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ABSTRACT
Hepatitis B virus infection continues to be a major global health
problem with an estimated 350 million carriers. The response
to available treatment modalities is not impressive. The advent
of RNA interference—a phenomenon of sequence-specific
degradation of RNAs mediated by double-stranded RNA—
holds promise as a potential therapy for chronic hepatitis B
virus infection. Synthetic preparations of short RNA (21–23
bp long) can be used to mediate this process of gene silencing
with a lower immune response. The duration of suppression
can be further increased by using a vector delivery system.
Small interfering RNA (siRNA) has several advantages over
conventional therapy, which include fewer side-effects, a lower
chance of developing escape mutants and non-requirement of
viral replication for its action. A potent knockdown of the gene
of interest with high sequence specificity makes RNA
interference a powerful tool that has shown antiviral effect
against hepatitis B virus. However, the ‘off-target effect’, i.e.
suppression of genes other than the intended target, poor
siRNA stability, inefficient cellular uptake, widespread
biodistribution and non-specific effects need to be overcome.
The problem of long term toxicity of siRNA should be
addressed and an ideal vector delivery system needs to be
designed before it can be put to clinical use.
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INTRODUCTION
Hepatitis B virus (HBV) infection is a major global health problem,
particularly in Asia. Worldwide, there are approximately 350
million chronic carriers of HBV.1 Though an effective vaccine
has been available for the past 2 decades, the number of carriers
continues to be fairly high. Treatment options for chronic HBV
infection include interferons (IFNs) and nucleoside/nucleotide
analogues such as lamivudine, adefovir, tenofovir and entecavir.
These agents reduce viral loads to undetectable levels, but their

use is associated with problems. IFNs cause serious side-
effects while lamivudine may lead to recurrence of viraemia after
cessation of therapy and there is a risk of developing ‘escape
mutants’ after prolonged treatment with lamivudine.2–4 The
response with adefovir and entecavir too is not impressive, and
these limitations have led to the search for an effective alternative
strategy.5,6

RNA interference (RNAi) is a process of sequence-specific
post-transcriptional gene silencing mediated by double-
stranded RNA (dsRNA). This phenomenon was first observed
in the nematode Caenorhabditis elegans.7 After delivery of
long dsRNA to C. elegans, it is processed into 21–25 bp si (small
interfering) RNA by an enzyme called Dicer.8 Each strand of this
RNA has a 5' phosphate and a 3' hydroxyl end with 2–3
nucleotide overhangs in the 3' end. siRNA is incorporated into
the RNA-induced silencing complex (RISC) which upon
activation unwinds the siRNA to make it functional. The
unwound siRNA is used by RISC to select the target by base
pairing which is later degraded in regions of homology detected
by the original siRNA.9 The viral replication and gene expression
of a number of human infectious viruses including HIV,10,11 polio
virus,12 human papilloma virus,13 human delta virus,14 respiratory
syncytial virus,15 influenza virus16 and dengue virus17 is also
affected by RNAi. This phenomenon can possibly be developed
in the future to treat viral infections.

MECHANISM OF ACTION
A potent knockdown of the gene of interest, with high sequence
specificity, can be achieved by using a short (21–23 nucleotides)
interfering RNA. The siRNA duplex directs sequence-specific
post-transcriptional silencing of homologous genes by binding
to its complementary sequence in mRNA and triggering its
elimination. siRNAs are the processing products originating
from dsRNA that are cleaved by RNAse III-like ribonuclease.
In the phenomenon of RNA interference, double-stranded RNA
induces sequence-specific degradation of homologous mRNA.
The delivery of siRNA into mammalian cells often induces
innate interfering IFN responses and sequence-independent
suppression of both endogenous and exogenous gene
expression as an ‘off-target’ effect. The use of siRNA with an
immunostimulatory RNA motif or siRNA with a length of 30 bp
or more may induce a non-specific IFN response in mammalian
cells through RNA-activated protein kinase (PKR) and inter-
action with endosomal Toll-like receptors (TLRs), in particular
TLR 7/8.17,18 The efficacy of siRNA in suppressing viral gene
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expression has been proven in both cell culture studies19–24 and
mouse models25–28 (Table I).

Klein et al.25 transferred naked DNA of the HBV replication-
competent vector into NMRI mice through the tail vein. HBV
replication was studied in the serum and liver of animals. Tail
vein transfer of an HBV replication-competent construct led to
the expression of HBV-specific transcripts in the liver resulting
in 10% of hepatocytes becoming positive for hepatitis B e
antigen (HBeAg) and hepatitis B surface antigen (HBsAg).
Intrahepatic HBV-specific mRNA transcripts were analysed by
multiplex reverse transcriptase–polymerase chain reaction (RT–
PCR) with a primer pair. At least 3 animals were treated in parallel.
After 3 and 4 days of injection of the replication-competent
vector in mice, the HBsAg and HBeAg levels were elevated in
the sera and 10% of hepatocytes showed a positive stain for
HBV by immunohistochemistry. Hepatocytes were also positive
for HBeAg. After administration of siRNA, HBeAg suppression
lasted longer than HBsAg suppression.23 The RNAi activity is
sequence-specific and results in post-transcriptional gene-
silencing. The dsRNA triggers degradation of homologous
mRNA in the cytoplasm and hence siRNA activity does not
depend upon viral replication.

TARGET SEQUENCE
The HBV genome, which is a partial, double-stranded 3.2 kb

DNA molecule, has a special genomic organization and its 4 viral
transcripts overlap. They also utilize a common polyadenylation
signal located within the core protein coding region. Targeting
this overlapping sequence can result in suppression of multiple
viral transcripts.21 Various target sequences have been used in
different studies (Table II).

Uprichard et al.28 demonstrated that most pre-existing viral
transcripts in the liver during ongoing viral replication are
susceptible to inhibition by RNAi (RNA inhibitor). Clearance of
these transcripts is sufficient to abolish HBV DNA replication
in infected hepatocytes. The magnitude and suppression
attained emphasizes the potential of this treatment for chronic
hepatitis B and C virus infection. However, after treatment with
siRNAs a stable pool of viral 3.5 kb RNA persisted in the liver
in spite of the presence of HBV-specific shRNAs (short hairpin
RNAs; have effects similar to siRNAs). This indicates that a
population of HBV RNA is protected from RNAi-mediated
degradation.

Two distinct 3.5 kb RNAs are transcribed from the HBV
genome—the pre-genomic RNA (pg RNA) and the 31-nucleotide-
longer 4 HBeAg mRNA. Following administration of siRNA, the
decrease of HBsAg in the serum is more dramatic than that of
HBeAg suggesting global protection of a subset of the HBeAg
mRNA within the RNA–protein complexes; perhaps,
polyribosome complexes of rough endoplasmic reticulum.28

TABLE I. Efficacy of small interfering RNA silencing on hepatitis B virus (HBV) in mouse models and cell culture studies

Author (year) Type of study Result

Shlomai et al.19 (2003) Cell culture; co-transfection of Huh 7 pSUPER-X: 59% reduction of core protein, 60% reduction of HBsAg,
cells with whole HBV with super 68% reduction of all viral transcripts, 95% reduction of replication
vectors against X-ORF, CORE-ORF intermediates

pSUPER CORE: 63% reduction of core protein, no effect on HBsAg, 13%
reduction in 3.5 kb transcript and 40% reduction in replication intermediates

Klein et al.25 (2003) Animal model Target S-ORF: HBsAg reduction by 70%, effect lasts 11 days, HBeAg
reduction by 80%, suppression longer, decrease in viral RNA

Target CORE-ORF: Reduction by 60% of HBeAg, effect transient (3–5 days)

Chen et al.20 (2003) Cell culture HBV RNA expression decreased by 90%, HBV DNA concentration
decreased by 90%–97%

Uprichard et al.28 (2005) Animal model study: Recombinant Ongoing HBV replication in vivo in HBV transgenic mice can be cleared
adenovirus used as vector by RNA targeted suppression of viral RNA for at least 26 days

Ren et al.21 (2006) Cell culture study: Stable transfection 96% reduction of HBsAg level, 88.3% reduction of HBeAg, HBV DNA
using vector dropped 9.6–12.8-fold

HBsAg hepatitis B surface antigen HBeAg hepatitis B e antigen

TABLE II. Target sequences of hepatitis B virus (HBV) used in various studies of small interfering RNA silencing

Study (Year) Sequence Region

Konishi et al.22 (2003) 5‘ACCCTTAUAAAGAATTTGG3‘ Polyadenylation
5‘GCTGTGCCTTGGGTGGCTT3‘ Pre C
5‘TACCGCAGAGTCTAGACTC3‘ Surface

Hamasaki et al.23 (2003) 5‘CATTGTTCACCTCACCATA3‘ Core

Ying et al.24 (2003) 5‘AAGACCTAGTCAGTTAT3‘ Core

Giladi et al.27 (2003) 5‘CATCACATCAGGATTTCC3‘ Surface
5‘CATCACATCAGGATTCCTA3‘
5‘CCAGTACGGGACCATGCAA3‘
5‘GTCTGTACAGCATCGTGAG3‘

McCaffrey et al.26 (2003) 5‘CTCAGTTACTAGTGCCATTTGTTC3‘ Surface
5‘CCTAGAAGAAGAACTCCCTCGCCTC3‘ Core

Shlomai et al.19 (2003) 5‘GATCAGGCAACTATTGTGG3‘ Core X
5‘GGTCTTACATAAGAGGACT3‘

Klein et al.25 (2003) 5‘AAGCCTTAGAGTCTCCTGAGC3‘ Core
5‘AATTTGTTCAGTGCCATTTGTTC3‘ Surface
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FIG 1. Model for RNA interference/post-transcriptional gene
silencing mechanism

Combination with lamivudine

In HepG2.2.15 cells treated with a combination of siRNA and
lamivudine, the secretion of HBeAg and HBsAg in the
supernatant was inhibited at 96 hours by 91.8% and 82.4%,
respectively. The number of HBV DNA copies within the
culture medium was also significantly decreased at 96 hours.
Moreover, mRNA concentration in HepG2.2.15 cells treated
with a combination of siRNA and lamivudine was lower as
compared with those treated either with siRNA or lamivudine.
A combination of siRNA and lamivudine exhibited a stronger
anti-HBV effect than the use of siRNA or lamivudine alone.30

VECTOR SYSTEM IN siRNA
In several organisms, introduction of dsRNA has proven to be
a powerful tool to suppress gene expression through a process
known as RNA interference. However, in most mammalian cells
this provokes a strong cytotoxic response. This non-specific
effect can be circumvented by the use of synthetic short (21- to
22-nucleotide) interfering RNAs (siRNAs), which can mediate
strong and specific suppression of gene expression. However,
this reduction in gene expression is transient, which severely
restricts its applications.

To overcome this limitation, the pSUPER RNAi system
provides a mammalian expression vector that directs intracellular
synthesis of siRNA-like transcripts. The vector uses the
polymerase-III H1-RNA gene promoter, as it produces a small
RNA transcript lacking a polyadenosine tail and has a well-
defined start of transcription and a termination signal consisting
of 5 thymidines in a row (T5). Most important, the cleavage of
the transcript at the termination site is after the second uridine,
yielding a transcript resembling the ends of synthetic siRNAs,
which also contain two 3' overhanging T or U nucleotides.

The pSUPER RNAi system has been used for efficient and
specific downregulation of gene expression resulting in
functional inactivation of the targeted genes. Stable expression
of siRNAs using this vector mediates persistent suppression
of gene expression, allowing the analysis of loss-of-function
phenotypes that develop over longer periods of time.31

VECTOR DELIVERY SYSTEM
The first step in the delivery system includes annealing of DNA
(bonding or linkage of bases/nucleotides) corresponding to
that of the target genome sequence. The next step involves
linearization of the circular pSUPER vector by using restriction
enzyme Bgl II and either HIND III or Xho I which cut the circular
pSUPER vector at specific recognition sites. The annealed
oligos are inserted between specific sequences formed by
restriction enzymes and ligated (joining of two sequence
fragments) into the pSUPER vector by a ligase enzyme.

To effect the silencing of a specific gene, the pSUPER vector
(plasmid) is used along with a pair of custom oligonucleotides
that contain, among other features, a unique 19-nucleotide
sequence derived from the mRNA transcript of the HBV gene
targeted for suppression (the ‘N-19 target sequence’). Various
studies have shown that co-transfection of siRNA-producing
vectors targeted against a specific sequence in the HBV genome
results in significant reduction in the corresponding viral
transcripts and proteins.

The N-19 target sequence corresponds to the sense strand
of the pSUPER-generated siRNA, which in turn corresponds to
a 19-nucleotide sequence within the mRNA. In the mechanism
of RNAi, the antisense strand of the siRNA duplex hybridizes

Further studies are needed to confirm if the HBeAg 3.5 kb
transcript is less sensitive to RNAi-mediated clearance.

Zhe et al.29 used increasing doses of siRNA to transfect
HEP2.2.15 cells and found a higher degree of inhibition of viral
expression molecules with increasing doses. Similar results
were seen for siRNA targeting the pre-C region.

Another concept to prevent ongoing hepatocyte damage in
chronic hepatitis B infection is the fact that these patients
maintain an HBV-specific cytotoxic T lymphocyte (CTL) response
throughout the infection. Though the response is insufficient
to clear the virus, it continues to destroy cells expressing HBV
antigens resulting in hepatocyte turnover. Consequently, cells
in which HBV expression has been silenced, after administration
of siRNA, would have a definite survival advantage and would
be selected over time to repopulate the liver. This hypothesis
can be tested by adoptive transfer of HBV-specific CTLs to
transgenic mice after infection with siRNA-expressing vectors.

Drugs used to treat chronic HBV infection such as lamivudine
and adefovir do not reduce the high viral antigenaemia which may
blunt the T cell response and so avoid immune clearance. In
contrast, a reduction in viral antigen levels attained after RNAi-
mediated degradation of viral RNA may relieve the negative
impact of chronic antigen stimulation on the T-cell response
which leads to a clearance of the virus. This study conclusively
demonstrated that adenovirus-mediated delivery of siRNA to
the liver of mice is effective in checking HBV replication in vivo.

COMBINATION THERAPY
Cell culture studies have shown that a combination of different
siRNAs results in more robust inhibition of viral antigen
expression.29 It has been assumed that akin to DNA, RNA
molecules might have a repairing mechanism when they are
cleaved by physical, biological or chemical forces. A combination
of different siRNAs will lead to cleavage at multiple sites and
make it difficult for the target to be repaired, thereby leading to
greater efficacy.
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to this region of the mRNA to mediate cleavage of the molecule.
These forward and reverse oligos are annealed (bonding

between bases) and cloned by the user into the vector, between
the unique Bgl II and either Hind III or Xho I enzyme sites. This
positions the forward oligo at the correct site downstream from
the H1 promoter’s TATA box to generate the desired siRNA
duplex.

The sequence of this forward oligo includes the unique
N-19 target in both sense and antisense orientation, separated
by a 9-nucleotide spacer sequence. The 5' end corresponds to
the Bgl II site, while the 3' end contains the T5 sequence and any
Hind III corresponding nucleotides.

The resulting transcript of the recombinant vector is predicted
to fold back on itself to form a 19 bp stem-loop structure.
Analysis indicates that the stem-loop precursor transcript is
quickly cleaved in the cell to produce a functional siRNA.31

POTENTIAL LIMITATIONS
Many studies have shown that siRNA and shRNA do not
induce an IFN response, but there are reports in which the IFN
pathway seems to be activated.32,33 In the study by Bridge et al.32

there was a 500-fold induction of 2'5' oligoadenylate synthetase
(OAS1) which is a well-known target of the IFN system. The data
suggest that the ability to activate the IFN system depends
upon the siRNA sequence and the DNA vector used. An
acceptable level of the IFN activation system should be
determined in therapeutic settings and the lowest dose of
siRNA should be used because it seems plausible that the
IFN response is dose-related. Another potential danger is that
of an ‘off-target effect’.34 It has been noted that siRNA may
suppress genes other than the intended target gene which are
independent of the IFN effect. Further studies are needed
before applying this modality in humans. The probability of
development of an escape virus is also present. RNAi is
extremely sensitive to mismatches in the targeted region. Even
a small mismatch can result in abrogation of the gene action, so
even a single mutation developed by the virus in the target
sequence can lead to development of resistant strains. This
problem has been seen in HIV and polio viruses.12,35 This may
be avoided by using a mixture of different siRNAs acting
against different sequences. Another problem is an effective
method of vector delivery. The apparent instability of siRNA in
the vascular system should be kept in mind. Chemical
modifications need to be done to increase the half-life. Methyl-
modified siRNAs were found to be more stable inside cells and
had longer lasting inhibitory effects than natural siRNAs. The
hydrodynamic injection technique in the easily accessible tail
vein of mouse is used to efficiently deliver HBV expression
plasmids and siRNAs targeting various HBV gene regions with
enhanced HBV gene silencing. A high volume injection can be
given in the tail vein. One potential mode of delivery can be by
combining the siRNA with liposomes and a small peptide which
can bind to specific liver receptors.

ADVANTAGES OF RNA INTERFERENCE
siRNA specifically targets the viral transcripts and proteins.
This in turn impairs the replication of the virus and promotes its
eradication without activating a non-specific cellular response,
hence minimizing undesirable effects. Second, by targeting
specific conserved regions of the HBV genome, the ability of the
virus to create mutants can also be limited because that particular
sequence will be occupied by an siRNA sequence at post-

transcriptional levels. Third, different sequences can be targeted
simultaneously by using different siRNAs. This limits escape
mutants and makes it possible to treat chronically infected
people with a variation in genomes of the infective agent.
Fourth, the ability of siRNAs to reduce the level of viral
transcript and proteins even in the absence of active viral
replication makes it a good candidate as an adjuvant with
lamivudine which acts only on replication-competent HBV.36

CONCLUSIONS
siRNA seems to be an attractive potential therapy for the
management of HBV infection. The response rate seen in cell
culture and mice studies is impressive and with the introduction
of a super vector system the problem of transient suppression
seems to have been circumvented. However, further studies are
required before this method can be used in clinical settings. The
problem of long term toxicity needs to be addressed and an
improved vector delivery system needs to be developed.
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