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Abstract: Despite the availability of an effective vaccine against hepatitis B virus (HBV),
chronic infection with the virus remains a major global health concern. Current drugs
against HBV infection are limited by emergence of resistance and rarely achieve complete
viral clearance. This has prompted vigorous research on developing better drugs against
chronic HBV infection. Advances in understanding the life cycle of HBV and improvements
in gene-disabling technologies have been impressive. This has led to development of better
HBV infection models and discovery of new drug candidates. Ideally, a regimen against
chronic HBV infection should completely eliminate all viral replicative intermediates,
especially covalently closed circular DNA (cccDNA). For the past few decades, nucleic
acid-based therapy has emerged as an attractive alternative that may result in complete
clearance of HBV in infected patients. Several genetic anti-HBV strategies have been
developed. The most studied approaches include the use of antisense oligonucleotides,
ribozymes, RNA interference effectors and gene editing tools. This review will summarize
recent developments and progress made in the use of gene therapy against HBV.
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1. Introduction

World-wide, over 240 million people are chronically infected with hepatitis B virus (HBV), and
approximately one million people die from the infection every year (reviewed in [1]). HBV can be
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transmitted sexually or percutaneously, however, transmission during early life poses a high risk of
developing persistent infection. Viral persistence may predispose patients to serious diseases, such as
cirrhosis and hepatocellular carcinoma [2]. The virion of HBV is a small, enveloped, hepatotropic
particle that contains an incompletely closed double-stranded DNA genome of 3.2 kb. Its genome
encodes four partially overlapping open reading frames (ORFs). Pre-core/core (pre-C/C) ORF
encodes nucleocapsid (Core/C) and the secreted pre-core protein, which is processed to produce
hepatitis B e antigen (HBeAg). The polymerase (pol) ORF encodes the viral polymerase comprised of
the reverse transcriptase (RT), RNase H and terminal protein domains. The pre-surface/surface
(pre-S/S) ORF encodes pre-S1, pre-S2 and Surface (S) proteins. The X ORF encodes the regulatory X
protein (reviewed in [3,4]). Drugs currently approved for HBV infection treatment are the immune
modulators (conventional interferon (IFN)-o and PEGylated IFN-a), which stimulate the immune
system to clear infected hepatocytes, and nucleosides or nucleotide analogs (lamivudine, adefovir,
entecavir, telbivudine, dipivoxil and tenofovir), which inhibit reverse transcription. These drugs
efficiently reduce viral replication and delay complications of chronic HBV infection, but complete
clearance of the virus is rarely achieved [5,6]. Also, long-term use of therapy may be associated with
emergence of resistant viral strains and toxicity. These factors have prompted extensive research aimed
at understanding the biology of HBV, with the goal of identifying new drug targets.

The viral life cycle has a number of steps that are potential targets for antiviral drugs [7]. Infection
is initiated by low affinity attachment of the virus to host surface heparan sulfate proteoglycans
(HSP) [8].This is followed by high affinity attachment through interaction of viral pre-S1 with the host
sodium taurocholate co-transporting polypeptide (NTCP) [9]. Internalization occurs by endocytosis or
direct fusion of the plasma membrane with the viral envelope. Viral uncoating in the cytoplasm and
nucleocapsid transport to the nucleus is followed by the repair of viral relaxed circular DNA (rcDNA)
by host and viral machinery. This forms episomal covalently closed circular DNA (cccDNA), which is
important for HBV persistence. The cccDNA functions as a template for the transcription of and the
pre-genomic RNA (pgRNA), the pre-C/C mRNA, and the sub-genomic surface (pre-S1 and pre-S2/S)
and X mRNAs. Following nuclear export, the pgRNA may serve as a template for translation of the
viral polymerase and capsid proteins or be encapsidated. Within the nucleocapsid, the pgRNA is
reverse transcribed to form the viral negative DNA strand, which then serves as a template for plus
strand synthesis during the generation of rcDNA. The nucleocapsid may either be enveloped and
released via the endoplasmic reticulum (ER) or translocated to the nucleus for further cccDNA
synthesis. The pre-C/C mRNA serves as template for the translation of the pre-core/core protein and
the sub-genomic mRNAs are used for synthesis of the X-protein and three envelope proteins [5,7]
(Figure 1).
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Figure 1. Diagram of hepatitis B virus (HBV) replication cycle. Attachment to the sodium
taurocholate co-transporting polypeptide (NTCP) receptor, and possibly other receptors
too, is the initiating event of infection (1); After uncoating and nuclear translocation of the
capsid, relaxed circular DNA (rcDNA) is delivered to the nucleus (2); rcDNA is then
repaired to form covalently closed circular DNA (cccDNA) (3); which is the template for
transcription of viral RNA (4); Viral mRNA is translated (5); The pre-genomic RNA
(pgRNA) is then packaged into capsid particles together with the viral Pol (6); The pgRNA
is reverse transcribed in the nucleocapsid (7); And the viral particles are secreted via the
endoplasmic reticulum (8). Sites of action of licensed and potentially therapeutic agents are
indicated in red text. Viral cccDNA may be disabled by methods that employ gene editing.
Exogenous activators of the RNA interference (RNAi) pathway may be employed to
inactivate viral RNA. Nucleoside and nucleotide analogues, which are currently licensed
drugs, may be used to inhibit reverse transcription of pgRNA.

Most current drugs target the reverse transcription stage of the HBV replication cycle. However,
newer anti-HBV drugs targeting other stages are under development [10—13]. The recent discovery of
the sodium taurocholate co-transporting polypeptide (NTCP) receptor as the viral entry receptor has
been an important milestone in HBV biology [9].This multiple transmembrane transporter is
predominantly expressed in the liver. Although several studies have suggested that unknown additional
host factors are important for HBV entry, NTCP is currently the main known viral receptor [9,14,15].
Characterization of NTCP has facilitated development of better cell culture models of HBV
infection and is also a new target for drug development. HBV entry inhibitors have thus recently
gained significant attention, and several NTCP inhibitors are in clinical development (reviewed
in [16]). Newer drugs targeting encapsidation (e.g., phenylpropenamide derivatives) are also under
development [12].
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Treatment strategies using gene therapy have emerged as promising ways of countering viral
infections. Various technologies have been vigorously pursued to develop treatment strategies for
chronic HBV infection. Several methods have been developed to inhibit function of viral and host
dependency factors [7,17]. Most nucleic acid-based strategies against HBV have employed the use of
RNA interference (RNAIi) effectors, gene editors, antisense oligonucleotides (ASOs) and ribonucleic
acid enzymes (ribozymes) (Figure 1). RNAIi effectors reprogram the natural RNAi pathway to target
viral sequences and cause mRNA degradation or translational suppression (reviewed in [18]). ASOs
are artificially synthesized and suppress gene expression by target hybridization and induction of
RNase H-mediated cleavage of the viral mRNA [19]. Ribozymes are derived from naturally occurring
RNAs that possess an antisense sequence that binds and enzymatically disables the target (Figure 2)
(reviewed in [20,21]). A limitation of ASOs, artificial ribozymes and RNAi-based gene silencing is
that eradication of HBV infection seems unlikely using these candidate drugs. By targeting and editing
the viral cccDNA, designer nucleases are currently the most attractive agents for permanently
inhibiting HBV replication. Zinc finger nucleases (ZFNs) and transcription activator-like effector
nucleases (TALENSs) have been successfully used to edit HBV cccDNA [22-26]. Recently discovered
clustered regulatory interspaced short palindromic repeats (CRISPR) and CRISPR associated (Cas)
protein endonucleases, which utilize RNA to guide binding to target DNA, have also emerged as
potentially useful for cccDNA inactivation (Figure 3) [27-29].

Development of gene therapy against HBV has advanced significantly in the last decade. However,
there are challenges that need to be overcome before anti-HBV gene therapy can enter the clinic. These
include limiting toxicity, preventing emergence of viral resistance, ensuring specificity, a prolonged
therapeutic effect and hepatocyte-targeted delivery. There has been significant progress in overcoming
these obstacles, and some of the advances are discussed in this review.
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Figure 2. Gene therapy strategies targeting HBV RNA. (A) Expressed or synthetic
activators are incorporated into the RNA-Induced Silencing Complex (RISC) to redirect
the RNAi pathway to silence viral target sequences; (B) Antisense oligonucleotides
(ASOs) suppress gene expression by binding to target RNA through classical Watson—Crick
base pairing to block translation or induce RNase H-mediated RNA cleavage; (C) Ribozymes
do not rely on the host machinery for cleavage, but possess an enzymatic domain (Helix II
in hammerhead ribozymes) that cleaves the target RNA following sequence specific
binding of the RNA binding domains (Helix I and Helix III). These strategies result in HBV
RNA degradation or suppression of viral protein translation.
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Figure 3. Engineered nucleases used in genome and epigenome editing. (A) Zinc finger
nucleases (ZFNs) containing three zinc finger modules recognize a nine-nucleotide target
DNA sequence on the sense and antisense strands. Fokl dimerization effects cleavage of
both strands at the target site situated in the 5—7 nucleotide spacer region or cleavage
domain; (B) Transcription activator-like effector nucleases (TALENs) comprise approximately
16 modules for each of the left and right subunits. Each module contains 33—35 amino
acids that bind a single nucleotide at the repeat variable diresidue (RVD) at amino acids 12
and 13. Much like ZFNs, the Fokl nuclease domain must dimerize to cleave each of the
strands of the duplex DNA; (C) Clustered regulatory interspaced short palindromic
repeats (CRISPR) and CRISPR associated (Cas) proteins system with single guide RNA
(sgRNA) comprising a combination of naturally occurring CRISPR RNA (crRNA) and
transactivating CRISPR RNA (tractrRNA). The sgRNA guides the Cas9 endonuclease by
binding genomic DNA with the aid of an obligate upstream protospacer adjacent motif
(PAM) sequence to effect site-specific cleavage. nt: nucleotide. Red asterisks: cleavage site.

2. Antisense Oligonucleotides

Antisense oligonucleotides are short, synthetic, nucleic acid fragments that specifically bind to the
target RNA sequences to form a DNA:RNA hybrid (for antisense DNA) or RNA:RNA duplex (for
antisense RNA). This may block reverse transcription or translation by ribosomal blockage or induce
RNase H-mediated RNA cleavage of RNA:DNA hybrids (Figure 2) [19,30]. Since the first application
of ASOs against HBV in 1990 [31], several studies have further demonstrated the potential of ASOs
in gene therapy. Studies have reported efficient ASOs targeting surface, pre-Si, pol, X and core
genes [31-36]. ASOs targeting non-coding sequences, such as the packaging and polyadenylation
signals, are also effective against HBV replication [31,37,38]. Despite the encouraging data, ASOs
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against HBV have not yet progressed to clinical development. This is mainly as a result of challenges
that include instability, inefficient intracellular delivery, inadequate affinity to targets and toxicities
associated with ASOs. However, the approval of fomivirsen, an ASO for treatment of retinitis caused
by cytomegalovirus, illustrates the potential of ASOs as antiviral agents [39].

Several groups have shown that ASOs can easily be modified at the base, phosphodiester groups
and the sugar to increase stability, solubility, specificity and affinity for targets. The phosphate
backbone is most commonly targeted for modification by replacing one oxygen atom with a sulfur
atom (phosphorothioates) or methyl group (methylphosphonates) [40,41]. Antisense locked nucleic
acids (LNAs), where the ribose ring is locked by connecting the 2O atom and the 4'C atom of the
oligonucleotide, have been used successfully against HBV with no evidence of toxicity [36,42].
Phosphorodiamidemorpholino oligomers (PMOs), which are DNA-like ASOs with the deoxyriboses
substituted by six-membered morpholino rings and phosphodiester linkage replaced with uncharged
phosphorodiamidate linkages, have shown superior properties and several PMOs have entered clinical
trials [43,44]. Carriers and targeting moieties such as cationic liposomes and cholesterol have been
used to increase cellular uptake of anti-HBV ASOs successfully [42,45]. Polyethylenimine-based
delivery of antisense oligonucleotides in a duck HBV (DHBV) model results in significant decrease in
viremia accompanied by decrease in intrahepatic HBV DNA, RNA, Core and Surface proteins [46].
Hepatocyte targeting by attaching ASOs to ligands for receptor recognition can facilitate uptake by
receptor-mediated endocytosis and effect significant inhibition of HBV replication [38,47].

3. Ribozymes Targeted to Hepatitis B Virus (HBV)

Ribozymes are catalytically active antisense RNA molecules. Their catalytic nature and ability to
act independently of cellular pathways are the major attractions for use in gene therapy. In general,
a potentially therapeutic ribozyme comprises an antisense sequence for specific RNA binding and
a target cleaving enzymatic domain. Naturally occurring classes of ribozymes include Group I introns,
Group II introns, Ribonuclease P (RNase P) and the hammerhead, hepatitis delta virus, hairpin and
Neurospora Varkud satellite ribozymes. Group I introns, Group II introns and RNase P are larger and
more structurally complex ribozymes. RNase P catalyzes the maturation of precursor tRNAs
(pre-tRNAs) by cleaving the 5" leader sequence, whereas Group I and II introns catalyze self-splicing
to facilitate their own excision from pre-mRNAs, pre-tRNAs and pre-rRNAs. Hammerhead, hepatitis
delta virus, hairpin and Neurospora Varkud satellite ribozymes are the smallest ribozymes and are involved
in processing the products of rolling circle replication in viruses or satellite RNA genomes [20,48,49].

The antisense domains of ribozymes can be manipulated to bind sequences of interest. Among the
larger ribozymes, RNase P is the most explored for use against viruses. RNase P ribozymes can be
modified by linking the catalytic domain to an external guide sequence (EGS) that is complementary
to the target. Binding of the EGS to mRNA forms a pre-tRNA-like structure [50,51]. A recent study by
Xia et al. took advantage of the property of eukaryotic systems to naturally encode RNase P and
designed an RNase P-free EGS that targeted the pre-SI and surface regions of the pgRNA. This
resulted in recruitment of intracellular RNase P and significant suppression of viral gene expression
with reduced viral DNA levels in cell culture and murine models of HBV replication [52].
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Hairpin and hammerhead ribozymes have also been engineered to confer sequence-specific
cleavage of HBV mRNA. Hairpin ribozymes targeting core, S, pol and X ORFs resulted in efficient
target RNA cleavage and suppression of HBV replication in liver-derived cells [53,54]. Hammerhead
ribozymes are the best characterized and most commonly used small ribozyme against HBV.
Their structure comprises three base paired helices (Helix I, I, and III) separated by a conserved short
linker sequences. Helix II is the catalytic domain, whereas Helix I and III hybridize to targets in a
sequence-specific manner (Figure 2) [21]. Effective hammerhead ribozymes targeting the HBV
packaging signal, polyadenylation signal, S and X ORFs have been mainly tested in cell culture [55-59]
and in few mouse model studies [57,60]. Because hepatitis D virus (HDV) has the same tropism and
requires HBV for replication, it has been used to facilitate targeted delivery of hammerhead ribozymes
against the X and core sequences within the pgRNA. Reduction of HBV transcripts, HBeAg secretion
and HBV genomes by ribozymes expressed from HDV was observed [61,62]. Hammerhead ribozymes
lacking Helix II (minizymes) have been designed and shown to have catalytic activity. Minizymes
can suppress hepatitis B surface antigen (HBsAg) expression by >80% and inhibit HBV DNA
replication [63]. Although minizymes are much smaller and can be easily synthesized, they are mostly
limited by their reduced activity compared to full-length ribozymes [64,65].

As compared to the anti-HBV DNA-based strategies discussed in this review, ribozymes generally
have lower intracellular efficiency, which has delayed progress of anti-HBV ribozymes to clinical
development. To improve activity, self-cleaving hammerhead ribozymes with defined sequences
expressed as multimeric cassettes have been used and resulted in improved knockdown of HBV
replication markers in cultured cells [66,67].

4. Manipulation of RNA Interference (RNAi) to Counter HBV Infection

RNAI1 is a highly conserved sequence-dependant gene-silencing pathway involved in regulating
a wide range of cellular processes. The mechanism is initiated by the expression of primary
microRNAs (pri-miRs) that include double-stranded RNA hairpin regions. Pri-miRs are processed in
sequential nuclear and cytoplasmic cleavage steps that are catalyzed by cellular endonucleases.
Pri-miRs are initially processed by the Drosha RNase III, which functions in partnership with
a double-stranded RNA (dsRNA) binding partner, Di George Critical Region 8 (DGCRS) protein. This
gives rise to precursor miRs (pre-miRs), which are transported to the cytoplasm for further cleavage by
Dicer to yield mature miR duplexes of 21-23 bp. Mature miRs are then incorporated into an RNA
inducing silencing complex (RISC) containing Argonaute 2 (Ago2). One strand is selected as a guide
and the remaining strand (passenger/antiguide) is subsequently degraded or released from RISC.
The guide strand hybridizes to target mRNA to promote degradation or translation inhibition
(reviewed in [68—70], Figure 2).

Soon after the discovery of the RNAi pathway by Fire and Mello in 1998 [71], exploitation of this
pathway for selective silencing of genes became the tool of choice in antiviral gene therapy.
RNAi-based anti-HBV agents have progressed to a stage of testing in clinical trials [4,72,73].
Manipulation of RNA1 for therapeutic purposes has been thoroughly investigated and is more effective
than other nucleic-acid based antisense and ribozyme approaches. RNAi-mediated gene silencing is
achieved using synthetic or expressed RNA sequences (RNAi activators) that resemble miR duplexes,



Int. J. Mol. Sci. 2015, 16 17596

pre-miR or pri-miR. Typically, synthetic activators are designed to resemble miR duplexes (short
interfering RNAs/siRNAs), whereas expressed activators resemble pre-miR (short hairpin
RNAs/shRNAs and pre-miR mimics) and pri-miR (pri-miR mimics). Advantages of using siRNAs
include ease of production, dose control and chemical modification to increase stability, specificity and
reduced immunostimulatory effects (reviewed in [74-76]). As they act in the cytoplasm and do not
require nuclear delivery, efficient cellular delivery is easier to achieve than with DNA expression
cassettes. siRNAs may be successfully delivered using less immunogenic non-viral vectors, and
liposome delivery systems are the most commonly used [77-79].

Several siRNAs against HBV have entered clinical development. Recent pre-clinical studies with
an RNAi based drug, ARC-520 developed by Arrowhead Research Corporation (Pasadena, CA,
USA), showed promising results. ARC-520 comprises two cholesterol-conjugated siRNAs and a
hepatocyte-targeted membrane-lytic-peptide (NAG-MLP). Injection of ARC-520 in a chronically
infected chimpanzee decreased HBV DNA levels 36-fold, HBeAg by 10-fold and HBsAg by 80% after
two injections [79,80]. Reports from Arrowhead Research Corporation showed that ARC-520 was safe
and well tolerated in the Phase 1 clinical trial. The Phase 2a clinical trial in chronically infected patients
showed significant HBsAg reduction and was well tolerated [81] (ClinicalTrials.gov ID: NCT02065336).
Recently, Alnylam Pharmaceuticals (Cambridge, MA, USA) reported up to 4 log reduction in circulating
HBYV DNA in chronically infected chimpanzees injected with lipid nanoparticle formulations containing
siRNA ESC-GalNAc-siRNA (Enhanced Stabilization Chemistry-N-Acetylgalactosamine-siRNA) [82].
Tekmira (TKM) Pharmaceuticals (Burnaby, British Columbia, Canada) recently reported a 1 log
reduction in HBsAg in chronically infected humanized mice injected with TKM-HBV, a lipid
nanoparticle containing three different siRNA [83]. Phase I clinical trials with TKM-HBV are now
underway [84].

Despite the exciting developments in the use of siRNAs for HBV treatment, therapy requires
repeated administration to prolong therapeutic effects. The prospects of using expressed shRNAs or
pri-miR mimics for durable HBV inactivation have therefore been subject of extensive research, and
significant progress has been made. Expressed shRNAs or pri-miR mimics have the advantage of
sustained supply of RNAI activators and are hence more relevant for targeting chronic diseases such as
HBYV infection. However, several studies reported toxicities that were caused by saturation of the
RNAI pathway following overexpression of ShRNAs from RNA polymerase (Pol) III promoters [85-87].
Use of cassettes containing artificial pri-miRs may alleviate this problem as these templates may be
expressed from Pol II promoters to afford better transcription control. The use of pri-miR mimics also
enables design of polycistronic cassettes that produce multiple effectors with different target sites, a
strategy that is useful to augment inhibition of gene expression and prevent viral escape [88—90].
However, the progress of expressed anti-HBV RNAI1 activators to clinic is hampered by lack of efficient,
easily scalable and safe delivery vectors. Alternatives to the in vivo gene delivery of expressed
anti-HBV sequences are currently being explored. Lentiviral, adenoviral and adeno-associated viral
vectors (AAVs) have been evaluated with promising results [91-93]. Despite their limited packaging
capacity, adeno-associated viral vectors are suitable for delivering smaller RNAi activators.
AAVs are non-pathogenic and hence remain the most attractive vector for delivery of anti-HBV gene
therapy. The development of AAVs that express three shRNAs against hepatitis C (TT-034) support
the use of AAVs as anti-HBV gene therapy delivery vectors. This candidate drug has reached
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phase I/Il clinical trials conducted by Benitec Biopharma (Balmain, Sydney, Australia) [94]
(ClinicalTrials.gov ID: NCT01899092).

5. Genome and Epigenome Editing for HBV Gene Therapy

Genome editing is a technique that utilizes engineered DNA-binding nucleases for targeted gene
replacement, addition, or inactivation. At the forefront of genome engineering is site-specific nuclease
technology that has paved the way for genetic analysis and manipulation (reviewed in [95,96]).
Engineered nucleases with modular DNA-binding domains or RNA-guided DNA targets may be
employed to bind and digest specific DNA sequences to enable permanent disruption of target genes.
Programmable nucleases cleave DNA sequences and induce double-strand breaks (DSBs) at the target
sites. Subsequent repair mechanisms occur by pathways that entail homology-directed repair (HDR) or
non-homologous end joining (NHEJ) (reviewed in [97,98]). HDR enables precise genetic modification
by using donor template or exogenous oligonucleotide sequences that have flanking homologous
regions [99]. Error-prone NHEJ has the potential to knock out genes by causing targeted small
insertions or deletions (indels) [100]. Misrepair of HBV genes caused by this mechanism may result in
inactivation of replication of the virus [24]. The three most commonly used designer nucleases that
have been used for genetic modification are the ZFNs, TALENs and the RNA-guided CRISPR-Cas
systems (reviewed in [101]). Here we describe each of these classes of engineered DNA-binding
proteins and their potential for application to HBV gene therapy.

5.1. Zinc Finger Proteins and Their Derivatives

Zinc finger proteins (ZFP) are found in ~3% of human genes and were the first class of eukaryotic
transcription factors to be used in genome editing (reviewed in [102]). ZFNs have been utilized widely
for modifying the genomes of a variety of cells [103,104], including those of plants [105,106],
fish [107], mice [108], ducks [109] and humans [110-112]. ZFP domains comprise three to six zinc
finger modules that each consists of 30 amino acids. These modules contain conserved Cys:His2 zinc
finger motifs, which recognize specific base triplets in the major groove of DNA (reviewed in [113]). By
engineering tandem modules, longer nucleotide sequences of 9 to 18 base pairs may be targeted with
high specificity [114]. ZFPs may be modified to confer nuclease or transcriptional repressor functions.
Typically, modular ZFPs are engineered to form ZFNs by fusing the DNA-binding domain to a
single-strand DNA nuclease, such as that from the FoklI type IIS restriction enzyme. The endonuclease
is directed to create a nick in a strand of the DNA at the sites targeted by the ZFP [96]. ZFNs are
designed to bind to opposite DNA strands and the DNA-binding domains are typically separated by a
spacer of five to seven nucleotides. Cleavage of duplex DNA thus occurs when two ZFN monomers
bind to adjacent target sites on the sense and antisense strands (Figure 3) (reviewed in [113]). A ZFN
pair which specifically recognizes 18 to 36 base pairs may thus be engineered to be unique and
specific for the gene of interest. Although off-target effects may be minimal [24,103], a limitation of
ZFNs is that DNA binding efficiency of the modules is influenced by the neighboring zinc finger
domains. Also, modules that bind to each of the 64 possible nucleotide triplets of DNA have not yet
been described, which means that currently it is not possible to generate a ZFN that recognizes any
DNA sequence. Empirical evaluation is crucial to enable selection of optimally acting ZFNs [97].
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TALENs and CRISPR-Cas derivatives are not encumbered by these problems and these endonucleases
have therefore gained favor for therapeutic gene editing.

5.2. Transcription Activator-Like Effectors and Their Derivatives

The general structure of TALENSs is analogous to that of ZFNs in that a Fokl cleavage domain is
coupled to the carboxyl terminus of the DNA-binding modules [96]. The sequence-specific properties
of TALENSs consist of derivatives of the transcription activator-like effector (TALE) proteins, which
are secreted by the Xanthomonas or Ralstonia species of phytopathogenic bacteria [115]. Each TALE
has an N-terminal nuclear localization signal, a C-terminal effector domain, and a DNA-binding
domain that comprises tandem-repeats. Each module of the repetitive region is made up of a sequence
of 33 to 35 amino acids and recognizes one nucleotide of a DNA base pair. Specific interaction with
each nucleotide occurs through binding of repeat variable diresidues (RVDs), which are situated at
amino acids 12 and 13 of the TALENs’ monomers. Deciphering the code of the RVDs has enabled
engineering of sequence-specific DNA binding proteins. Commonly used RVDs that recognize
adenine, guanine, cytosine and thymine are Asn-Ile, Asn-Asn, His-Asp and Asn-Gly, respectively. An
important advantage that TALE derivatives have over ZFPs is that the binding of the individual
modules to their cognates is not influenced by neighboring monomers (Figure 3) (reviewed in [116,117]).

TALENS, like ZFNs, generate DSBs at an intended target site and can be applied in a similar
manner to knock out genes or knock in mutations [96]. A requirement of TALEN design is that
a thymine residue should be present at the 5’ end of the target sequence [118]. Each monomer of
a TALEN typically is encoded by approximately 3 kb of DNA, which is larger than the sequences
required to encode ZFN monomers. This large size of the expression cassettes poses challenges for
packaging and delivery using viral vectors of limited transgene capacity [119]. If efficient delivery to
hepatocytes with gene transfer vectors can be linked with precise targeting of the HBV cccDNA, the
use of TALENS is potentially curative of HBV infection. Targeted HBV transcriptional repression,
without cleavage of the DNA, can potentially be achieved with repressor TALEs (rTALEs).
rTALEs may be generated from TALEs by fusion of a transcriptional repressor domain, such as the
Kriippel-associated box (KRAB). Naturally occurring KRAB domains are typically associated with
ZFPs and comprise ~75 amino acid residues [120]. They mainly function through protein-protein
interactions and recruitment of various heterochromatin-inducing factors by KRAB-associated protein
1 (KAP1). Epigenome-modifying proteins, such as histone-modifying protein 1 (HPI), form key
mediators of a strong transcriptional inhibitory effect [120,121]. Repressor TALE technology is still in
its infancy and molecular or preclinical research has been limited. However, the potential for a protein
effector to target HBV DNA sequences with high specificity, allowing for inhibition of viral
transcription machinery without causing mutations in the genome, presents advantages for effective
antiviral gene therapy.

5.3. CRISPR-Cas

The most recent genome editing technology is derived from the RNA-guided CRISPR-Cas system,
which is a form of prokaryotic acquired immunity that defends against invading phages and plasmids.
Engineered CRISPR-Cas systems are distinct from ZFNs and TALENSs in that RNA-DNA base pairing
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is responsible for conferring specificity on the Cas nuclease. Diverse CRISPR-Cas systems have been
identified, which are distinguished by their cas genes and the structure and functioning of their Cas
proteins (reviewed in [122—-125]). The CRISPR locus contains a direct repeat array of similar
sequences of 24 to 48 nucleotides that are interspersed with variable spacer sequences of 26 to 72 bases.
The system also comprises regions coding for transactivating CRISPR RNA (tractrRNA) and Cas
proteins [123]. An essential feature of Type II CRISPR-Cas systems is that foreign DNA protospacers
are incorporated into bacterial genomic sequences and transcribed into CRISPR RNA (crRNA) [122].
During inactivation of invading DNA the crRNA anneals to tractRNA to form short chimeric RNA
molecules. These single guide transcripts (sgRNAs) then direct the Cas endonuclease to effect
sequence-specific cleavage of pathogenic DNA that is complementary to the protospacer sequences
(Figure 3) [122,123]. A significant advance in employing CRISPR-Cas technology to gene editing has
been the combining of crRNA and tractrRNA components into sgRNA. By using sgRNA, artificial
CRISPR-Cas systems that comprise two instead of three components may be used, which simplifies
the engineering of artificial nucleases. The Cas9 protein requires an upstream protospacer adjacent
motif (PAM) for target cleavage [125]. In the case of the commonly used Cas9 from Streptococcus
pyogenes, the canonical sequence is 5-NGG-3' in the DNA strand that is non-complementary to the
crRNA. The delivery of sgRNAs in combination with the simplicity of engineering CRISPR-Cas
effector molecules has made this versatile nuclease technology a popular choice for therapeutic gene editing.

5.4. Application of Genome Editing to HBV Therapy

To enable application of genome editing to treatment of HBV infection, efficient hepatotropic
delivery of gene editors that are capable of eradicating the long-lived episomal cccDNA is important.
The group of Zimmerman et al. was the first to advance a gene editing approach to countering HBV
replication [109]. The researchers used DHBV as a model and designed six different ZFPs to target the
DHBYV enhancer sequences; A region in the cccDNA, which controls transcription of the core and
surface sequences. Viral transcription was measured following co-transfection of a plasmid encoding
the ZFP and DHBYV replication-competent DNA. A marked decrease in viral pgRNA and total viral
RNA was recorded for those cells expressing the ZFPs. Moreover, ZFPs significantly reduced viral
Core and Surface protein production without any noticeable cytotoxicity. Although inhibition was
impressive, a lasting effect was unlikely as the ZFPs did not cause targeted DNA mutation or introduce
durable epigenetic changes. Subsequent work of Cradick and colleagues demonstrated the utility of
ZFNs for targeted cleavage of HBV episomal DNA sequences [24]. The team engineered nine pairs of
HBV-specific three-finger ZFNs and co-transfected hepatoma cells with each ZFN pair plus an HBV
genome target plasmid. Targeted cleavage of the viral sequences was observed with concomitant
inhibition of markers of viral replication. Although encouraging, the study did not demonstrate that
cccDNA was modified by the engineered ZFNs.

As the X gene is thought to play a central role in hepatocarcinogenesis (reviewed in [126]),
Zhao et al. used ZFP-based technology to inhibit expression of integrated sequences of this gene [22].
An artificial transcription factor (ATF) was designed to target an 18 bp sequence in the enhancer 1
region, which is upstream of the integrated X promoter. The ATF comprised a DNA-binding domain
of a ZFP that was linked to a KRAB repressor domain. Results from a luciferase reporter assay showed
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X repression, but this approach has not been developed to evaluation in a preclinical setting. A recent
study by Weber et al. also applied ZFNs to develop anti-HBV drug therapy [127]. The aim was to
prevent viral reactivation by targeting three HBV protein-coding sequences in HepAD38 cells.
Self-complementary adeno-associated viral vectors (scAAVs) containing sequences encoding the
ZFNs were used to deliver the engineered gene editors. Site-specific mutagenesis was confirmed and
low cytotoxicity was observed for two of the three ZFNs. The most striking observation of the study
was that inhibition of viral replication and particle production over a period of 14 days could be
achieved after a single treatment with the scAAVs encoding a ZFN targeted to the viral pol ORF.

Recently, Bloom et al. were the first to validate the use of TALENS to disable HBV replication in
cultured cells and in vivo [26]. Four HBV-specific TALENs were generated that targeted conserved
sequences in the surface (S TALEN), core (C TALEN) and pol (P1 and P2 TALENs) ORFs. The
TALENSs targeting surface and core sequences were most effective in cultured cells and in vivo.
A Hirt’s DNA extraction coupled to treatment of the extracts with ATP-dependent DNase, which
degrades DNA with free 5’ or 3’ ends, was used to isolate putative viral cccDNA. Analysis employing
a T7 endonuclease I (T7EI) assay verified targeted mutation in cultured cells. Hydrodynamic injection
of mice was used to simulate HBV replication in vivo. Substantial decreases in viral replication
markers were observed: The S TALEN reduced HBsAg by more than 90% and circulating viral
particle equivalents were diminished by approximately 70% by the S and C TALENs. T7E1 assays and
deep sequencing confirmed the targeted disruption. A more recent study by Chen et al. confirmed the
successful targeting and inactivation of HBV genomic sequences by TALENs [128]. The researchers
showed significant knockdown in markers of viral replication. Interestingly when used in combination
with interferon-a, a licensed treatment of HBV infection, synergistic antiviral effects were observed.
Although promising, a limitation of using mice to simulate HBV replication in vivo is that these
animals do not produce the viral cccDNA replication intermediate.

A number of key studies employing CRISPR-Cas recently demonstrated the utility of RNA-guided
cleavage of HBV DNA [28,129-131]. Lin et al. designed eight HBV-targeting sgRNAs [129].
A significant decrease in production of viral proteins was observed. Moreover co-transfection with
more than one sgRNA-encoding sequence augmented antiviral efficacy. This effect was corroborated
by an increase in indels at the targeted sites. Although the study reported on cleavage of HBV DNA
sequences using combinations of sgRNA and Cas9 protein, efficacy against cccDNA in human cells
was not evaluated. Seeger and Sohn investigated targeted disruption of HBV cccDNA and confirmed
efficient cleavage of viral sequences with all five of their sgRNA constructs [130]. On average, an
eight-fold inhibition of HBcAg expression was recorded in HBV-infected HepG2/NTCP cells. To
deliver the engineered CRISPR-Cas sequences, recombinant lentiviral vectors were used to transduce
the cells. Targeted mutations included single-nucleotide indels and large deletions up to 2.3 kb. The
potential of CRISPR-Cas to effect such large mutations suggests that targeting and excision of
host-integrated HBV genomes may be feasible. A subsequent study by Kennedy et al. also showed
effective inhibition of HBV replication following delivery of Cas9 and sgRNA sequences with
recombinant lentiviral vectors [28]. The research team of Dong et al. confirmed efficacy of
sgRNA-Cas9 against HBV. Interestingly they also demonstrated disruption of artificial cccDNA in a
murine hydrodynamic model [131] that was based on use of engineered recombinant cccDNA
precursor plasmid (rcccDNA) [132].
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Advances in employing designer endonucleases to disable HBV replication are encouraging.
However, a fundamental concern for using endonucleases to mediate gene disruption is potential for
off-target effects [127]. Resultant mutations may have detrimental consequences, and careful
consideration needs to be given to the design and characterization of engineered nucleases. Artificial
HBV-targeting nucleases also may cleave HBV target sequences that have been integrated into the
host genome. This may pose a risk for chromosomal translocation, and use of rTALEs, which do not
have nuclease function, may limit this effect.

6. Conclusions and Future Perspectives

Development of an affordable therapy that will result in complete clearance of HBV in infected
individuals still remains a challenge. Application of gene therapy is one of the approaches that have
the potential to achieve this goal. Because of the inconsistent efficiencies observed in the majority of
studies using ribozymes to counter HBV infection, this class of viral gene inhibitors has not progressed
to clinical trial for evaluating efficacy of treatment of the virus. However, several ASO and siRNA
formulations showed promising outcomes in different clinical trials. HBV gene editing by designer
endonucleases, such as TALENs and CRISPR-Cas, has attracted considerable interest during the last
few years. Although there is not yet enough information to confirm the efficacy and safety of these
nucleases in models that mimic human disease more closely (e.g., non-human primates), this
technology promises to overcome the challenge of HBV cccDNA persistence and the resultant relapse
after treatment. Application of gene editing to treatment of HBV infection thus offers a realistic
prospect of establishing curative therapy for chronic HBV infection.

Despite these exciting developments, the use of gene silencing and editing technologies for the
treatment of chronic infections faces a number of hurdles. These relate to considerations of stability of
the effectors, toxicity, target specificity, prevention of viral escape and suitability for delivery in vivo.
Immense efforts to address these challenges are leading to innovative solutions with concomitant
progress in developing gene therapy for chronic HBV infection. Combinatorial gene silencing, for
example, using sequences targeting multiple regions of the viral genome, holds promise for augmented
silencing and reducing the probability of viral escape. This is supported by promising data from
both ARC-520 and TKM-HBYV formulations, which contain three virus-targeting siRNAs. Reports by
Arrowhead Research Corporation (Pasadena, CA, USA) show that combination of ARC-520 with
entecavir in mice results in a synergistic effect [133]. Combination of siRNA and ASOs targeting the
a-2,6-sialyltransferase (S76Gal I) gene in cell culture results in synergistic and additive gene
silencing [134]. The combination of different anti-HBV strategies may therefore also contribute
significantly to the elimination of HBV in infected individuals.

The ability to fine-tune nucleic acid-based therapeutics for improved specificity and activity makes
gene therapy an exciting new approach to combating viral infections. Rapid advances in biotechnology
and expanding knowledge about the HBV life cycle, viral diversity and interaction with the host
factors will continue to facilitate discovery of novel therapeutics. Lead anti-HBV nucleic acid-based
candidate drugs will continue to enter clinical development. Integrating currently available
information, and perhaps use of gene therapy in combination with currently licensed therapies, may
result in superior treatment of chronic HBV infection. Directing focus to engineering efficient, safe
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and cost effective delivery systems will be crucial to facilitating progress of anti-HBV gene therapy in
the clinic.
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