The human HBV which belongs to the family Hepadnaviridae has one of the smallest viral genomes with a high
organization in the enveloped viral particle. The circular, partially double-stranded DNA genome of HBV (relax circular
DNA, rcDNA) is about 3.2 kb in size and comprises a complete coding minus strand (-) and a shorter noncoding plus
strand (+) with a fixed 5' end and a variable length 3' end 24, The minus strand of HBV encodes for highly overlapping
four long open reading frames (ORFs: preC/C, P, preS/S, and X) that give rise to five RNA transcripts and seven viral
proteins which include DNA polymerase (Pol), two nucleocapsid core proteins: hepatitis B core antigen (HBcAg) and
hepatitis B e antigen (HBeAg), X protein (HBx), and three envelope proteins: large (L-), middle (M-), and small (S-)
hepatitis B surface antigen (HBsAg) 5. Unlike other DNA viruses, HBV has evolved an unusual genome replication
strategy that allows for active replication without destroying the infected cells. Namely, the virus replicates through reverse
transcription of an RNA intermediate, the pregenomic RNA (pgRNA), using the reverse-transcriptase activity of the viral
polymerase which lacks the proofreading activity. Due to its replicative strategy and the complex nature of the genome,
HBV exhibits an estimated 10-fold higher mutation rate than other DNA viruses 8. Particularly, P gene overlaps with all
other coding regions and any mutation in the polymerase gene may also affect the overlapping S gene influencing viral
infectivity, liver disease severity, and also a response to antiviral treatment 18],

Figure 1. HBV replication cycle and new direct-acting antivirals for HBV. Entry: the replication cycle begins with the
reversible hinding of S-HBsAg to the glypican 5 (GPC5) protein 12, followed by specific binding between preS1 region of
L-HBsAg and HBV entrance receptor—Sodium Taurocholate Cotransporting Peptide (NTCP) 8. Upon the entrance,
capsids are transported within the cytosol to the nucleus during which uncoating and release of the viral genome are
initiated . cccDNA formation: the molecular basis of rcDNA to cccDNA conversion remains unclear but it requires (1) the
release of the viral polymerase covalently attached to the minus DNA strand by tyrosyl-DNA-phosphodiesterase 2 (TDP2)
or its related proteins 1¥; (2) the removal of the RNA primer from plus DNA strand by unrecognized enzymes; (3)
cleavage of terminally redundant sequences (r) from the negative strand by structure-specific endonuclease 1 (FEN1)
activity 2%; (4) the competition of positive DNA strand by the cellular replicative machinery: DNA polymerase k 24 or
polymeraseq, 8, and & 22, and DNA topoisomerase | and Il [23; (5) the ligation of both viral DNA strands by DNA ligase
LIG | and LIG Ill 24; (6) chromatinization involving histone chaperones, chromatin remodelers, transcription factors, and
viral proteins (23], Transcription and translation: cccDNA transcribes into all viral RNAs necessary for protein production
and viral replication utilizing the cellular transcriptional machinery: 3.5-kb pregenomic RNA (pgRNA)/preC RNA and 2.4-
kb, 2.1-kb, and 0.7-kb subgenomic RNA 13, The pregenomic RNA encodes both the polymerase and core protein and
works as a template for viral DNA replication. The three subgenomic RNAs encode envelope preS1 protein, preS2, and
HBsAg proteins and the X protein 28], The precore mRNA is translated into precore protein, which is processed at the N-
terminal and C-terminal ends to HBeAg, a secretory protein. Pregenomic RNA is reverse transcribed into HBV DNA and
also translated into core protein (HBcAg), which overlaps with HBeAg 2. Encapsidation: the first step of HBV genome
replication is the encapsidation of the pgRNA by core protein, forming an immature nucleocapsid. This process requires



the cis-acting packaging signal (a stem-loop structure termed as epsilon, ‘€’) at the 5’ end of pgRNA, and phosphorylation
of C-terminal of the core protein 2. Reverse transcription: tyrosine residue hydroxyl group of polymerase protein
covalently binds at the € region of 5' pgRNA initiating the reverse transcription 4], Next, the first three nucleotides from
the bulge region of € stem-loop are synthesized, and the polymerase with the covalently attached trinucleotide sequence
translocates from ¢ to direct repeat, DR1 located at the 3'-end of the 3.5-kb pregenomic RNA. Following the minus-strand
elongation, pgRNA template is degraded by an RNase H encoded within the pol protein 28, pus-strand DNA synthesis:
the terminal 16-18 nts from the 5 end of pgRNA remains uncleaved and serves as the primer for plus-strand DNA
synthesis after it translocates to a complementary sequence on the minus-strand template 2. Circularization then occurs,
facilitated by the short terminal redundancy on the minus strand. Elongation and completion of plus-strand DNA synthesis
yield a relaxed-circular DNA genome 14 Virions secretion: HBV genome is packaged into an icosahedral capsid
composed of the HBV core protein (HBc), termed nucleocapsid. RC DNA-containing mature nucleocapsids are enveloped
by HBV envelope glycoproteins proteins through the ESCRT machinery in the Golgi and secreted extracellularly as
complete virions. A portion of capsids are transported back to the nucleus to maintain the pool of cccDNARY. cccDNA,
covalently closed circular DNA; pgRNA, pregenomic RNA; RC DNA, relaxed circular DNA; HBeAg,hepatitis B e antigen;
HBsAg, hepatitis B surface antigen; mRNA, messenger RNA; Pol, HBV polymerase ; Core, HBV core protein.

2.1. HBV cccDNA

The replication cycle of HBV (Figure 1) begins with the reversible binding of the small envelope protein (S-HBsAg) to
heparan sulfate proteoglycans (HSPG) on the hepatocyte membrane (Figure 1). Recently, Verrier et al. 24 demonstrated
that glypican-5 (GPC5), a protein associated with proteoglycans, functions as an attachment factor during the entry of
HBV. Following the proteoglycan binding, a specific HBV entrance receptor, Sodium Taurocholate Cotransporting Peptide
(NTCP), is recognized by the preS1 region of HBV large envelope protein (L-HBsAg) and it is the N-terminal myristoylated
peptide corresponding to amino acids (aa) 2—48 of the pre-S1 that binds to NTCP with high affinity 8. Upon entrance,
capsids are transported within the cytosol to the nucleus during which uncoating and release of the viral genome is
initiated. Once the rcDNA enters the nucleus, it undergoes processing to be converted into viral replication intermediates,
(covalently closed circular DNA, cccDNA), which is the template for transcription of all viral RNAs 24113, The cccDNA is a
stable nuclear form of the viral genome representing the molecular persistent reservoir of HBV. The cccDNA exists in the
hepatocyte nuclei as a minichromosome that can be modified by host histone proteins (H3, H4) and non-histone viral and
cellular proteins (HBx, HBc, host epigenetics-related proteins). The cccDNA pool is highly stable in hepatocyte nuclei
because cccDNA structure is hard to eliminate, and infection of new hepatocytes by progeny virions can be continuous B2l
82 Although HBV cccDNA lifetime is still unknown, it can persist throughout the natural lifespan of hepatocytes.
Therefore, reactivation of viral replication from persistent cccDNA is the principal source of recurrence of clinical hepatitis
in patients after stopping antiviral therapy, or after being immunocompromised due to chemotherapy, organ
transplantation, immunosuppressive therapy, or coinfection with HIV. It has been established that only a few cccDNA
copies per liver can reactivate full virus production. Hence, any cure of CHB requires the elimination of cccDNA or, at
least, permanent silence to achieve a functional cure that is sustained undetectable HBV surface antigen (HBsAg) and
HBV DNA levels in serum, with or without the appearance of antibodies to the HBsAg (anti-HBs) 281331,

Although many aspects of the HBV replication cycle are well characterized, the molecular basis of rcDNA to cccDNA
conversion remains unclear, except that the multiple complex steps are necessary. Formation of cccDNA requires multiple
enzymatic reactions for the release of the viral polymerase covalently attached to the minus DNA strand, the removal of
the RNA primer from the plus DNA strand, the competition of positive-strand, as well as the ligation of the two viral DNA
strands [28]. Considering the small viral genome, all the activities, or at least most probably come from the host cellular
DNA damage response. In 2014, tyrosyl DNA phosphodiesterase-2 (TDP2) was identified as the first host DNA-repair
factor involved in the formation of HBV cccDNA. Recent studies have demonstrated that TDP2 can release the RT from
the 5' end of minus-strand DNA in vitro [28l. A few years later, the flap endonuclease 1 (FEN1) has been reported to
remove the 5'-flap structures formed by RNA oligomer and the redundant fragment (r sequence) 4. Following the
removal of flap structures in rcDNA, the plus-strand DNA must be next extended by HBV polymerase and few host cellular
polymerases. DNA polymerase k (POLK) was reported as a key cellular factor involved in cccDNA formation, which
supports HBV infection. However, DNA polymerase L (POLL) and H (POLH) were also demonstrated to participate in this
process (28, Recent studies have revealed that both linear strands are ligated by host DNA ligases: LIG | and LIG III.
Additionally, LIG IV was also considered to play a role in forming defective cccDNA from the double-stranded linear
(dsIDNA) through nonhomologous end joining (NHEJ) DNA repair pathway 2230,

Despite huge progress in the study of cccDNA that has been made recently, there are many unsolved issues left which
might be crucial for developing strategies for a cure of chronic hepatitis B. Thus, further basic studies need to determine
other host factors involved in cccDNA synthesis which could help in a deeper understanding of cccDNA formation



mechanisms. Moreover, since the amount and transcriptional activity of cccDNA is important for evaluating disease

activity and treatment response, it is urgently important to identify novel serum markers that could reflect intrahepatic

cccDNA contents and activity.
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