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Synopsis
This chapter reviews the molecular biology of the hepatitis B virus (HBV) in an effort to explain its
natural history from a molecular perspective. The life cycle of the virus, with special attention to
virus replication, polypeptide production and morphogenesis, is described. The way in which these
steps may influence the natural history of viral pathogenesis, as well as the effectiveness of
interventions, receives special consideration.

Introduction

HBV is a small, enveloped, hepatotropic virus with a partly double-stranded, relaxed circular
(rc) DNA genome [1,2]. It is the prototype member of the hepadnaviridae family. Although
the animal hepadnaviruses, including woodchuck hepatitis virus (WHV), duck hepatitis B virus
(HBV) as well as others, do not establish infections in people, they provide model systems for
the study of viral replication, pathogenesis and evaluation of antiviral drugs against HBV [3,
4].

Natural infection with HBV can be transient with resolution or result in chronic infection [2,
5]. Transient infection may be characterized by acute hepatitis and, in rare cases, fatal fulminant
hepatitis [5]. Chronic infection is a major public health burden affecting an estimated 350 —
400 million individuals worldwide and carries a high risk for the development of chronic active
hepatitis, cirrhosis and primary hepatocellular carcinoma (HCC) [6]. Since the time between
infection and clinical illness in chronic infections is usually decades, there is a significant
opportunity for therapeutic intervention.

Hepatitis B virus and its infection in vivo and in vitro

Virion components

As Fig. 1 illustrates, the infectious HBV virion is approximately 42 nM in diameter and
comprised of ~3.2 kb partially double-stranded relaxed, circular DNA (rcDNA) genome within
a nucleocapsid (core) that is surrounded by a lipid bilayer studded with complexes of viral
glycoproteins [1]. The nucleocapsid is a 27 nm diameter icosahedron assembled from 240 viral
capsid proteins and packages a single copy of viral genomic DNA and DNA polymerase that
is covalently linked to the 5” end of minus strand DNA [7,8]. There is evidence that cellular
proteins, including chaperones and protein kinases, are also packaged inside of nucleocapsids
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[9]. The nucleocapsid is enveloped during its budding from the endoplasmic reticulum and the
envelope membrane contains three viral glycoproteins, called large (L, LHBs), medium (M,
MHBs) and small (S, SHBs) surface antigens that are translated from the different in-frame
starting codons within the same open reading frame [1].

Infected cells usually secrete 100 to 1000 times as many empty polymers of envelope proteins
with spherical or filamentous shapes made mostly of SHBs (and less MHBSs) as they do
infectious virions [2]. The significance of the empty SHBs is unclear, and has been suspected
to play a role in immunoevasion [10,11]. In any event, the presence of SHBs in the circulation
over a period of more than 6 months is usually accepted as evidence of chronic infection, and
it is SHBs that most commercial assays for virus envelope protein are detecting.

Mode of transmission and host range

HBYV is transmitted from person to person, via “sex, blood and needles” (Hepatitis B
Foundation web site, www.hepb.org). Most chronic carriers of the virus in the world acquired
their infection neonatally from their infected mothers. There have been reports of transmission
via blood consuming and sequestering arthropods, but its public health significance has not
been established. Taken together, most transmission can be accounted for by person to person
contact through parenteral routes; however, the source of as many as one-third of the
transmissions remains unclear. There are no natural animal intermediates or vectors, although
replication is supported in chimpanzees and possibly tupaia [12,13].

Infection in vivo is extremely efficient, but infection of cultured hepatocytes has been difficult
to demonstrate

HBYV infection appears to be highly efficient in vivo. As mentioned above, people can be
infected with contaminated needles that usually represent an inoculation of less than 100
infectious viral particles. Furthermore, inoculation of chimpanzees or ducks with a single
infectious HBV or DHBYV particle, respectively, is sufficient to establish an infection [14,15].
In contrast, infection of tissue culture lines of transformed liver cancer cells as well as primary
human and chimpanzee hepatocytes, maintained as monolayers in culture dishes, with HBV
is extremely inefficient and particularly difficult [16]. The reasons for this striking discrepancy
in vivo and in vitro are not known and especially puzzling since HBV DNA introduced into
cultured cells can result in production of infectious virus [17,18]. One possibility is that
hepatocytes and malignantly transformed cells, explanted from the organ and grown in tissue
culture, lose properties essential to the early steps in the virus life cycle such as receptors and
or co-receptors. Perhaps hepatocyte polarity is important for viral entry and this is lost in
culture.

However, HBV replication is supported by hepatoblastoma and hepatoma cell lines. For
example, transfection of plasmids containing infection competent HBV genomes into human
hepatoma Huh7 and hepatoblastoma HepG2 cultures results in production and secretion of
enveloped virions [17,19]. These systems allow for the study of HBV RNA transcription, DNA
synthesis, and the assembly and secretion of viral particles which occur following transfection,
but the early events of virus infection of cells such as receptor binding, entry, capsid
disassembly and the first-round cccDNA formation can not be studied. The recently reported
tissue culture infection system described by Gripon and colleagues of a highly differentiated
hepatocyte-derived cell line (HepaRG) that can be infected with serum derived HBV may
provide a new means to address the early steps in the virus life cycle [20].
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1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Block et al. Page 3

HBYV Life Cycle

HBV has remarkable properties that make it fascinating as a research model as well as provide
clues about its mechanisms of pathogenesis. For example, although its genome, as isolated
from virion, is 3.2 kb of mostly double-stranded DNA (Fig. 1A), its life cycle is dependent
upon reverse transcription of a longer than full length RNA copy of its genome called pre-
genomic (pg) RNA [1]. Thus, HBV is a retrovirus with a DNA genome. HBV is also the major
etiological agent of hepatocellular carcinoma, despite containing no known oncogenes. A
simplified outline of the HBV replication cycle is shown in Figure 2.

Attachment and entry

HBYV infection of target cells begins with the interactions between viral envelope proteins and
its specific cellular receptor(s) on plasma membrane of hepatocytes. While the identity of the
cellular receptor(s) for HBV is unknown, the N-terminal region of large envelope protein
(called “pre-S1”, see Fig. 1B) appears to be essential in mediating receptor binding and
initiating infection [21]. A peptide derived from pre-S1 region potently inhibits HBV infection
of HepaRG cells [22,23], which is evidence for the role of preS1 in HBV binding as well as
an example of a possible therapeutic strategy.

Binding to specific cellular receptor(s) is thought to trigger the entry of virion into hepatocyte
via endocytosis [24]. Presumably, viral capsid is released into the cytoplasm from endosome
upon the fusion of viral envelope and endosomal membranes, a process that might be triggered
by low pH and/or proteolytic cleavage of envelope protein [25].

Translocation of the viral rcDNA to the nucleus

Once in the cytoplasm, the capsid delivers its relaxed circular DNA (rcDNA), shown in Fig.
1, that is contained within its virion into the nucleus through nuclear pore complex (NPC)
[26]. It has been shown that the intra-cytosolic transportation of capsid is facilitated by its
interaction with cellular microtubules [27]. Passage through the NPC is mediated by the
interaction between a nuclear localization signal (NLS) on the C termini of the viral capsid
proteins and nuclear import receptors importin o.and B [28]. Nuclear localization also appears
to be cell-cycle dependent [29]. It is assumed that the exposure of NLS is regulated and
dependent on genome maturation that induces structural changes of capsid. There is evidence
suggesting that the complete disassembly of capsids and release of viral genomic DNA into
nucleus most possibly occurs in the nuclear basket of NPC [27].

cccDNA formation and maintenance

cccDNA, as shown in Fig. 3, is the covalently closed circular (ccc) form of the viral
chromosome and is essential to the life cycle and maintenance of the infection. Several viral
and presumably host functions are required to generate cccDNA from the infecting viral DNA.

Upon arriving at the nucleus, viral rcDNAs, which are incomplete circles, are converted into
a covalently closed circular form (cccDNA). Hepadnavirus rcDNA has several unique
structural features. First, as indicated in Fig. 1 & 4, the two strands of viral DNA are asymmetric
in length. While the minus strand DNA (the strand that is complementary to the RNA) is the
length of one complete genome (unit length), the plus strand DNA is variable in length and
usually only approximately 50% of a full length strand [30]. The implication of this is that the
strands must be completed early for productive infection to proceed. Secondly, the viral DNA
polymerase protein is covalently linked to the 5’ end of minus strand DNA [7]. Thirdly, a
capped RNA oligomer of approximately 18 nt in length is linked to the 5’ end of plus strand
DNA. This RNA oligomer is derived from 5’ end of pgRNA and serves as a primer for plus
strand DNA synthesis [31].

Clin Liver Dis. Author manuscript; available in PMC 2008 November 1.
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Conversion of viral cDNA into cccDNA requires the completion of plus strand DNA synthesis,
removal of the terminal modifications and covalent ligation of the ends of both DNA strands.
How these biochemical reactions are achieved remains to be resolved. While it is reasonable
to believe that general cellular DNA repair enzymes may catalyze the reactions of removal of
RNA primer from 5’ end of plus strand DNA and ligation of the two ends of both DNA strands,
the removal of DNA polymerase protein from the 5’ end of minus strand DNA represents a
very unusual, if not unique, reaction.

Biochemically, this deproteinization reaction can be achieved via either nucleolytic cleavage
of viral DNA close to the 5’ end by an endonuclease or hydrolysis of the phosphodiester bond
between tyrosine of polymerase and the 5’-phosphoryl group of minus strand DNA. The role
of cellular and/or viral proteins, such as DNA polymerase itself, in this reaction remains to be
determined. Also, it is not yet known if the deproteinization of rcDNA occurs before or after
the translocation of the rcDNA across the nuclear membrane. Knowing this could help in the
pursuit of the cellular functions involved in mediating the deproteinization and possibly in
fashioning new antiviral strategies.

Unlike other retroviruses, the integration of HBV DNA into host cellular chromosomes is not
required for its replication and the cccDNA exists in the nucleus of infected cells as an episomal
minichromosome [32]. Nevertheless, the HBV genome can, and frequently does, randomly
integrate into cellular chromosomes [33]. The role of HBV DNA integration in oncogenic
transformation of infected hepatocytes has been extensively studied and will be discussed
below. Interestingly, integrated viral DNA has been used as a genetic marker to monitor virally
infected hepatocyte turnover, and it has demonstrated that extensive killing of infected
hepatocytes occurs during the resolution of transient WHYV infection of woodchucks [34].

cccDNA can apparently persist within the nucleus of an infected hepatocyte for the lifetime of
the hepatocyte. It is thus stable, although the degree to which it becomes mutated and repaired
is not known. Since cccDNA is the source of progeny viral templates, and viral mutants are a
problem in the pathogenesis and therapeutic management of infection, understanding the
mutation and repair of cccDNA has clinical implications.

Following cell division, cccDNA may be asymmetrically distributed to progeny cells, and this
dilution effect can be a means of its elimination [35]. Otherwise, it appears to remain in the
infected cell for months, or even years, in the absence of productive replication of the virus,
such as under the treatment of potent viral DNA polymerase inhibitors. The significance of its
durability is reflected by the observation that after cessation of antiviral therapy, viral rebound
often occurs, and the molecular source of the rebounding viral progeny is surviving cccDNA.
Thus, the elimination of cccDNA remains a therapeutic challenge.

Transcription of viral RNA

Once formed, the cccDNA in the nucleus serves as the template for the transcription of four
groups of viral RNA, as illustrated in Fig. 3. These are: 3.5kb pre-core mRNA (pre-C) and
pregenomic (pg) RNAs, 2.4kb mRNA for large (L) envelope protein; 2.1kb mRNA for middle
(M) and major surface (S) proteins and 0.7kb mRNA for the X protein.

Pre-C mRNA is translated to produce a “pre-C” protein that is further proteolytically processed
into e antigen (HBeAg). HBeAg is not a component of viral and subviral particles, but is
secreted from infected cells and its detection in the circulation (by commercial assays) is a
surrogate marker for high levels of viral replication. As stated above, HBeAg is a product of
the pre-C gene and transcript (Fig. 3), that is derived directly from cccDNA. Hence, the level
of HBeAg in the circulation correlates, in general, with viremia (viral DNA levels in the
circulation) (5). Loss of detectable HBeAg in individuals with chronic viral hepatitis and the
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appearance of detectable levels of antibody to HBeAg is usually considered to be a beneficial
milestone and evidence of reduced viral replication [36]. However, a significant fraction of
chronic HBV carriers who appear to lose HBeAg have done so because of mutations in pre-C
region, and these HBeAg mutant viruses may even be more pathogenic than are the wild type
[37]. Thus, loss of HBeAg alone, particularly when viral DNA levels remain high, can not be
taken as a favorable sign. Curiously, the biological function of HBeAg remains a mystery,
although it may be important for natural infection [1,38] and a role in immunosuppression has
been proposed [11].

A further complication is the question as to whether or not pharmacological induction of
HBeAg negativity and natural reduction, are biologically equivalent. Since natural reduction
almost certainly means there has been a degree of immunological arousal, and pharmacological
reduction of viral levels does not require this, it seems likely that the two pathways leading to
eAg reduction are quite different. Having said that, since HBeAg may be actively opposing
immune recognition to HBV [11], reducing HBeAg, even indirectly, by inhibiting DNA
synthesis, may allow for immune mechanisms to get “jump started” and play in role in the
durable antiviral suppression often seen in those with antiviral induced HBeAg conversions.

Besides serving as mRNA for viral capsid protein and DNA polymerase, pgRNA serves as the
template for the reverse transcriptional synthesis of viral DNA [44]. Viral DNA cis-elements
and cellular transcription factors that direct and regulate viral RNA transcription has been

extensively studied, and comprehensive reviews on this subject have been published [45,46].

The transcripts of HBV and related animal hepadnaviruses do not usually contain introns,
which are segments of RNA, present in primary, pre-mRNA transcripts, that are excised and
not present in the mRNA, created by splicing the remaining RNA together, as do most
mammalian pre-mRNA. However, spliced viral RNAs have been reportedly detected in
transfected cells and virally infected livers. In most cases, the roles of those spliced RNA in
viral replication have not been established. A spliced form of the duck HBV pgRNA, has been
reported to serve as a second mRNA for large envelope protein, and may be essential for viral
particle secretion from infected primary duck hepatocytes [47].

Synthesis of progeny viral DNA genomes from pgRNA in the cytoplasmic capsids

A unique property of HBV replication is that viral DNA replication occurs inside immature
nucleocapsids via protein-primed reverse transcription as illustrated in Fig. 2. Briefly, the DNA
polymerase protein binds to the pgRNA at its 5’ epsilon stem-loop structure to initiate
nucleocapsid assembly and prime viral minus-strand DNA synthesis to extend for three
nucleotides. Subsequently, polymerase and covalently attached nascent DNA is translocated
to the 3’ copy of direct repeat 1 (DR1), and minus strand DNA synthesis continues by copying
pgRNA [7,8,48]. The latter is degraded by an RNase H activity of polymerase during minus
strand DNA synthesis. When the polymerase reaches the 5’ end of pgRNA, an RNA oligomer
containing DR1 and the 6 to 7 nucleotides at the 5’ end of DR1 sequence is left uncleaved. It
isthis RNA oligomer that is subsequently translocated and annealed to the direct repeat 2 (DR2)
and primes plus strand DNA synthesis to yield relaxed circular DNA (rcDNA) [31].When rc
DNA are formed, the nucleocapsids are matured and can be enveloped and secreted out of cells
[49,50].

An alternative to being enveloped and exported as virion is for newly formed mature capsids
containing rcDNA to be “shunted” into the nucleus where they are presumably converted into
more cccDNA molecules [51]. Thus, this is a way in which cccDNA levels can be increased

in the absence of re-infection of cells. This intracellular amplification pathway operates very
efficiently in the early stage of viral infection to build up a nuclear cccDNA pool. A series of
elegant studies reported by Summers and colleagues suggested that DHBV large envelope
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protein (L) regulated intracellular DNA traffic and cccDNA formation [52,53]. At the early
time of infection, when L protein is at low level, capsid nuclear delivery is favored and allows
accumulation of cccDNA which ensures that the infected cells will be stably colonized. At the
later stage of infection, large amounts of protein are made and capsid will be enveloped and
secreted out of cells.

Assembly of viral particles and secretion

Virions are assembled on, and bud from, endoplasmic reticulum (ER) membrane through the
engulfing of rc or dsl DNA containing capsids (so-called mature capsids) in ER membrane
studded with viral envelope proteins. As mentioned previously, HBV encodes three envelope
proteins called Large (LHBs), Medium (MHBSs) and Small (SHBs) surface antigens. They are
all synthesized from the same open reading frame of the viral genome by using different starting
codons (Fig. 3). Thus, they all share a common C-termini and SHBs domain. The LHBs and
MHBs proteins contain SHBs plus amino-terminal extensions of pre-S2, pre-S1 and pre-S2
domains, respectively.

As illustrated in Fig. 3, SHBs is monoglycosylated and is the major viral surface protein.
Virions contain approximately 100 copies of SHBs for every 5 MHBs, and 1 LHBs, protein.
Moreover, as mentioned in the beginning of this review, an infected cell typically secretes
hundreds to thousands of polymers of 22 nm particles of SHBs devoid of capsid and nucleic
acids for every virion. Indeed the serum of an individual chronically infected with HBV
typically contains hundreds of micrograms per ml of empty SHBs particles, which are
essentially lipoprotein polymers of sSHBS containing a smaller amount of MHBs. It is thus
SHBs that is usually measured as “HBsAg” by commercial assays, and its consistent detection
in the circulation in people over a time of more than six months is considered as evidence of
chronic infection. Although itis possible that it could be produced from defective viral genomes
integrated in host cellular chromosomes, and would thus be stably produced in the absence of
productive viral infection, this is considered to be very unusual.

Nascent viral envelope polypeptides are very quickly oligomerized. We have speculated that
their rapid oligmerization in the ER makes them very refractory to degradation by cellular
proteasomes [54]. Since degradation by cellular proteasomes provides peptides for presentation
to cytotoxic T lymphocytes by MHC class 1 molecules, resistance to proteasome degradation
may provide a means by which HBV can remain “invisible” to the host immune system thereby
contributing to the establishment of chronic infection. This notion will be discussed in more
detail below.

As mentioned above, pre-S1 domain of LHBs is believed to mediate the binding of virions to
its cellular receptor(s). This function requires the pre-S1 domain of the protein to be exposed
on the outside of viral envelope membrane. But surprisingly, it has been shown that for a
fraction (approx. 50%) of LHBs protein in virions, their pre-S1 domains are projected into the
interior of viral envelope [55-57]. Further studies on the topology of LHBs on ER membrane
revealed that the observed dual topology of LHBs is originated from the partial membrane
translocation of their pre-S domains, which probably occurs during viral particle assembly and
budding from ER membrane into ER lumen [58]. It has been shown that the cytosolic deposition
of pre-S1 domain provide docking sites for matured viral capsids and is essential for virion
assembly and budding. In this sense, the pre-S domain functions as a matrix protein [56].

Additionally, LHBs is modified by N-terminal myristylation [59]. This post-translational
modification has been shown to be dispensable for virion assembly, but essential for infectivity.
M protein is absent in DHBV. MHB:s is not required for HBV virion secretion, and their
biological function is not well understood.

Clin Liver Dis. Author manuscript; available in PMC 2008 November 1.
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In contrast to most retroviruses, hepadnaviruses contain rcDNA genomes in their infectious
viral particles (virions). This is apparently because the viral pgRNA containing capsids cannot
be enveloped and secreted from infected cells [60]. A hypothesis that is supported by the results
obtained from both genetic and kinetic studies is that capsid maturation signals exist that confer
the ability of capsids to interact with the pre-S1 domain of large envelope proteins on ER
membrane and initiate virion assembly and budding [49]. Thus far, the details of the maturation
signals remain to be identified.

It has been shown that while intracellular capsid protein in DHBV infected cells is
heterogeneously phosphorylated, the capsid protein in secreted DHBV virions is
dephosphorylated [61]. It has therefore been suggested that capsid protein dephosphorylation
may be triggered by the formation of at least partially double-stranded DNA inside capsids and
serve as a maturation signal. However, given the large excess of empty capsids in viral infected
cells, this hypothesis is difficult to be proven experimentally. Alternatively, a structural change
of capsid, which can be triggered by the synthesis of mature rcDNA, could also expose the
pre-S1 interacting domain of capsid protein and thus serve as a maturation signal.

Immunological basis of chronicity

Despite the fact that most adulthood HBV infections are transient, approximately 1 to 5 % of
people infected as adults and more than 90% of those infected as neonates fail to mount a
sufficient immune response to clear the virus, and develop a life-long chronic infection.
Resolution of acute infection is associated with a vigorous polyclonal helper (Th) and cytotoxic
T lymphocyte (CTL) response to multiple viral antigens in the infected livers [2,10,62,63].
Moreover, although destruction of virally infected hepatocytes is evident during the resolution
of acute infection, it has been elegantly demonstrated that the noncytolytical reduction of viral
gene products in infected cells by cytokines, such as interferon gamma and tumor necrosis
factor, released from activated T lymphocytes is likely to play an important role in terminating
the infection [12,64].

In marked contrast to those achieving resolution of acute infection, chronic carriers of HBV
appear to have an inadequate (in quality and quantity) T cell response to viral antigens [12,
63-66]. The reason for the failure of mounting a sufficient immune response against the virus
in chronic carriers still remains a mystery. It is reasonable to anticipate that the outcome might
be determined during the early phase of infection. In this period of time, there is a growing
antigenemia with the cellular immune response, curiously, lagging behind. Furthermore,
although infection with hepatitis C virus (HCV) has been shown to induce a myriad of host
innate response genes [67], HBV infection does not activate a detectable host cellular innate
immune response as determined by microarray analysis of transcriptomes of HBV infected
chimpanzee livers [68]. The reason that HBV can “fly under the radar screen” is not known.
Hence, there may be distinct mechanisms whereby HBV actively inhibits or avoids innate and
adaptive immune responses, which contribute to tip the balance between resolution and
chronicity [68].

One simple explanation for the observed inadequate immune CTL response in chronic HBV
carriers is of great interest and suggests a potential approach for the activation of antiviral
cellular immunity by therapeutic vaccination. As mentioned above, MHC | presentation of
viral epitopes depends upon the degradation of viral proteins by cellular proteasomes. Thus,
processes that inhibit the degradation of viral proteins would be expected to inhibit the ability
of the circulating immune system to recognize infected cells. Viral protein complexes that form
within the ER, such as in the case of HBV envelope proteins would be too large to be
retrotranslocated from the ER to the cytosolic proteasomes. HBsAg particles that have formed
immediately following synthesis would certainly be too large to pass through translocon pores
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that may have limits of less than 100 angstroms. Moreover, since they are lipoproteins within
vesicles, resistance to ER associated degradation is all the greater. Thus, this may be an
explanation for the relatively poor CTL response to the HBV envelope proteins, either in a
natural setting [63,65] or with DNA vaccines [69]. In this scenario, early in infection, the virus
would have a chance to establish itself by resisting detection by the circulating immune system.

Consistent with this notion, Mehta and colleagues reported that expression of mutant HBsAg
molecules that fail to be translocated into ER and thereby degrade very quickly in cytoplasm
are much better inducers of CTL response in cultured cells [70]. It remains to be seen if DNA-
based vaccination with the same expression constructs will induce a stronger CTL response in
animals and break the apparent immune tolerance in chronic HBV carriers.

biology of the oncogenesis of HCC in chronic HBV infection

Hepatocellular carcinoma (HCC) is the 5" most common cancer, but the 3¢ leading cause of
cancer death in the world with more than 500,000 fatalities annually. The major etiology of
HCCl/liver cancer in people is HBV followed by HCV infection, although non-viral causes also
play a role in a minority of cases.

The molecular etiology of HBV induced HCC remains, for the most part, unclear. It is worth
pointing out that there have been reports of HBV DNA integrations near cellular proto-
oncogenes in tumor cells. Although the insertion activation of oncogene expression may indeed
occur, itis unusual in people and may be responsible for only a minority of HBV induced HCC
[71]. Thus, there has been great interest in determining if any of the viral gene products and
host factors is responsible for malignant transformation.

Role of X protein

The 154 amino acid viral gene product “X protein” is probably the viral function most
frequently implicated in oncogenesis. Itis named “X protein” or HBx because of the uncertainty
about its function during a natural viral infection. It has been shown that WHYV X protein is
not essential for WHV DNA replication in cultured cells, but is absolutely required for its
infectivity invivo [72]. X transgenic mice have been reported to be predisposed to development
of liver cancer, heightening interest in a role for “X” in oncogenesis [73,74]. Although there
are many theories, there is no current consensus on if or how “X” mediates HBV associated
cancers.

The “X” protein has also been reported to “trans-activate” numerous cellular gene functions
including c-fos, c-jun, c-myc, EGF and MHC | as well as viral genes [75]. Because HBX is not
a DNA binding protein, its transactivation function must be due to its interaction with other
cellular proteins. Thus far, it has been reported that HBx can interact with several well-known
signaling proteins such as PI3K p85 subunit, which is a component of PI3K-Akt signaling
pathway as well as p53 and even proteins involving in DNA damage repair and degradation
[76-78].

Taken together, given “X”s apparent ability to influence many functions associated with
cellular transformation, speculation of its central role in oncogensis remains high. As of the
drafting of this manuscript, however, its specific role, if any, remains the subject of debate.
The transcripts associated with each gene product are provided in the figures.

Roles of other viral proteins

HBYV envelope glycoproteins are also associated with transformation and HBV induced
diseases. Specifically, accumulation of large envelope protein (LHBSs) within the ER of
hepatocytes has been shown to be associated with predisposition to transformation in transgenic
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animal studies and with severe fulminant hepatitis in people [79]. Furthermore, previous studies
showed that integrated HBV DNA in the human hepatoma cell line Huh4 encodes a carboxyl
terminally truncated MHBs protein, so called MHBst [80,81]. It has been demonstrated that
this variant M protein activates c-raf-1/Erk2 signal transduction pathway in transgenic mice
and leads to increased hepatocyte proliferation and higher incidence of liver tumors [82]. But
thus far, the role of truncated envelope protein variants in hepatocarcinogenesis of HBV
infection in human beings remains unknown.

Role of host factors

Although it seems likely that viral gene products can predispose the transformation, as
explained above, no HBV specified oncogene has been clearly implicated. Thus, it is possible
that hepatocarcinogenesis in chronic HBV infection arises most often from a combination of
viral induced host factors and the establishment of an environment that is permissive for
oncogenic transformation. For example, oncogenic transformation may result from liver
damage by way of CTLs attacking infected hepatocytes and inducing constant liver cell
regeneration. The constant regeneration increases the chances of errors and mutations in the
dividing liver cells, and the chances of error are increased further when the reservation occurs
in an environment rich with free radicals and other mutagens resulting from an inflammatory
environment.

It is worth noting that, compared to uninfected individuals, the half life of hepatocytes is much
shorter [1,83]. The environment in which the hepatocytes replicate in response to injury is
likely to be enriched in mutagens such as oxidants, which are present during, and as a
consequence of, cell injury and immunological attack. These complications are all aggravated
during fibrosis, which is also a predisposition for liver cancer.

Immunization

Antibodies against the “a” epitope of the HBs envelope protein are protective [84]. Their
appearance following natural infection is associated with resolution, and their elicitation
following immunization is the basis of protection (80). Initially, subviral particles devoid of
viral nucleic acid, purified from the circulation of chronic HBV carriers, were used as a vaccine
(1, 10, 11, 80). It was shown to be efficacious, and despite great efforts to ensure that all
infectious agents that might co-purify with the subviral particles were inactivated, concerns
regarding the possibility of contamination have caused this first generation of vaccine to go
into disuse in the United States.

Current HBV vaccines, in use in North America, are purified subviral particles produced from
yeast expressing recombinant genes. These vaccines are efficacious and safe, and a series of
three injections can apparently confer long-term protective immunity [85-87]. Whether or not
protection conferred by injection of the subunit vaccine is lifelong is not yet known. This could
be a special concern for those vaccinated at very early ages. It would be unusual, for example,
for a polypeptide vaccine, given in infancy, to confer life long immunity. The role of T cells
in contributing to protection under these circumstances is not clear, but levels of humoral
antibody above a minimum are considered essential for protection.

Phenotype and genotypes defined by sHBS and the genome

SHBS carries the “a” antigenic determinant, created by two “loops” of amino acids 120-163,
that is recognized by most commercial assays and the epitope to which neutralizing antibody
is raised [84,88,89]. This is the major group, serological antigenic determinant, although at
least two other sub-dominant determinants have also been identified with the second being
either “d” or *y” and the third being either “w” or “r.” Hence, except for “a” mutants (see
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below), the major subtypes of HBV are phenotypically defined serologically and comprised
of the “a” determinant and two other sub-dominant determinants, and hence called “adw”,

“adr”, “ayw” or “ayr.” Genotypes of the HBV virus are designated by capital letters A, B, C,
D - H. Genotypes are defined as having a greater than 8% non homology from Genotype A.

The recombinant vaccines currently used elicit antibodies against only, or mostly, a single
epitope within the HBsAg called “a.” Thus, the possibility exists that vaccine escape mutants,
which have mutated amino acids within this epitope and are not recognized by anti- “a” epitope
antibody, can emerge. This could become a problem over time, especially where the vaccine
is administered to an infant born from mothers with high titers of virus, since the possibility
of pre-existing mutants would be high.

The American Committee on Immunization Practices’ (ACIP) recommendations call for
administration of HBV vaccine and passive immunoglobulin to infants born from HBV
infected mothers in the delivery room [85-87]. Remarkably, this post exposure intervention is
highly effective in preventing establishment of chronic infection in the newborn. However, in
circumstances where hepatitis B immune globulin (HBiG, HBIG) is not co-administered, due
to noncompliance, limited resources in the developing world or perhaps viral titer is so high
as to be unmanageable, it is not difficult to see how vaccine escape mutants could emerge. A
similar situation can be imagined for HBV chronic carriers receiving liver transplantation
supported by HBIG. Indeed, there are now several reports of the surprising prevalence of HBV
“a” antigen mutants, which would be expected to refractory to current “a” epitope dependent
vaccines [90]. In one report, the incidence of HBsAg mutants in infants born from HBV carrier
mothers and treated with vaccine and HBiG was 4% [43]. Thus, development of novel vaccines
that induce antibodies against other potential epitopes, such as epitopes located in pre-S1 and
pre-S2 region, is warranted.

Therapeutic intervention, the molecular perspective

Currently available antiviral treatment of chronic hepatitis B includes alpha interferon (IFN-
o) and four nucleotide or nucleoside analogues. It has been shown that IFN-a, could potently
inhibit HBV replication by preventing pgRNA containing nucleocapsid assembly in a mouse
hepatocyte-derived cell ling, and in HBV transgenic mice [68,91]. But ironically, IFN-a only
modestly inhibits HBV replication in human hepatoma cell lines [92]. Thus, HBV does
certainly appear to have some level of sensitivity to IFN-a, although this sensitivity may be
genotype specific, with genotype C more resistant than the others. It has been reported that a
forty-eight week treatment of peginterferon alpha 2a can result in HBeAg serum conversion
and reduction of viral load in 30-40% of the patients tested [42,93]. Nevertheless, the
therapeutic value of IFN-a. is important, and there have even been reports of statistically
significant numbers of chronic carriers who are treated with the cytokine and reach the
important milestones of HBsAg loss as well with detectable levels of anti-HBs [41,93].

There are currently three nucleoside analogues (Epivir/Lamivudine, Entecavir/Baraclude,
Telbivudine/Tyzeka) and one nucleotide analogue (Adefovir/Hepsera) that have been
approved by FDA for the therapy of chronic hepatitis B. Those drugs selectively inhibit HBV
DNA replication by causing premature chain termination. Despite the potent inhibition of viral
replication, even prolonged nucleoside analogue treatments rarely cure HBV infection, and
virological relapse is common following the discontinuation of therapy [40,41,94]. In addition,
the development of drug resistance to the polymerase inhibitors by the virus will most likely
limit their long-term efficacy [41]. As mentioned previously, the major reason for limitations
in the durable elimination of chronic HBV infection with the HBV DNA polymerase inhibitors
may be that the drugs do not necessarily eliminate the cccDNA.
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One complicating but potentially very important point is that, although all transcripts come
from the same DNA strand, all reading frames are used, and the genes for several of the different
HBYV functions overlap. For example, as shown in Fig. 5, the gene for the polymerase overlaps
with the envelope and X genes. The gene for X overlaps with the beginning of the pre-Core
transcript. Thus, mutations in one gene may affect the coding specificity of another. Of
particular note is that mutations within the polymerase gene (some of which have been
associated with resistance to antiviral agents such as lamivudine), also alter the amino acids
within the envelope proteins . This is illustrated in the Fig. 5. The biological significance of
this is uncertain, although in some cases changes within epitopes recognized by the cellular
immune system have been observed [95], and is reasonable to assume that immunological
recognition of therapy induced epitopes could provide an additional, unexpected, influence
upon outcome.

Additionally, several reports have indicated that assembly of capsids and packaging of pgRNA
into capsids can be efficiently inhibited by small molecules in cultured cells and HBV
transgenic mice in vivo [41,96-98]. Further exploration of those classes of compounds and the
new viral targets should lead to the development of novel antiviral drugs that can be used in
combination with currently available DNA polymerase inhibitors to enhance their antiviral
efficacy and reduce the chance of the appearance of drug-resistant HBV mutants, which is a
major limitation of long-term DNA polymerase inhibitor monotherapy.

Conclusion

Elimination of cccDNA from infected hepatocytes and re-establishment of host antiviral
immune response against HBV are important therapeutic objectives. Future studies of HBV
biology should reveal the molecular mechanisms of infectious virus entry into hepatocytes and
molecular pathway of cccDNA formation, and may provide clues regarding ways in which
cccDNA can be reduced. HBV chronicity and oncogenesis, itself, are almost certainly the result
of a cat and mouse game in which virus mediated immuno-evasion and persistent replication
is countered by incomplete host immuno-destruction. No single viral or host factor is
responsible for this balancing act, but it is clear that chronically infected individuals are not
immuno-indolent, and that the virus exerts far greater control over its immuno-invisibility than
perhaps previously thought. The more that is learned about these details, the more likely is the
development of new biomarkers of disease detection and therapeutic agents.
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Figure 1. The HBV virion and genomic structural features

(A) Hlustration of the HBV virion (1A), showing envelope, S, M, L, with their S, preS2 and
preS1 domains in sub-boxes of size proportional to their polypeptide length. The HBV genome,
contained within the capsid, is shown as a partly double stranded, incomplete circle, with the
polymerase protein covalently attached to the “minus” strand. (B) The circular map of the HBV
genome is shown, with nucleotides numbered from the single EcoR1 site (by convention) and
transcripts and their polypeptide products indicated.
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Figure 2. A schematic outline of the HBV replication cycle

Major steps in the molecular biology of the HBV replication life cycle are shown, from
attachment to translocation of the virion DNA to the nucleus, to conversion of entering viral
DNA into cccDNA, followed by transcription of the cccDNA into the viral RNA gene products.
Encapsidations in the cytoplasm, virion morphogenesis and secretion is also shown. Note,
replicated progeny HBV DNA can return to the nucleus by way of an intracellular pathway,
which may result in an “auto” amplification of cccDNA.
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Figure 3. Transcript products of HBV, with the proteins they specify (for mMRNA) and encapsidation

and replications (for pregenomes)

CHO indicates N-linked glycosylation, and is positioned at the appropriate glycosylation sites.
cccDNA, represented by the double lined circle on the left, in transcribed into at least 5 RNA
gene products that serve as either pregenomes for encapsidation and/or mRNA molecules that
are translated into the proteins indicated. In the case of preCore, it is proteolytically cleaved
(by presumably host proteases) into HBeAg. Approximate molecular weight of the
(unglycosylated) polypeptide products is indicated in kilodaltons (kD).
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Figure 4. DNA structures associated with HBV

Relative mobility of the various structures as they appear resolved through agarose gels (upper
left), the illustration of their structures and the step in the life cycle with which they are
associated.
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Figure 5. Mutations within the pol gene can result in changes within the envelope protein

The genome HBV is shown, as in Fig. 1, as a circle, with 1 to 3,182 nucleotides numbered
consecutively from the single Eco R1 site. The coding regions for each gene are shown as
curved arrows that follow the direction of the transcripts. The polypeptide specified by the pol
(polymerase) and env (envelope) genes are expanded as horizontal boxes. The amino acid
sequence of the polymerase between amino acids 163 and 210 is the region that contains amino
acids that, when mutated, can confer resistance to some polymerase inhibitors. The YMDD
amino acid motif (underlined), for example, when mutated (as shown) confers resistance to
lamivudine and is provided with the amino acid transition indicated. Since the open reading
frames for pol and env overlap, (amino acid 204 of the rt (reverse transcriptase) roughly
correspond to amino acid 195/6 of the envelope protein, as indicated) a change in this motif
will change the amino acids specified by the env open reading frame, and this is concomitant
change is indicated.
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