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Abstract: Hepatitis B virus (HBV) infection is a serious health threat around the world. Despite the availability
of an effective hepatitis B vaccine, the number of HBV carriers is estimated to be as high as 240 million worldwide.
Global mortality due to HBV-related liver diseases such as chronic hepatitis, liver cirrhosis, and hepatocellular
carcinoma (HCC) may be as high as 1 million deaths per year. HBV is transmitted via blood and body fluids,
and is much more infectious than both human immunodeficiency virus (HIV) and hepatitis C virus. While HBV
infection exhibits a variety of clinical presentations, even asymptomatic carriers can develop HCC without liver
fibrosis. Current therapeutic options against HBV include pegylated interferon (Peg-IFN) and nucleos(t)ide reverse
transcriptase inhibitors (NRTTs), with clinical studies showing a significant association between loss of HBV DNA
and a decrease in cancer risk. However, the ultimate goal of HBV therapy is a complete cure of HBV—including
the elimination of covalently closed circular DNA (cccDNA)—in order to further decrease the risk of developing
HCC. The development of hepatitis B is associated with the host immune response to virus-infected hepatocytes,
as HBV is understood to lack direct cytotoxicity. While HBV-specific CD8+ T cells are thus involved in hepatitis
development, they also play an important role in eliminating HBV infection. Indeed, the innate immune response
during the initial phase of HBV infection is essential to the induction of acquired immunity. However, the innate
immune response to HBV infection, including the roles of specific immunocompetent cells and associated
molecules, is not well understood. In this review, we focus on the current understanding of the mechanisms
underlying hepatitis development by HBV infection. We also address the mechanisms by which HBV protects
cccDNA.
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Introduction to acute hepatitis, chronic hepatitis, liver cirrhosis, and

hepatocellular carcinoma (HCC). Even though an effective

Hepatitis B virus (HBV) was initially identified as the hepatitis B vaccine is available, the number of people

« 1 1 » 3 . . . . . . .
novel “Australia antigen” in the serum of some healthy worldwide with a history of HBV infection is estimated

individuals by Blumberg ez 4/. in 1965 (1). In the decades
since this report, hepatitis B has been established as an

infectious disease caused by HBV. HBV infection can lead
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to reach 2 billion, while the number of currently infected
carriers may reach 240 million (2,3). Global mortality
due to HBV-related liver diseases ranges from 500,000 to

atm.amegroups.com Ann Transl Med 2016;4(18):337



Page 2 of 7

1 million deaths per year. Thus, despite vaccine availability,
HBV infection remains a serious public health problem
worldwide.

HBYV is a DNA virus belonging to the Hepadnaviridae
family. The HBV genome is approximately 3,200 bp in
length and is contained in circular partially double-stranded
DNA. The genome contains four partially-overlapped
regions: the pre-S/S domain, which encodes envelope
proteins; the pre-C/C domain, which encodes core protein
and hepatitis B e antigen (HBeAg); the P domain, which
encodes viral polymerase; and the X domain, which encodes
HBV X protein (HBx).

To date, ten different genotypes of HBV (designated A
to J) have been identified, with each genotype exhibiting a
variety of clinical presentations (4,5). Genotypes B and C
are the dominant HBV genotypes in East Asia, where the
rate of chronicity in adulthood HBV infection is estimated
at less than 1%. Recently, HBV genotype Ae has been
transmitted sexually across the world from its origin in
western countries; this genotype has a higher chronicity rate
of approximately 5-10% (6,7).

HBV establishes a chronic infection by evading the
host immune system. Because HBV itself lacks an efficient
level of cytotoxicity, it is the host immune response to
virus-infected hepatocytes that leads to the development
of hepatitis B. HBV-specific CD8+ T cells significantly
contribute to both HBV elimination and hepatitis
development. The innate immune response during the
initial phase of HBV infection is essential for the induction
of a sufficient level of acquired immunity against the virus.
However, the innate immune reaction to HBV infection—
including the specific roles of immunocompetent cells and
associated molecules—remains to be fully elucidated.

Recently, de novo HBV reactivation during chemotherapy
and immunosuppressive therapy has emerged as a major
concern. Therefore, the clearance of hepatitis B surface
antigen (HBsAg) has been established as the long-term goal
of anti-HBV treatment. HBsAg seroclearance is commonly
understood as a functional cure of HBV infection, even
when covalently closed circular DNA (cccDNA) remains.
Currently available treatment options like pegylated
interferon (Peg-IFN) and nucleos(t)ide reverse transcriptase
inhibitors (NRTTs) are insufficient to completely cure HBV
and eliminate cccDNA. Thus, the complete elimination
of cccDNA remains elusive, given that the mechanisms by
which cccDNA is protected has not yet been completely
determined.

In this review, we examine the current understanding of
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the mechanisms behind hepatitis development by HBV, with
a particular focus on immune response. We also consider
the mechanisms underlying protection of cccDNA, which is
considered to be a vital strategy behind HBV persistence.

Persistent infection with HBV

There is a marked difference in clinical course depending
on the age when HBV infection occurs. More than 90% of
infants infected at birth by HBV-infected mothers suffer
from persistent HBV infection. By contrast, more than 95%
of adults infected with HBV during adulthood—primarily
through sexual transmission—will eliminate HBV naturally.
Among immunocompetent individuals infected with HBV
in adulthood, the majority will have no apparent infection,
while approximately 20-30% will initially develop acute
hepatitis. In 95% of cases, detection of HBsAg will resolve
within 6 months of infection, although superinfection with
human immunodeficiency virus (HIV) and HBV genotype
Ae infection has been associated with a higher chronicity
rate.

The age-dependent disparity in clinical course can be
attributed to the immature immune system in infancy.
Several studies have demonstrated that the maturation of
Kupffer cell plays an important role in the induction of
anti-HBV immune response during the transition between
the immune activation phase and the immune tolerance
phase (8,9). However, the triggering mechanism behind
this adolescent change in immunological response remains
poorly understood. It was reported that an impaired
production of IL-10, a change in Thl-dominated T cell
response, and an interaction with effector T cell were
observed in the transition from the immune tolerance to the
immune activation phase.

In cases where HBV persists after initial infection in
adulthood, the increased expression of inhibitory receptors
like programmed cell death 1 (PD-1) has been observed
on HBV-specific CD8+ T cells and regulatory T cells.
Indeed, persistent infection with HBV may be maintained
by the induction of hepatic immune tolerance by increased
production of IL-10 from Kupffer cells, the diminished
production of IFN-a from dendritic cells (DCs), the
impaired production of IFN-y from natural killer (NK)
cells, and the apoptosis of HBV-specific cytotoxic T
lymphocyte (CTL) by activated NK cells (10-12).

Individuals with chronic hepatitis B infection are at
risk of hepatic flare; however, the mechanisms behind this
abrupt rise in alanine aminotransferase (ALT) levels remain
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to be determined. In the acute exacerbation phase, an
increase in HBV DNA and immunosuppressive components
like IL-10, regulatory B cells, and regulatory T cells was
observed prior to the peak in ALT levels. However, the
impetus behind hepatic flare and its associated molecules
are still unclear (13).

HBYV infection is considered resolved when an individual
is negative for HBsAg, positive for hepatitis B core antibody
(HBcAD), and/or positive for hepatitis B surface antibody
(HBsAb). Even in resolved cases, a low level of cccDNA
persists in the liver and peripheral blood mononuclear cells
(14,15). Thus, HBV can reactivate during immunosuppressive
treatment or cytotoxic chemotherapy (16-20). Presumably,
the reduction in immune functions which controlled HBV
replication in turn triggers HBV reactivation. Identifying
the variables behind HBV reactivation is an active area of
research, with many groups investigating the association
between reactivation and patient characteristics, genetics,
virological features, underlying disease, and treatment type.

Innate immunity against HBV

Following initial infection, HBV DNA is detectable within
4-7 weeks, viral replication peaks at 8-10 weeks, and liver
injury develops after 12 weeks (21,22). Individuals with
an exceptionally overactive immune response against the
rapid growth of HBV mutants develop fulminant hepatitis.
In contrast with hepatitis C infection, studies of HBV-
infected chimpanzees (23) showed that HBV does not
induce interferon-stimulated genes (ISGs) during the
viral incubation phase. These results indicate that HBV
potentially evades the host innate immune response
by reducing its visibility to immunological surveillance
mechanisms. Given that HBV replication is generally not
detectable until about 4 weeks after HBV infection, innate
immunity is predicted to be important for controlling virus
replication.

The viral life cycle of HBV offers limited opportunities
for host cells to sense HBV infection. After an HBV
particle enters into a host cell, it releases the HBV genome-
containing nucleocapsid into the cytoplasm (Figure I).
The core particle protects the HBV genome as it moves
through the cytoplasm to the nucleus. During HBV particle
formation, viral pregenomic RNA (pgRNA) has a 5" ¢
stem-loop element. Polymerase binding to the & stem-loop
triggers capsid formation, and the pgRNA is selectively
encapsidated with the polymerase within core particles
in the cytoplasm. Nonetheless, Sato et /. reported that
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hepatocytes recognize the 5’ € stem-loop of HBV pgRNA
via retinoic acid-inducible gene I (RIG-I), and that RIG-I
exerts an anti-HBV effect by blocking the docking between
HBYV polymerase and pgRNA (24).

However, HBV possesses numerous additional strategies
to counteract host innate immune responses. It was reported
that HBV polymerase inhibits the innate immune response’s
RNA- and DNA-sensing pathways by preventing the
activation of interferon regulatory factor 3 (IRF-3) (25,26)
and by interfering with stimulator of interferon genes
(STING)-mediated IFN-f induction (27). Furthermore,
HBx has been reported to negatively regulate innate
immunity by targeting mitochondrial antiviral signaling
protein (MAVS) (28-30) and TIR-domain-containing
adapter-inducing interferon-p (TRIF) (31). Because of the
lack of novel cell culture model systems, it is not able to
produce infectious HBV particles of adequate quantity and
quality for researching innate immunity against HBV. In the
near future, robust HBV cell culture model will allow us to
investigate the sensor molecules of HBV and host defense
system against HBV infection in more detail.

Studies in acute hepatitis patients showed that NK and
natural killer T'(NKT) cell populations increased prior to the
peak of HBV DNA replication, and then decreased with the
concomitant reduction in HBV DNA (32). According to a
detailed case analysis of the immune reaction in patients who
naturally eliminated HBV infection without ALT elevation,
both activated NK cells and increased numbers of HBV-
specific CD4+ and CD8+ T cells were observed subsequent
to the enhancement of NK cell-derived IFN-y secretion (33).
These results indicate that the activation of innate immunity
is of considerable importance to natural elimination of HBV,
and that innate immune activation precedes the development
of acquired immunity in HBV infection. Moreover, non-
cytopathic mechanisms were observed to be effective in
both a mouse model (22) and humans, with IFN-y playing
a significant role in the inhibition of HBV replication. In
support of this, IFN-y was reported to be produced by CD8+
T cells, NK cells, and NKT cells during the early phase of
initial infection, and that this correlated with a decrease in
intrahepatic cccDNA (33).

Acquired immunity against HBV

In acute hepatitis B, HBV-specific CD8+ T cells enter the
liver and produce IFN-y (34). Chimpanzee studies have
shown that CD8+ T cells are critical to eliminating HBV;
when depleted during HBV amplification, infected animals
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Figure 1 Schematic of HBV life cycle and mechanisms by which HBV counteracts the host immune response and protects cccDNA. HBV
infection of hepatocyte induces interferons through RIG-I-mediated sensing of the 5’ & region of HBV pregenomic RNA. However, HBV-
encoded proteins can inhibit host viral-sensing pathways. The Smc 5/6 complex can bind to cccDNA, thereby inhibiting transcription
of HBV mRNA. To trigger degradation of the Smc 5/6 complex by the host ubiquitin-proteasome system, HBx interacts with DDBI, a
component of CUL4-E3 ubiquitin ligase complex. HBV, hepatitis B virus; cccDNA, covalently closed circular DNA; RIG-I, retinoic acid-
inducible gene I; Smc, structural maintenance of chromosomes; HBx, HBV X protein; DDB1, damaged DNA binding protein 1; CULA4,
cullin 4; HBeAg, hepatitis B e antigen; HBsAg, hepatitis B surface antigen; TRIF, TIR-domain-containing adapter-inducing interferon-p;
IRF-3, interferon regulatory factor 3; MAVS, mitochondrial antiviral signaling protein; STING, stimulator of interferon genes; pgRINA,
pregenomic RNA; ISG, interferon-stimulated gene.

lost the capacity to eradicate HBV. In contrast, CD4+ T In addition to CD4+ and CD8+ T cells, the role of

cell depletion in acute hepatitis B has little effect on HBV
eradication. However, CD4+ T cell depletion before HBV
infection impairs HBV eradication by decreasing CD8+ T
cell migration into the liver (35). These results indicate that
the early priming of CD4+ T cell by HBV is of considerable
importance to eradicating HBV.
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HBV-specitic CTLs has been examined in studies where
these cells were transferred to HBsAg transgenic mouse
models. During the onset of hepatitis, hepatocyte express
chemokine-like CXCL9 and CXCL10, thereby prompting
HBV-specific CTLs to migrate and infiltrate into
hepatocytes. These CTLs subsequently damage hepatocytes
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through a cytopathic mechanism (apoptosis). Neutrophils
and platelets have also been reported to participate in
hepatic injury (36). However, CTLs have also shown anti-
HBYV activity through non-cytopathic mechanisms (e.g.,
IFN-y and TNF-a production). In a mouse model, DC
activation was observed during the early phase of HBV
infection, and these activated DCs were associated with
anti-HBV activity. However, the role of DCs in human
acute hepatitis B is not clear. During the recovery phase,
sufficient HBsAb are produced to neutralize circulating
HBsAg, thereby contributing to HBV elimination.

Protection of cccDNA by manipulation of host
systems

HBV cccDNA is vital to the persistence of HBV.
Unsurprisingly, many cccDNA-targeting drug candidates
are undergoing evaluation in preclinical and/or clinical
trials. Of these drugs, disubstituted sulfonamide
compounds were identified as specific inhibitors of
cccDNA formation, and were shown to interfere with
the conversion of relaxed circular DNA to cccDNA (37).
Indeed, activation of the lymphotoxin-B receptor was
reported to alter the specific degradation of nuclear
cccDNA by a cytidine-deamination mechanism via
APOBEC3B upregulation (38), which resembles activation
of APOBEC3A by IFN-o.

Recently, observations on HBV’ protection of cccDNA
were reported by Decorsiere et al. (39). HBx protein was
reported to interact with damaged DNA binding protein
1 (DDBI), which is a component of the cullin 4 (CUL4)-
DDBI1 ubiquitin ligase complex (40,41). In addition to
HBYV, simian virus 5 (42), human parainfluenza virus 2 (43),
mumps virus, HIV-I (44,45), HIV-II (46), murine
gammaherpesvirus 68 (47), and Epstein-Barr virus (48) have
all been observed to target the ubiquitin ligase activity of
the CUL4-DDBI1 E3 ligase, in order to counteract the host
innate immune response and establish persistent infection.
Decorsiére et al. found that HBx causes the CUL4-DDBI
E3 ligase to target and degrade the structural maintenance
of chromosomes (Smc) 5/6 complex. The Smc 5/6 complex
appears to bind to only episomal HBV DNA and thereby
inhibit its transcription, but does not appear to bind to
chromosomally-integrated HBV DNA. Thus, this report
indicated that Smc 5/6 acts as a cellular antiviral factor and
that HBx manipulates the host ubiquitin-proteasome system
to degrade the Smc 5/6 complex, thereby enabling HBV

infection to persist.
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Conclusions

In this review, we described the current understanding
of the mechanisms behind HBV-induced hepatitis
development from the perspective of the host immune
response. We also focused on the mechanisms by which
HBV protects cccDNA. Further research into these
mechanisms is essential to develop treatments that will
eliminate cccDNA from HBV carriers, and to ultimately
eradicate HBV worldwide.
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