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Hepatitis B virus (HBV) is one of the most common causes of liver cirrhosis and hepatocellular carcinoma.
Despite recent strides in pharmacotherapy, complete cure of HBV infection still remains an enigma. The biggest
obstacle in HBV therapy is clearance of covalently closed circular deoxyribonucleic acid (cccDNA). We discuss
about the role of cccDNA in HBV life cycle, efficacy and shortcomings of currently available antivirals as well as
promising novel targets to achieve ideal HBV cure. ( J CLIN EXP HEPATOL 2018;8:188–194)

Hepatitis B virus (HBV) infection has emerged as a
major health concern for regions all over the
world. Almost 2 billion people worldwide are

estimated to be infected with HBV. Around 10% of this
population, have chronic infection with HBV and are at
risk of developing disastrous complications like liver cir-
rhosis and hepatocellular carcinoma.1 Prior to 21st cen-
tury public health funding and research was mainly
directed toward communicable diseases like tuberculosis,
malaria and Human Immunodeficiency Virus (HIV) infec-
tions. A recent global burden of disease study has shown
that unlike most other communicable diseases, viral hep-
atitis has been on the rise. The absolute burden and global
rank of viral hepatitis in causing mortality worldwide has
increased significantly in the last decade. Between 1990
and 2013 global viral hepatitis deaths, and disability
adjusted life years have increased from 0.89 million to
1.45 million and 31.7 million to 42.5 million respectively.2

PRESENT ANTIVIRALS AND THEIR
LIMITATIONS

The currently available anti-HBV therapy consists of Inter-
feron (Standard and Pegylated) and Nucleos(t)ide agents
Lamivudine, Adefovir, Telbuvidine, Tenofovir and Enteca-
vir. Interferon acts predominantly by inhibition of HBV
replication and clearance of infected hepatocytes through

stimulation of cell mediated immunity. It also inhibits viral
transcription independent of immune cell; through
engagement of cell surface receptors and subsequent acti-
vation of pathways that lead to increased expression of
intracellular genes which cause breakdown in viral RNAs.3

They have weaker antiviral action as compared to Nucleos
(t)ides and an unfavorable side effect profile.4 The advent
of oral Nucleos(t)ide analogues made treatment protocols
easier with once daily oral dosing. Older agents (Lamivu-
dine, Adefovir, Telbivudine) have fallen out of favor mainly
due to high rates of resistance. This problem has been
vastly overcome by Tenofovir and Entecavir which have
high barrier to resistance as well high antiviral potency.5,6

Currently available antivirals for HBV suffer from sev-
eral limitations. At best they can achieve only a “functional
cure” in HBV which is defined by absence of detectable
HBV deoxyribonucleic acid (DNA) in peripheral blood and
hepatitis B e antigen (HBeAg)/HBV surface antigen
(HBsAg) loss with or without seroconversion in HBeAg
+ve chronic hepatitis B or HBsAg loss with/without sero-
conversion in HBeAg �ve chronic hepatitis B. Highest
efficacy of these antivirals is seen in suppressing the blood
HBV DNA levels eventually making it undetectable on
long-term therapy in up to 90% of both HBeAg +ve and
HBeAg �ve patients treated with Nucleot(s)ide ana-
logues.7,8 The next most achievable target is loss of HBeAg
and seroconversion to anti-HBe. The cumulative rates
achieved with one year of Interferon therapy and long-
term therapy with Tenofovir and Entecavir (5–7 years) is
reported to be around 30–45%.8–10 These antivirals have
even more dismal results when clearance of HBsAg is
considered. After one year of IFN therapy, rates of HBsAg
clearance in both HBeAg +ve and HBeAg �ve patients was
3–5% at 6 months post completion of therapy; increasing
to 11% at 4 year follow up.9,11 With Nucleos(t)ide thera-
pies the success rate of HBsAg loss is much better in
HBeAg +ve patients achieving rate of about 12% with 7
years of Tenofovir therapy.8 Extremely dismal HBsAg

Keywords: cccDNA, HBV, antivirals
Received: 20 March 2017; Accepted: 30 October 2017; Available online: 7
November 2017
Address for correspondence: Anil Arora, Senior Consultant, Department of
Gastroenterology & Hepatology, Sir Ganga Ram Hospital, Rajinder
Nagar, New Delhi 110 060, India. Tel.: +91 9311638779; fax: +91 11
25861002.
E-mail: dranilarora50@gmail.com
Abbreviations: ccc: covalently closed circular; DNA: deoxyribonucleic acid;
HBV: hepatitis B virus
https://doi.org/10.1016/j.jceh.2017.10.002

Review Article JOURNAL OF CLINICAL AND EXPERIMENTAL HEPATOLOGY

Journal of Clinical and Experimental Hepatology | June 2018 | Vol. 8 | No. 2 | 188–194 ã 2017 INASL.

H
ep

a
titis

B

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jceh.2017.10.002&domain=pdf
mailto:dranilarora50@gmail.com
https://doi.org/10.1016/j.jceh.2017.10.002


clearance rates of around 1.4% per annum are seen with
these agents in HBeAg �ve patients10,12 which is only as
good as rate of spontaneous annual HBsAg clearance rate
of 1.3%13 (Table 1).

Unfortunately it has been observed that even after
achieving “functional cure”; an individual is not guaran-
teed of complete protection from HBV related complica-
tions. Reactivation of HBV in previously treated patients
who had achieved “functional cure” is a common phenom-
enon.14 This usually occurs in situations associated with
change in immunological response to HBV as with immu-
nosuppressive therapy (corticosteroids, cancer chemother-
apy, antirejection drugs in organ transplantation, etc.).
Also it is well known that occult HBV infection carriers
(i.e. HBsAg �ve negative patients with positive HBV DNA
in the liver with/without extremely low blood HBV DNA
levels) may be a source of HBV transmission through blood
transfusion and orthotopic liver transplantation.15 Even
more concerning is the finding that hepatocellular carci-
noma can still occur in patients who have even achieved
HBsAg loss.16 Considering the fact that HBsAg loss is
considered the zenith of achievable treatment goal with
current antivirals; this fact is dispiriting and questions the
achievable treatment benchmarks of current therapy.

Thanks to extensive research, it is now clear that in the
dynamics of HBV life cycle, some amount of HBV DNA
gets incorporated into the host DNA, while the rest gets
converted to covalently closed circular DNA (cccDNA)
which is virtually never cleared from the hepatocyte.
Hence the concept of “complete cure” which incorporates
above treatment goals with loss of cccDNA is a more
desirable goal of HBV therapy.

HEPATITIS B VIRUS LIFECYCLE AND ROLE
OF COVALENTLY CLOSED CIRCULAR
DEOXYRIBONUCLEIC ACID

It is imperative to know the HBV lifecycle prior to under-
standing the lacunae with current antivirals and its sol-
utions. HBV is a DNA virus, belonging to Hepadnaviridae

family. An icosahedral capsid lodges the relaxed circular
partially double stranded DNA (rcDNA) and viral poly-
merase. A surface envelope surrounds the nucleocapsid
complex. The sodium taurocholate cotransporting poly-
peptide (NTCP) which is normally involved in bile acid
transport has been identified as the major (but not the
only one) target of HBV for infecting hepatocytes. After
uncoating in cytoplasm of the hepatocyte, the naked
nucleocapsid is transported to the nucleus. Here the
HBV DNA can have two fates; it either gets integrated
in the host genome, or gets converted into covalently
closed circular DNA (cccDNA). The resulting cccDNA is
the template for transcription of the pregenomic RNA
(pgRNA) and several subgenomic RNAs. In turn, the
pgRNA acts as the template for reverse transcription
and translation of the core and polymerase proteins. A
unique feature of HBV replication is the formation of
nucleocapsid in the cytosol of hepatocyte; which during
the process of formation also incorporates the pgRNA and
viral polymerase (Pol). Reverse transcription occurs after
this step in the nucleocapsid and negative stranded DNA
is formed from pgRNA by the action of Pol. Subsequent
steps are destruction of pgRNA and formation of positive
stranded DNA by action of Pol. The mature nucleocapsid
thus formed is either tagged for secretion and envelop-
ment with various surface proteins; or is recycled to fur-
ther replenish and amplify the cccDNA pool.17

The cccDNA exists as a minichromosome with a typical
beads on string pattern consisting of histone and nucleo-
somal proteins.18 Epigenetic modifications like histone
acetylation and DNA methylation play a role in transcrip-
tional activity of ccDNA.19

Measurement of cccDNA is feasible with some assays
which rely on amplification of cccDNA after action with
deoxyribonuclease and cccDNA-specific primers.20,21

However specificity of these assays is questionable as
the quantitative PCR also detects the vast excess of relaxed
circular DNA is present in infected hepatocytes giving
false positive results. Presently, when ideal assays of
cccDNA are awaited, HBsAg can be used as a surrogate

Table 1 Efficacy of Currently Available Antivirals for Treatment of HBV.

HBeAg +ve CHB HBeAg �ve CHB cccDNA decline

HBeAg loss HBsAg loss HBsAg loss

1 year >1 year 1 year 2 year 1 year >1 year 1 year

Pegylated interferon 27 NA 3 NA 4 8 @ 3 years ND

Lamivudine 16–21 50 @ 5 years �1 3 �1 NA 1 log

Adefovir 12 43 @ 3 years 0 NA 0 5 @ 5 years 0.8 log

Telbivudine 22 30 @ 2 years <1 NA <1 NA NA

Entecavir 21 39 @ 3 years 2 5 <1 NA 1 log

Tenofovir 21 ND 3 5 @ 64 weeks 0 NA NA

NA = data not available.
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marker to quantify cccDNA levels especially in HBeAg
positive patients.22

Studies have shown that cccDNA pool can reach an
average of 5–50 copies per cell through process of intra-
cellular recycling.23 Levels of cccDNA have been found to
correlate with markers of active viral replication, being
higher HBeAg-positive patients compared to HBeAg-neg-
ative patients, inactive carriers, and HBsAg cleared
patients.21 Also as compared to HBsAg positive patients,
intrahepatic cccDNA levels are lower in HBsAg-negative
patients.24 Patients with occult HBV infection also have
demonstrable cccDNA. The occurrence of HBV reactiva-
tion leading to clinical flares proves the fact that cccDNA
is replication competent.25

ROLE OF IMMUNITY IN HEPATITIS B VIRUS
INFECTION

The magnitude of liver injury in HBV infection is primarily
determined by the host immunity and not by the virus per
se as HBV is non-cytopathic. Whereas innate immunity
(predominantly natural killer cells and interferons) induces
a non-specific response; the adaptive immune system
(including antibodies as well as CD4+ and CD8+ lympho-
cytes) is responsible for a more specific and robust
response. CD4+ T lymphocytes need antigen (i.e. infected
hepatocyte) presentation in conjunction with class II major
histocompatibility complex (MHC) molecules. Once acti-
vated, CD4+ cells help in producing cytokines and neu-
tralizing antibodies to combat HBV. For CD8+ cytotoxic T
cells (CTL) to act, infected hepatocytes must be processed
and presented with class I MHC molecules. Once bound to
infected hepatocyte, the CTLs bring about hepatocyte lysis.
Cellular arm of the immune response is the more impor-
tant mechanism of immunity in HBV infection.26

During acute HBV infection, a robust immune
response is mediated initially by innate immunity cells
which release various cytokines. Later CD8+ T cells, driven
by type 1 helper T cells continue the immune attack and
infiltrate the liver and are HBV specific. These cellular
responses are HBV specific and very powerful yet self-
limited. A contrastingly weak and poorly focused T cell
response against HBV is seen in chronic HBV infections.27

TARGETING COVALENTLY CLOSED
CIRCULAR DEOXYRIBONUCLEIC ACID

The effect of presently available antivirals for HBV infec-
tion are not very encouraging. Adefovir, Entecavir or Lam-
ivudine treatment for 48 weeks results in the reduction of
intrahepatic cccDNA by 0.8–1.0 log21,28 (Table 1). As
Interferons act through immune modulation, they may
be better placed in causing cccDNA reduction as com-
pared to long term Nucleos(t)ide therapy. A combination

treatment with pegylated IFN-a2b and adefovir or pegy-
lated IFN-a2b plus entecavir has been shown to reduce
cccDNA by 2.4 logs and 1.4 logs respectively.29,30 The
individual efficacy of Interferon in reducing cccDNA levels
is as yet unknown though previous attempts have yielded
exciting conclusions.31 In a recent study, Chuaypen et al.22

measured the levels of intrahepatic DNA in paired liver
biopsy specimens before and after Interferon therapy.

The failure of Nucleos(t)ide analogues in clearing
cccDNA could be partly explained through dynamics of
viral and hepatocyte replication. It is estimated that the
half-life of HBV virion is 1 day while that of a rapidly
replicating infected hepatocyte is 10–100 days.32 During
the treatment course of HBV, reduction in viral popula-
tion occurs in a typical biphasic pattern.33,34 The initial
spike is due to rapid clearance of viral particles from the
serum as they have shorter half-lives, while the delayed
peak is attributable to destruction of infected hepatocytes
with longer half-lives. Based on these dynamics, it is
estimated to take around 15 years for complete eradica-
tion of cccDNA with Nucleos(t)ide therapy,25 and hence
seems an unreasonable goal.

Due to these limitations, novel strategies have been
proposed for elimination of cccDNA. Currently 3 methods
of destruction of cccDNA have been identified based on
host targeting or agents which directly act on cccDNA.
Mechanisms of host targeting include destruction of the
infected hepatocyte (cytolysis) and dilution of cccDNA by
replacement with regenerating uninfected cells. Directly
acting agents act through non cytolytic specific destruc-
tion of cccDNA (Figures 1 and 2).

NOVEL HOST TARGETING AGENTS

The essential role played by cytolytic destruction of
infected hepatocytes in clearing HBV DNA was classically
demonstrated by Fourel et al.35 They demonstrated in
HBV infected duck hepatocytes that rapid clearance of
infected hepatocytes was caused not just by the inhibition
of viral replication but also by an acceleration of the rate of
hepatocyte turnover. Even in humans it is clear that

Figure 1 HBV life cycle and potential targets for drug action.
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hepatocyte turnover is much more rapid in HBV infected
liver than in healthy liver, possibly as a protective mecha-
nism.17 It has been established that CD8+ve T cells play a
central role in destruction of HBV infected hepatocytes.36

Researchers have engineered T cells with chimeric recep-
tors directed against HBV surface proteins which have
demonstrated efficacy in destroying HBV infected hepa-
tocytes both in vivo and in vitro.37,38

After destruction of the HBV infected cells, it is postu-
lated that regenerating uninfected hepatocytes proliferate
and eventually replace the infected cell population.39,40

Summers et al. demonstrated that in woodchucks infected
chronically infected with woodchuck hepatitis virus which
were treated with nucleoside analogue; the viral cccDNA
declined 20- to 100-fold although the frequency of the
integrated WHV remained relatively constant over the
course of treatment. They thus concluded that the unin-
fected hepatocytes were derived from the infected hepato-
cyte population.39 Subsequently the same group also
demonstrated clonal expansion of hepatocytes during
chronic WHV infection which was responsible for high
degree of hepatocyte proliferation and selection which
occurred during the chronic period of WHV infection.41

Toll like receptors (TLR) are unique components of
innate immune system having various antimicrobial
actions. It has been shown that activation of TLR-7 has
beneficial effects in chronic viral infections. It is capable of
triggering both innate and adaptive immune responses for
eliminating infection. GS-9620, a molecule devised to act
as an agonist at TLR-7 has been shown to activate useful
transcription factors involved in interferon regulation.42

NOVEL DIRECTLY ACTING ANTIVIRALS

HBV entry locus is an attractive target for preventing
initiation as well as spread of HBV infection to other

hepatocytes. The process of viral entry involves two critical
steps which include binding of HBV to heparin sulfate
proteoglycans and then its interaction with sodium taur-
ocholate co-transporting polypeptide (NTCP). A promis-
ing drug, Myrcludex-B which has been derived from L
protein of HBV, has been shown to block de novo HBV
infection by competing with viral pre-S1 motif to bind
with NTCP. Theoretically, this drug would thus be able to
prevent further amplification of cccDNA by inhibiting
further infection of fresh hepatocytes. Other agents like
Irbesartan, Cyclosporine, Ritonavir and Ezetimibe are also
capable of playing a role in HBV entry inhibition. How-
ever, the effects of these drugs are only modest and not as
efficacious as seen with Myrcludex-B.43 With improve-
ment of our understanding in HBV dynamics, it is now
realized that HBV entry into the hepatocyte is not limited
only to NTCP and there are other portals as well. Thus
Myrcludex-B may not be completely efficacious in prevent-
ing infection/re-infection.

Formation of cccDNA from relaxed circular DNA
(rcDNA) is one of the critical steps in maintaining and
propagating HBV infection. Several compounds were
tested by researchers to find substances capable of inhib-
iting cccDNA formation. Disubstituted sulfonamides
CCC-0975 and CCC-0346 have shown good efficacy in
preventing cccDNA formation when tested in in vitro cell
lines.44 Efficacy of these compounds when used in vivo is
yet to be ascertained.

Non-cytolytic destruction of HBV DNA is a promising
and probably the most feasible alternative. Specific, non-
cytolytic destruction of cccDNA is primarily mediated by
the pro-inflammatory cytokines IFN-g, TNF-a and IFN-
a45 which are involved in innate and adaptive immunity.
It has been postulated that IFN-g and TNF-a suppress
viral replication by destabilizing viral RNA and also elim-
inating the HBV nucleocapsid particles,46 however this

Figure 2 Therapeutic methods for cccDNA elimination.
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has not been conclusively proven in subsequent
research.47 The recent discovery of protein family
involved in innate immunity called apolipoprotein B
mRNA editing enzyme catalytic polypeptide-like 3 (APO-
BEC3)-family proteins have renewed interest in this field.
The mechanisms by which APOBEC3 family of proteins
act include inhibition of packaging of pgRNA in the HBV
capsid,48 foreign DNA degradation49 and hypermutation
of HBV cccDNA.50 Also of interest is the fact that APO-
BEC3 can be upregulated by IFN-a and lymphotoxin b
receptor activation.31 These findings have brought us
close to determining the crucial elements involved in
innate and adaptive immunity which can be harnessed
to achieve complete HBV cure.

Non-cytolytic destruction of cccDNA can also be
achieved using specific endonucleases. A wide range of
DNA cleavage enzymes have been studied for this purpose
including zincfinger nucleases (ZFNs), transcription acti-
vator-like effector nucleases (TALENs) and the RNA-
guided clustered regulatory interspaced short palindromic
repeats (CRISPR) and CRISPR associated (Cas) protein
endonucleases.51 A study which utilized adeno associated
virus vector for specifically delivering HBV specific ZFNs
in infected hepatocytes found that total HBV DNA levels

were reduced by 1000-fold including a reduction in
cccDNA by 10-fold.52

In chronic HBV infection, a persistent production of
HBsAg is observed. HBsAg is secreted in various forms,
most abundant of which include empty non-infectious
particles. These serve as a false decoy for engaging the
inflammation, thus precluding an effective response
against actual infectious particles. With the discovery of
small interfering RNAs (si-RNA), it is now possible to
target and cease the transcription of messenger RNA
(mRNA) which is responsible for HBsAg production. Sev-
eral si-RNA molecules are in various stages of evaluation at
present. ARC-520; composed of two si-RNA sequences has
been found to reduce HBV cccDNA across several geno-
types.53 These findings have been seen in animal studies
with better outcomes documented in HBeAg positive
subjects. Validation in humans is still lacking. Moreover;
use of si-RNA approach is limited by inability to direct
specific delivery into hepatocytes in vivo, susceptibility of
si-RNA to endosomal lysis and several undesirable side
effects owing to actions on un-intended targets.43 Despite
all these limitations, si-RNA directed approach seems
highly promising as researchers have devised novel chemi-
cal modifications in these molecules which reduce cross-

Table 2 Novel Drugs for HBV Treatment, Targets and Present Development Status.

Sr. no. Step in life cycle Drug Present status

Novel antiviral agents

1 Entry inhibitor Myrcludex B Phase 2

2 cccDNA inhibitor CCC-0975

CCC-0346

3, 4 Epigenetic inhibitor, translation inhibitor ARC 520 Phase 2/3

ARB-1467 Phase 2

BB-HB-331 Phase 1

5 Nucleocapsid inhibition BAY-41-4109 Phase 1

Morphothiadine mesilate GLS4 Phase 2

NVR 3-778 Phase 2

6 Reverse transcription inhibitors Tenofovir alafenamide Phase 3

Besifovir Phase 2

Lagociclovir Phase 2

CMX-157 Phase 2

7 Secretion inhibitors Rep 2139-Ca Phase 2

Novel agents acting on host

1 Immunomodulators GS-9620 Phase 2

RG7795 Phase 2

ARB-1598 Phase 1

CYT107 Phase 2

2 Therapeutic vaccine ABX 203 Phase 3

GS-4774 Phase 1

INO-1800 Phase 1
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reactivity and allow efficient delivery of si-RNA to
intended target.

The HBV nucleocapsid is a pivotal element in HBV life
cycle responsible for the critical steps of genome packing
and reverse transcription. Molecules like heteroarylpyri-
midines and sulfamoylbenzamides target specific capsid
protein sequences to cause disruption of capsid assembly.
This has been shown to inhibit HBV replication both in
vivo and vitro. Molecules like BAY 41-410954 and mor-
phothiadine mesilate GLS455 have been based on this
concept and shown promising results.

THERAPEUTIC VACCINATION

Vaccination in HBV is based on the principle of activation
of adaptive CD4+ and CD8+ cells to neutralize HBV. The
biggest hindrance in development of therapeutic vaccine is
the inability to break immune tolerance and the phenom-
enon of immune exhaustion.56 Hence newer strategies
using novel targets are now being attempted. A recombi-
nant yeast derived vaccine expressing multitude of HBV
antigens including HBV X, HBV core and HBV surface
antigens has been studied in 49 healthy previously unvac-
cinated individuals. T cell responses were documented in
most patients without any significant adverse events.57 A
nasal vaccine combining HBV surface and core antigens
was tested in a phase 1 trial involving 19 healthy men and
reported no significant adverse events.58 In order to over-
come immune exhaustion, combining therapeutic vac-
cines with nucleos(t)ide therapy seems to be a
promising approach.

However most of the above therapies are still in preclin-
ical stages of development (Table 2). Nonetheless a lot of
research has been recently focused on developing novel
agents in treating HBV. It is imperative that cccDNA
remains the most sought-after target in these newer
strategies.

CONCLUSION

In conclusion, the currently available therapeutic arma-
mentarium for treatment of chronic HBV infection is far
from ideal. Apart from poor HBsAg clearance, the biggest
hindrance with currently available therapies is persistence
of cccDNA which has significant clinical consequences.
Understanding the cellular and molecular mechanisms
involving HBV replication and cccDNA dynamics is piv-
otal in devising more effective strategies. Exciting targets
have been identified which definitely hint at better treat-
ment outcomes including achieving the elusive “complete
cure” in HBV infection.
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