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Abstract Hepatitis B virus (HBV) currently infects an
estimated population of 2 billion individuals in the world,
including 400 million people with chronic HBV infection.
HBYV virology, replication and the host’s immune response
to HBV infection contribute to different infection out-
comes. Acute hepatitis HBV infection is self-limiting but it
leaves a residual infection that can become active in an
individual during immunosuppression. In chronic HBV
infection, the virus persistently replicates in hepatocytes
leading to immune mediated hepatocellular damage. De-
spite the inability to remove the virus in more than 70 % of
patients, current treatments for chronic HBV infection,
interferon alpha and antiviral nucleotide/nucleoside ana-
logues, aim to reduce viral replication to prevent or at least
delay the progression to cirrhosis and hepatocellular car-
cinoma. In both self resolved acute and persistent HBV
infection, the long term existence of chromatinised cova-
lently closed circular DNA (cccDNA) in the nuclei of in-
fected hepatocytes cannot be targeted by current treatments
to eliminate these templates to eradicate the viral persis-
tence. Identifying the mechanisms involve in the removal
of infected hepatocytes will be useful as treatment options.
In this context, DNA based novel therapeutic and immu-
nization strategies might help to remove stable cccDNA
and thus viral persistence.
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Introduction

Hepatitis B virus (HBV) infection is a major public health
problem in Southeast Asian, South Asian and African
countries with increasingly high prevalence and mortality.
HBYV currently infects an estimated 2 billion people globally,
including 400 million individuals with chronic HBV infec-
tion [1, 2]. HBV transmission occurs via parenteral routes
that include needle stick injury, blood transfusion, organ
transplantation and sexual contact. Horizontal transmission
from infected mothers to neonates is also an important route
of transmission in areas where HBV is hyper-endemic. Pa-
tients such as hemophiliacs who undergo blood transfusion,
individuals in occupations such as dentistry and surgery,
health care staff in other disciplines, neonates of infected
mothers and intravenous drug users are at high risk of HBV
infection due to possible frequent exposures. HBV carriers
can be a major source of infection for individuals who live in
the same household and share razors or toothbrushes [1, 2].

The highest prevalence of HBV (>8 %) is seen sub-
Saharan Africa, Southeast Asia, the South Pacific Islands
and the Artic/sub-Artic region, including Western Alaska,
the Baffin Archipelago of Canada and all of Greenland [1,
3]. Some regions have an intermediate HBV prevalence.
These include much of the Mediterranean region, Southern
Europe and North Africa, Eastern Europe, Russia, the
Middle East, and the Indian subcontinent and parts of
South America [1]. HBV transmission in endemic regions
mainly occurs through chronically infected carrier mothers
to neonates and by un-recognized accidental exposure to
infected blood or body fluids, especially in children and
adults who are in the same household as infected indi-
viduals. The prevalence of chronic HBV infection is in-
versely correlated with age at the time of infection, hence,
>90 % perinatal infections progress to chronic HBV
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infection. Based on a long-term study conducted in Taiwan,
>25 % of HBV infections in preschool children and <4 %
of infections in adolescents progressed to chronicity [4, 5].

In regions where HBV is moderately (2-7 %) or less
(<2 %) prevalent, infection of adults is very common.
Adults can be infected via unprotected sexual intercourse or
by intravenous drug use. It is also possible that HBV
transmission is not restricted to those who practice risky
behaviours. HBV is viable for a long time in the environment
as shown in a study conducted by the Centre for Disease
Control (CDC). A highly infective serum placed on a glass
slide left in the environment for a week, was infective to a
chimpanzee (McMahon 2005). This suggests that any kind
of accidental exposure to articles contaminated by blood and
body fluids of HBV carriers could also transmit the infec-
tion. In countries where HBV prevalence is low or moderate,
immunization of health care workers is carried out as they
are at increased risk. However, immunizing specific groups
has not reduced the overall prevalence of HBV worldwide
[1, 4]. Hence, in the last decade many countries have moved
towards universal vaccination against HBV infection.

This review focuses on HBV infection with reference to
virology, immune response to HBV, existing treatment
options including prophylactic vaccination and new
therapeutic approaches for chronic hepatitis B (CHB).

Natural history of HBV infections
Historical aspects

Although viral hepatitis dates back to the fifth century BC,
it was only in 1963 that Blumberg and colleagues, who
were searching for polymorphic serum proteins, discovered
HBsAg in the blood of an Aboriginal Australian [6] and
HBV was then distinguished from other serum hepatitis
viruses [7, 8]. A few years later Dane and his colleagues
showed the presence of virus-like particles (VLP) in the
serum of HBV infected patients using immuno-electron
microscopy [9]. Dane’s discovery was confirmed with the
identification of an endogenous polymerase activity within
HBV core particles [10]. Subsequently, the proteins and
genome of the HBV were identified and HBV became the
first recognized human hepatitis virus [10-12].

Basic properties of HBV

HBV belongs to the genus Orthohepadnavirus of the
family Hepadnaviridae. The HBV virion is spherical with a
diameter of 42 nm. The virion is composed of an envelope
enclosing a capsid, which contains the viral DNA which is
partially double stranded, and a polymerase protein [13].
The HBV virus has a genome of 3.2 kb which contains
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partially overlapping open reading frames (ORF): encoding
for polymerase (P), core protein (C), envelope proteins
(S) (which includes three forms of HBsAg called small (S),
middle (M) and large (L)) and a transcriptional trans-ac-
tivator protein (X), which is believed to be associated with
oncogenesis in hepatocellular carcinoma (HCC) [13, 14].

HBY replication

Virus entry is believed to occur through receptor mediated
endocytosis (RME), but the actual receptors involved have
not been identified. A region within the pre-S1 of L-HBs has
been identified as being involved in binding to hepatocytes
[15]. More recent data suggest that pre-S1 of L governs the
entry process. Only a small number of virions that have pre-
S1 with the correct topology will bind and enter the host cell.
Furthermore, monoclonal antibodies against amino acid
(AA) 31-31 of the pre-S1-domain inhibit the attachment of
HBYV to the primary human hepatocytes (PHH) supporting
the importance of pre-S1 in the entry process [16].

After entering the hepatocyte nucleus, the rcDNA gen-
ome is converted to covalently closed circular DNA
(cccDNA) through a series of molecular changes such as
completion of the positive DNA strand, removal of the
covalently bound Pol, removal of the RNA primer, ligation
of the gaps in the positive and negative strands, and su-
percoiling of the DNA [17, 18]. These cccDNA molecules
are stable and act as a reservoir for HBV infection. Fur-
thermore, cccDNA is highly resistant to anti-viral therapies
and thus it is difficult to clear these molecules from the
liver in the absence of hepatocyte division [19].

Immature nucleocapsids are formed by packaging of
pgRNA within nucleocapsids in the cytoplasm of the cell
[20]. After packaging of pgRNA, the viral polymerase fa-
cilitates the conversion of pgRNA to the rcDNA genome.
Mature nucleocapsids containing rcDNA genomes are then
recycled to the nucleus to form a pool of cccDNA (Fig. 1),
ranging from 30 to 50 copies of cccDNA per cell [21], or
are exported from the cell via the endoplasmic reticulum
(ER), where nucleocapsids are enveloped in surface pro-
teins embedded in host-derived lipid [22-24].

However, there are more studies emerging on HBV
virion formation and release. Surface protein synthesis
occurs in the ER where the cytoplasmically preformed
nucleocapsids are enveloped with these surface proteins
and then released via the constitutional secretion pathway
[25]. The envelopment results from highly co-ordinated
biological interactions between the nucleocapsids and the
cytoplasmically exposed pre-S region of the L protein. The
S protein plays a major role in the secretion and the bud-
ding of virus particles. Budding of surface proteins without
the nucleocapsids and virus genome into the ER lumen
results in the production of sub-viral particles (SVPs) [24].
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Fig. 1 Schematic diagram showing the different stages of hepad-
navirus life cycle during replication—adapted from Jilbert et al. [17].
cccDNA Covalently closed circular DNA, RT Reverse transcriptase,
rcDNA Relaxed circular DNA, DSL DNA Double stranded linear DNA

Infection outcomes

Hepadnavirus infection gives rise to two possible out-
comes; acute or chronic infection [1]. In humans, 1-5 % of
adults infected with HBV develop chronic infection, while
the remainder clears the infection. Approximately 25-50 %
of children infected with HBV at ages 1-5 develop chronic
infection, as do 90 % of infants infected at birth, suggest-
ing an age-dependent infection outcome [26].

Acute or transient HBV infection

An acute HBV infection occurs when HBsAg is eliminated
from the serum and alanine aminotransferase (ALT) levels
return to normal in less than 6 months. Although it was ini-
tially believed that HBV DNA is eliminated from the serum

and liver, traces of DNA may be detectable by sensitive PCR
assays [27]. Acute infection lasting for 6 months is quite
unusual for a viral infection, as in most cases acute infections
occur if the virus is rapidly eliminated, but given the long
incubation period of HBV and the resultant slow develop-
ment of the immune response, this is not surprising.

Strong cell-mediated immune (CMI) responses to surface,
core and polymerase proteins are described during transient
HBYV infections, as well as humoral immune responses to the
surface, core, e-antigen and polymerase proteins [28]. Both
types of immune response can facilitate clearance of the
virus. Anti-HBs antibodies produced by the humoral im-
mune response are able to bind HBV surface proteins, which
may serve two purposes. Firstly, they may block receptors
necessary for attachment to hepatocytes, and secondly, they
may facilitate the removal of virus from the blood by op-
sonising virus particles for engulfment by phagocytes [29].
T-cells generated by CMI response may facilitate clearance
of the virus in two ways. Firstly, CD8+ T-cells may cause
infected hepatocytes to undergo apoptosis and secondly,
T-cells may secrete cytokines, which may lead to non-cy-
tolytic clearance of the virus [30]. The relative contribution
of the both types of immune response in the clearance of
HBYV infection in humans is not well understood.

In addition to adaptive immunity, innate immunity may
also play a role in the clearance of hepadnavirus infections.
An early innate immune response in many viral infections
is the production of interferon alpha (IFN-a), interferon
beta (IFN-B) and interleukin-2 (IL-2) [31]. In addition,
various cells of the innate immune system may also have
roles in clearing hepadnavirus infection. Natural killer
(NK) cells have been shown to play a role in controlling
hepadnavirus infections. They have both cytolytic and non-
cytolytic antiviral functions, being able to induce apoptosis
of cells by down-regulating expression of major histo-
compatibility complex (MHC) class I, and also producing
antiviral cytokines such as IFN-o and tumour necrosis
factor alpha (TNF-o) [32]. Macrophages, granulocytes and
NK T cells may also play a role in clearance of hepad-
navirus infections, although the role of these cells in viral
clearance is poorly understood [33]. Other components of
the innate immune response that may be important in
clearance of viruses are the toll-like receptors (TLRs).
These are a range of molecules able to recognise certain
foreign structures which are also called pathogen-specific
molecular patterns (PAMPs). They activate cell-signalling
pathways leading to maturation of dendritic cells, expres-
sion of co-stimulatory molecules and secretion of type I
interferons. The TLRs that have been shown to be activated
during virus infection are TLR3, TLR9, TLR7, TLRS,
TLR2 and TLR4 [34] and they may make some contribu-
tion to hepadnavirus clearance [35].
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Chronic infection

Chronic HBV infection is defined as the failure to clear
HBsAg from the serum of a HBV-infected individual for
more than 6 months (McMahon 2005). There are three
common phases in the natural history of chronic HBV in-
fection (Fig. 2) [27].

The first phase is called the immune tolerance phase and
this occurs when the infection is contracted during child-
hood and lasts for 1-2 decades. Individuals in this phase
have high levels of serum HBV DNA (10’-10'" copies/mL)
with normal ALT levels as the liver necroinflammatory
changes are minimal [36]. HBeAg, a truncated transcrip-
tional product of HBV core gene, is present in the serum
during immune tolerance phase. This scenario supports the
postulates of HBeAg being a tolerising protein to induce T
cell tolerance.

The second phase is called the immune clearance
phase in which there is an increased level of HBcAg
expression in the infected hepatocytes presented by the
antigen presenting cells (APC) leading to immune me-
diated death of infected hepatocytes by the CTL re-
sponse, resulting in increased ALT levels in the serum.
However, the immune response is often not sufficient to
eradicate the virus but it contributes to continued liver
damage [37]. Based on the nature of the immune re-
sponse during the immune clearance phase, chronically
HBV infected (CHB) patients may develop fibrosis or
cirthosis of the liver [1, 27]. After repeated attempts of
immune response, virus replication will be suppressed
due to the reduced number of infected hepatocytes and

Fig. 2 Natural history Phase Immune tolerance
illustrating the different phases

of chronic HBV infection—

adapted from Yuen and Lai Decade  1st-2nd

[39]. HBeAg HBV e antigen, of life

HBsAg HBV surface antigen,
HCC hepatocellular carcinoma,
ALT alanine aminotransferase

then the CHB patients often seroconvert to anti-HBe
antibodies [1, 38, 39].

Seroconversion to anti-HBe antibodies indicates entry
into the third “residual” phase or “inactive” carrier state
where patients have lower serum HBV DNA levels (Fig. 2)
and persistently lower ALT levels [27]. This is a long phase
where the patients have anti-HBe antibodies and relatively
low levels of HBV DNA between 10° and 10° copies/mL.
Although most patients have normal ALT levels, some may
have mild to moderate elevations. During this phase
0.2-2.0 % of CHB patients may clear HBsAg from the
serum and seroconvert to anti-HBs antibodies [1, 38, 39].

Approximately 30 % patients will undergo reactivation
(sometimes called the fourth phase) with occasional reversion
to HBeAg-positivity. Reactivation after the sero-conversion
to anti-HBe antibodies is called HBeAg-negative chronic
HBYV infection. Some think that it is misleading to call reac-
tivation the fourth phase because some patients may have
continued liver damage and elevated ALT levels even after
sero-converting anti-HBe antibodies [1, 38, 39]. Moreover,
the majority of the patients who acquired the infection in
childhood, after sero-converting to anti-HBe antibodies, will
go on to the reactivation phase without symptoms of cirrhosis
or hepatocellular carcinoma (HCC) [27, 40, 41].

Vaccines for prevention of HBV infection
In general two types of HBV vaccines are widely used for

prophylaxis. The first is a plasma derived vaccine composed
of HBsAg particles purified from the serum of chronic HBV

Immune Clearance Late or Residual

3rd-5th 4th-5% onward

Persistent low grade viraemia

Reactivation

HBeAg

@ Springer

HBsAg
Seroclearance




Hepatitis B virus infection: An insight into infection outcomes and recent treatment options 5

carriers. The second is a genetically engineered recombinant
vaccine where the HBV S gene is expressed in yeast via a
plasmid vector to produce HBsAg VLP. Both of these HBV
vaccines are highly immunogenic and result in the produc-
tion of anti-HBs antibodies and restrict infections caused by
all subtypes and genotypes of HBV. Three intramuscular
doses of HBV vaccine confer protective immunity in
95-99 % of healthy infants, children, and young adults [4].
However, these vaccines fail to produce protective immunity
in individuals who are more than 40 years of age and in
individuals who are immuno-compromised [42]. Immunis-
ing neonates born to carrier mothers with immuno-globulins
against HBV plus HBV vaccine can prevent the development
of chronic infection in >90 % of neonates [4, 43]. Universal
neonatal immunisation is practiced in some countries that
experience hyper-endemic HBV infection. Adopting uni-
versal neonatal immunisation has been shown to reduce the
number of HBV carriers and HBV associated primary liver
cancer or HCC in Taiwan [4, 43].

The immune response to vaccination is assessed by
measuring the anti-HBs level 6-8 weeks after the last dose
of the vaccine. It is shown that about 5-10 % of immune-
competent individuals do not develop a sufficient immune
response to a standard HBV vaccination [44]. Non-re-
sponsiveness to HBV vaccination is defined as antibody
titre of anti-HBs <10 mIU/mL. Anti-HBs levels between
10-100 mIU/mL is referred as hypo-responsiveness to the
HBYV vaccine and levels >100 mIU/mL is taken as high
immune response. The anti-HBs levels of >10 mIU/mL is
generally considered as protective against HBV infection
[45]. In immuno-competent individuals booster of HBV
vaccination is not recommended up to 20 years after
completing the HBV vaccination. Most of the available
data on immunity against HBV are done between 1 and
20 years after completing the HBV vaccination [46, 47].
However, in immuno-compromised or non-immune indi-
viduals booster of HBV vaccination is recommended [48].

Treatment for chronic HBV

In the majority of adults HBV infection is self-limiting and
does not require any treatment similar to many other viral
infections. In chronic HBV infection the virus persistently
replicates in hepatocytes leading to immune mediated
hepatocyte damage. Therapies have been instituted to in-
hibit viral replication to prevent or at least to delay the
progression of hepatitis to cirrhosis and HCC. A number of
prophylactic and treatment measures using HBV vaccines,
immunomodulators such as interferon alpha (IFN-o) and
pegylated IFN-a (peg IFN-o) and antiviral agents called
nucleotide/nucleoside analogues (NAs) have been devel-
oped for the treatment of chronic HBV infection [49-51].

Currently approved therapies for chronic HBV
infection

Currently approved therapies by the Food and Drug Ad-
ministration (FDA) for chronic HBV infection are IFN-o
and peglFN-o and the NAs, 3TC, AFV and ETV. Perma-
nent loss of HBV DNA including cccDNA and sero-con-
version from HBeAg to anti-HBe antibodies and/or HBsAg
to anti-HBsAg antibodies indicates a positive response to
treatment. A positive response to treatment is usually as-
sociated with an improvement in necro-inflammation of the
liver according to the protocols developed by the World
Health Organisation (WHO) for therapy for chronic HBV
infection [50-53]. However, more recent data suggest that
loss of HBsAg gives a better SVR than the loss of HBV
DNA among patients who respond to the therapy with
peglFN-a. Approximately 10 % peglFN-a treated patients
who lost HBsAg in the serum at the end of treatment
endpoint eventually cleared HBV [54].

Antiviral resistance to NAs

In general, NA treatments are administered until the pa-
tients seroconvert to anti-HBs or anti-HBe antibodies [52].
In many clinical cases sero-conversion takes more than a
year and in this time HBV becomes resistant to NA, cre-
ating a NA-resistant HBV mutant strain. Emergence of
resistant strains is associated with a reduction in the viral
fitness due to the inherent rate of mutations that occurs in
HBYV due to error-prone proof-reading capacity [51]. The
selection of additional mutations that favour growth of the
virus under a drug treatment modifies the resistance dy-
namics of the virus [55].

This has been shown by in vitro experiments as repli-
cation deficient phenotype of HBV or reduction plasma
virus load in treated patients. However, under the selection
pressure of a drug, the resistant clone of a HBV can
replicate relatively faster due to the growth advantage [55].

Hence, drug resistance has been widely reported with
NA monotherapy, which is the common treatment modality
used against chronic hepatitis B virus infection [19, 52].
Conventional NA therapies also fail to reduce the levels of
cccDNA in infected hepatocytes to a significantly low level
at which the immune system can counteract to overcome
the infection by targeting the HBV infected hepatocytes
either through cytolytic killing or non-cytolytic mechan-
isms or both [19, 56].

Finding new treatment modalities using novel
therapeutic approaches and enhancing existing therapies by
combining the appropriate NAs to overcome the emer-
gence of antiviral resistance will lead to better response to
treatment for chronic HBV infection. Combination thera-
pies have been shown to be more successful than the
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monotherapies for a number of infectious diseases such as
tuberculosis and AIDS [56, 57].

Ongoing and future developments on CHB therapy

In the recent past DNA based treatments using nucleic acid
polymers (NAP) have shown excellent anti-viral activity at
preclinical levels [58, 59]. Results of a preliminary inves-
tigation show that two CHB patients that received weekly
treatment of a particular NAP lost HBsAg and developed
sustained virological response including anti-HBs response
in some patients [60, 61]. This data is very promising as
HBsAg loss and sero-conversion to anti-HBs antibodies are
only rarely achieved with current NA monotherapy regi-
mens even after 2 years of therapy in >90 % patients.
Further studies in other CHB patients are underway.

NAPs also have future clinical applications in prevent-
ing rebound of HBV infection following liver transplan-
tation. NAPs target the amphipathic domain(s) that is/are
structurally conserved in enveloped viruses, independent of
their sequence relatedness. This feature may make NAPs
an attractive broad spectrum antiviral against many viruses
including HBV, HCV, HIV and herpes viruses. NAPs ap-
peared to interact with sequence independent but struc-
turally conserved targets which would make the multiple
mutations that occur during the emergence of antiviral
resistance less likely. Hence, they would minimise the
problems associated with antiviral resistance.

Promising results of a combination regimen of TFV and
FTC against persistent duck HBV infection provides support
for this approach in treating CHB patients, as suggested by
studies in which this combination was used to treat HIV/
HBYV co-infected patients. More studies are needed to test the
ability of TFV-FTC combination therapy to induce cccDNA
clearance and prevent the rebound that commonly occurs
following the cessation of NA monotherapy [62].

Another novel approach to treat CHB patients will be
combining NAPs with conventional NA therapy. This will
help to target multiple stages of HBV replication and can
overcome the problems of antiviral resistance with better
treatment outcomes in CHB patients. For example, such a
combination antiviral therapy might be used in transplant
recipients to effectively eliminate the risk of escape mu-
tants and thus terminate HBV replication.

Concluding remarks
Despite the availability of a vaccine, consequences of the
chronic HBV infection is still a major public health issue in

South and Southeast Asian and African countries. HBV
infection in the majority of adults results in an acute
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infection which even with a clinical hepatitis resolves.
However, in children majority of the infections become
mild but progress to a persistent infection resulting in
continuous virus replication and hepatocellular damage due
to immune mediated mechanisms. How some clear the
virus from a HBV infection and others end up having
persistent or chronic infection is also not clear. A few
treatment options including IFN-o and NAs such as 3TC,
AFV and ETV are currently available for CHB. However,
permanent loss of HBV DNA including cccDNA which is
the critical factor for viral persistence in chronic HBV in-
fection is not removed by the current treatment modalities.
A rare minority of the treated patients responds to treat-
ment and has improvement in necro-inflammation of the
liver with sero-conversion to anti-HBs. More recent data
suggest that loss of HBsAg gives a better SVR than the loss
of HBV DNA among patients who respond to pegIFN-a
therapy. Novel treatment strategies including the DNA
based antiviral agents as mono or combination therapies
that target the cccDNA will be handy in achieving the
removal of viral persistence and thus a resolution of in-
fection in individuals with CHB.
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