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    Abstract     Chronic infection with hepatitis B virus (HBV) occurs in approximately 
5 % of the world’s human population and persistence of the virus is associated with 
serious complications of cirrhosis and liver cancer. Currently available treatments 
are modestly effective and advancing novel therapeutic strategies is a medical prior-
ity. Stability of the viral cccDNA replication intermediate is a major factor that has 
impeded the development of therapies that are capable of eliminating chronic infec-
tion. Recent advances that employ gene therapy strategies offer useful advantages 
over current therapeutics. Silencing of HBV gene expression by harnessing the 
RNA interference pathway has been shown to be highly effective in cell culture and 
in vivo. However, a potential limitation of this approach is that the post- transcriptional 
mechanism of gene silencing does not disable cccDNA. Early results using designer 
transcription activator-like effector nucleases (TALENs) and repressor TALEs 
(rTALEs) have shown potential as a mode of inactivating cccDNA. In this article, 
we review the recent advances that have been made in HBV gene therapy, with a 
particular emphasis on the potential anti-HBV therapeutic utility of designed 
sequence-specifi c DNA binding proteins and their derivatives.  

         Hepatitis B Virus Epidemiology 

 Conservative estimates of the global prevalence of chronic hepatitis B virus (HBV) 
infection place the number of affected individuals in excess of 240 million world-
wide [ 1 ,  2 ]. Although a third of the world’s population has been exposed to the virus 
[ 1 ,  2 ], most acute infections are cleared spontaneously. Infections that are not 
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cleared progress to chronicity and it is this persistent HBV infection that is associ-
ated with serious sequelae, such as cirrhosis and liver cancer (hepatocellular carci-
noma or HCC). Annually 600,000 deaths are attributable to complications that arise 
from chronic HBV infection. HBV alone accounts for 53 % of new HCC cases 
worldwide and the hepatitis C virus (HCV) is estimated to account for 25 % of new 
cases [ 3 ]. HCC is a particularly aggressive cancer that has a high mortality. In 2008, 
92 % of new HCC cases were fatal [ 4 ]. Although vaccination effectively prevents 
HBV infection, the incidence of liver cancer has not changed signifi cantly in the 
past 10 years. Moreover, modest curative effi cacy of currently available treatment 
regimens is unlikely to prevent complications arising in those already infected with 
the virus. Liver cancer remains the sixth most common cancer worldwide and is still 
ranked as the third most common cause of cancer-related deaths [ 4 ,  5 ]. HBV is 
hyperendemic to sub-Saharan Africa, East and South-East Asia as well as the west-
ern Pacifi c islands. These regions, largely comprising developing countries, are also 
the most severely affected by HCC. HBV itself is a non-cytopathic virus; however, 
the increased risks of cirrhosis and HCC associated with chronic viral infection 
makes the disease a global priority. 

 Evidence from early intervention programmes have shown that decreasing the 
incidence of HBV has a positive impact on the incidence of cirrhosis and liver can-
cer [ 6 ,  7 ]. In 1984 Taiwan implemented the fi rst anti-HBV vaccination programme 
and the most recent data from 2004 demonstrate that, with a 97 % vaccination cov-
erage rate, HBV seroprevalence in children has decreased from 9.8 % to 0.6 % [ 7 ]. 
The decrease in HBV prevalence has been accompanied by a decrease in the inci-
dence of HCC [ 7 ]. However, vaccination failure may occur and has been attributed 
to emergence of viral vaccine escape mutants. Nevertheless, these cases represent 
just a small number of individuals, only 33 in total. A second limitation of vaccina-
tion is that it is prophylactic and not therapeutic. As a consequence vaccination has 
little therapeutic benefi t in cases where chronic HBV infection has already been 
established. Seven drugs are currently licensed for treatment of chronic HBV infec-
tion (reviewed in ref. [ 8 ]). These are broadly divided into two groups: (1) immuno-
modulators (interferon alpha (IFN-α) and pegylated IFN-α) and (2) nucleoside and 
nucleotide analogues (lamivudine, telbivudine, adefovir dipivoxil, tenofovir diso-
proxil fumarate and entecavir), which act by inhibiting viral reverse transcriptase. 
The effi cacy of immunomodulators is limited as side effects are common, there are 
several contraindications and cure occurs in only a small subset of chronic HBV 
carriers. Nucleoside and nucleotide analogues exhibit a number of advantages over 
immunomodulators, which include ease of use (oral administration route) and better 
patient tolerance to the drugs. However, the fi rst generation drugs exhibit a low bar-
rier to resistance and viral escape rates have been reported to range from 29 % to 
80 % [ 9 – 11 ]. Treatment with lamivudine in particular is complicated by high rates 
of viral escape by mutation [ 9 ,  10 ]. Newer drugs exhibit improved viral suppression 
and also limit development of viral escape (low in the case of entecavir and none 
reported for tenofovir (for review see ref. [ 8 ])). Although these data are promising, 
nucleoside and nucleotide analogues rarely eliminate HBV completely from 
infected hepatocytes. Stability of the covalently closed circular DNA (cccDNA) 
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replication intermediate of HBV, and inability of available therapies to disable this 
viral transcription template, are mainly responsible for the limitations of available 
HBV treatments.  

    HBV Biology 

 HBV is an enveloped DNA virus belonging to the Hepadnaviridae family of viruses 
(reviewed in ref. [ 12 ]). The DNA genome is contained within an icosahedral capsid 
which in turn is enveloped in a lipid bilayer. The genome of HBV exists in a partly 
double-stranded, circular conformation called the relaxed circular DNA or rcDNA 
[ 13 ]. The minus strand encompasses the entire genome and comprises approximately 
3,200 bases. Until recently the receptor used by HBV to enter liver cells has remained 
elusive. Yan and colleagues identifi ed the sodium taurocholate cotransporting pep-
tide (NTCP) as the receptor employed by the virus to infect hepatocytes [ 14 ]. A basic 
overview of hepatocyte infection and viral replication is illustrated in Fig.  1 . Upon 

  Fig. 1    Hepatitis B virus replication cycle. Following attachment to the hepatocyte cell membrane, 
the capsid is released into the cytoplasm and is then translocated to the nucleus. Here the rcDNA 
viral genome is released and repaired to form cccDNA. The cccDNA acts as the primary replica-
tion intermediate from which the pgRNA and viral subgenomic mRNAs are transcribed. These 
viral RNAs are transported to the cytoplasm where the subgenomic mRNAs are translated into 
proteins required for virion packaging and assembly. The pgRNA associates with polymerase and 
new core proteins to assemble the new capsid. Within the capsid, the pgRNA is reverse transcribed 
to form rcDNA. Within the endoplasmic reticulum, surface proteins surround the capsid to form 
new virions before secretion from the infected hepatocyte. Current gene therapy targets include the 
episomal cccDNA ( A ) for targeted gene disruption and transcriptional repression, and the cyto-
plasmic viral mRNAs ( B ) for a post-transcriptional gene silencing approach       

 

Recent Advances in Use of Gene Therapy to Treat Hepatitis B Virus Infection



34

infection the rcDNA, still contained within the capsid, is transported to the nucleus 
where it is released and “repaired” by cellular enzymes to form cccDNA [ 15 ]. The 
cccDNA serves as template for transcription of viral RNAs. These include the 
greater-than-genome length pregenomic RNA (pgRNA) which is reverse transcribed 
to form the viral rcDNA genome. The cccDNA exists episomally as a stable mini-
chromosome [ 15 ,  16 ]. Since viral replication may be initiated from this stable mini-
chromosome, an effective cure for chronic HBV infection requires that cccDNA be 
inactivated or eliminated.  

 HBV produces new virion DNA through error-prone reverse transcription of the 
pgRNA template. Although numerous mutations may be introduced during this reverse 
transcription step, the highly compact genome limits sequence plasticity and emergence 
of mutant strains. The four viral open reading frames (ORFs), which code for seven viral 
proteins, overlap with one another. Furthermore, the viral ORFs cover the entire genome 
of HBV and all viral regulatory elements are contained within protein coding regions 
(reviewed in ref. [ 17 ]). Since most regions of the HBV genome have dual use, mutations 
at one site commonly affect more than one genetic function to compromise viral fi tness 
severely. The HBV genome is therefore more stable than genomes of other viruses that 
employ a reverse transcriptase during replication. This feature makes HBV an ideal 
target for gene therapy based on sequence-specifi c DNA recognition. 

 Until recently the technology required for effi cient targeted disruption of specifi c 
DNA sequences was not readily available. Gene therapy using cccDNA-targeting 
engineered proteins has shown promise as a means of disabling HBV replication. 
Discovery of gene silencing by RNA interference (RNAi) was a major development 
in gene therapy. Several studies have reported that harnessing this pathway can be 
used successfully to inhibit HBV replication. In this chapter we summarise recent 
advances in HBV gene therapy, with particular emphasis on progress in adapting 
sequence-specifi c DNA binding proteins to counter the viral infection.  

    RNAi Against HBV 

 Activation of RNAi by microRNAs (miRNAs) is the prototypic mechanism by 
which endogenous post-transcriptional silencing of target genes is achieved [ 18 ]. 
The pathway occurs in metazoan cells and naturally involves stepwise processing 
of RNAs containing hairpin motifs. This leads to production of mature miRNAs, 
comprising hairpin-derived duplexes of approximately 23 bp. Post-transcriptional 
gene silencing by the guide strand from a mature miRNA is effected by the RNA 
induced silencing complex (RISC) and involves hybridisation of the guide to com-
plementary sequences in the 3′ untranslated region of target genes. Effi cient gene 
silen cing may be achieved by introducing artifi cial RNA mimics of intermediates 
of the RNAi pathway into cells. Both synthetic [ 19 – 23 ] and expressed [ 24 – 31 ] 
exogenous activators of the RNAi pathway have been used to silence HBV replica-
tion in vitro and in vivo. Studies using synthetic RNAi activators against HBV 
were amongst the fi rst to demonstrate the utility of harnessing RNAi in vivo [ 19 , 
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 21 ]. An important fi nding into the mechanistic aspect of these therapeutic sequences 
was that RNAi- mediated silencing did not require viral replication [ 19 ]. This is in 
contrast to the mechanism of action of nucleotide and nucleoside analogues, which 
need to be incorporated into a growing DNA chain to exert their inhibitory effects. 
RNAi- based activators interfere with gene expression at a post-transcriptional 
level and therefore act at a later stage of HBV replication than do nucleoside and 
nucleotide analogues. Since these fi rst reports demonstrating potential utility of 
RNAi inducers, signifi cant progress has been made using synthetic as wells as 
expressed anti- HBV effectors. Various chemical modifi cations have been intro-
duced into synthetic anti-HBV sequences [ 32 – 35 ]. These have been formulated in 
non-viral vectors and shown to be effective inhibitors of HBV replication. Anti-
HBV expression cassettes, which generate precursor miRNA (pre-miRNA) and 
primary miRNA (pri- miRNA) sequences transcribed from RNA polymerase (Pol) 
II and Pol III transcription regulatory elements, have also been found to be effec-
tive against the virus [ 36 – 42 ]. Some of these cassettes have been incorporated into 
recombinant adeno- and adeno- associated viral vectors, which have been effective 
against the virus in murine models of HBV replication. However, as with nucleo-
side and nucleotide analogues, RNAi-based therapy does not completely eliminate 
the stable pool of cccDNA. Consequently RNAi-based approaches are unlikely to 
cure HBV infection. This was demonstrated by Starkey et al. [ 43 ], who showed 
that expressed anti-HBV RNAi activators inhibited new formation of cccDNA in 
cultured hepatocyte-derived cells. However, concentrations of established cccDNA 
were unaffected by the HBV- targeting short hairpin RNAs (shRNAs). These results 
were not entirely unexpected and confi rmed that RNAi-based anti-HBV agents 
function by a post-transcriptional mechanism to inhibit gene expression from the 
cccDNA template. Viral RNA, viral protein and new virion formation are subse-
quently suppressed but cccDNA levels remain unaffected. To have therapeutic util-
ity against HBV, RNAi activators would need to be administered repeatedly or 
produced in a sustained manner from stable intrahepatic DNA expression cassettes. 
Both strategies pose challenges and highlight the need to develop strategies for 
directly disabling nuclear cccDNA.  

    Targeting cccDNA Using Engineered Sequence-Specifi c 
DNA Binding Proteins 

 During the past decade, engineered Zinc Finger Proteins (ZFPs) have been widely 
used to regulate expression of genes for therapeutic gain [ 44 ]. These DNA binding 
proteins, which occur naturally as eukaryotic transcription factors, may be designed 
to target specifi c DNA sequences. Since each zinc fi nger is capable of binding a 
triplet of nucleotides, the sequential arrangement of an array of six “fi ngers” enables 
site-specifi c targeting of up to 18 nucleotides by ZFPs (Fig.  2a ) [ 45 ]. Although these 
DNA binding proteins have been engineered primarily for endogenous gene 
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regulation, the chromosome-like structure of HBV cccDNA is likely to be amenable 
to similar modes of transcriptional manipulation. This was initially investigated by 
Zimmerman and colleagues who generated polydactyl ZFPs to manipulate duck 
hepatitis B virus (DHBV) gene expression [ 46 ]. They demonstrated that ZFPs 
designed to bind either 9 or 18 base pair sequences within the enhancer region of 
DHBV cccDNA reduced pgRNA expression by 41.6 %. Decreases in the DHBV 
surface and core proteins, as well as viral particle equivalents, were also observed. 
As the enhancer region includes multiple transcription factor binding sites, it is 
likely that these ZFPs functioned by competitively obstructing binding of transcrip-
tion factors to  cis  elements of the cccDNA. However, as these ZFPs do not exert a 
permanent effect on their HBV targets, effectiveness is likely to be transient and 
dependent on the duration of their expression. Nevertheless, demonstration of an 
effect on cccDNA was a signifi cant observation. This paved the way for investigat-
ing the utility of functionally enhanced DNA binding proteins that target cccDNA 
in human liver cells. Coupling transcriptional repressor domains such as the Krüppel 
associated box (KRAB) domain to DNA sequence-specifi c binding domains of 
Transcription Activator-Like Effectors (TALEs) to achieve more durable silencing 
may be preferable (Fig.  2b ) (discussed later).  

 Designer nucleases have been developed by engineering DNA binding proteins 
to enable introduction of double stranded breaks (DSBs) at specifi c target sites 

  Fig. 2    Proteins that bind specifi c DNA sequences and which have been used to inhibit HBV gene 
transcription. ( a ) Polydactyl ZFPs include multiple zinc fi ngers, each targeting a predefi ned nucle-
otide triplet. The length of the DNA binding region can be adjusted to target an 18 base pair 
sequence by adding up to six consecutive fi ngers within an array. ( b ) Repressor TALEs (rTALEs) 
are generated by fusing KRAB repressor domains to the N-terminal of the DNA binding TALE 
proteins. The repeat domain comprises 19 TALE modules, each with a nucleotide specifi c RVD to 
enable sequence-specifi c DNA binding. The nuclear localisation signal (NLS) facilitates effi cient 
traffi cking of the protein into the cell nucleus, whilst the haemagglutinin epitope (HA) sequence 
acts as a tag for convenient protein detection       
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(Fig.  3 ). DSBs are typically repaired by non-homologous end-joining (NHEJ) or 
homology directed repair (HDR) (Fig.  4 ) (reviewed in refs. [ 47 ,  48 ]). The NHEJ 
pathway is intrinsically error prone and may cause combinations of insertions, dele-
tions and substitutions at sites of DSBs. By introducing DSBs designer nucleases 
may therefore be used to introduce disabling mutations at an intended target. When 
homologous sequences are introduced into target cells together with DSB-inducing 
nucleases, HDR may be used to restore gene function, as has been applied to the 

  Fig. 3    Designer nucleases used to disable HBV sequences. The three different engineered nucle-
ases currently being investigated as potential anti-HBV therapies are illustrated schematically. ( a ) 
Homing endonucleases or meganucleases are found naturally as endonucleases which target DNA 
sequences between 12 and 40 bp in length. ( b ) ZFNs are engineered as pairs with each ZF in the 
array binding to a specifi c nucleotide triplet. When a polydactyl ZFP array consists of four ZFs, 
each left (L) or right (R) subunit targets a 12 bp sequence. ( c ) TALENs are engineered as pairs with 
each left (L) or right (R) subunit DNA-binding domain targeting a 19 bp sequence. Each subunit is 
assembled from single TALE repeats which confer single nucleotide specifi city. Both ZFNs and 
TALENs cleave target DNA with  Fok I endonuclease domains to introduce double strand breaks 
(DSBs) indicated by the  asterisks        
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  Fig. 4    Cellular repair pathways used during nuclease-mediated mutagenesis or gene correction. 
( a ) TALEN dimerisation, depicted here, leads to cleavage at the DNA target sites and formation of 
DSBs, which are typically repaired by non-homologous end joining (NHEJ) ( b ) or homology-
directed repair (HDR) ( c ). Meganucleases or ZFNs may also cleave double stranded DNA to initi-
ate NHEJ or HDR. When NHEJ is triggered, DSB repair factors are recruited to the site. Repair 
may lead to restoration of the wild-type sequence or introduction of mutations. Abbreviations are 
spelled out in the legend to the fi gure to maintain consistency with the other fi gures. (insertions, 
deletions or substitutions), which occurs commonly when repeated cleavage occurs at a target site. 
If donor sequences with homologous regions fl anking the DSB site are introduced, the HDR path-
way may be triggered to repair or insert a sequence at the DSB       
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treatment of monogenic inherited diseases [ 49 ]. Gene correction, particularly for 
the treatment of monogenic disorders, has been a major focus of designer nuclease 
research [ 50 ]. However, the intentional disruption of pathology-causing viral DNA 
has generated considerable enthusiasm for this approach to viral gene therapy 
(reviewed in ref. [ 51 ]). Viruses that are capable of establishing latent infections, 
such as herpes simplex virus (HSV), human immunodefi ciency virus (HIV) and 
HBV, are prime candidates for nuclease-mediated targeted disruption. Since HBV 
has a small compact genome arrangement with restricted sequence plasticity, it is 
suited to this gene therapy approach. Currently there are three different types of 
designer nucleases that have been used to target HBV cccDNA: homing endonucle-
ases, otherwise known as meganucleases (Fig.  3a ); zinc fi nger nucleases (ZFNs) 
(Fig.  3b ) and TALE nucleases (TALENs) (Fig.  3c ). Recent research on protein-
RNA-based CRISPR (Clustered Regulatory Interspaced Short Palindromic Repeats) 
and CRISPR-associated (Cas) nucleases [ 52 ,  53 ] to modify genomic targets has 
been particularly vigorous. CRISPR/Cas nucleases have, however, not yet been 
used against HBV, but this topic is no doubt under investigation.   

 Homing endonucleases, also known as meganucleases, are DNA-specifi c cleav-
age proteins that were identifi ed within mobile genetic elements of yeast (Fig.  3a ) 
[ 54 ,  55 ]. They target DNA sequences ranging from 12 to 40 nucleotides in length, 
and have successfully been used to trigger HDR in eukaryotic cells [ 56 ]. Although 
homing endonucleases may be engineered to cleave defi ned DNA targets, the num-
ber of possible binding sites is limited by constraints of the effectiveness of motifs 
targeting these predefi ned targets. Despite this, homing endonucleases have recently 
been shown by Cellectis Bioresearch (Paris, France) to have therapeutic potential 
for treatment of HSV infection [ 57 ]. This group has also patented anti-HBV mega-
nucleases (WO/2010/136981 and US2012/0171191A1) but published results of 
these studies are not yet available. Whilst meganucleases have natural endonuclease 
activity, ZFNs and TALENs are generated by fusing a  Fok I nuclease domain to the 
C-terminus of a ZFP or a TALE array (Fig.  3b, c ) [ 58 ,  59 ]. The  Fok I enzyme exists 
as a monomer but requires interactions between the catalytic domains of two mono-
mers to enable cleavage of double stranded DNA [ 60 ,  61 ]. For this reason, ZFNs 
and TALENs are designed in pairs comprising so-called left and right subunits. 
Although both subunits are required for effi cient cleavage, the catalytic activity of 
the  Fok I nuclease domain itself may function in a potentially genotoxic sequence- 
independent fashion. 

 ZFN DNA-binding domains typically include ZFPs, with left and right subunits 
that each target sequences of between 9 and 12 base pairs [ 45 ]. The DNA bind-
ing sites are separated by a six base pair spacer region to enable  Fok I dimerisa-
tion and induction of DSBs at intended target sites. This confi guration has been 
shown to cleave endogenous human genes effi ciently [ 62 ,  63 ]. In an assessment 
of antiviral effi cacy, Cradick and colleagues investigated the ability of engineered 
ZFNs to cleave HBV DNA targets in vitro [ 64 ]. The ZFNs were designed to bind 
to two 9 base pair target sequences within the  core  ORF that overlapped with the 
common polyadenylation site. Disruption of viral DNA targets was verifi ed fol-
lowing  co- transfection of Huh7 cells with plasmids encoding ZFN pairs and an 
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HBV  replication competent plasmid. In addition to inhibiting pgRNA transcrip-
tion, the anti-HBV ZFNs cleaved 36 % of DNA targets. Sequencing indicated that 
site-directed mutations occurred in 6 % of HBV targets, of which 81 % produced 
frameshift mutations. Although the activity of these ZFNs on episomal cccDNA 
was not determined, this important study was the fi rst to describe targeted disruption 
of HBV DNA as a potential gene therapy. 

 Recently designer nucleases have been re-engineered by substituting ZFPs with 
the plant bacterial TALEs as an alternative DNA binding domain (Fig.  3c ). TALEs, 
which are transcription activators of host avirulence genes, are natural pro-survival 
proteins produced by the  Xanthomonas  plant pathogens [ 65 ]. Unlike ZFPs, which 
require specifi c context-dependent arrangement of each protein subunit for effective 
DNA binding [ 66 ,  67 ], a single monomer within the TALE DNA binding domain 
confers individual nucleotide specifi city with little effect of neighbouring mono-
mers [ 68 ,  69 ]. As a result, TALE monomers can be conveniently concatamerised to 
form sequence-specifi c DNA-binding domains that may be fused to the  Fok I nucle-
ase domain [ 70 ]. Individual TALE monomers comprise approximately 34 amino 
acid polypeptide chains and TALE arrays are made up of tandem repeats of these 
monomers. Each monomer varies at amino acid positions 12 and 13, and these 
repeat variable diresidues (RVDs) confer specifi city of binding by the TALE 
sequences to their DNA targets [ 68 ,  69 ,  71 ]. TALEN subunits are typically designed 
to target 19 base pair sequences. This confers higher sequence specifi city than 
ZFNs, and may also account for their improved activity in vitro [ 72 ]. There are 
several commercial and publically available techniques currently used to assemble 
designer TALE (dTALE) arrays. Two commercial companies, Cellectis Bioresearch 
(Paris, France) and Life Technologies (New York, USA), offer design and synthesis 
services whilst several publically available methods have successfully been used to 
generate TALE arrays and TALENs [ 70 ]. As with the ZFNs, TALENs have been 
used to target multiple endogenous genes [ 73 – 75 ; however, the antiviral effi cacy of 
TALENs has only recently been described [ 76 ,  77 ].  

    Disrupting the HBV cccDNA Minichromosome 

 Building on the success of the anti-HBV ZFNs [ 64 ], HBV-specifi c TALENs were 
investigated for their effi cacy against viral DNA [ 76 ]. TALENs were engineered to 
target multifunctional sites within the  surface  (S),  core  (C), and  polymerase  (P1 and 
P2) ORFs. Co-transfection experiments, conducted using cultured liver-derived 
Huh7 cells, showed that the S-TALEN inhibited HBsAg secretion by 80 %. This 
result was corroborated by studies on the HepG2.2.15 cell line, which stably and 
constitutively produces HBV. In these cells, the S-TALEN-encoding sequences 
mediated inhibition of HBsAg secretion by approximately 60 % and caused tar-
geted disruption of 31–35 % of cccDNA copies. The C-TALEN caused 12 % tar-
geted disruption of cccDNA and predictably did not inhibit HBsAg secretion. 
Although TALENs provide an effi cient means of disrupting HBV DNA sequences, 
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cytotoxicity resulting from non-specifi c targeting is possible and may cause off 
 target mutagenesis and cell death [ 78 ,  79 ]. A genome wide analysis confi rmed that 
no potential off-target binding sites for P1-, P2-, S- and C-TALENs were found in 
either the mouse ( Mus musculus ) or human genomes. This fi nding is in line with the 
lack of cytotoxicity that was observed when treating cells with the panel of HBV- 
directed TALENs [ 76 ]. Moreover, multiple alignments of 26 different HBV geno-
types and sub-genotypes showed high sequence homology at the selected TALEN 
target sites. This is particularly true for the S TALEN, and suggests that the HBV- 
targeting nucleases may be effective across HBV genotypes. 

 To establish whether TALENs were capable of inactivating HBV replication 
in vivo, the anti-HBV effi cacy of the S and C TALENs were investigated in a murine 
model of HBV replication [ 76 ]. This was achieved by hydrodynamic tail vein injec-
tion of both TALEN and HBV-encoding plasmids. Importantly, murine hepatocytes 
do not support cccDNA formation [ 80 ] and the TALEN effects were a result of their 
action on the co-injected HBV replication-competent plasmid. In vivo, the S-TALEN 
inhibited HBsAg secretion by 95 % and induced disruption in 58–68 % of intrahe-
patic HBV DNA targets [ 76 ]. The C-TALEN inhibited HBcAg expression and 
induced disruption in 62–87 % of intrahepatic HBV DNA targets. Serological anal-
ysis showed a reduction in circulating virions and no apparent liver toxicity. Deep 
sequencing at the S- and C-TALEN binding sites showed targeted mutation of HBV 
that was specifi c to mice that had been treated with anti-HBV TALENs. As expected, 
deletions were predominantly detected at both the S- and C-TALEN target sites 
[ 81 ]. This effect is distinct from that of ZFNs, which may give rise to a combination 
of insertions, deletions and substitutions. 

 The therapeutic potential of anti-HBV TALENs has recently been corroborated 
by Chen and colleagues [ 77 ]. By engineering TALENs to bind to the  core  ORF and 
the RNaseH region of the  polymerase  ORF, signifi cant knockdown of HBeAg, 
HBsAg and pgRNA levels in Huh7 cells could be achieved. This antiviral effect was 
observed for genotype B, C and D isolates, supporting the notion that TALENs 
designed to target conserved regions of HBV may be effective against several geno-
types. Effi cacy was also confi rmed in vivo when using murine hydrodynamic injec-
tion. Importantly, this study also showed a synergistic antiviral effect when 
combining TALENs with INF-α in Huh7 cell cultures. As INF-α is a licensed HBV 
therapeutic, using TALENs in combination with other drugs is an interesting 
approach to improving treatment effi cacy.  

    Transcriptional Gene Silencing with rTALEs 

 The endonuclease domains of TALENs and ZFNs may also be substituted with 
other effector proteins to enable gene-specifi c transcriptional regulation. Naturally, 
 Xanthomonas  TALEs contain activation domains, which increases transcription 
from specifi c plant gene promoters through association with the DNA-targeting 
repeat domains. After secretion from the bacteria, the TALEs enable survival of the 
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bacteria through transcriptional activation of otherwise silent genes [ 65 ,  82 – 84 ]. As 
the TALE array can be engineered to bind to any target sequence, these transcrip-
tional activators have been used in mammalian cells to trigger human gene expres-
sion [ 85 – 88 ]. As an alternative, TALE DNA binding arrays may be fused to gene 
repressors. These repressor TALEs (rTALEs) have recently been shown to be potent 
inhibitors of endogenous mammalian gene transcription [ 86 ,  87 ]. Different repres-
sor domains have been fused to DNA-binding TALEs. Amongst the inhibitors of 
gene expression, the mSin interaction domain (SID) and KRAB domain silenced 
gene activity most effi ciently [ 86 ,  87 ]. KRAB repressors occur naturally as zinc 
fi nger fusions [ 89 ], and are the largest group of mammalian transcriptional regula-
tors (Fig.  2b ). Although the exact mechanism of KRAB transcriptional repression 
has not been completely elucidated, KRAB-ZF protein binding results in the recruit-
ment of heterochromatin forming complexes, which lead to gene silencing [ 90 ]. 

 When studying anti-HBV effi cacy of TALENs, it was found that one of the 
nucleases under investigation, the P1-TALEN, inhibited markers of viral replication 
without causing detectable mutation at the target site [ 76 ]. Since the HBV enhancer 
I sequence overlaps with the P1-TALEN target, it is likely that this TALEN inhibits 
viral replication through transcription inhibition rather than by mutating protein- 
coding sequences. In the same way that ZFPs were shown to inhibit DHBV tran-
scription [ 46 ], transient transcriptional repression with TALENs is likely to involve 
competitive binding at the target site without any endonuclease cleavage. To inves-
tigate this further, we generated KRAB-rTALEs from the P1 and P2 left and right 
TALE DNA binding arrays (unpublished data). As with naturally occurring repres-
sor proteins containing the KRAB domain, these rTALEs were designed with the 
repressor domain at the N-terminus (Fig.  2b ). Individually, the left and right P1 
rTALEs inhibited HBsAg expression in Huh7 cells following co-transfections with 
an HBV replication competent plasmid. Furthermore,  surface  and  core  mRNA con-
centrations were reduced by up to 80 %, suggesting the anti-HBV effect is a result 
of transcriptional inhibition. The HBV Enhancer I sequence regulates viral protein 
expression through binding of key hepatocyte transcription factors (reviewed in [ 17 , 
 91 ,  92 ]). The P1 left rTALE is likely to inhibit the binding of retinoic acid response 
element (RARE) or regulatory factor X1 (RFX1), which in turn may prevent the 
cooperative binding of hepatocyte nuclear factor 4 (HNF-4) and retinoid X receptor 
alpha/peroxisome proliferator-activated receptor (RXRα/PPAR) heterodimers. The 
P1 right rTALE subunit, however, targets a region of the LSR element of Enhancer 
I motif that is essential for HBV gene expression. This sequence contains  cis -ele-
ments that bind several hepatocyte transcription factors and is also involved in 
activation of  HBx  gene expression [ 93 ]. The Enhancer I motif operates in conjunc-
tion with Enhancer II, to increase surface protein expression [ 94 ]. As both the P1 
left and P1 right rTALEs inhibit HBsAg expression, it is likely that these proteins 
are obstructing RARE and RFX1 binding or LSR regulation, and consequently 
inactivating the Enhancer I motif. Moreover, rTALE-induced formation of hetero-
chromatin on the cccDNA may disable viral transcription permanently. Although 
TALENs are a promising therapeutic for the targeted inactivation of cccDNA, 
unwanted mutations and chromosome translocations are a concern [ 95 ]. HBV DNA 
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is frequently integrated into the genomes of carriers of the virus, and TALENs 
 acting at these sites may cause unwanted genotoxicity. By using transcriptional 
repression with rTALEs, instead of introducing targeted DSBs with TALENs, the 
likelihood of introducing undesirable mutagenic events may be diminished.  

    Conclusions 

 To date treatment with IFN-α or its pegylated derivatives has been the only interven-
tion capable of eradicating HBV from infected cells [ 96 ]. The treatment is, however, 
only effective in a small subset of HBV carriers. Moreover use of IFN-α may be 
complicated by side effects, is contraindicated in several cases, and is expensive. 
Nucleoside and nucleotide analogues may effectively suppress viral replication but 
do not eliminate cccDNA and treatment withdrawal is associated with reactivation 
of HBV replication. With the advent of technology enabling the engineering of 
designer nucleases and transcriptional repressors, methods of effi ciently silencing 
HBV replication by inactivating cccDNA have been added to the arsenal of poten-
tial anti-HBV therapies. Currently, the use of TALENs against HBV appears to be 
the most effi cient. Although not yet reported, information on the utility of HBV- 
targeting CRISPR-Cas derivatives will be an interesting development. 

 Studies on viral resistance in cultured cell have been hampered by the lack of 
convenient models that simulate all steps of viral replication. Most reports describ-
ing anti-HBV therapy have employed replication competent plasmids or cell lines 
with an integrated copy of the viral genome. These strategies rely on assessing 
silencing of a single viral sequence and consequently provide little information on 
viral resistance. The discovery by Yan and colleagues that HBV uses the NTCP to 
infect hepatocytes may address this problem [ 14 ]. Cells ectopically expressing 
NTCP are permissive for HBV infection and should allow for analysis of emergence 
of resistance in response to treatment. Furthermore, as NTCP-expressing human 
cultured cells support cccDNA formation they will provide a useful model to assess 
the effect of anti-HBV therapeutics on cccDNA. Unfortunately, since mice do not 
synthesise cccDNA [ 80 ], NTCP-transgenic murine models will not recapitulate the 
entire HBV replication cycle. 

 Although results from testing anti-HBV nucleases and repressors have generated 
signifi cant enthusiasm, signifi cant hurdles need to be overcome before they are used 
in a therapeutic context. Safe and effi cient delivery of sequences encoding anti- 
HBV nucleases is particularly challenging. The size of sequences encoding indi-
vidual TALEN subunits (approximately 4 kb) is at the limit of the transgene capacity 
of single stranded adeno-associated viral (AAV) vectors. Delivery of complete 
TALENs with these favoured vectors would therefore require simultaneous admin-
istration of two recombinant viruses. Although constrained by the compact nature 
of its genome, selection of HBV escape mutants may be possible. It remains to be 
determined whether mutations within the HBV genome can confer resistance to 
TALEN- or rTALE-mediated silencing and if so, whether resistance can be  prevented 
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by simultaneously targeting the virus with multiple engineered DNA-binding pro-
teins. The duration of expression of anti-HBV TALENs or rTALEs that is required 
to disable cccDNA completely is not yet known. Also, off target and long- term 
effects of expressing TALENs or rTALEs on hepatocytes need to be characterised. 
Thorough analysis of these topics will be required before this powerful technology 
is implemented as a therapeutic modality. Despite the unanswered questions, use of 
derivatives of engineered sequence-specifi c DNA binding proteins is an interesting 
novel strategy. Used alone or in combination with other antiviral approaches, such 
as RNAi and existing licensed therapies, they have the potential to improve the 
management of chronic carriers signifi cantly.     
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