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Abstract

Abstract

Despite the availability of an effective vaccine, hepatitis B virus (HBV) infections are a major
public health problem with approximately two thirds of the world’s population having been
exposed to this virus. This DNA virus infects hepatocytes causing inflammation and is the
causative agent of hepatitis B. Upon infection the viral genome is transported to the nucleus
and repaired to covalently closed circular DNA (cccDNA). The cccDNA intermediate is
responsible for the persistence of HBV in chronically infected individuals and acts as a viral
reservoir. Current treatments are not able to target the stable cccDNA and highlight the need
for the development of new therapies. This project focused on the development of anti-HBV
transcription activator-like effector nucleases (TALENS) with improved efficiency and safety.
TALENSs are designer nucleases that induce double-stranded breaks (DSBs) within DNA.
This stimulates host repair pathways that results in insertions or deletions (indels) that cause
frame-shift mutations and disrupt targeted genes. TALENSs are highly promising as they are
able to target cccDNA and could lead to a functional cure for HBV. Existing anti-HBV
TALENS have been designed to target conserved sites in the S and C open reading frames of
the HBV genome. The third generation obligate heterodimeric Sharkey variants are enhanced
Fokl nuclease domains that were generated by altering certain amino acid residues in the
wild-type Fokl nuclease domain. Sharkey TALENSs were produced by substituting the wild-
type Fokl domain of existing anti-HBV TALENSs with Sharkey variants. In vitro analysis of
the anti-HBV Sharkey TALENs demonstrated expression of the nucleases in liver-derived
cells. However, the wild-type anti-HBV TALENSs exhibited superior inhibitory effects as
compared to the Sharkey TALENSs. Sequence-specific cleavage was achieved by both surface
(S) and core (C) Sharkey TALENSs however the latter achieved greater targeted cleavage.
Mutagenesis analysis of HBV DNA from extracted HepG2.2.15 cells revealed the Sharkey C
TALEN achieved 12.1% targeted cleavage greater compared to the Sharkey S TALEN.
Efficacy was assessed in vivo in the mouse hydrodynamic injection model of HBV
replication. In vivo viral markers of HBV replication were assessed and the Sharkey anti-
HBV S and C TALENSs were able to reduce viral surface antigen secretion by 57% and 78%
respectively, whereas both Sharkey TALENSs achieved a 96% reduction of circulating viral
particle equivalents. The Sharkey TALENs were able to reduce viral mRNA production by
35% and 45% and pregenomic RNA levels by 73% and 80%. Minimal toxicity in vitro and in
vivo was observed using the Sharkey TALENS indicating that reduction of markers of HBV
replication were as a consequence of the action of the Sharkey anti-HBV TALENSs. Results
for the Sharkey C TALEN were comparable to the wild-type TALENS in vitro and in vivo.
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Abstract

Despite the inhibition of HBV replication achieved with third generation Sharkey TALENS, a
more comprehensive analysis of anti-HBV Sharkey TALEN activity in different in vitro and
in vivo models of HBV replication is necessary. In addition, in depth analysis of potential off-
target effects is required to comprehensively examine the safety of these variants.
Nonetheless, in this study the Sharkey TALENS are able to inhibit HBV replication cccDNA
and transcription, thereby further validating the use of TALENSs as a potential therapy for

chronic HBV infection.
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Chapter 1- Introduction

Chapter 1

1 Introduction

1.1 Epidemiology of the hepatitis B virus

Hepatitis B virus (HBV) infections are a major public health problem with approximately two
thirds of the world’s population having been exposed to this virus. Of these it is estimated that
250-400 million people have progressed to chronicity (WHO, 2015). HBV is a small
enveloped virus and is the prototype virus of the Hepadnaviridae family of viruses (Liang,
2009). As the name suggests members of this family are DNA viruses that infect the liver
(Marion and Robinson, 1983). HBV infects hepatocytes causing inflammation and is the
causative agent of hepatitis B. It is estimated that 780 000 people die from hepatitis B-related
complications (Lozano et al., 2013). The majority of hepatitis B-related deaths, estimated at
650 000-780 000 per year, are caused by cirrhosis and hepatocellular carcinoma (HCC). HBV
infection in South Africa is a critical problem with an estimated 2.5 million people chronically
infected (Spearman and Sonderup, 2014).

HBV causes both acute and chronic infections. Acute infections are characterised by mild or
no symptoms and the immune system usually clears the infected hepatocytes. Individuals who
are not able to clear the virus after six months are diagnosed as having a chronic infection
(Viola et al., 1981, De Franchis et al., 1993). Unfortunately it is chronic carriers that are at an
increased risk of developing HCC and cirrhosis. Chronic HBV infection is a significant risk
factor for HCC, accounting for 60% of HCC cases worldwide and an estimated 80% within
developing countries (McGlynn et al., 2001). Progression from acute to chronic infections is
dependent on a number of factors such as age, HBV immunisation and current immune status.
Approximately 90% of infants exposed at birth, 30-50% of children exposed before they turn
6 and 5% of adults exposed to HBV will develop chronic infection (WHO, 2017). Chronically
infected individuals have a 15-25% risk of dying from HBV-related complications such as
HCC and cirrhosis if they were infected during childhood (WHO, 2017). HBV is transmitted
parenterally (Pourkarim et al., 2014) and in low endemic countries the most common mode
of transmission is through sexual transmission and the use of contaminated needles and blood
products. In Africa and Asia, both regions of high endemicity, transmission is mainly
horizontal (between children) and from mother-to-child respectively (WHO, 2017). HBV
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Chapter 1- Introduction

prevalence varies from 1% to 10% depending on the geographic region, with the highest
prevalence in sub-Saharan Africa and Southeast Asia (Lago et al., 2014). In Africa,
specifically sub-Saharan Africa, the prevalence of HBV infections is large with up to 8% of
the population being chronic carriers. HBV is divided into eight well-characterised genotypes
(A-H) and genotypes | and J have recently been identified (Huy et al., 2008, Tatematsu et al.,
2009). This is a result of the high nucleotide substitution rate of the virus which has led to a
relatively high degree heterogeneity and sequence diversity between viruses (Zhang et al.,
2016).

1.2 HBV infection and genome structure

The HBV genome is approximately 3.2 kilobase pairs in size making it one of the smallest
DNA viruses (Summers et al., 1975). HBV uses reverse transcription during its replication
cycle however, unlike retroviruses, it does not integrate its genome into that of its host.
Instead the viral genome is maintained episomally as covalently closed circular DNA
(cccDNA) in the nucleus (Miller and Robinson, 1984). HBV consists of an outer lipid bilayer,
with embedded viral surface proteins (large, middle and small), that surrounds the
nucleocapsid. The nucleocapsid in turn comprises viral core proteins, arranged in an
icosahedron, that encapsidates the viral genome which exists as a partially double-stranded
relaxed circular DNA (rcDNA).

Early steps in the viral replication cycle have remained relatively obscure and it was only
recently that the sodium taurocholate co-transporting polypeptide (NTCP) was identified as
the receptor that HBV uses for entry (Yan et al., 2012). This receptor is expressed on
hepatocytes and has been shown to be responsible for viral entry by interacting with the large
surface protein of HBV (Yan et al., 2012) (Figure 1.1). HBV likely interacts with heparan
sulphate proteoglycans (Schulze et al., 2007) followed by binding to NTCP and enters the cell
through cell-mediated endocytosis (Glebe and Urban, 2007). Once inside the cell the
nucleocapsid is transported to the nucleus where it is disassembled and the rcDNA is released.
The rcDNA is composed of a complete minus (-) strand with the viral polymerase covalently
attached to its 5’ end and an incomplete plus (+) strand that contains an RNA oligonucleotide
attached to its 5’ end. The RNA oligonucleotide functions as a primer for the synthesis of the
plus strand. The viral polymerase and RNA sequence are removed, plus strand synthesis is
completed and the gaps in the two strands are ligated resulting in conversion of rcDNA to
cccDNA (Beck and Nassal, 2007). This replicative intermediate serves as a template for viral
transcription and is crucial for the establishment of persistent infection (Guo et al., 2012). The
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cccDNA is transcribed into several RNAs including three subgenomic RNAs (pre-S1, pre-S2
and HBx mRNAs) and two greater-than-genome-length RNAs (pregenomic RNA (pgRNA)
and precore RNA) (Revill and Locarnini, 2016) (Figure 1.1). The nuclear episomal cccDNA
is compact and comprises four overlapping open reading frames (ORFs) namely precore/core
(C), surface or envelope (S), polymerase (P), and X (Elizalde et al., 2018) (Figure 1.2). Gene
expression is regulated by four promoters and includes the pre-S1, pre-S2 and X promoters
and the basic core promoter (BCP). The C ORF encodes the core and precore proteins.
Whereas the core protein or HBV c antigen (HBcAg) is translated from the pgRNA and
makes up the viral capsid precore is translated from the precore RNA and is processed to
ultimately yield HBV e antigen (HBeAg). The P ORF is located on the pgRNA as well as the
precore RNA and is translated from pgRNA. The P ORF encodes the polymerase protein
which is responsible for the reverse transcription of pgRNA (Liang, 2009). The S ORF, which
can be divided into the pre-S1, pre-S2 and S regions, codes for the 3 surface envelope proteins
or HBV surface antigens (HBsAgs). While the pre-S1 mRNA serves as template for
translation of the large HBsAg, the pre-S2 mRNA serves as template for translation of the
middle and small HBsAgs. Finally, the X ORF codes for the HBV X (HBX) protein, which is
translated from the HBx mRNA (Liang, 2009).

Viral replication is initiated when the viral polymerase binds to the pgRNA, from which it is
translated, signalling encapsidation of the pgRNA (Dandri and Petersen, 2016). Viral core
proteins or HBCcAgs, which are also translated from the pgRNA, form the capsid around the
pPgRNA. Within the capsid the pgRNA is reverse transcribed by viral polymerase to the minus
strand. As the pgRNA is reverse transcribed, the RNaseH activity of the viral polymerase also
degrades it. A small RNA oligonucleotide is left behind which translocated from the 3’-end of
the minus strand to its 5’-end (Ko et al., 2014). The RNA oligonucleotide now functions as a
primer for synthesis of the plus strand. The minus strand circularises such that its 5°- and 3’-
ends are in close proximity allowing the plus strand to be synthesised across the gap between
these two ends (Blum et al., 1989). Plus strand synthesis does not go to completion resulting
in the rcDNA genome within the viral capsid (i.e. the nucleocapsid) (Seeger and Mason,
2015). Translation of the HBsAgs occurs at the endoplasmic reticulum which subsequently
embeds themselves within its membrane. The nucleocapsid buds into the endoplasmic
reticulum, acquires an envelope, embedded with surface proteins (Seeger and Mason, 2015)

and is subsequently secreted out of the cell by exocytosis (Tuttleman et al., 1986, Wu et al.,
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1990). Alternatively, the nucleocapsid can enter the nucleus and replenish the pool of
cccDNA.
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Figure 1.1: Schematic diagram of HBV replication cycle.

Attachment of the HBV virion to the NTCP receptor on hepatocytes initiates the infection
event and gains cell entry through endocytosis. After entry into the cell, the nucleocapsid is
translocated to the nucleus. In the nucleus rcDNA is released and repaired by viral and host
proteins to form cccDNA. The cccDNA is the viral template responsible for transcription of
pgRNA and subgenomic RNAs which are subsequently transported to the cytoplasm. Viral
RNAs are translated into polymerase, HBV e antigen, HBX, surface and core proteins. The
polymerase, once translated, binds to the pgRNA initiating encapsidation. Encapsidation of
the pgRNA initiates its reverse transcription of the minus strand which in turn serves as
template for synthesis of the plus strand. This produces the mature nucleocapsid containing
the rcDNA genome. The nucleocapsid buds into the endoplasmic reticulum and acquires an
envelope, embedded with surface proteins. The progeny virion is subsequently secreted out of
the cell by exocytosis. Alternatively, the nucleocapsid can be transported to the nucleus to

replenish the pool of cccDNA.
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Figure 1.2: Schematic representation of the genomic organisation of HBV.

The centre of the figure represents the partially double-stranded rcDNA that is composed of
plus (+) and minus (-) strands. The HBV genome is compact consisting of four overlapping
ORFs. The polymerase, surface, precore/core and X ORFs are represented by the arrows
surrounding the genome. These ORFs encode for polymerase, three surface proteins, core, e
antigen as well as the X protein. The four outer arrows surrounding the genome represent the
viral transcripts. The arrowheads at the 5' ends of the transcripts represent transcription start

sites and that transcripts with multiple arrowheads at their 5' ends exist as multiple species.

(Adapted from (Moolla et al., 2002)).
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1.3 Current HBV treatments

Effective vaccines are available and have been shown to reduce the occurrence of new HBV
infections. Vaccination however offers little therapeutic benefit to the estimated 250-400
million chronically infected individuals (Lemoine et al., 2013). The current conventional
treatment for HBV includes several drugs approved by the Food and Drug Administration.
These include immunomodulating agents (interferon-o. (IFN-o) and PEGylated-IFN-a) and
nucleos(t)ide analogues (NAs) (Zoulim and Locarnini, 2013). These therapies are able to
reduce viraemia and viral replication which leads to improvements in the clinical outcome
(Wilson et al., 2016) but do not affect the cccDNA. IFN-a and PEGylated-IFN-a function as
immunomodulators and stimulate the host’s immune system to clear the virus. A major
shortcoming of interferon-based therapies is that only a small number of individuals,
approximately 40% of treated patients, exhibit long-term clinical benefits (van Zonneveld et
al., 2004), with less than 10% of treated patients showing a sustained virological response
(elimination of serum HBsAQ) (Trépo et al., 2014). Furthermore, the utility of interferon

therapy is hampered by severe side effects.

NAs are very potent drugs and are better tolerated than interferon-based therapies (Zoulim
and Locarnini, 2009). NAs function by inhibiting the reverse transcription step of the viral life
cycle thereby suppressing viral replication (Zoulim and Perrillo, 2008). NAs approved for
management of chronic hepatitis B include lamivudine, adefovir, entecavir, telbivudine and
tenofovir. Advantages of using NAs include ease of administration and tolerance of the drug.
However adverse side effects associated with long-term use have been reported. Furthermore,
NAs have been shown to select for viral mutants resulting in the emergence of drug resistant
virus (Cheng et al., 2015). Lamivudine, commonly the first line treatment for chronic hepatitis
within developing countries, has been associated with high mutation rates, approximately
70% (Cheng et al., 2015). More importantly, however, NAs often produce a limited
therapeutic benefit and require lifelong treatment which is costly and increases the risk of
toxicity. Disruption of NA treatment results in resurgence of viral replication (Bessesen et al.,
1999) and viral reactivation (Lai et al., 2014, Wong et al., 2006). While NA and IFN-a
treatments are effective at inhibiting the replication of viral DNA within the cytoplasm they

do not impact nor completely remove cccDNA reservoir.
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The goal of HBV therapy is to eliminate or permanently disable cccDNA and gene therapy
approaches have been evaluated as a strategy to achieve this goal. HBV has been targeted in
cell culture and animal models using various gene therapy approaches. Numerous studies
have targeted viral gene expression using RNA interference (Shlomai and Shaul, 2003),
ribozymes (von Weizsacker et al., 1992) and external guide sequences (Zhang et al., 2013). At
the protein level, capsid-targeted viral inactivation (Beterams and Nassal, 2001) as well as
dominant negative HBV mutants (Scaglioni et al., 1994) have been used. While there have
been some successes, to varying degrees, none of these strategies has been able to
successfully eliminate or disable cccDNA permanently. Engineered sequence-specific
nucleases have been used to target HBV genome at the DNA level and more specifically are
capable of permanently disabling cccDNA. As a consequence research efforts have focused

on improvement and delivery of these nucleases for the management of chronic hepatitis B.

1.4 Targeting cccDNA of HBV

Extensive research has shown that cccDNA acts as a viral reservoir and is responsible for the
persistence of HBV in chronically infected individuals (Koniger et al., 2014). This replication
intermediate resides within the nucleus as an episomal minichromosome and is thought to
persist for years (Nassal, 2008). Therefore eliminating this DNA will potentially lead to a cure
for chronic hepatitis B. HBV exist in hepatocytes in different forms as the virus goes through
the replication cycle, however the cccDNA intermediate has been shown to be maintained
within hepatocytes for months to years (Lai et al., 2014). This cccDNA is not eliminated by
the licensed antiviral therapy. The use of genome engineering has been gaining popularity as a
curative approach to target latent and persistent viral infection. Gene editing tools have
proven successful over the past decades in molecular biology and has allowed for
manipulation of genes. Currently available genome editing tools include homing
endonucleases (HEs) (Terasaki, 1996), the clustered regularly-interspaced short palindromic
repeats (CRISPR) and CRISPR-associated proteins (Cas) (CRISPR/Cas) system (Hille and
Charpentier, 2016), zinc finger nucleases (ZFNs) (Beerli and Barbas, 2002) and transcription
activator-like effector nucleases (TALENs) (Boch et al., 2009). These gene editing
technologies function by inducing double-stranded breaks (DSBs) within DNA and this
stimulates two cellular DNA repair mechanisms namely homology-directed repair (HDR) or
the error-prone non-homologous end joining (NHEJ) process (Gaj et al., 2013, Wyman and
Kanaar, 2006). Gene editing technologies take advantage of these pathways to induce targeted
disruption of genes.
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1.5 Sequence-specific designer nucleases

HEs are a class of DNA-cleaving enzymes and are found in introns, in certain microbial
organisms, phages, and viruses (Terasaki, 1996). With HEs the DNA-binding domain has
DNA-cleaving activity making these nucleases much smaller than others. Their small size
facilitates vectorisation and delivery. HEs have been shown to have high specificity for their
DNA targets and have very little toxicity due to the reduced off-target cleavage (Aubert et al.,
2011). HEs are also known as meganucleases as they recognise relatively long sequences of
approximately 14-40 bp (Belfort and Bonocora, 2014). HEs have been categorised into five
families, namely LAGLIDADG, PD-(D/E)XK HE, HNH, GIY-YIG and His-Cys box
(Stoddard, 2011, Belfort and Bonocora, 2014) and each family cleaves target DNA in
different ways (Chevalier et al., 2001). The major challenge with the use HEs has been the
difficulty associated with redirecting HE cleavage specificity (Schiffer et al., 2012).
Association of cleavage activity and DNA-binding activity within the same protein domain
significantly hampers the cleavage activity of HEs when altering DNA-binding activity
(Schiffer et al., 2012).

Zinc-finger nucleases (ZFNs) are sequence-specific artificial nucleases engineered to bind and
cleave target DNA specifically. ZFNs consist of two domains, the DNA-binding domain
comprising His2-Cys2 zinc fingers (ZFs) and a DNA cleavage domain from the Fokl
nuclease. Each ZF consists of approximately 30 amino acids bound by a single atom of zinc
in a conserved BRa conformation (Beerli and Barbas, 2002). This structure is maintained by
the chelation of a zinc ion and hydrophobic interactions (Klug, 2010). Each a-helix of the ZF
recognises a base triplet in the major groove of DNA (Kandavelou et al., 2005). ZFNs
typically consist of three to six ZFs (Pabo et al., 2001) that are covalently tethered together
generating the DNA-binding domain that recognises between 9 and 18 base pairs (Moscou
and Bogdanove, 2009). The Fokl endonuclease is the non-specific DNA cleavage domain
(Guo et al., 2010). As a type lls restriction endonuclease the DNA-binding-domain of Fokl is
separate from its nuclease domain (Pingoud and Jeltsch, 2001). Consequently, the nuclease
domain of Fokl can be added to a ZF DNA-binding domain to create a new nuclease (Durai et
al., 2005). ZFNs are engineered as two monomers which come together on the target
sequence. When the two monomers come together the Fokl nuclease domains dimerise,
become active and induce a DSB (Bitinaite et al., 1998). The major disadvantage of ZFNs is

the difficulty associated with their construction as DNA binding is dependent on surrounding
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ZFs. The affinity and specificity of the each finger is influenced by context, where each ZF in
the array influences binding of its neighbouring ZF making construction of the array difficult
(Fu and Voytas, 2012).

The discovery of the bacterial adaptive immune system known as the CRISPR/Cas system has
led to development of a new gene editing tool (Hille and Charpentier, 2016). Naturally, the
CRISPR/Cas system functions to protect bacteria from foreign DNA sequences. Upon
infection by a bacteriophage the bacterium will incorporate pieces of the invading viral DNA
into its own genome, specifically into the CRISPR/Cas locus (Amitai and Sorek, 2016, Heler
et al., 2014). These sequences are transcribed and processed into CRISPR RNAs (crRNAS).
Together with a transactivating crRNA (tracrRNA), crRNAs associate with the nucleases
called Cas proteins. The Cas proteins is directed to DNA sequences homologous to the
crRNA and digestion of the DNA thereby protecting the bacterium from infection (Hille and
Charpentier, 2016). The CRISPR/Cas system has been exploited by producing a single small
guide RNA (sgRNA) that mimics the crRNA and tracrRNA. sgRNAs can be produced against
any target of interest and when complexed with a Cas protein direct the nuclease to the target
to induce a DSB (Jinek et al., 2012). CRISPR/Cas systems have been used to induce
mutagenesis in a number of organisms including bacteria (Jiang et al., 2013), zebrafish
(Hwang et al., 2013), plants (Li et al., 2013) and numerous others. The specificity of the
CRISPR/Cas system is dependent on RNA-DNA recognition unlike other sequence-specific
nucleases. To date, the system from Streptococcus pyogenes (CRISPR/Cas9) has been the one
most commonly used for gene editing (Hsu et al., 2014). CRISPR/Cas9 causes cleavage at the
target site when the sgRNA hybridises with a ~20 nucleotide sequence next to the protospacer
adjacent motif (PAM) sequence enabling the Cas9 endonuclease to cleavage target DNA
(Cencic et al., 2014, Mekler et al., 2017). Genome editing tools have been generated from
different Cas nucleases derived from various species of bacteria and each system differs in
sgRNA and PAM sequences. As with other sequence-specific nucleases, the different
CRISPR/Cas systems exhibit off-targets effects (Sander and Joung, 2014). In addition several
studies have indicated the frequency of off-target indels mutations can sometimes be

comparable to on-target mutation (Fu et al., 2013, Fu et al., 2014)

1.6 Transcription activator-like effector nucleases (TALENS)

TALENSs have similar architecture to that of ZFNs in that they comprise a DNA-binding
domain fused to a DNA cleavage domain. The DNA-binding domains of TALENS are based
on transcription activator-like effectors (TALEs) from Xanthomonas bacteria (Boch et al.,
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2009). TALE proteins consist of a nuclear localisation signal, a DNA-binding domain and a
transcription activation domain (Jankele and Svoboda, 2014). The DNA-binding domain of
TALEs consists of 33-35 amino acid repeats that vary at positions 12 and 13 (Figure 1.3).
Amino acids 12 and 13 are known as the repeat variable di-residues (RVDs) and confer
specific recognition of a single nucleotide to the DNA-binding domain (Schornack et al.,
2006). The RVD recognition code has been deciphered and has allowed the design of artificial
TALEs targeted against any sequence of interest (Boch, Scholze, Schornack et al., 2009,
Moscou and Bogdanove, 2009). Over 20 unique RVD sequences have been identified and the
seven that are commonly used includes NI (Asn and Ile), NN (Asn and Asn), NG (Asn and
Gly), HD (His and Asp), IG (lle and Gly), NH (Asn and His) and NK (Asn and Lys) (Table
1.1). The use of the different RVDs combinations provides the TALE with flexibility however
the choice of RVDs affects the binding specificity and risk for potential off-target effects.
Studies have shown that TALENs employing the NK RVD are less active compared to the
NN RVD (Huang et al., 2011). The NH RVD has been shown to exhibit greater binding
affinity for the G nucleotide than the NK RVD (Cong et al., 2012). The NH and NK RVDs
have been shown to bind G more specifically and also reduced the risk of off-targets (Cong et
al., 2012, Christian et al., 2012). Thus use of different RVDs allows for the targeting of any
DNA sequence. More importantly the choice of RVD also determines efficiency and
specificity of the designer nuclease. Much like ZFNs, TALENSs are created by fusing the
endonuclease domain of Fokl to a TALE DNA-binding domain. TALENS are designed as left
and right monomers that bind their target DNA sequence allowing the Fokl nuclease domains

to dimerise and create a DSB (Figure 1.3).

Table 1.1: Nucleotide binding specificity of TALE RVDs

Repeat variable di-residues (Amino acid) DNA Nucleotide specificity

NI

NN
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HD
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Figure 1. 3: Schematic of the structure of TALENS.

Diagrammatic representation of a TALEN which comprise of a DNA-binding domain (TALE) fused to a DNA cleavage domain (Fokl nuclease
domain) and a nuclear location signal attached on the 5’ ends_The diagram illustrates the left and right TALEN monomers bound to target DNA. The
diagram depicts the spacer region required for dimerisation of the Fokl nuclease domains as well as the RVDs required to bind to DNA. Refer to the
dash line in context of the spacer region (approximately15bp).Adapted from (Kim and Kim, 2014).
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1.7 Mechanisms of mutation of sequence-specific designer nucleases

DSBs are lesions formed in both strands of DNA causing a break in DNA duplex. These
DSBs are hazardous and highly toxic to the cells and if left un-repaired can lead to apoptosis
(Jackson and Bartek, 2009). Repair of DNA damage is crucial for maintaining genome
integrity (Khanna and Jackson, 2001) and cell survival (van Gent et al., 2001). Organisms
have, therefore, evolved a number of DNA repair mechanisms, which include HDR and
NHEJ. While DSBs induce both pathways, mammalian cells predominantly use NHEJ to
repair these types of lesions (Lieber et al., 2003, Orii et al., 2006).

HDR repairs DSBs with high fidelity as it uses undamaged homologous DNA to repair the
lesion. The undamaged homologous DNA functions as template for synthesis of new DNA
thereby allowing for accurate repair (Jasin and Rothstein, 2013). NHEJ like HDR is one of the
pathways activated when DSBs occur. NHEJ uses microhomologies which are short
homologous DNA sequences that are generally present as single-stranded overhangs on
the ends of DSBs. If overhangs generated are compatible, DNA can be restored to its original
state as the DSBs ends are re-ligated and in most cases the repair is precise (Schiffer et al.,
2012). However if the overhangs are not compatible, imprecise repair occurs and can even
result in the loss of nucleotides. Repeated cleavage by the nuclease and repair by NHEJ will
eventually result in indels (Schiffer et al., 2012). This makes the use of designer nucleases,
such as TALENS, an attractive and valuable strategy for antiviral gene therapy as the virus

can be disabled through target cleavage and mutation.
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Figure 1. 4: Models of mammalian cell DNA repair

(A) The NHEJ repair pathway joins DSBs with blunt or complementary ends together. If the DSBs have overhangs that are not complementary, these
overhangs are either filled in or resected and this has the potential to cause indels. Repeated cleavage by engineered nucleases and repair by NHEJ
greatly increases the chances of indels. The solid black lines represent the double-stranded DNA, the green box represents the breakpoint and the
orange box represents inserted DNA. (B) During HDR, nucleotides are resected from each end of the DSB to produce 3’ overhangs. One of the free 3’
ends invades the donor DNA at the point of homology and is extended in a template-dependent manner. The extended strand may now hybridise to the
other 3° overhang, which in turn is extended. Finally ligation of the two strands completes the repair process. The solid black lines represent the

double-stranded DNA, solid blue lines represent donor sequences, the green box represents repaired DNA. Adapted from (Dudas and Chovanec, 2004).
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1.8 Improvements to the sequence-specific designer nuclease scaffold

Multiple strategies have been used to improve the efficiency, specificity and sensitivity of
designer nucleases such as TALENs and include modification of the TALE scaffold (DNA-
binding domain) and the Fokl nuclease (DNA cleavage domain). The architecture of the
TALEN protein is determined by its scaffold and improvements of the scaffolds includes the
length of N- and C-terminal domains as well as amino acid substitution within the RVD
monomers. Varying the length of the C-terminus and N-terminus of the TALE protein has
yielded second-generation nucleases known as Goldy, Sunny and Platinum TALENs (Cermak
et al., 2011). Varying the lengths of TALE constructs has been shown to confer improved
DNA cleavage efficiency. Optimisation of the DNA-binding domain improves specificity
(Chandrasegaran and Carroll, 2016) while modifications to the Fokl nuclease domain improve
efficiency, and as a result safety, of these designer nucleases as a shorter period of time is
required for these designer nuclease to carry out the same function and this ultimately
reduces the probability that it will cause off-target effects (i.e safety increases).The residues
responsible for the dimerisation of the Fokl nuclease domain are critical for nuclease function

and can be altered to improve designer nuclease architectures.

1.9 The Fokl nuclease domain

Nucleases are enzymes that are capable of cleaving the phosphodiester bonds in nucleic acid
sequences (Rittie and Perbal, 2008). Endonucleases and exonucleases are two classes of
nucleases that differ in their mode of action; endonucleases cleave DNA internally while
exonucleases cleave nucleic acids from the ends (Rittié and Perbal, 2008). Fokl is a type lls
restriction endonuclease and was isolated from Flavobacterium okeanokoites (Durai et al.,
2005). It has been well-characterised as a fusion domain (Pingoud and Silva, 2007) and
endonuclease (Silva et al., 2011). This Fokl nuclease domain has been used in ZFNs and
TALENSs (Lippow et al., 2009). As a result of the bipartite structure of type IIs restriction
endonucleases, Fokl cleaves the target sequences at a distance from the recognition sequence
(Wah et al., 1997). The Fokl endonuclease normally exists as a monomer with a single
catalytic domain and needs to dimerise with a second Fokl monomer to generate DSBs (Wah
etal., 1998).
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New active derivatives of the Fokl nuclease domain such as heterodimeric and Sharkey
domains have been generated. ZFNs and TALENs are designed to function through
dimerisation of left and right (L/R) monomers to form heterodimers. However, due to the
inherent symmetry of the Fokl nuclease domain, it is also possible for homodimerisation to
occur between two left (L/L) or two right (R/R) monomers (Szczepek et al., 2007). Through
the use of mutagenesis (Guo et al., 2010), structure-guided design (Miller et al., 2007,
Szczepek et al., 2007) and DNA shuffling (Doyon et al., 2011) enhanced heterodimeric
versions of Fokl have been generated. Studies have reported obligate heterodimeric nucleases

have improved safety profiles (Miller et al., 2007).

1.9.1 Modification of the Fokl nuclease domain

The use of TALENS has been shown to have reduced cytotoxicity compared to other designer
nucleases, presumably owing to increased specificity and reduced off-target effects.
Improvements to ZFN and TALEN architecture design have been extensively evaluated to
reduce or eliminate homodimer formation and increase their catalytic efficiency (Miller et al.,
2007). To achieve this numerous strategies have been employed to improve efficiency and

prevent homodimer formation.

While the first generation of engineered nucleases utilise the wild-type Fokl nuclease domain,
second generation ZFNs and TALENSs utilise variants containing mutations that favour
heterodimerisation over homodimerisation (Miller et al., 2007). The left monomer (EL)
variant contains the Q486E and the 1499L mutations, whereas the right monomer (KK)
variant contains the E490K and 1538K mutations (Figure 1.5). This was shown to improve
activity of ZFNs, however later studies demonstrated that the second generation ZFNs
dimerise weakly (Szczepek et al., 2007). This is as a result of disruption of the hydrophobic
pocket at the Fokl dimerisation interface. Mutations that stabilises dimerisation between the
left and right monomers were added to produce third generation nucleases (Kumar and
Nussinov, 2002). This entailed substituting the asparagine at position 496 with the negatively
charged aspartic acid (N496D) in the left monomer (variant ELD) and substituting histidine at
position 537 with the positively charged arginine (H537R) in the right monomer (variant
KKR). Introduction of these oppositely charged amino acids favours formation of salt bridges

between left and right monomers thereby stabilising heterodimers.
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Although the ZFN architectures are suitable for endogenous gene targeting, they would often
result in fewer mutations (Perez et al., 2008) which could be a result of reduced binding
affinities between the specialised cleavage domains (Miller et al., 2007). To further improve
cleavage efficiency Guo et al. used directed evolution to optimise the catalytic activity of the
Fokl nuclease domain and generated the Sharkey variant (Guo et al., 2010). These variants
differ at two amino acids to the wild-type Fokl nuclease domain with S418P and K441E
substitutions (Figure 1.5). Third generation obligate heterodimeric Sharkey nuclease domains
were generated by incorporation of the Sharkey variants (S418P and K441E) into the third
generation obligate heterodimeric (ELD and KKR) nuclease architecture (Doyon et al., 2011).
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Figure 1. 5: Alignment of the different Fokl nuclease domain variants.

Amino acid sequence alignment of the wild-type Fokl nuclease domain with the different
Sharkey Fokl nuclease domain variants produced by the mutation of particular amino acids
(indicated by an asterisk). The top sequence represents the wild-type Fokl nuclease domain,
the second sequence represents the Sharkey Fokl nuclease variant and the third and fourth
sequences represent the obligate heterodimeric third generation Sharkey Fokl nuclease

variants.
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1.10 Targeting HBV using sequence-specific designer nucleases

Several studies have been conducted to evaluate the efficacy of designer nucleases targeting
the HBV genome. Zinc finger proteins (ZFPs) were generated that targeted the enhancer
region of duck hepatitis B virus. This study was able to demonstrate significant reduction of
viral protein expression; however the effect was not maintained over time as ZFPs did not
mutate the viral DNA (Zimmerman et al., 2008). Cradick and colleagues engineered ZFNs to
target and inhibit HBV viral replication. Targeted inhibition of viral DNA was achieved,
however the study failed to demonstrate modification of cccDNA by the ZFNs (Cradick et al.,
2010). ZFNs were further improved by introduction of heterodimeric nuclease domains and
were delivered using self-complementary adeno-associated viral (AAV) vectors in vivo.
Targeted mutagenesis as well as inhibition of HBV replication, over a period of 14 days, was
observed and was associated with few off-target effects (Weber et al., 2014). Several studies
using the CRISPR/Cas system in vitro and in vivo indicated targeted inhibition of HBV
replication. Lin and colleagues were the first to use the CRISPR/Cas system to target HBV
and while demonstrating degradation of HBV genomes they did not observe disruption of
viral cccDNA (Lin et al., 2014). A similar study by Seeger and Sohn, in contrast, was able to
demonstrate targeted disruption of cccDNA (Seeger and Sohn, 2014).

Although there are limited studies using TALENSs against HBV, these nucleases have been
used with great success. Bloom and colleagues were the first to demonstrate the use of anti-
HBV TALENS in cultured liver-derived cells and in vivo (Bloom et al., 2013). Dimeric anti-
HBV TALENSs were designed to target four conserved sites within the S, C and P ORFs of
HBV. The S and C TALENSs were designed against the S and C ORFs respectively, while the
P1 and P2 TALENSs were designed against transcriptional regulatory elements within the P
ORF. In vitro analysis of the anti-HBV TALENs demonstrated that the S and C TALENS
were effective and demonstrated targeted mutagenesis of viral DNA in an HBV producing
cell line, HepG2.2.15. T7E1 assays demonstrated targeted mutagenesis of approximately 35%
and 12% by the S and C TALENSs respectively. In vivo assessment was carried out in the
mouse hydrodynamic injection (HDI) model of HBV replication. The S and C TALENS were
able to reduce HBsAg levels by 90% and viral particle equivalents (VPES) by 70%. Deep
sequencing demonstrated on-target mutagenesis of 58% by the S TALEN and 87% by the C
TALEN. A subsequent study by Chen et al. demonstrated successful inactivation of HBV

replication through the use of dimeric TALENs (Chen et al., 2014). The TALENs were
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designed to target conserved regions within the C and P ORFs. L1/R1 and L2/R2 TALENSs
were designed to target the C region while the L3/R3 TALEN was designed to target the P
region of the HBV genome. In vitro and in vivo assessment demonstrated that the all three
TALENSs were able to cause reduction in markers of viral replication. In the mouse HDI
model anti-HBV TALENS were able to reduce levels_of HBV pgRNA, VPEs and HBsAg. In
addition Chen and colleagues combined the TALENs with interferon-a and observed a
synergistic antiviral effect. These engineered nucleases are capable of inhibiting HBV
replication, demonstrating the effectiveness of these tool however further improvements to

these genome editing tools is critical for an effective HBV therapy.

1.11 Aims

The aim of the current project was the development of engineered nucleases with improved
efficiency and safety through the incorporation of the third generation obligate heterodimeric
Sharkey variants into existing anti-HBV TALENs. These variants were cloned into existing
anti-HBV TALENSs targeting the S and C ORFs of HBV. The anti-HBV S and C Sharkey
TALENSs was evaluated in liver-derived Huh7 cells for expression of the Sharkey TALENS.
In vitro assessment of Sharkey TALENs was conducted through the transfection of liver-
derived cells (Huh7 and HepG2.2.15). In vivo assessment of Sharkey TALENs was carried
out in the mouse HDI model of HBV replication and markers of viral replication (HBsAg,
viral RNA and viral DNA) were measured. Cell assays were conducted to measure targeted
mutagenesis and assessment of Sharkey TALEN-mediated toxicity was evaluated in vitro

(cell culture) by MTT assay and in vivo by ALT measurements from the livers mice.
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Chapter 2

Materials and Methods

2.1 Plasmids

2.1.1 HBV target plasmid

The pCH-9/3091 plasmid is a replication-competent plasmid that was generated by Nassal
and colleagues (Nassal et al., 1990). This plasmid was used as the target plasmid for in vitro
and in vivo assessments, as it is able to model HBV replication. The pCH-9/3091 plasmid
contains a greater-than-genome length HBV sequence under the control a cytomegalovirus
(CMV) immediate early promoter-enhancer. Transcription of this greater-than-genome length
sequence produces the pgRNA which establishes viral replication.

2.1.2 Reporter plasmids

The pCl-neo-eGFP reporter plasmid (Passman et al., 2000) containing the enhanced green
fluorescent protein (eGFP) under the transcriptional control of a CMV promoter and was used
for assessment of transfection efficiency in cultured cells. The pCl-neo-FLuc reporter plasmid
(Ely and Arbuthnot, 2010) expresses Firefly luciferase under the transcriptional control of a
CMV promoter and was used for the assessment of transfection efficiency in the HDI model.

2.1.3 Wild-type TALENSs

TALENSs generated by Bloom and colleagues were designed to target four conserved sites
within the S, C and P ORFs of HBV (Bloom et al., 2013). The S and C TALENs were
designed against the S and C ORFs respectively, while the P1 and P2 TALENS were designed
against transcriptional regulatory elements within the P ORF. TALE monomers were
generated from the TALE protein AvrBs4 scaffold (Mussolino et al., 2011). The right and left
TALE arrays were cloned downstream of a haemagglutinin (HA) tag and nuclear localisation
signal and upstream of a Fokl nuclease domain sequence. This entire sequence was under the
transcriptional control of a CMV promoter/enhancer. For optimal cleavage, each monomer
(right and left) was designed to target and bind 19 nucleotide sequences that started with a
thymine at the 5” end. In addition 13 base pair sequences, comprising the spacers, separated

the binding sites of the left and right monomers.
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2.2 Generation of third generation obligate heterodimeric Sharkey TALENS

2.2.1 Transformation of wild-type TALEN and Sharkey-encoding plasmids

Wild-type TALENs monomers (SR, SL, CR, CL), RM101-3" generation Sharkey KKR and
pUC57 Sharkey ELD (unpublished data) (KKR and ELD) plasmids were used to transform
100 ul of chemically competent E. coli (Appendix 5.1). Bacterial cells transformed with wild-
type TALEN plasmids and KKR Sharkey-encoding plasmid were plated on Luria-Bertani
agar plates containing kanamycin (100 pg/ml) whereas bacteria transformed with the ELD
Sharkey-encoding plasmid were plated on an agar plate containing ampicillin (100 pg/ml)
and incubated at 37 °C overnight. Colonies for the wild-type TALEN monomers and Sharkey
plasmids were inoculated in 150 ml of Luria-Bertani medium supplemented with kanamycin

(100 pg/ml) or ampicliin (100 pg/ml) and incubated overnight at 37 °C with shaking.

S and C TALEN monomer plasmids as well as the plasmids encoding the Sharkey variants
(KKR and ELD) were purified using the Plasmid Maxi Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions (Appendix 5.2). The purified wild-type TALEN
plasmids were screened with Bgll and Sharkey plasmids (KKR and ELD) were digested with
Aval, Sphl, Accl (Appendix 5.3, Figure 5.1) and Bgll (Appendix 5.4, Figure 5.2) in a 20 pl
reaction volume. The digestion reactions were set up as follows, 1 pg of each wild-type
TALEN monomer (SR, SL, CR or CL) plasmid or each of the Sharkey plasmids (KKR or
ELD), 2 ul of 10x Buffer, 1 U of the respective enzyme and ddH,O to a final volume of 20 pl.
The digestions were incubated at 37 °C for 2 hours and the restriction digests were resolved

on a 1 % agarose gel containing ethidium bromide (0.5 pg/ml) (Appendix 5.5).

2.2.2 Construction of the Sharkey anti-HBV TALENs

To produce third generation anti-HBV Sharkey TALENS the sequence encoding the wild-type
Fokl catalytic domain was replaced with the sequence encoding the Sharkey variants (Figure
2.1). The S and C TALEN monomers were double digested to excise the wild-type Fokl
nuclease domain.The digestion reactions were carried out in two steps. The first digestion was
carried out in a 20 pl reaction volume containing 1 pg of each wild-type TALEN monomer, 2
pl 10x Buffer, 1 U Apal, and ddH,O. The digestion reaction was incubated at 37 °C for 2
hours. The restriction digests were resolved on a 1 % agarose gel containing ethidium

bromide (0.5 pg/ml) and imaged using a G:BOX UV transilluminator (Syngene, Cambridge,
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UK). The single linearised band was excised from the gel and purified using the Qiagen
MinFElute Gel Extraction kit according to the manufacturer’s instructions (Qiagen, Hilden,
Germany) (Appendix 5.6). The purified Apal digested plasmid was further digested with
BamHI to remove the wild-type Fokl nuclease domain-encoding sequence. The second
digestion was carried out in a 20 pl reaction volume with the entire volume of purified
linearised plasmid DNA, 2 pl of buffer, 1 U of BamHI and ddH,O. The digestion reaction was
incubated at 37 °C for 2 hours. The restriction digests were resolved on a 1 % agarose gel
containing ethidium bromide (0.5 pg/ml). The backbones of the S and C TALEN plasmids
were excised from the gel and purified with the Qiagen MinElute Gel Extraction kit according
to the manufacturer’s instructions. The ELD and KKR plasmids were digested with the same
enzymes (Apal and BamHI) to excise the enhanced Sharkey Fokl nuclease domain-encoding

sequences.

The ELD and KKR variant sequences were ligated into the left and right monomers of the
wild-type TALENS respectively. The KKR and ELD variant sequences were ligated at a 3:1
ratio to the S and C TALEN plasmid backbones in a 20 ul reaction volume that consisted of 2
pl of 10x Ligation buffer, 1 U of T4 DNA Ligase and ddH,O to a final volume of 20 pl.
Ligation mixes were incubated overnight at 14 °C. Thereafter the ligation mixes were used to
transform 100 pl of chemically competent cells E. coli. The transformed cells were plated on
Luria-Bertani agar plates containing kanamycin (100 pg/ml) and incubated at 37 °C
overnight. Colonies were selected and inoculated in 10 ml of Luria-Bertani medium
supplemented with kanamycin (100 pg/ml). This was incubated on a shaker overnight at 37
°C. Plasmid DNA was extracted using EconoSpin™ All-in-One Spin Columns according to
manufacturer’s instructions (Epoch Life Sciences, MO, USA) (Appendix 5.7). The plasmids
were screened by enzyme digestion using Dral and Avall for the right S and C Sharkey
TALEN monomer plasmids (SR+KKR and CR+KKR) and with Dral and EcoRI for the left S
and C Sharkey TALEN monomer plasmids (SL+ELD and CL+ELD). The digestion reactions
were set up as follows, 1 pg of each Sharkey TALEN plasmid, 2 pl of 10x Buffer, 1 U of
each enzyme and ddH,O to a final volume of 20 ul. The digestion reactions were incubated at
37 °C for 2 hours and resolved on a 1% agarose gel containing ethidium bromide (0.5 pg/ml).
Clones positive for the correct sized insert were sequenced to confirm that the left and right
monomers included the correct variants (Ingaba Biotec, Pretoria, South Africa) (Appendix
5.8, Figure 5.3 to 5.8). The correct plasmids are hereafter referred to as anti-HBV Sharkey
TALEN plasmids (Table 2.1).
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Figure 2.1: Cloning strategy for the generation anti-HBV Sharkey TALEN-encoding
plasmids.

The Sharkey anti-HBV TALEN plasmids were generated by replacing the sequence encoding
the wild-type Fokl catalytic domain with the sequence encoding the Sharkey variants (KKR
or ELD). The wild-type Fokl nuclease domain and Sharkey variant sequences (KKR and

ELD) were excised from their respective plasmids with Apal and BamHlI.
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Table 2.1: Anti-HBV TALENSs plasmids and their nuclease encoding domains

Plasmid TALEN generation Viral target Nuclease Domain

pCMV SR+WT First generation S ORF Wild-type Fokl
nuclease domain

pCMV SL+WT First generation S ORF Wild-type Fokl
nuclease domain

pCMV CR+WT First generation C ORF Wild-type Fokl
nuclease domain

pCMV CL+WT First generation C ORF Wild-type Fokl
nuclease domain

pCMV SR+KKR Third generation S ORF Third generation
Sharkey Fokl
nuclease domain

pCMV SL+ELD Third generation S ORF Third generation
Sharkey Fokl
nuclease domain

pCMV CR+KKR Third generation C ORF Third generation
Sharkey Fokl
nuclease domain

pCMV CL+ELD Third generation C ORF Third generation
Sharkey Fokl
nuclease domain

2.3 Characterisation of the enhanced TALENS in cultured mammalian cells

2.3.1 Large Scale Plasmid preparation

The Sharkey and wild-type S and C TALEN monomer plasmids, HBV replication competent
plasmid (pCH-9/3091), mock plasmid (pUC118) and marker plasmid (pCl-neo-eGFP) were
prepared using the QIAGEN Plasmid Maxi Kit (Qiagen, Hilden, Germany) according to the

manufacturer’s instructions (Appendix 5.2).

2.3.2 Immunofluorescence staining of anti-HBV TALENSs

Twenty four hours prior to transfection, Huh 7 cells were seeded, in 48-well CellStar® plates
(Greiner Bio-One, Frickenhausen, Germany) at 80 000 cells per well in 250 ul of complete
DMEM (Appendix 5.9). Huh 7 cells were transfected with 200 ng of wild-type or Sharkey
TALEN plasmids using 1:1 ratio Lipofectamine™ 3000 (Thermo Scientific, CA, USA) to

! The R denotes the right monomer and L denotes left monomer
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plasmid DNA. The wild-type TALENSs were used as positive controls and pUC118 was used

as a negative control.

Transfection reactions were incubated at 37 °C and 5% CO, for the duration of the
experiment. Cells separately transfected with pCl-neo-eGFP were used to assess the
efficiency of transfection. All transfection reactions were performed in triplicate. Forty-eight

hours after transfection immunofluorescence staining was conducted on the transfected cells.

To determine wild-type and Sharkey TALEN monomer expression, immunofluorescence was
carried out on transfected cells. Transfection efficiency was assessed by analysis of GFP
expression through a Fluorescein isothiocyanate (FITC) filter using a fluorescence
microscope (Axiovert 100M, Zeiss, Oberkochen, Germany). The medium was removed and
the cells were washed with 200 ul of 1x phosphate buffered saline (PBS) (Sigma-Aldrich,
MO, USA). The Huh 7 cells were subsequently fixed in 200 ul of 4% paraformaldehyde
(PFA) at room temperature for 15 minutes. The PFA was removed and the cells were washed
twice with 200 pl of 1x PBS and incubated with 200 pl of 0.1% Triton-X (Sigma-Aldrich,
MO, USA) in PBS for 10 minutes at room temperature. The cells were then washed twice
with 200 pl of 1x PBS and blocked in 100 pl of 1% bovine serum albumin (BSA) (Roche
Applied Science, Mannheim, Germany) in 1x PBS at room temperature for 1 hour in a
humidity chamber. One hundred microlitres of mouse anti-HA primary antibody (Abcam,
Cambridge, UK), diluted 1:200 in 1% BSA, was added to each well and incubated in a
humidity chamber for 1 hour at room temperature. The cells were washed twice with 200 pl
of 1x PBS. One hundred microlitres of fluorescently labelled (Alexa Fluor 488) secondary
antibody (Thermo Scientific, CA, USA), diluted 1:200 in 1% BSA, was added to each well
and incubated in the dark for 40 minutes at room temperature. The cells were washed twice
with 200 pl of 1x PBS and stained with 100 ul of 1x 4, 6-diamidine-2-phenylindole chloride
(DAPI) for 5 minutes at room temperature. Thereafter, DAPI was removed and the cells
washed twice with 200 pl of 1x PBS. FITC and DAPI filters were used to detect signal from

the cells and were imaged using a fluorescence microscope.

2.3.3 Transfection of Huh 7 cells to evaluate HBsAg knockdown

Twenty four hours prior to transfection, Huh 7 cells were seeded, in 6-well CellStar® plates
(Greiner Bio-One, Frickenhausen, Germany) at 960 000 cells per well in 2 ml of complete
low glucose DMEM (Appendix 5.9).Lipofectamine™ 3000 was used to co-transfect pCH-
9/3091 and pCl-neo-eGFP with the wild-type TALEN, Sharkey TALEN or pUC118 (mock)
plasmids. The transfection mix was prepared as follows: 200 ng of pCI-neo-eGFP, 300 ng of
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pCH-9/3091 and 500 ng of left and 500 ng of right monomer or 1000 ng of pUC118.
Transfection mixes were added to cells and incubated at 37 °C and 5% CO for the duration
of the experiment. An HBsAg ELISA was carried out 48 hours after transfection.

To determine HBsAg levels in the culture supernatant an ELISA was carried out 48 hours
post transfection using the Monolisa™ HBs Ag ULTRA kit (Bio-Rad, CA, USA). One
hundred microlitres of supernatant was removed from the transfected cells and added to a well
of the microplate. Fifty microlitres of conjugate working solution was added to each well. The
plate was covered with adhesive film and incubated at 37 °C for 1 hour and 30 minutes. After
incubation the plate was washed using the Immuno Wash™ 1575 Microplate Washer (Bio-
Rad, CA, USA). One hundred microlitres of the development solution was added to each well
and incubated in the dark for 30 minutes at room temperature. After 30 minutes of incubation
in the presence of substrate, the reaction was terminated using 100 pl of stopping solution and
incubated at room temperature for 4 minutes. The optical densities of the samples were
measured at 490/655 nm using the iMark™ Microplate Reader (Bio-Rad, CA, USA).

2.3.4 Transfection of HepG2.2.15 cells and knockdown analysis

A day prior to transfection HepG2.2.15 cells were seeded in 6-well CellStar® plates 960 000
cells per well in 2 ml of complete DMEM (Appendix 5.9). Two hours before transfection
culture supernatant was harvested to determine baseline HBSAg expression levels.
Lipofectamine™ 3000 was used to co-transfect HepG2.2.15 cells. Transfection mixes were
prepared as follows; 4600 ng of pUC118 or 2300 ng of plasmid expressing the left wild-type
or Sharkey TALEN monomers (SL, SL+ELD, CL and CL+ELD) and 2300 ng of plasmid
expressing the corresponding right wild-type or Sharkey TALEN monomer (SR, SR+KKR,
CR and CR+KKR) and 400 ng pCl-neo-eGFP. HepG2.2.15 cells were incubated at 32 °C and
5% CO,. Co-transfection of HepG2.2.15 with pUC118 and wild-type TALENSs functioned as

negative and positive controls respectively.

Transfections were performed in triplicate. For the first (day 3), second (day 8) and third (day
14) transfection, 100 ul of medium was removed for ELISA (Section 2.3.3) forty eight hours
post-transfection and growth medium was replaced. On day 5 growth medium was removed
and cells washed with 500 pl of saline/EDTA. The saline/EDTA solution was removed and
500 pl of TrypLE Express (Gibco™, Thermo Scientific, CA, USA) was added to each well
and incubated at 32 °C (5% CO,) for 5 minutes. After the incubation period 500 pl of medium
was added and the cells were re-suspended. The re-suspended cells were transferred into

sterile 1.5 ml microcentrifuge tubes and centrifuged at 200 xg for 3 minutes. The pellet was
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re-suspended in 1000 ul of saline and 800 pl at stored at -70 °C. The remaining cells (~200
pl) were re-seeded into 6-well plates, 1800 pl of fresh medium was added and incubated at 32
°C (5% COy). This transfection procedure was repeated twice. The triple transfected

HepG2.2.15 cells harvested and stored at-70 °C were used for Cell assays.

2.3.4.1 DNA extraction from HepG2.2.15 cells

To confirm targeted sequence disruption at the intended sites, total DNA was extracted from
HepG2.2.15 cells using the QIAamp® DNA Blood Mini Kit as per manufacturer’s
instructions (Qiagen, Hilden, Germany). Two hundred microlitres of the HepG2.2.15 cells
harvested from the transfections was used, 20 ul of proteinase K was added and the solution
mixed vigorously by pulse vortexing for 15 seconds. To each sample 200 pl of AL buffer was
added and mixed by pulse vortexing for 15 seconds. The samples were then incubated at 56
°C for 10 minutes. Thereafter the samples were briefly centrifuged, 200 pl of ethanol (98-100
%) was added to each sample and mixed by pulse vortexing for 15 seconds. The mixture was
transferred to a spin column, centrifuged at 6000 xg for 1 minute and the flow-through
discarded. To each column 500 pul of AW1 buffer was added and centrifuged for 1 minute at
6000 xg. The flow-through was discarded, 500 pl of AW2 buffer was added and centrifuged
at 20 000 xg for 3 minutes. The flow-through was discarded; the spin column was added into
a new collection tube and centrifuged at 20 000xg for an additional minute. The column was
placed in a clean 1.5 ml microcentrifuge tube and 200 ul of ddH,O was added, incubated at
room temperature for 5 minutes and centrifuged at 6000 xg for 1 minute. The concentrations
of the DNA samples were measured spectrophotometrically using the NanoDrop™ 1000
Spectrophotometer (Thermo Scientific, CA, USA).

2.3.4.2 Amplification of DNA for Cell assay

For the Cell assay, sequences flanking the Sharkey S and C TALEN sites were amplified
from the DNA extracted from transfected cells using the KAPA HiFi HotStart ReadyMix
(Kapa Biosystems, MA, USA). Primer sets used for PCR are listed in Table 2.2. The PCR
reaction mix was prepared as follows: 12.5 ul of KAPA HiFi HotStart ReadyMix, 10 pmol
each of forward and reverse primers, 5 ul template DNA and ddH,O made up to a final
volume of 25 pl. PCR conditions were as follows: initial denaturation at 95 °C for 2 min; 30
cycles of 95 °C for 15 s, 58 °C and 60 °C for 15 for C and S TALEN target sites respectively,
and 72 °C for 15 seconds followed by a final elongation at 72 °C for 5 minutes and cooling to
4 °C. Successful PCR amplification was assessed by checking 3 pl of each reaction by
agarose gel electrophoresis using Orange G loading dye. The remaining 22 pl of the reaction
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was column-purified using the Qiagen MinElute Gel Extraction kit according to the
manufacturer’s instructions (Qiagen, Hilden, Germany) (Appendix 5.6). Purified amplicons

were quantified by spectrophotometry.

Table 2.2: Primer sequences used to amplify TALEN target sequences for Cell assay

Target Sites Forward Primer Reverse Primer
S ORF 5-TGC ACC TGT ATT CCC | 5-CTG AAA GCC AAA
ATC-3' CAG TGG-3'
C ORF 5-ACC ACC AAATGC CCC | 5-TTC TGC GAG GCG
TAT-3' GCG A-3'

2.3.4.3 Cell assay

To determine whether TALENSs successfully introduced mutations at target sites Cell assays
were set up as follows: 200 ng of PCR amplified DNA, 1x NEB Buffer 2 (New England
Biolabs, NJ, USA) and ddH,O to a final volume of 12 pl. The samples were denatured at 95
°C for 5 minutes, cooled to 35 °C at 0.1 °C/s and incubated at 35 °C for a further 2 minutes to
allow for heteroduplex formation. Samples were cooled to 4 °C and incubated on ice for 5
minutes after which 1 ul of the Cell enzyme (extracted from celery by Dr Wolfgang Prinz)
was added and incubated at 37 °C for 25 minutes. Samples were allowed to cool to 4 °C for
an additional 10 minutes. Each sample received 4 pl of Orange G Loading dye and was
resolved on a 2% agarose gel. Migration patterns of the DNA bands were visualised using UV
transillumination and separated bands were quantified by densitometry using ImageJ (version
1.46)(Guschin et al., 2010, Abramoff et al., 2004). Percentage targeted disruption was

calculated using the following equation:

Targeted cleavage = 100 x

Fraction uncleaved+Fraction cleaved

1
Fraction cleaved 2
1-(1- )

2.3.5 Assessment of Sharkey TALEN toxicity in cultured cells

A methyl-thiazolyl-tetrazolium (MTT) assay was carried out to determine cell viability after
treatment with Sharkey TALENs. HEK293T cells were seeded into 6-well CellStar® plates

twenty four hours prior to polyethylenimine (PEI) transfection. HEK293T cells were used as
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they transfect well and are more sensitive for cytotoxicity assessments. Cells were transfected
in triplicate with wild-type TALEN, Sharkey TALEN and pUC118 plasmids as follows: 15 ng
pCH-9/3091, 15 ng pCl-neo-eGFP and 85 ng each of left and right TALEN plasmids or 170
ng of pUC118. An untransfected control consisting of cells receiving no DNA as well as cells
treated with 50% dimethyl sulphoxide (DMSQO) (positive control) was included in separate
wells. The cell viability was assessed forty eight hours post transfection by adding 20 pul of 3-
(4, 5-Dimethylthiazol-2-yl)-2, 5 diphenyltetrazoliumbromide (MTT) solution (5 mg/ml) in 1x
PBS to each well and incubating at 37 °C (5% CO;) for 1 hour. Cell culture medium was
gently aspirated and the purple formazan by-product was re-suspended in 200 ul of DMSO by
aspirating up and down gently. Optical density of the samples was measured at 570 and 650

nm using the iMark™ Microplate Reader.

2.4 Assessment and evaluation of Sharkey TALENS in vivo
2.4.1 Large-Scale Endotoxin-Free plasmid preparation

The wild-type and Sharkey TALEN plasmids, HBV replication competent plasmid (pCH-
9/3091), pUC118 and pCl-neo-FLuc were prepared for the in vivo assessment using the
EndoFree® Plasmid Maxi Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions and DNA pellets were re-suspended in 100 pl of sterile H,O (Appendix 5.10).
The purified endotoxin-free plasmids were screened by enzymatic digestion (Appendix 5.11,
Figure 5.9 and Figure 5.10).

2.4.2 Hydrodynamic injection of mice

In vivo assessment of anti-HBV Sharkey TALENSs was carried out in the mouse HDI model
of HBV replication. All experiments on animals were conducted in accordance with protocols
approved by the University of the Witwatersrand Animal Ethics Screening Committee
(Appendix 5.12). Three to five week old female Naval Medical Research Institute (NMRI)
mice were divided into five groups (mock (pUC118), wild-type S TALEN, wild-type C
TALEN, Sharkey S TALEN and Sharkey C TALEN). The injectate comprised of a plasmid
DNA-containing saline solution equal to 10% of the body weight of each individual mouse
(final volume of 2-3 ml). The DNA/saline solutions contained 5 pug HBV target DNA (pCH-
9/3091), 5 pg pCl-neo-FLuc and either 20 pug of pUC118 or 10 ug of each corresponding
right and left TALEN-expressing plasmids.
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2.4.3 Bioluminescence imaging

Using the IVIS Kinetic In Vivo Optical Imaging System (PerkinElmer, MA, USA))
bioluminescence imaging was conducted to assess liver transfection by the plasmids. Mice
were injected intraperitoneally with 150 mg/kg of luciferin (PerkinElmer, MA, USA),
anaesthetised using isoflurane and imaged. Mice in which bioluminescence was not detected
were excluded from the study.

2.4.4 Blood collection and processing

Anti-HBV-mediated Sharkey TALEN knockdown analysis was conducted on the blood
samples collected on days 3 and 5. Mice were anaesthetised with isoflurane and blood was

collected by retro-orbital bleeding.

The blood samples were incubated at 4 °C for 1 hour to allow for coagulation. After the
incubation period, samples were centrifuged at 6000 xg for 10 minutes at 4 °C. The serum
was carefully removed and placed in clean microcentrifuge tubes. For ELISAs 25 pl of the
serum was adjusted to 100 pl with saline. Surface antigen expression was assessed using the
Monolisa™ HBs Ag ULTRA kit according to the manufacturer’s instructions (Section
2.4.2.1). To quantify VPEs 25 pl was made up to 200 pl with saline and total DNA was
extracted using QlAamp® DNA Mini Kit according to the manufacturer’s instructions
(Section 2.4.3.1).

2.4.4.1 Quantification of HBV viral particle equivalents

Circulating VPEs from experimental and control mice were determined by gPCR using the
CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad, CA, USA). The Acrometrix
HBYV Panel (Thermo Scientific, CA, USA) was used as a standard to quantify real-time gPCR
data. The gPCR reactions were prepared as follows, 10 pmol each of the respective surface
reverse and forward primers (Table 2.2), 10 ul of 2x FastStart Essential DNA Green Master
(Roche Applied Science, Mannheim, Germany) and 5 pl of template DNA made up to a final
volume of 20 ul with nuclease-free water. The thermal cycling conditions were as follows:
initial denaturation at 95 °C for 10 minutes followed by 40 cycles of denaturation at 95 °C for
20 seconds, annealing at 57 °C for 20 seconds and final extension at 72 °C for 20 seconds.
Directly after gPCR a melting curve analysis was conducted, the cycling conditions were as
follows: denaturation at 95 °C for 10 seconds followed by cooling at 65 °C for 1 minute and

heating to 95 °C at a ramp rate of 0.1 °C/s with continuous signal acquisition.
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2.4.4.2 In vivo assessment of Sharkey TALEN-mediated toxicity

One hundred microlitres of serum from the day 5 bleeds was diluted with an equal volume of
saline and used to assess liver toxicity. Liver ALT levels were quantified by the National
Health Laboratory Service (NHLS) in the Charlotte Maxeke Johannesburg Academic Hospital
using a kinetic assay with an automated photometric analyser (Roche Diagnostics, Rotkreuz,

Switzerland). All serological results were adjusted to account for the initial serum dilution.

2.5.5 Liver collection and processing

Mock and anti-HBV TALEN-treated mice were sacrificed by CO, exposure 5 days post-
injection and their livers harvested. The liver samples were sectioned for DNA and RNA

extraction.

2.5.5.1 RNA extraction

One millilitre of TRIzol® Reagent (Thermo Scientific, CA, USA) was added to
approximately 100 mg of liver and homogenised. The homogenate was centrifuged for 10
minutes at 7 500 xg and the supernatant transferred to a clean 1.5 ml microcentrifuge tube.
Two hundred microlitres of chloroform was added to the supernatant and mixed vigorously.
The samples were incubated at room temperature for 5 minutes and centrifuged at 12 000 xg
for 15 minutes at 4 °C. Approximately 500 pl of the upper aqueous phase was transferred to a
clean 1.5 ml microcentrifuge tube. To the aqueous phase 500 pl of absolute isopropanol was
added, mixed by inverting the microcentrifuge tube and incubated at room temperature for 5
minutes. Following incubation the samples were centrifuged at 12 000 xg for 15 minutes. The
supernatant was discarded and the pellet was washed in 1 ml of 75% ethanol followed by
centrifugation at 7 500 xg for 5 minutes. The supernatant was removed and the pellet briefly
centrifuged to collect residual ethanol for removal. The pellet was left to air dry and re-
suspended in 100 pl of RNase-free water. The concentration and purify of the RNA samples

were measured by spectrophotometry using the NanoDrop™ 1000 Spectrophotometer.

2.5.5.2 Reverse transcription of RNA to cDNA

The QuantiTect reverse transcription kit (Qiagen, Hilden, Germany) was used to reserve
transcribe 1 pg of extracted RNA from the liver. Briefly, 1 ug of RNA and 2 ul of gDNA
were made up to a final volume of 14 pl using RNase-free water and incubated at 42 °C for 8
minutes. Thereafter, 4 pl of 5x QuantiTect reverse transcription (RT) buffer, 1 pl of RT

primer mix and 1 pl of QuantiTect reverse transcriptase was added, incubated at 42 °C for 30
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minutes and followed by heat inactivation at 95 °C for 3 minutes. The expression of surface
RNA and pregenomic RNA was quantified by gqPCR and relativised to mouse
glyceraldehyde-3-phosphate dehydrogenase (MGAPDH) mRNA levels. The gPCR reaction
mix was prepared as follows, 10 pmol each of the respective reverse and forward primers
(Table 2.4), 10 pl of 2x FastStart Essential DNA Green Master, 5 ul of template DNA and
was made up to a final volume of 20 ul using RNase-free water. The Bio-Rad CFX96™ Real
Time System was used for the gPCR and the thermal cycling conditions were as follows,
initial denaturation at 95 °C for 10 minutes, 40 cycles of denaturation at 95 °C for 20 seconds,
followed by annealing at 57 °C for 20 seconds, extension at 72 °C for 20 seconds. Directly
after gPCR a melting curve analysis was conducted, the cycling conditions were as follows:
denaturation at 95 °C for 10 seconds followed by cooling at 65 °C for 1 minute and heating 95

°C at a ramp rate of 0.1 °C/s with continuous signal acquisition.

Table 2.3: Sequences of the primers used in gPCR to quantify HBVY mRNA

Target Sites Forward Primer Reverse Primer

Surface 5-TGC ACC TGT ATT CCC 5-°CTG AAA GCC AAA CAG TGG-3'

(HBS) ATC-3'

Core (BCP) | 5-'ACC ACC AAATGC CCC 5-TTC TGC GAG GCG GCG A-3'
TAT-3'

mGAPDH 5-TTC ACC ACC ATG GAG 5-GGC ATG GAC TGT GGT CAT
AAG GC-3' GA-3'
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2.5.5.3 DNA extraction from Liver

For DNA extraction from liver tissue, each sample was weighed, an equal volume of saline
added and the samples mechanically homogenised. DNA was extracted from homogenised
tissue samples using the QIAamp® DNA Blood Mini Kit as per the manufacturer’s
instructions (Qiagen, Hilden, Germany). Briefly, 50 pl of homogenate (a volume equivalent to
25 mg of liver) was added to a clean microcentrifuge tube and the volume adjusted to 100 pl
with saline. To this mixture 100 pl Buffer ATL was added, followed by 20 ul of proteinase K
and the samples mixed by pulse vortexing for 15 seconds. The samples were incubated at 56
°C in a shaking water bath for approximately 3 hours to allow for complete lysis of the liver
tissue. After incubation the samples were briefly centrifuged, 4 pl RNase A (100 mg/ml)
added, the samples vortexed for 25 seconds and subsequently incubated at room temperature
for 2 minutes. The samples were briefly centrifuged before adding 200 ul Buffer AL, pulse-
vortexed for 15 seconds and incubated at 70 °C for 10 minutes. After the incubation, 200 ul of
ethanol (98-100%) was added to each sample and mixed by pulse-vortexing for 15 seconds.
The mixture was transferred to a spin column and centrifuged at 6000 xg for 1 minute. The
flow-through was discarded, 500 pl of AW1 was added and the tube was centrifuged for 1
minute at 6000 xg. The flow-through was discarded, 500 pl of AW2 was added and the tube
was centrifuged at 20 000xg for 3 minutes. The spin column was transferred to a new
collection tube and centrifuged at 20 000xg for 1 minute to remove residual wash buffer. The
column was subsequently placed in a clean 1.5 ml microcentrifuge tube, 100 pul of ddH,0 was
added and centrifuged at 6000 xg for 1 minute to elute the DNA. The concentration of the
DNA samples were measured spectrophotometrically using a NanoDrop™ 1000
Spectrophotometer. The extracted DNA was used for Cell assay as described in Sections
2.3.4.2 and 2.3.4.3.
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Chapter 3

3 Results

3.1 Construction of anti-HBV Sharkey TALENSs

Anti-HBV Sharkey TALENSs were generated by incorporating of the third generation obligate
heterodimeric Sharkey variants into existing wild-type anti-HBV TALENSs. The Sharkey
TALENSs consist of a TALE domain, which is a DNA-binding domain engineered to target
the HBV genome, and a Sharkey nuclease domain, which has been proven to have increased
catalytic activity (Guo et al., 2010). These Sharkey TALENSs have been designed against the S
and C ORFs and cause targeted disruption at these sites. To increase and improve the
mutagenic activity of the existing anti-HBV TALENS, the wild-type Fokl nuclease domain
was replaced by the third generation obligate heterodimeric Sharkey variants. The wild-type S
and C TALEN monomer (left and right) plasmids were double digested with Apal and
BamHI. This yielded two DNA fragments, the first being the 5284 bp TALE plasmid
backbone and the second being the 601 bp Fokl nuclease domain-encoding sequence (Figure
3.1). The TALEN plasmid backbones for the S and C monomers (left and right) were
extracted and gel purified for subsequent use in the ligation reaction.

Plasmids that contained the Sharkey variants were also double digested with Apal and BamHI
to excise the Sharkey Fokl nuclease domain encoding sequences (KKR and ELD) (Figure
3.2). Digestion of plasmids yielded the 2699 bp or 5284 bp plasmid backbone and the 601 bp
fragments encoding the Sharkey Fokl nuclease domain variants (KKR and ELD). The 601 bp
fragments were extracted and gel purified. The ELD and KKR sequences were cloned into the
left and right S and C TALE backbones respectively. Positive clones were identified by
enzymatic digestion using Dral, which cleaves within the left and right S and C Sharkey
TALE backbones, Avall for the right S and C Sharkey TALEN monomers and EcoRI for the
left S and C Sharkey TALEN monomers (Figure 3.3). The S and C Sharkey TALEN plasmids
were sequenced to confirm the presence of mutations that make up the left and right Sharkey
variants (Appendix 5.8, Figure 5.3 to 5.8).
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Figure 3.1: Enzymatic digestion of the wild-type TALEN plasmids.
The wild-type TALEN plasmids were double digested with Apal and BamHI to excise the wild-type TALEN backbones (S and C TALEN

backbones) indicated by the arrow on the agarose gel. Expected fragment sizes for backbone are 5284 bp and 601 bp for the wild-type nuclease
domain-encoding sequences. Lane 1: Molecular weight marker (O’GeneRuler DNA Ladder Mix, Thermo Scientific, CA, USA).

37



Chapter 3- Results

3000 bp- e "
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Figure 3.2: Enzymatic digestion of the Sharkey encoding plasmids.

Sharkey encoding plasmids were double digested with Apal and BamHI to excise enhanced Sharkey
Fokl nuclease domain-encoding fragments indicated by the arrow. Expected fragment sizes for
backbone are 5284 bp (KKR) and 2699 bp (ELD) and 601 bp for the enhanced Sharkey Fokl
nuclease domain-encoding fragments. Lane 1: Molecular weight marker (O’GeneRuler DNA
Ladder Mix). Expected banding patterns for the digestion reactions are indicated in Appendix 5.13,
Figure 5.11.
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Figure 3.3: Screening of the third generation obligate heterodimeric Sharkey S and C TALEN

plasmids by enzymatic digestion.

The right Sharkey TALEN plasmids, SR+KKR and CR+KKR, were digested with Avall and Dral,
while the left Sharkey TALEN plasmids, SL+ELD and CL+ELD, were digested with EcoRI and
Dral. The expected banding patterns for the right and left monomers of the Sharkey S and C
TALENSs are indicated in Appendix 5.11, Figure 5.10. Lanel: Molecular marker (O’GeneRuler
DNA Ladder Mix).
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3.2 Anti-HBYV Sharkey TALENSs efficiently express in liver-derived cells

To examine expression of the nucleases, Huh 7 cells were transiently transfected with wild-
type or Sharkey TALEN plasmids. The S and C Sharkey TALENSs were directly compared to
their wild-type equivalents. A mock transfection with pUC118 plasmid was used as a negative
control and a separate pCl-neo-eGFP transfection was performed to determine whether the
transfection was successful. To ensure reproducibility, transfections were performed in
triplicate. Immunofluorescence detection of the HA tag using monoclonal primary antibody
and a fluorescently labelled secondary antibody was used to stain Huh 7 cells.

Huh 7 cells transfected with the pCl-neo-eGFP showed successful and efficient transfection
(Figure 3.4). The individual S and C Sharkey TALEN monomers were all expressed in this
liver-derived cell line and expression was comparable to wild-type TALENs. As expected,

green fluorescence was not detected in cells transfected with pUC118 plasmid.
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Figure 3.4: Detection of expressed Sharkey and wild-type S and C TALENS in cultured

Huh7 cells using immunofluorescence.

Immunofluorescence staining was conducted to examine TALEN expression in a liver-
derived cell line. Huh 7 cells were co-transfected with pUC118 (mock transfection) and
individual Sharkey and wild-type TALEN monomer plasmids. In parallel, a pCl-neo-eGFP
transfection was conducted to assess transfection efficiency. An anti-HA primary antibody
together with a fluorescently labelled secondary antibody was used to detect TALEN
expression. The nucleus was stained using DAPI. Cells were visualised using fluorescence

microscopy at 20x magnification.
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3.3 Anti-HBV Sharkey TALEN knockdown HBsAg in liver-derived cells

Once expression of the Sharkey TALENs was confirmed, efficacy of HBV silencing was
evaluated in vitro. Huh 7 cells were co-transfected with the Sharkey or wild-type TALEN-
encoding plasmids or pUC118 (negative control). Each transfection also included a HBV
replication-competent plasmid (pCH-9/3091) and a GFP expressing plasmid (pCl-neo-eGFP)
(Appendix 5.14, Figure 5.12). To ensure reproducibility transfections were performed in
triplicate. The medium was removed from transfected cells and HBsAg secretion was
determined by ELISA.

While both the wild-type and Sharkey S TALENS were able to inhibit HBsAg in Huh 7 cells,
the wild-type S TALEN significantly knocked down HBsAg expression by 70% while the
Sharkey S TALEN only achieved 25% knockdown (Figure 3.5). This was unexpected as
studies have indicated the incorporation of Sharkey variants increase the catalytic efficiency
in vitro (Guo et al., 2010). The Sharkey C and wild-type C TALEN transfected cells showed
no inhibition of HBsAg expression as expected because the C TALENS target the C ORF and
not the S ORF. Variability in transfection efficiency of the pCH-9/3091 plasmid and C
TALENS in the Huh 7 cells (Appendix 5.14, Figure 5.12) could explain the apparent increased
expression of HBsAg.
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Figure 3.5: Assessment of Sharkey TALEN-mediated knockdown of HBsAg in Huh 7
cells.

To assess Sharkey TALEN efficiency, Huh 7 cells were co-transfected with pCH-9/3091,
pCl-neo-eGFP and TALEN plasmids or pUC118 (mock). HBsAg levels in the supernatants
were measured using ELISA forty-eight hours after transfection by ELISA. Transfections
were performed in triplicate and the error bars indicate the standard error of the mean (SEM)
(n=3), ** indicates p< 0.01.
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3.4 Sharkey TALENs mediated inhibition of HBsAg and targeted disruption of
HBYV DNA in vitro

3.4.1 Sharkey TALENs mediate efficient HBsAg reduction in HepG2.2.15 cells

The HepG2.2.15 cell line contains a stable integrated HBV sequence and constitutively
maintains a viral replicative cycle (Sells et al., 1987, Sells et al., 1988). This cell culture
model of persistent viral replication was used to determine the efficacy of the wild-type and
anti-HBV Sharkey TALENs. The HepG2.2.15 cells were transfected with the Sharkey or
wild-type TALEN-encoding plasmids or pUC118. pCl-neo-eGFP was used to assess
transfection efficiency (Appendix 5.15, Figure 5.13) and to ensure reproducibility
transfections were performed in triplicate. Cells were triple transfected to increase the
probability of targeted mutagenesis by the anti-HBV TALENs. The medium was removed
two hours before transfection (dayO/baseline) and post transfection for the second (day 8) and
third (day 14) transfections from HepG2.2.15 cells and used to determine secreted HBsSAgQ

levels.

On day 8, the Mock and TALEN-treated cells show reduced HBsAg expression by 30% to
40% (Figure 3.6) and by day 14 HBsAg levels returned to baseline. Reduction of the HBSA(g
levels is unexpected as the mock transfected plasmids should not affect HBsAg levels and
could indicate a problem with the transfection of the HepG2.2.15 cells. Neither Sharkey nor
wild-type TALENS attained complete knockdown of HBsAg expression in HepG2.2.15 cells
which was not unexpected as this cell line is characterised by high levels of viral gene
expression. Nevertheless the results indicate that the S TALENs were able to moderately
reduce HBsAQ expression compared to the mock transfected on day 14.
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Figure 3.6: Sharkey and wild-type TALEN-mediated HBsAg reduction in HepG2.2.15
cells.

To assess Sharkey TALEN efficiency in a more stringent liver-derived cell line, HepG 2.2.15
cells were transfected with pCl-neo-eGFP and individual TALENs or pUC118. HBsAg levels
in the supernatants were measured forty-eight hours post transfection for the baseline, second

(day 8) and third (day 14) transfection by ELISA. Transfections were performed in triplicate.
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3.4.2 Anti-HBV Sharkey TALENs mediate on-target cleavage in vitro

To examine targeted mutagenesis mediated by Sharkey S and C TALENS, total DNA was
extracted from three consecutive transfected HepG2.2.15 cells. DNA from cells transfected
with pUC118 was used as a negative control. Sequences spanning approximately 250 bp
upstream and downstream of the TALEN target sites were amplified to produce a single band
at 520 bp (Appendix 5.16, Figure 5.14 to 5.15). Site-specific Sharkey and wild-type TALEN-
mediated cleavage was assessed using the Cell assay. In this assay, sequences spanning the
target DNA binding sites were amplified by PCR (Figure 3.7). These PCR amplicons were
subsequently denatured to separate the double stranded DNA into single strands and
reannealed at room temperature to allow for heteroduplex and/or homoduplex formation. To
this the Cell enzyme was added which recognises and cleaves heteroduplexes. Cleavage
products are therefore indicative of TALEN-mediated disruption. The Cell-treated samples
were resolved on an agarose gel and the density of separated bands was determined to
calculate the percentage of targeted disruption (Figure 3.7). To generate a positive control for
Cell cleavage, PCR amplicons of wild-type and mutant HBx sequences were mixed in equal
amounts and processed as described above.

If the TALENSs had caused mutagenesis at the target sites, the Cell enzyme will cleave the
annealed amplicons (of approximately 520 bp) into a two smaller DNA products (~280 bp)
appearing as a single band (Figure 3.8). In vitro analysis indicates the mock transfected cells
showed no cleavage as a single band was visible indicating presence of only homoduplexes
for both the S and C ORFs. The Sharkey S and wild-type S TALEN were able to cause
targeted mutagenesis to the S ORF (Figure 3.8). The Sharkey S and wild-type S TALENS
exhibited comparable cleavage activity. Targeted cleavage of 4.6 % and 4.2 % was achieved
by the Sharkey S TALEN and wild-type S TALEN respectively. The Sharkey C and wild-
type C TALEN appeared to exhibit greater targeted disruption. Targeted cleavage of 16.3 %
and 19.2 % was achieved by the Sharkey C TALEN and wild-type C TALEN respectively
(Figure 3.8). The data indicated that Sharkey TALENS cause cleavage at the intended site as a
result of NHEJ-based targeted disruption, even though the reduction of surface antigen
expression was not maintained. Increased nuclease activity was expected as the introduction
of obligate heterodimeric Fokl variants as well as the Sharkey variants has been shown in a
study by Doyon and colleagues to have an additive effect thus increasing the nuclease
function of TALENSs (Doyon et al., 2011). The use of the Cell enzyme could account for the

low percentage and possible underestimation of targeted cleavage achieved by the Sharkey
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and wild-type S and C TALENS as this enzyme is less sensitive than similarly acting T7E1

enzyme.
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Figure 3.7: Cell-mediated cleavage of heteroduplexes.

(1) Sequences flanking Sharkey TALENS target sites are PCR amplified followed by (2)
denaturation and (3) renaturation of the amplified DNA sequences allows the formation of
homo- and/or heteroduplexes as a result of indels. (4) The heteroduplexes are recognised by
the Cell resulting in cleavage at the nuclease target site. (5) Confirmation of cleavage is
carried out by agarose gel electrophoresis and density of separated bands is used to calculate
the percentage of targeted disruption. Adapted from (Ehrke-Schulz et al., 2016).
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Figure 3.8: Sharkey S and C TALEN-mediated cleavage of HepG2.2.15 DNA.

Total DNA was extracted from HepG2.2.15 cells transfected three times consecutively with
Sharkey S or C, wild-type S or C TALENS as well as pUC118 encoding plasmids. The target
sites of the TALENs were amplified by PCR and a Cell assay conducted on amplified DNA.
Undigested PCR products (~520 bp) indicates no cleavage and the presence of additional
bands (~280 bp) shown by the arrow indicates on-target cleavage. The anti-HBV C TALENSs
are indicated in the top panel (A) while the anti-HBV S TALENS are indicated in the bottom
panel (B). Wild-type and Sharkey TALEN-treated DNA, without Cell enzyme (left) and with
Cell enzyme (right). The molecular weight marker is shown with the DNA fragment sizes on
the left and the percentage of targeted cleavage is indicated below.
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3.5 Lack of anti-HBYV Sharkey TALEN-mediated toxicity in vitro

To ensure that the anti-HBV Sharkey TALEN-mediated inhibition of HBsAg is a result of
targeted mutagenesis and not toxicity, an MTT assay was conducted. Metabolically active
cells are able to use mitochondrial succinic dehydrogenases to reduce the MTT to an insoluble
formazan product which are subsequently solubilised in DMSO (Hillegass et al., 2010). This
in vitro assay is able to quantify viable cells and was used to evaluate whether the anti-HBV
TALENS are toxic. HEK293T cells were co-transfected with pCH-9/3091, pCl-neo-eGFP and
the TALEN-encoding plasmids or pUC118 (Appendix 5.17, Figure 5.16). HEK293T cells
treated with 50% DMSO served as a positive control for toxicity and untreated cells served as
a negative control. To ensure reproducibility control and experimental treatments were carried

out in triplicate.

DMSO treatment clearly exhibited toxic effects as evidenced by the low OD reading in
comparison to untreated cells (Figure 3.9). Sharkey TALENS are tolerated as well as their
wild-type counterparts and were not significantly different from untreated cells. This indicates
that the Sharkey TALENS are non-toxic to the cells, as the Sharkey anti-HBV TALENS is
most likely acting on the episomal viral replication intermediate. This is likely to account for
the absence of measurable cytotoxic events, as endogenous genes are not the targets of these

virus-specific TALENS.
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Figure 3.9: In vitro assessment of TALEN mediated cytotoxicity.

To assess potential toxicity of Sharkey TALENSs, an MTT assay was conducted 48 hours after
co-transfection of HEK293T cells with the indicated plasmids. Transfections were performed

in triplicate and the error bars indicate the SEM (n=3). (** indicates p< 0.01).
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3.6 In vivo Sharkey TALEN-mediated silencing

In vitro assessment of the Sharkey TALENs demonstrated inhibition of HBsAg and targeted
mutagenesis of the S and C ORFs. Therefore to further assess the functionality and efficiency
of the Sharkey TALENS, in vivo experiments were preformed to confirm and validate the
findings observed in cultured mammalian cells. In vivo assessment of anti-HBV Sharkey
TALENSs was carried out using the mouse HDI model of HBV replication. The mock and
wild-type TALENSs were used as negative and positive controls respectively. pCl-neo-FLuc is
a reporter plasmid that was used to assess and monitor delivery efficiency. Bioluminescence
was detected exclusively in the livers of mice in which hydrodynamic injection was
successful (Figure 3.10). Mice in which no bioluminescence signal (Appendix 5.18, Figure
17) detected were excluded from the study as delivery of the plasmids could not be
confirmed. Once delivery was confirmed anti-HBV Sharkey TALEN knockdown analysis
was performed on samples collected from control and experimental mice 3 and 5 days post-

transfection. HBsA(g expression was assessed by ELISA.

HBsAg expression was reduced by all the TALENS over the course of a week (Figure 3.11).
The wild-type S TALEN knocked down expression in excess of 90% on days 3 and 5 post-
injection. Although the Sharkey S TALEN-mediated reduction of HBsSAg was statistically
significantly different from mock transfected mice (p<0.05) it was less effective than the
wild-type S TALEN (37% and 57% on day 3 and 5 post-injection). Unexpectedly, significant
reduction in HBsAg secretion was observed by both the wild-type (48% and 62% on day 3
and 5 post-injection) and Sharkey (55% and 68% on day 3 and 5 post-injection) C TALENS.
This correlated with results obtained in vitro analysis (knockdown analysis in HepG2.2.15
cells, Figure 3.6). This was unexpected as the C TALENSs are designed to target the C ORF
and should not cleave the S ORF however similar finding was demonstrated by Bloom and
colleagues (Bloom et al., 2013). The observed reduction in HBsAg levels likely reflects
transcriptional interference. A similar phenomenon was observed by Bloom and colleagues
who observed that the P2 TALEN caused a reduction in HBsAg levels without cleaving its
target sites within the P ORF (Bloom et al., 2013). In vivo analysis indicates, firstly that the
Sharkey S TALENSs are able to cause disruption of HBsAg production and secondly the
observed reduction of HBsAg correlated with the data obtained from analysis of cells in
culture. Greater knockdown efficiency was observed in vivo and may be explained by the

different models and mechanisms of delivery.
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Figure 3.10: Bioluminescence imaging of mice treated with Sharkey TALEN, wild-type
TALEN and mock plasmids in vivo.

NMRI mice were hydrodynamically injected in the tail vein with pCH-9/3091, pCl-neo-FLuc
and pUC118 or individual TALEN-encoding plasmids. The pCl-neo-FLuc plasmid encoding
Firefly luciferase was included to assess delivery efficiency. Bioluminescence imaging was
conducted on live mice after administration of 150 mg/kg luciferin 3 days post-infection.
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Figure 3.11: Assessment of Sharkey TALEN-mediated knockdown of HBsAg in vivo.
Mice were co-injected with pCH-9/3091 and TALEN plasmids or pUC118. Blood samples
were obtained on day 3 and day 5 post-injection and HBsAg levels in the serum were
measured using ELISA. The error bars indicate the SEM, * indicates p< 0.05, ** p<0.01 and
*** n<0.001.

54



Chapter 3- Results

3.7 Sharkey TALEN-mediated reduction of VPESs in vivo

To assess whether the Sharkey TALENS have an effect on virion secretion, circulating VPES
were measured using real-time PCR. DNA was extracted from serum samples obtained on

day 3 and day 5 after injection of control and experimental mice

The Sharkey and wild-type S TALENSs were able to significantly decrease circulating VPEs
on day 3 by 81% and 90% respectively indicating targeted disruption of the S ORF (Figure
3.12). A reduction of 87% and 85% was achieved by the Sharkey C and wild-type C
TALENSs. By day 5 of the experiment the Sharkey S and C TALENS significantly reduced
VPE levels by approximately 99% and suggest that the Sharkey TALENSs require a longer
period to produce a significant effect. Reduction of approximately 90% was achieved by wild-
type S while the wild-type C TALEN exhibited a 60% reduction which was lower than the
reduction demonstrated on day 3. These results correlate with the trend of Sharkey TALENS

demonstrating lower cleavage efficiency compared to the wild-type TALENS.
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Figure 3.12: Sharkey TALEN-mediated inhibition of HBV viral replication in vivo.

Sharkey TALEN-mediated inhibition of virion secretion was assessed by gPCR. Total DNA was extracted from the serum of mice hydrodynamically
injected with the plasmids expressing Sharkey TALENs, wild-type TALENSs (positive control) and pUC118 and gPCR used to determine the
circulating VPESs. The error bars indicate the SEM, * indicates p< 0.05, ** p<0.01 and *** p<0.001.
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3.8 In vivo Sharkey TALEN-mediated reduction of HBV transcription

To determine whether the Sharkey TALENs were able to inhibit the transcription of viral
replication, HBV surface mRNA and pgRNA levels were measured using reverse
transcriptase quantitative PCR (RT-gPCR). RT-gPCR was performed on RNA extracted from
livers of mice injected with the different treatments. qPCR was performed to measure the viral
surface and pgRNA levels relative to a house-keeping gene murine glyceraldehyde-3-
phosphate dehydrogenase (NnGAPDH) mRNA (Figure 3.13).

The TALENSs were designed to target the S and C ORFs of HBV in an attempt to disrupt
cccDNA. The wild-type S TALEN reduced surface mRNA by 74% in comparison to the 35%
reduction exhibited by the Sharkey S TALEN. This was unexpected as the wild-type S and
Sharkey S TALEN constructs contain the same TALE backbone however the variation
reduction of surface mRNA observed could be a result of the third generation Sharkey
variant. Both the wild-type C and Sharkey C TALENS inhibited expression of surface mRNA
by 45% and 48% respectively. TALENSs are designed to bind DNA and cause cleavage
thereby disrupting the targeted ORF. The protein will still be produced but will likely not be
functional. The observed data indicating reduction in surface mMRNA and pgRNA levels are
unexpected and indicate that viral transcription is altered by the TALENSs. Transcriptional
interference can be caused by a number of factors, which includes modification to the
promoter such as methylation (Delaval and Feil, 2004), repressor binding to its operator
overlapping a promoter (Rojo, 2001) and shielding of an enhancer site (Kuhn and Geyer,
2003). The S ORF is divided into the S, pre-S1 and pre-S2 regions that codes for the 3 surface
envelope proteins and the C ORF encodes core and precore proteins. Gene expression is
regulated by four promoters which include the pre-S1, pre-S2 and X promoters and the BCP.
The anti-HBV TALENs could transcriptionally interfere with the Pre-S1 and Pre-S2
promoters as well as the BCP as these promoters are exclusively responsible for the
expression of surface MRNA and pgRNA.

The wild-type S and C TALENS reduced pgRNA levels by approximately 89% of pgRNA
expression individually; this level of inhibition however was not exhibited by the Sharkey
TALENS. Nevertheless, significant reduction of approximately 73% and 75% was achieved

by Sharkey S and C TALENSs respectively. Greater inhibition of viral pgRNA compared to
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surface mMRNA was exhibited by the Sharkey TALENSs. Nonetheless, the results indicate the
anti-HBV TALENSs are affecting HBV viral surface mRNA and pgRNA expression in vivo.
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Figure 3.13: Sharkey TALEN-mediated knockdown of HBV mRNA expression in vivo.

To evaluate Sharkey TALEN efficiency in vivo, mice were hydrodynamically injected with the Sharkey TALEN plasmids, wild-type TALEN plasmids
and pUC118 (mock). RNA was extracted from the livers of the treated mice. Primers designed against the S and C ORFs were used to measure (A)
surface mMRNA and (B) pgRNA levels relative to mGAPDH mRNA. The error bars indicate the SEM, * indicates p< 0.05, ** p<0.01 and *** p<0.001.

59



Chapter 3- Results

3.9 In vivo Sharkey TALEN-mediated on-target cleavage

To assess sequence-specific mutagenesis mediated by the Sharkey TALENS in vivo, total
DNA was extracted from mouse livers. PCR amplification of the S and C TALEN target sites
was carried out and produced a single band of 520 bp (Appendix 5.19, Figure 5.18 to 5.19).
The PCR amplified DNA for the S and C target regions was purified and cleavage was
assessed using Cell (Figure 3.14 and 3.15).

The Cell assay indicates mock treated mice exhibited no cleavage as expected (Figure 3.14
and 3.15). In contrast five of the wild-type C TALEN-treated mice and six of the Sharkey C
TALEN-treated mice exhibited cleavage as a result of on-target mutagenesis. The Sharkey S
and C TALENS yielded 11.6% and 21.67% cleavage whereas the wild-type S and C TALENSs
yield 15.4% and 30.6% cleavage respectively. This indicates wild-type TALENSs exhibited
greater targeted cleavage compared to the Sharkey TALENSs. Targeted cleavage obtained in
vivo was greater compared to in vitro cleavage obtained by the Sharkey S and C TALENS.
Overall results indicate that the Sharkey TALENS caused targeted mutagenesis to result in

disruption of HBV replication.
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Figure 3.14: Wild-type and Sharkey S TALEN-mediated in vivo on-target cleavage.

h

Total DNA was extracted from control and experimental mice. PCR amplification of S

TALEN target sites was carried out and Cell assay was conducted on each of the samples.

The undigested PCR products (~520 bp) present no cleavage and the presence of an additional

band indicates on-target cleavage. Wild-type and Sharkey S TALEN-treated samples with (A)

and without (B) Cell treatment. The molecular weight marker is shown with the DNA

fragment sizes on the left and the percentage targeted cleavage is indicated below.
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Figure 3.15: Wild-type and Sharkey C TALEN-mediated in vivo on-target cleavage.

Total DNA was extracted control and experimental mice. PCR amplification of C TALEN
target sites was carried out and Cell assay was conducted on each of the samples. The
undigested PCR products (~520 bp) present no cleavage and the presence of an additional
band indicates on-target cleavage. Wild-type C and Sharkey C TALEN-treated samples with
(A) and without (B) Cell treatment. The molecular weight marker is shown with the DNA

fragment sizes on the left and the percentage targeted cleavage is indicated below.
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3.10 Lack of Sharkey TALEN-mediated toxicity in vivo.

Serum samples from day 5 of the experiment were used to measure alanine aminotransferase
(ALT) activity as an indication of toxicity (Figure 3.16). The standard/normal range of ALT
may vary slightly based on age and gender but is generally accepted to range between 10-40
IU/L and levels above 100 IU/L is indicative of toxicity (Wang et al., 2012)

Measurement for mock, wild-type S TALEN, wild-type C TALEN, Sharkey S and C
TALENS treated mice were all below the threshold of 100 IU/L (Figure 3.16). This indicates
little if any hepatocellular damage or toxicity associated with the effects of the Sharkey
TALENSs. The results indicates that reduction of HBV markers HBsAg, surface mRNA,
pgRNA and VPEs is not a result of induced toxicity but rather are an effect of targeted
binding and cleavage of S and C ORFs.
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Figure 3.16: Assessment of Sharkey TALEN-associated liver toxicity.

To determine whether there is any toxicity associated with the Sharkey and wild-type
TALENS, serum samples were used to determine ALT activity in control and experimental
mice. The red line represents the threshold above which liver damage is evident.
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Chapter 4

4 Discussion

4.1 Targeting cccDNA of HBV by Sharkey TALENSs

The inability to achieve a functional cure for chronic hepatitis B is believed to be a result of
the persistence of the cccDNA and the failure of current available anti-viral therapeutics to
completely eliminate cccDNA (Allweiss and Dandri, 2017). HBV cccDNA is formed through
the repair of rcDNA and will continue to exist as an episome through interactions with non-
histone and histone proteins (Guo et al., 2012). It assembles into chromatin-like structures
designated as minichromosomes within the nucleus (Newbold et al., 1995, Nassal, 2008).
This episomal minichromosome accumulates within infected hepatocytes and functions as a
permanent template for virus replication by providing a continuous supply of pgRNA and
viral mMRNAs (Revill and Locarnini, 2016).

The reactivation of cccDNA has been shown to be the main cause for HBV recurrence and
persistence (Bock et al., 1994). To date, there are two main pathways responsible for
maintaining cccDNA within infected cells. The first pathway is the infection and re-infection
of hepatocytes (Revill and Locarnini, 2016) and the second pathway occurs when newly
assembled nucleocapsid translocates to the nucleus to replenish cccDNA (Kdéck et al., 2010,
Yang and Kao, 2014). Current therapies are limited as they are not able to eliminate cccDNA.
Although current therapies have been able to strongly suppress viral replication these
treatments are not curative and are only able to slow down the development of cirrhosis and
progression to HCC (Wursthorn et al., 2006, Durantel and Zoulim, 2016). Therefore, the ideal
strategy to cure chronic HBV infections would be the elimination or permanent disruption of
the stable cccDNA minichromosome within hepatocytes without causing hepatotoxicity
(Yang and Kao, 2014). The DNA sequence of cccDNA which is distinct from host cellular
chromatin can be targeted with genome editing technologies such as TALENs (Hoeksema and
Tyrrell, 2010).
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The use of designer nucleases in gene therapy is an active field of research. Thus it is critical
to evaluate the catalytic activity (efficiency), on-target binding and cleavage (specificity and
safety) of these gene editing technologies. As a result of the small and compact nature of the
HBV genome the virus’ sequence plasticity is limited. The use of TALENSs to induce
mutations within the HBV genome would therefore most likely affect viral fitness making this
an attractive strategy to disable cccDNA. Several studies have shown genome editing tools
are capable of targeting HBV and disrupt cccDNA (Bloom et al., 2013, Chen et al., 2014).
Accumulating evidence has demonstrated the effectiveness of designer nucleases (Cradick et
al., 2010, Dong et al., 2015). However, several strategies have shown that the efficiency of
sequence-specific designer nucleases can be improved (Miller et al., 2007, Guo et al., 2010,
Doyon et al., 2011) This includes the extensive evaluation and development of modified Fokl
nuclease domains. Therefore the aim of this study was the development of engineered
nucleases with improved efficiency and safety by incorporating third generation Sharkey
variants into existing anti-HBV TALENS.

The third generation obligate heterodimeric Sharkey TALENS targeted two conserved target
sites, namely the S and C ORFs in an attempt to disrupt cccDNA. Immunodetection of the HA
epitope within the Sharkey TALENs validated TALEN expression in liver-derived Huh 7
cells. In vitro assessment demonstrated the Sharkey TALENs were able to inhibit HBsAg
expression in Huh 7 cells. Analysis of target sites revealed on-target mutagenesis of TALEN
target sites. This suggests the Sharkey TALENSs bound to their targets and caused targeted
disruption, thereby affecting the formation of HBsAg in both liver-derived cell lines. In vivo
analysis of Sharkey TALEN indicated a reduction of HBsAg, reduction of viral RNA and
targeted mutagenesis by both Sharkey S and C TALENS as a result of targeted disruption of
HBYV replication.

4.2 Efficiency of Sharkey TALENSs

Engineered nucleases have the potential to treat both infectious and hereditary genetic
disorders that conventional treatments have not been able to effectively combat (Heslop et al.,
1994, Manickan et al., 1995, Davis et al., 1996). The use of genome editing tools has been
investigated as a gene therapy strategy against a number of diseases. Several clinical trials
have used engineered sequence-specific nucleases for the treatment of various diseases
(Qasim et al., 2017, Reardon, 2016). There are currently two clinical trials using ZFNs to

cause targeted mutagenesis of the CCR5 gene, which is used during the early stage of HIV
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infection (DiGiusto et al., 2016) and the second trial involves targeted disruption of the
glucocorticoid receptor gene as a potential treatment for glioblastoma (Reik et al., 2008). The
first clinical trial evaluating TALENS has been for the modification of T-cells for treatment of
CD19" acute lymphoblastic leukemia (Qasim et al., 2017). The first CRISPR/Cas9 clinical
trial has also recently been approved (Reardon, 2016). These clinical trials demonstrate the
utility of nucleases as potential treatments for various diseases. Furthermore nucleases have
also been reported to target non-human genomes and therefore function as antiviral therapies
for the treatment of chronic infections. Cradick and colleagues were one of the first groups to
assess the use of designer nucleases to cleave and disrupt HBV DNA. ZFNs were used to
induce targeted mutations in an HBV-containing plasmid and this resulted in inhibition of the
production of pgRNA in vitro (Cradick et al., 2010). Since this first study, numerous groups
have employed similar strategies to target HBV. Some of these studies focused on the use of
other designer nucleases such as TALENs and CRISPR/Cas as well as focused on the delivery
of designer nucleases (such as ZFNs). These studies demonstrate that engineered nucleases

not only serve as a powerful research tool but also show promise for clinical use.

TALEN specificity and versatility is mediated by the well-characterised DNA-binding
domain that can be engineered to target a wide range of DNA sequences (Miller et al., 2007)
whereas the mutagenic efficiency of TALENS is dependent on catalytic activity of the Fokl
nuclease domain (Bibikova et al., 2001). In this study enhanced third generation obligate
heterodimeric Sharkey nuclease domains (KKR and ELD) were incorporated into existing
HBV TALENs to further improve efficiency and ultimately increase the safety of these
TALENSs. The third generation heterodimeric nuclease-encoding domains as well as the
Sharkey variants were first developed within the ZFN architecture (Miller et al., 2007).
Although the data are limited, incorporation of third generation variants, Sharkey variants or a
combination of both within TALENs generally increased nuclease activity while
simultaneously reducing toxicity (Guo et al., 2010, Doyon et al., 2011).

The third generation Fokl nuclease domains (ELD and KKR) were generated to favour
heterodimerisation of left and right monomers. By reducing the likelihood of
homodimerisation potential off-target effects are reduced and overall specificity of ZFNs and
TALENSs is improved. These nucleases have proven to be safer and more efficient in
comparison to their homodimeric counterparts (Doyon et al., 2011). The Sharkey variant
contains two amino acid mutations (S418P and K441E) that have been shown to enhance
cleavage activity as compared to the wild-type Fokl nuclease domain (Guo et al., 2010). The

enhanced activity of the Sharkey variants is believed to be due to the placement of the

67



Chapter 4- Discussion

mutation at a turn region in the protein. The introduction of a proline at the onset of a-helix 3
could have influenced the rigidity of the nuclease structure enabling rapid recognition and
substrate turnover (Guo et al., 2010). The Sharkey variants have been incorporated into
existing third generation nuclease encoding domains (ELD and KKR) producing 3rd
generation obligate heterodimeric Sharkey Fokl nuclease domains (ELD+Sharkey and
KKR+Sharkey). Studies have demonstrated a synergism between the ELD+Sharkey and
KKR+Sharkey thus demonstrating compatibility of the various mutations (Miller et al., 2007).
Doyon and colleagues confirmed the incorporation of the Sharkey variants produced an
additive effect (Doyon et al., 2011).

In this study, the functionality and efficiency of Sharkey TALENSs were investigated both in
vitro and in vivo. Hydrodynamic injection of mice was used to simulate viral replication in
vivo using plasmids containing a replication competent HBV sequence. The Sharkey S and C
TALENSs reduced HBsAg by 35% on day 3 to 57% on day 5 respectively. These results
suggest greater reduction of HBsAg was achieved over time however the wild-type TALENS
were more efficient than the Sharkey TALENSs. The Sharkey S and C TALENS reduced viral
surface mMRNA by 35% and 48% respectively whereas a reduction of 73% and 75% of
PgRNA was observed. The production of new virions (VPES) was reduced by approximately
99% by the Sharkey S and C TALEN respectively on day 5. The Cell assay was used to
assess on-target mutagenesis of HBV DNA by the Sharkey TALENs which was quantified at
11.6% and 20.2% for the S and C Sharkey TALEN respectively. Overall the wild-type
TALENSs demonstrated greater inhibition of HBsAg and viral mRNA compared to Sharkey
TALENSs which was unexpected as a study by Pillay and colleagues showed that in zebrafish
embryos the Sharkey TALENSs exhibited a 26-fold increase in indel mutations compared to
wild-type (Pillay et al., 2013). This was further demonstrated when Sharkey variants
exhibited a three- to six-fold increase in the mutagenic activity compared to the wild-type
TALEN in vitro (Pillay et al., 2013). However a study by Guo and colleagues indicated
reduced efficiency of the TALENS incorporated with the Sharkey variants in vivo in zebrafish
and correlates with the findings of this study (Guo et al., 2010). In this study, while capable of
inhibiting markers of HBV replication in vitro and in vivo, the third generation obligate
heterodimeric Sharkey nuclease domains did not prove to increase the catalytic function of
anti-HBV TALEN:S.
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4.3 Safety of Sharkey TALENSs

Engineered sequence-specific nucleases have therapeutic potential, nonetheless major concern
associated with use of any engineered sequence-specific nucleases is the potential to cleave
non-specifically (Stone et al., 2016). Unintended cleavage by these nucleases is seen as one of
the major contributors to toxicity. Cleavage at unintended sites within the genome could lead
to genomic instability, unwanted chromosomal rearrangements and cell death (Scott et al.,
2014, Jackson and Bartek, 2009, Karran, 2000). Furthermore, the potential for off-target
activity to cause inactivation of tumour suppressors and or activation of oncogenes is of great
concern. A high level of specificity is therefore a crucial feature required by any engineered
nuclease. Increased specificity of engineered nucleases reduces the potential for unintended
cleavage at non-target sites thus increasing the safety of engineered nucleases as a potential
therapeutic.

The first TALEN construct contained the AvrBs4 TALE architecture fused to a wild-type
Fokl nuclease domain (Kim et al., 1996). The wild-type nuclease domain is prone to
homodimerisation which has been associated with off-target cleavage (Halford et al., 2011).
Several types of heterodimeric nuclease domains have been developed thus far to further
reduce toxicity, decrease off-target cleavage while simultaneously optimising the efficiency
and specificity of TALENSs. Nonetheless, existing data suggests that TALENs may not be
associated with significant toxicity and this correlates with the in vitro and in vivo results
obtained in this study. In this study an MTT assay indicated no cytotoxicity was caused by the
use of the Sharkey TALENS in vitro. A study by Pillay and colleagues further demonstrated,
the incorporation of Sharkey variants into ZFNs caused no morphological defects or mortality
of zebrafish embryos in comparison to the wild-type Fokl nuclease domain-containing ZFNs
(Pillay et al., 2013). This assessment was based on the number of normal embryo after the
injection of the TALEN encoding mRNA (Doyon et al., 2011). Serum ALT levels of mice
treated with wild-type and Sharkey TALENs were well within the acceptable range indicating
that these nucleases have negligible toxic effects in vivo. The results in this study demonstrate
the observed reduction of markers of HBV replication was exhibited by the activity of the
Sharkey TALEN and not due to toxicity of the Sharkey TALENS.
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4.4 Future Work

4.4.1 Off-target analysis

Despite the successes of using engineered nucleases to edit pathology causing genes,
translating these technologies for clinical application requires significant improvements to
efficacy, specificity and safety. The safety of designer nucleases is of major concern as
potential off-target effects could lead to serious complications. Despite inhibition of HBV
markers of replication, on-target cleavage and reduced toxicity observed in this study, the
efficiency of the Sharkey TALENSs cannot be fully assessed without off-target analysis.

At approximately 3 billion base pairs the human genome is quite large, creating a high
probability of it containing sites that may be unintentionally targeted by engineered nucleases.
Numerous tools exist to evaluate the efficiency of on- and off-target cleavage and include
design parameters to minimise off-targets effects (Lee et al., 2016). The use of in silico
methods involves the application algorithms based on in vitro and in vivo data to predict
potential off-targets (Lee et al., 2016). This includes a range of web-based design tools and a
range of bioinformatics- and experimental-based nuclease design tools. The three main
parameters these tools aid include (i) selection of target site of sequence-specific nuclease, (ii)
predicting the level of on-target and off-target cleavage rates and (iii) off-target site
prediction. Examples of these tools include PROGNOS which is used to predict off-targets for
ZFNs and TALENS (Fine et al., 2013).

Several in vitro and in vivo methods have been developed for the detection of off-target
cleavage and include systematic evolution of ligands by exponential enrichment (SELEX),
Sanger sequencing and high-throughput sequencing. Although powerful, these tools are
associated with a number of limitations, one of which is the inability to detect off-target
cleavage at sequences that form DNA or RNA bulges (Pattanayak et al., 2011, Pattanayak et
al., 2013). In addition these methods are generally time consuming and careful attention needs

to be taken when deciphering data for false-positive sequence reads (Cho et al., 2014).

In vivo detection methods include use of integrase-deficient lentivirus (IDLV) capture. IDLVs
are able to enter cells efficiently but, unlike their wild-type counterparts, are not able to
integrate and typically remain in the nucleus as an episome (Vink et al., 2009). These
episomal IDLVs can integrate into DSBs and as such can be used to detect off-target cleavage
in an unbiased way (Gabriel et al., 2011). However, the efficiency at which IDLV are

captured at a particular site is much lower than the mutation frequency at that site resulting in
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the loss of detection of potential off-targets (Koo et al., 2015). Cross-linking chromatin
immunoprecipitation (ChlIP) sequencing is another method that can be used to detect in situ
nuclease interactions with target DNA (Park, 2009). This method has been shown to be less
efficient at locating bona fide off-target sites because it is associated with false positives and
is less sensitive at detecting low levels of off-target cleavage (Kuscu et al., 2014, Guilinger et
al., 2014).

Genome-wide unbiased identification of DSBs evaluated by sequencing (GUIDE-seq) has
seen increased use as it is able to identify off-target cleavage occurring at a frequency of 0.1%
in a cell population (Tsai et al., 2015). This technigue involves use of small, modified double-
stranded oligonucleotides (dsODNSs) which are incorporated at DSBs. Capture of the dSODNs
at a DSB allows the surrounding sequences to be amplified and identified by sequencing.
Since this method relies on the incorporation of dSODNs into DSBs, which only occurs in 30-
50% of cases, some off-target sites can be missed (Tsai et al., 2015). While these methods
effectively detect off-target cleavage occurring at low frequency, the gold standard for
detection of off-targets is whole genome sequencing (WGS). While WGS is expensive, it is a
powerful tool that allows the identification and detection of small indels, single nucleotide
polymorphisms and structural variants such as rearrangements, inversions, major deletions
and duplications (Veres et al., 2014).

4.4.2 Delivery of anti-HBV Sharkey TALENSs

To enable clinical application of sequence-specific designer nucleases like anti-HBV Sharkey
TALENSs an efficient hepatotropic delivery system is required. Several viral and non-viral
vectors have been developed that are capable of delivering designer nuclease-encoding
sequences in vivo. Non-viral delivery systems have the ability to deliver large genetic
sequences and production can be scaled up easily. Nevertheless, clinical assessment of non-
viral vectors has been associated with low transduction efficiency and reduced target

specificity.

Recombinant viruses are the vectors of choice for delivering gene therapeutics as these
vectors have high transduction efficiency (Gray et al., 2010) and excellent expression profiles
(Bouard et al., 2009). The delivery of TALENS using lentiviral and adenoviral vectors has
been successfully demonstrated (Yang et al., 2013, Holkers et al., 2014). Despite successful
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delivery of TALENS, the use of viral vectors is associated with a number of limitations that
include, small carrying capacity, immunogenicity and general costs associated with viral
production (Boeke et al., 2013). Despite these limitations, the use of viral vectors has been
successful in clinical application, particularly AAV vectors. Recombinant AAVs have
emerged as a highly promising gene delivery system as a result of their low immunogenicity
and ability to mediate persistent gene expression in non-dividing cells (Howarth et al., 2010).
AAYV vectors can use be used to deliver therapeutic sequences to different cell types as the
various serotypes exhibit a range of cell tropism and transduction efficiencies (Burger et al.,
2004). It is reasonable to envision that recombinant AAV vectors can be used to deliver anti-
HBYV Sharkey TALENS to infected hepatocytes where these nucleases can disable cccDNA as

a means to treat chronic hepatitis B.

4.5 Conclusion

Developing a curative approach to target HBV cccDNA is crucial as chronic hepatitis B
infection is a major health burden. Current treatments are ineffective at eliminating viral
cccDNA which is responsible for persistence of chronic infection. This is the first study to
generate and evaluate Sharkey TALENSs targeting the HBV genome. Anti-HBV Sharkey
TALENS targeting two conserved sites within the S and C ORFs were generated. The Sharkey
TALENs mediated inhibition of HBV replication and transcription in vitro and in vivo with
minimal toxicity. Targeted mutagenesis was observed indicating that the anti-HBV Sharkey
TALENS functioned as intended. Despite significant reduction of markers of HBV replication
exhibited by the anti-HBV Sharkey TALENS, overall efficiency was lower than their wild-
type counterparts. This indicates that the incorporation of the third generation obligate
heterodimeric Sharkey variants into TALEN architecture did not improve the efficiency of the
TALENSs. Nevertheless, this study further validates the use of genome editing tools, in
particular TALENS, as a potential therapy for HBV as both Sharkey and wild-type TALENS
were able to target cccDNA of HBV without causing toxicity. Permanently disabling cccDNA
is an important first step in developing a functional cure for chronic HBV infection.
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Chapter 5
Appendix

5.1 Preparation and transformation of chemically competent E. coli
Materials

e Luria-Bertani media
Ten grams of Bacto-tryptone (Thermo Scientific, CA, USA), 5 g NaCl and 5 g yeast extract
(Oxoid, UK) were added to 1 litre of distilled water. This solution was autoclaved for 20

minutes at 121 °C and 1 kg/cm? and stored at room temperature.
e Transformation buffer (100 mM CacCl,, 10 mM PIPES-HCI, 15% glycerol)

To prepare transformation buffer, 0.3024 g PIPES, 1.4702 g of CaCl, and 15 ml glycerol was
added to 80 ml of ddH,O. The pH of the buffer was adjusted to 7.0 using NaOH and adjusted
to a final volume of 100 ml. The transformation buffer was autoclaved for 20 minutes at 121
°C and 1 kg/cm? and stored at -20 °C.

e 1000 x ampicillin (Roche Applied Science, Mannheim, Germany)

One hundred milligrams of ampicillin was dissolved in 10 ml of 50% ethanol and stored at -
20 °C.

e 1000 x kanamycin (Thermo Scientific, CA, USA)

Two hundred and fifty milligrams of kanamycin powder was added to 5 ml of double distilled

water (ddH,0) and was filter sterilised. This was stored as 1 ml aliquots at -20 °C in the dark.
o 1% agar

One percent (w/v) agar was mixed in Luria-Bertani medium and autoclaved at 121 °C for 20
minutes. The agar solution was cooled to approximately 50 °C. A final concentration of 100
pg/ml for ampicillin and 50 pg/ml for kanamycin was added to the agar solution. The agar
solution was poured into petri dishes and allowed to solidify at room temperature and the

plates were stored at 4 °C. Kanamycin plates were also stored in the dark.
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Protocol
Preparation of chemically competent E. coli

Ten millilitres of Luria-Bertani media was inoculated with 10 ul of E. coli and incubated at 37
°C in a shaking incubator overnight. The 10 ml of culture was added to 150 ml of Luria-
Bertani media and incubated with shaking at 37 °C for 4 hours until it reached an absorbance
at 600 nm of approximately 0.4. The culture broth was split into 50 ml centrifuge tubes and
centrifuged at 3000 xg for 15 minutes. The pellet was re-suspended in 1 ml of transformation
buffer, the volume adjusted to 35 ml with transformation buffer and incubated on ice for 20
minutes. After 20 minutes the cell suspension was centrifuged at 1000 xg for 15 minutes at 4
°C. The pellet was re-suspended with 2 ml of transformation buffer, transferred to sterile

microcentrifuge tubes in 100 ul aliquots and stored at -80 °C.
Transforming chemically competent E. coli

Ten microlitres of plasmid DNA was added to one hundred microlitres of competent E. coli
and incubated on ice for 30 minutes. Thereafter the cells were heat shocked for 90 seconds at
42 °C. After heat shock treatment the cells were placed on ice for 5 minutes. The transformed

E. coli were then plated on Luria-Bertani agar plates containing selective antibiotics.
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5.2 Large-scale plasmid preparation
Materials

e Luria-Bertani media

e Plasmid Maxi Kit (Qiagen, Hilden, Germany)

e 1000x ampicillin and 1000x kanamycin

Protocol

A single colony containing the plasmid DNA of interest was used to inoculate 150 ml of
Luria-Bertani media that was supplemented with ampicillin (100 pg/ml) or kanamycin (50
pg/ml). The bacterial culture was incubated overnight at 37 °C in a shaking incubator. The
following day the bacterial culture was centrifuged at 6000 xg for 20 minutes. The pellet was
re-suspended in 10 ml of buffer P1. Ten millilitres of buffer P2 was added, mixed gently by
inverting the tube 4-6 times and allowed to incubate for 5 minutes at room temperature. Ten
millilitres of chilled buffer P3 was added and mixed gently by inverting the tube 4-6 times
and then incubated on ice for 20 minutes. After 20 minutes the samples were centrifuged at
20 000 xg for 40 minutes. A Qiagen-tip 500 column was equilibrated by adding 10 ml buffer
QBT and allowed to empty by gravity flow. Supernatant was added to the column and
allowed to enter the resin by gravity flow. The column was washed twice with 30 ml of buffer
QC. The Qiagen-tip 500 column was transferred to a sterile 50 ml collection tube and 15 ml
of buffer QF was added to elute the DNA. The DNA was precipitated by adding 10.5 ml of
isopropanol, mixed and centrifuged at 15 000 xg for 30 minutes at 4 °C. The isopropanol was
discarded and the DNA pellet was washed by adding 5 ml of 70% ethanol and centrifuging
the sample at 15 000 xg for 20 minutes at 4 °C. The ethanol was discarded, the pellet was left
to air dry for 5 minutes and then re-suspended in 100 pul of distilled water and stored at -20
°C.
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5.3 Digestion of the Sharkey encoding plasmids
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Figure 5.1: Restriction enzyme digestion of the plasmids encoding the Sharkey variants (KKR and ELD).
(A) The plasmid encoding the right Sharkey variant (KKR) was digested with Avall and Sphl while the plasmid encoding the left Sharkey variant

(ELD) was digested with Accl and Bgll to ensure the KKR and ELD encoding sequences were present within the plasmid. Molecular weight marker
(O’GeneRuler DNA Ladder Mix). (B) Simulated digestion of Sharkey encoding plasmids. A simulated 1% agarose gel was generated and indicates
the expected fragment sizes for the digest of RM101-3" generation Sharkey KKR (the right Sharkey variant) with Avall (lane 1) and Sphl (lane 2) and
pUC57 Sharkey ELD (left Sharkey variant) with Bsal (lane 3) and Dral (lane 4). The fragments sizes for each band are indicated on the right and the
molecular weight marker (MW) is the O’GeneRuler DNA Ladder Mix. SnapGene® software (from GSL Biotech; available at snapgene.com) was used
to generate the simulated gel.
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5.4 Bgll digestion of the wild-type TALEN plasmids
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Figure 5.2: Enzymatic digestion of wild-type TALEN plasmids.

The wild-type TALEN (SR, SL, CR, CL) plasmids were digested with Bgll enzyme and was
used to distinguish the different TALEN monomers. Expected banding pattern was produced.
Lanel: molecular weight marker (MW) is the O’GeneRuler DNA Ladder Mix.
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5.5 Agarose Gel Electrophoresis
Materials

e 50x Tris Acetate EDTA (TAE) Buffer
Two hundred and forty-two grams of Tris base, 57.1 ml glacial acetic acid, 100 ml of 0.5 M
EDTA (pH 8.0) was added to double distilled water (ddH,0O). The TAE buffer was made to a

total volume of 1 L using ddH20.

e Agarose (Lonza, BS, Switzerland)

e Ethidium bromide (10 mg/ml) (Sigma-Aldrich, MO, USA)

Protocol

To prepare a 1% gel, 1 g of of agarose was added to 100 ml of 1x TAE and dissolved by
heating in a microwave. The mixture was allowed to cool at room temperature and ethidium
bromide solution to a final concentration of 0.5 pg/ml. The mixture was poured into a gel
casting chamber and allowed to set at room temperature. Once set, the gel was placed in a
running chamber containing 1x TAE buffer and subjected to electrophoresis at 100 volts for
45 minutes. The gel was visualised using a G:BOX UV transilluminator (Syngene,
Cambridge, UK)
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5.6 Extraction of DNA fragments from agarose gel (Gel extraction)
Materials

e MinElute Gel Extraction kit (Qiagen, Hilden, Germany)

e Isopropanol

Protocol

The DNA fragment of interest was excised from the agarose gel and each gel slice was placed
in a microcentrifuge tube and weighed. To each tube, 3 volumes of Buffer QG was added to 1
volume of gel (100 mg ~ 100 ul) and the tubes were incubated at 50 °C for 10 minutes with
periodic mixing to dissolve the gel slice. The microcentrifuge tubes were centrifuged briefly,
1 gel volume of isopropanol was added to the samples, mixed briefly and centrifuged.
Samples were transferred to a QIAquick spin column that was inserted into a 2 ml collection
tube and centrifuged for 1 minute at maximum speed in a standard bench-top microcentrifuge.
The flow-through was discarded and the QIAquick spin column was placed back into the
collection tube. Five hundred microlitres of Buffer QG was added to the column and
centrifuged at maximum speed for 1 minute. The flow-through was discarded and 750 pl of
Buffer PE of was added to the QIAquick spin column to wash the DNA and centrifuged at
10 000 xg for 1 minute. The samples were centrifuged at 13 000 rpm for an additional 2
minutes to remove excess wash buffer. The QIAquick spin column was transferred into a
clean centrifuge tube and 30 pl of ddH20 was added to the QIAquick spin column and
incubated for 5 minutes at room temperature. After incubation the samples were centrifuged
at 10 000 xg. The eluted DNA was stored at -20 °C.
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5.7 Small scale plasmid preparation
Materials

e Luria-Bertani media
e EconoSpin™ All-in-One Mini Spin Columns (Epoch Life Sciences, MO, USA)

Protocol

A single colony containing the plasmid DNA of interest was used to inoculate 10 ml of Luria-
Bertani media that was supplemented with ampicillin (100 ug/ml) or kanamycin (50 pg/ml).
The bacterial culture was left to incubate overnight at 37 °C on a shaking incubator. The
following day the bacterial culture was centrifuged at 4000 xg for 20 minutes. The
supernatant was removed and the pellet was re-suspended in 250 pl buffer MX1. Two
hundred and fifty microlitres of lysis buffer (MX2) was added to the re-suspension, mixed
gently by inverting the tube 4-6 times and allowed to incubate for 5 minutes at room
temperature. Three hundred and fifty microlitres of chilled neutralisation buffer (MX3) was
added and mixed gently by inverting the tube 4-6 times and then incubated on ice for 5
minutes. After 5 minutes the samples were centrifuged at 6000 xg for 20 minutes. The
supernatant was transferred to EconoSpin™ columns and centrifuged at maximum speed
(10 000 xg) for 1 minute using a standard bench-top centrifuge. The flow-through in the
collection tube was discarded and 700 pl of wash buffer (WS) was added to the column. The
samples were centrifuged at maximum speed (10 000 xg) for 1 minute, the flow-through was
discarded and the samples were centrifuged again to remove excess wash buffer. The column
was placed in a sterile microcentrifuge tube, 50 pl of ddH,O was added to the column and
centrifuged at 10 000 xg for 1 minute. The eluted plasmid DNA was stored at -20 °C.
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5.8 Sequence analysis of the anti-HBV TALENSs

5.8.1 Confirmation of Sharkey mutations in the Fokl nuclease domain of the Sharkey

TALEN monomers
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Figure 5.3: Multiple sequence alignment of S and C Sharkey nuclease domains.

Anti-HBV Sharkey S and C TALEN monomer plasmids were sequenced to confirm presence
of the left or right Sharkey nuclease domain-encoding sequence. The top sequence represents
the wild-type Fokl nuclease domain, the second sequence represents the left or right Sharkey
Fokl variants, the third sequence represents the Fokl domain generated from sequencing left
and right S Sharkey plasmids and the bottom sequence Fokl domain generated from
sequencing left and right C Sharkey plasmids. The wild-type Fokl and the Sharkey Fokl were
used as reference sequences to confirm the presence of the S418P, E441K, E490K, 1538K and
H537R mutations in the right monomer and the S418P, E441K, Q486E, 1499L and N496D
mutations in the left monomer. The amino acids highlighted in yellow represents the wild-
type sequences, and the sequences highlighted in green represent mutated amino acid

sequence. Raw sequencing data can be seen below.
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5.8.2 Chromatograms of the anti-HBV TALEN plasmids

pVAX-CMV TALEN.abl (1152 bases)

F E@FZ WWD F WFDWWWWDAWDJ JD DIJIFDIJWI JIJ DIOWJJFDFFWWFFDJJJWFDDJJ DDJJFDFJJdJd

/,‘\\. "‘A‘L‘?‘:\‘A‘.JA.A“’A, ‘Mh‘ AL

GG AGGGGCAAACAACAGATGGCT GGCAACTAGAAGGCACAGT CGAGGCTGATCAGCGGGTTTAAACGGGCCCT

e Vb ol

130 140

TAAAAGTTTATCTCGCCGT TATTAAATTTCCGTCTCACTTCCTCTAAGGTTAATGTGCCGGCTTTAATCATTT

N P VT AR Hmluumlmuhm&lu

CTCCACCAATTAAAAGCTCTTCTACACTAAGAACAGCTCCATTACAATTAGT GATATGATTTAATCGTGTAAGC

e A L A A

TGAGCTTTGTAGTTTCCTTTAAAGTGACCACTCACAAAT AAAAACTTAAATTCCGTTACAG AAGATGGATAGAC™

ARt o

330 350

[TTCCACCATTCATTAGGGTTGATATGTTTGTTTCGTGTTTGATTTTCTTCGACATAT CGTTGCATTTCATCT

O A L,

GCTTGGCCAATTGGCAGATTATAACCTCCGCTATAAGCTTTAGTATCCACGATCACACCGTAATCAATAGGAG

huJuu‘u‘uhummnnlnlumhhuuhhuudul

500
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ATAAAAAATTCCATTACCTTCATTTCAAGAATTCTATCCT GAGTGGAATTTCTGGCAATTT CAATTAATTCAA

. AL | A A | \/ A " D) MALALLD
590 600 610 620 630 640 650

TATAT TCAT GAGGCACATATTTCAATTT AT GACGAASTTCAGATTTCTTCTCCTCCAGTTCACTTTTGACTAG

800 810 820 830 840 850 860
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pVAX-CMV TALEN.abl (1152 bases)

JFWWJ FFFFF DDW DWW J FWJdJ FJDWJJ F DFF D FFWJFW FF JdJJdJd WFD J WF DWJJdJd FF

1140 1150

Figure 5.4: A chromatogram of the wild-type S TALEN sequence.

The chromatogram represents the data from sequencing the wild-type S TALEN plasmids
using a reverse primer that binds downstream of the Fokl nuclease domain-encoding

sequence.
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pCMV SR+KKR TALEN.ab1l (1153 bases)

'NF D WWWFF WB‘ WWWWDWWD JJDDDIJJ IFDIWJ JJDIJWJ JFDFFWWFFDJJJ WFDDJJ DDJJFDFJJJ

3iGG AGGGGCAAACAACAGATGGCTGGCAACTAG AAGGCACAGTCGAGGCTGATCAGCGGGTTTAAACGGGCCC

L!J.mAumh.ﬂn.ut.MJ.u.mJ.Hnumunm

TTAAAAGTTGAT TTCGCCATTGTTGAATTTCCTGCGGACCTCCTCCAGAGTCAGAGTGCCAGCCTTGATCATC™

xmumnmm.uumdmuuuH.mM.mumnh

20

TCTCCCCCGATCAGCAGTTCCTCGACGC TCAGCACGGCGCCATTACAGTTTGTCTTACGATTCAGCCGGGTCAG

mMhmuﬂ“hmhhnmm“unﬂnlhhmhmh

CTGTGCTTTGTAGTTGCCCTTAAAGTGTCCTGACACGAACAGAAACTTGAATTCAGTGACGGAGCTAGGATACA

o

29

WTTTCCACCACTCATTGGGGTTAATATGCTTATTTCTTGTCTGGTTTTCCTTCACGTATCGCTGCATCTCGTC

lmuuhmuh“nhﬂh”nlhMUhhhu“n“u

AGCCTGCCCGATGGGCAGATTATAGCCTCCAGAGTAGGCTTTGGTATCGACAATCACGCCATAGTCGATGGG

ond o0 i
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JFWWFFFDFDJWJWDJDWJI JFWFFD

940 950

POMVISREKKRIALEN.abT (1133 bases)::

WFWAJJFWWWFJD

JDFFFWFFFDJJWJWWFWFFFFWDWDJFFJWDJDFW!
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pCMV SR+KKR TALEN.ab1l (1153 bases)

i CTGG CACAGCACC GG C AACAG CGCTGCA CG TC T C AG AG C TGCG6T G C

Figure 5.5: A chromatogram of the right Sharkey S TALEN sequence.

The chromatogram represents the data from sequencing the right Sharkey S TALEN plasmid

using a reverse primer that binds downstream of the Fokl nuclease domain-encoding

sequence.
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pCMV SL+ELD TALEN.ab1l (1159 bases)

\GGGGCAAACAACAGATGGCTGGCAAC TAGAAGGCACAGTCGAGGC TGAT CAGCGGGTTTAAACGGGCCCTTAAAAG

A.mmhJhmoummA.mm.mmunmm

TTGATTTCGCCATTGTTGAATTTCCTGCGGACCTCCTCCAGAGTCAGAGTGCCAGCC TTGATCATCTCTCCCCCG A”

A{}“lllxt}ﬁ!lkAllllgl}lll‘AAlﬁ&ﬂ‘ﬁll l&gl}tllxlltl{}lttlll‘!!}t‘lllllgﬁ}‘ll

15 20

[CAGCAGTTCCTCGACGCTCAGCACGGCGCCATTGCAGTTTGTAATATGATTCAGCCGGGTCAGCTGTGCTT TG TAG

At W A A A

TTGCCCTTAAAGTGTCCTGACACGAACAGAAACTTGAA TCAGTGACGGAGCTAGGATACACTTTCCACCACTCATT

uhmMmlm.mmuuumhummlmlnuum

GGGGTTCAGATGCTTATCTCTTGTCTGGTTTTCCTCCACGTATCGCTCCATCTCGTCAGCCTGCCCGATGGGCAG AT

AAAleAA.‘iitllﬁltll§£}AAI‘llléé}llllt A}AﬂlAx‘lll;i}ﬂt;Alxté!‘llll‘ll4£}ttl

380

TTATAGCCTCCAGAGTAGGCTTTGGTATCGACAATCACGC CATAGTCGATGGGACTTCCCACAGTGTAGATGGCTC(
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pCMV SL+ELD TALEN.abl (1159 bases)

FDOWFWJJFWWWFJDJD

)FFFWFFFDIJWIWWFWFFFFWDWDJFFJWDJDFWWWFDWD

DIJDDWWFFDWFDFWWWFDWE
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pCMV SL+ELD TALEN.abl (1159 bases)

WIJFWFF JJJJ WFI J FDWJJJIWF WJ FDFDJ FDFF JdJ3 F D FDJ F:'J F'WNJ FI FPJ WF

T € AGAG CTEL T e €A € K& TA TEOEC TG ©BE ATS ¢ AC cA ¢ Tk
1090 1100 1110 1120
8 ¢ € ©¢ 8 Te A B c T 6 6GC T 66 c cC A
1130 1140
G ¢ c ti6 6 6 6 ¢
1150

Figure 5.6: A chromatogram of the left Sharkey S TALEN sequence.
The chromatogram represents the data from sequencing the left Sharkey S TALEN plasmid

using a reverse primer that binds downstream of the Fokl nuclease domain-encoding

sequence.
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pCMV CR+KKR TALEN.abl (1164 bases)

F LrE]F;‘ WWW FF WFDWWWWIWWD JJDDJJODFDIJW JJJD JJ
40

FD

-l ““‘ /

;.'.A‘A”& MA) ) AA

1 10 20 30
5AGGGGCAAACAACAGATGGCTGGCAACTAGAAGGCACAGTCGAGGCTGATCAGCGGGTTTAAA CGGGCCCTTAAA,

g o

70

AGTTGATTTCGCCATTGTTGAATTTCCTGCGGACCTCCTCCAGAGTCAGAGTGCCAGCCTTGATCATCTCTCCCCC

Mmhdhmmhm muuu‘n‘udh“thm

GATCAGCAGTTCCTCGACGCTCAGCACGGCGCCATTACAGTTTGTCTTACGATTCAGCCGGGT CAGCTGTGCTTTG

“Mudmmtmuﬂm““hu‘uA‘ulhlmﬂumm

TAGTTGCCCTTAAAGTGTCCTGACAC GAACAGAAACTTGAATTCAGTGACGGAGCTAGGATACACTTTCCACCACT (

O S A e A AT

AT TGGGGTTAATATGCTTATTTCTTGTCTGGTTTTCCTTCACGTATCGCTGCATCTCGTCAGCCTGCCCGAT GGGC

o oo o L

AGATTAT AGCCTCCAGAGTAGGCTTTGGTATCGACAATCACGCCATAGTCGATGGGACT TCCCACAGTGTAGATGH
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pCMV CR+KKR TALEN.ab1l (1164 bases)

JFWFFDW FWJJFWWWFJDJDF FFWFFFDIJIJWIWWFWFFFFWDWD JFFIWDJDFWWWFDWDDDJDDWW FFDWFDFWW

MW

And A Al A LA VAN 2\ A
530 540 550 560 570 580 590 600

760 770 780 790 800 810 820

900 ) 910 920 930 940 950 960
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pCMV CR+KKR TALEN.ab1 (1164 bases)

C 6 TCT C AGAG CT6 €C TG6 CA C AT AT 6C T 6 CG AT GG C A c

Figure 5.7: A chromatogram of the right Sharkey C TALEN sequence.

The chromatogram represents the data from sequencing the right Sharkey C TALEN plasmid

using a reverse primer that binds downstream of the Fokl nuclease domain-encoding

sequence.
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pCMV CL+ELD TALEN.abl (1160 bases)

STTAAAA GTTGATTTCGCCATTGTTGAATTTCCTGCGGACCTCCTCCAGAGTCAGAGTGC CAGCCTTGATCAT(

umh.mhmm.udumum,h.mhdudum

CTCTCCCCCGATCAGCAGTTCCTCGACGCTCAGCACGGCGCCATTGCAGTTTGTAATAT GATTCAGCCGGGTC/

mUultmulhhhluh.m.mmhthﬂmdlm

AGCTGTGCTTTGTAGTTGCCCTTAAAGT GTCCTGACACGAACAGAAACTTGAATTCAGTGACGGAGCTAGGATA

h“lh‘“‘adh“hh‘ah““hlhﬂh‘““h“‘uhu

29

95



Chapter 5- Appendix

pCMV CL+ELD TALEN.abl (1160 bases)

JIDFWWFFFDFDIJWJWDJIDW JIJFWFFDW FWJJFWWW FJDJDFFFWFFFDIJIWJWWFWFFFFWDWDJF FJWDJD
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pCMV CL+ELD TALEN.abl (1160 bases)

F DJ FJJ FW JF WW m FFFFDWWDWWJF WJJF JDW JJ FFDF F DFFWJFWFF JJ Jd WF JJ F

ATGG cc 1KBG AMh 6 AA CG6 C ACAG C GcTGecacces [¥Tcc AG[RA 6cc Te ¢

i e TcalRl 67 6ca cWa Kle e 6 c
1150 1160

Figure 5.8: A chromatogram of the left Sharkey C TALEN sequence.

The chromatogram represents the data from sequencing the left Sharkey C TALEN plasmid
using a reverse primer that binds downstream of the Fokl nuclease domain-encoding

sequence.
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5.9 Cell Culture
5.9.1 Culturing and growth of mammalian cells

Materials
e Preparation of 1000 x penicillin/streptomycin (100 000 U/mL; 100 000 pg/mL)

The pen/strep solution was prepared by dissolving 0.9 g of penicillin and 15 g of streptomycin

in 15 ml of PBS. The solution was filter sterlised and stored in 1 ml aliquots at -20 °C.

e Complete DMEM

Consist of 449 ml of DMEM, 50 ml of 10% FBS (foetal bovine serum) and 1 ml of Pen/Strep
(penicillin 100 U/ml; streptomycin 100 pg/ml). Medium was filter sterilised and stored 4°C.

e Saline/0.01% EDTA solution

Protocol

Liver-derived human hepatoma 7 (Huh 7) and HepG2.2.15 cells as well as kidney-derived
human embryonic kidney 293T (HEK293T) cells were used. The HepG2.2.15 and HEK293T
cells were grown in 75 cm? CellStar® cell culture flasks (Greiner Bio-One, Frickenhausen,
Germany) and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco™,
Thermo Scientific, CA, USA) while the Huh 7 cells were maintained in low glucose (1 g/L)
DMEM (Gibco™, Thermo Scientific, CA, USA). The DMEM was supplemented with
penicillin (100 U/ml), streptomycin (100 pg/ml) and 10% foetal calf serum (FCS). The cells
were incubated in a humidified incubator at 37 °C and 5% CO,. The Olympus CKX31 light

microscope (Olympus, Tokyo, Japan) was used to monitor the cells.
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5.9.2 General procedure used for seeding or passaging cells

Protocol

Media was removed from cells and wash with 10 ml of saline/EDTA. Saline/EDTA solution
was discarded. An additional 5 ml of saline/EDTA solution was added to the cells and
incubated at 37°C (5% CO,) for approximately 10 minutes. After incubation, the saline
/EDTA solution was discarded. Approximately 3 ml of TrypLE™ Express was added, swirl
gently and was incubate at 37°C (5% CO,) for approximately 5 minutes. TrypLE™ Express
was not required for the HEK 293T cells. After incubation, the flask was gently tapped to lift
cells. Seven millilitres of complete DMEM was added to suspense the cells, the cell
suspension was transferred into in sterile 15 mL tube and centrifuged for 3 minutes at 200 xg.
Supernatant was discarded and 1 ml of complete DMEM was added to re-suspend the pellet.
Cells were split according to appropriate ratio and the appropriate volume of complete
DMEM was added into new flask/plate. Approximately 10 ml complete DMEM was added to
the new flask. Cells maintained were incubated at 37°C (5% COy) in a humidified incubator.
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5.10 Large-scale plasmid preparation (Endotoxin-free)

Materials
e Luria-Bertani media
¢ EndoFree® Plasmid Maxi Kit (Qiagen, Hilden, Germany)

e 1000x ampicillin and 1000x kanamycin

Protocol

To prepare the endotoxin-free plasmids, the large scale plasmid preparation (Appendix 5.2)
protocol was followed with one additional step. After addition of buffer P3 and clearing the
supernatant by centrifugation, 2.5 ml of Buffer ER was added, the solution mixed and
incubated for 30 minutes on ice. The supernatant was processed as described above using
endotoxin-free solutions. The DNA pellet was washed with 5 ml of endotoxin-free room-
temperature 70% ethanol and re-suspended in 100 pl endotoxin-free Buffer TE and stored at -
20 °C.

100



Chapter 5- Appendix

5.11 Digestion of endotoxin-free plasmids

Accl BamHI Aval Pvull
> $ MW: GeneRuler™ DNA Ladder Mix
55 \\\ Q> \\\ :,\ \\ C/\ \\\ C> ) 5k 1: pCH-93091 2: pCH-93091
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Figure 5.9: Restriction enzyme digestion of the marker and control endotoxin-free plasmids.

The endotoxin-free plasmids were screened before use. (A) The pCH-9/3091 plasmids were digested with BamHI and Accl while the pCl-neo-FLuc
plasmids were digested with Pvull and Aval. Lanel: Molecular weight marker (O’GeneRuler DNA Ladder Mix). (B) The single negative control
plasmid pUC118 was digested with Nsbl and Aval. Lane 3: Molecular weight marker (O’GeneRuler DNA Ladder Mix). (C) Simulated double
digestion of marker, HBV and control plasmids. A simulated 1% agarose gel was generated and indicates the expected fragment sizes for the digest
of pCH-9/3091 with BamHI (lane 1) and Accl (lane 2), pCl-neo-FLuc with Pvull (lane 3) and Aval (lane 4) and pUC118 with Nsbl (lane 5) and Aval
(lane 6). The fragments sizes for each band are indicated on the right and the molecular weight marker (MW) is the O’GeneRuler DNA Ladder Mix.
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Figure 5.10: Screening of endotoxin-free wild-type and Sharkey TALEN plasmids.

The endotoxin-free plasmids were screened before use. (A) The monomers of the wild-type S and C TALENs were digested with Bgll. The right
Sharkey S and C TALEN monomer plasmids, SR+KKR and CR+KKR, were digested with Avall and Dral, while the left monomer plasmids,
SL+ELD and CL+ELD, were digested with EcoRI and Dral. Lane 1, 7 and 13: Molecular weight marker (O’GeneRuler DNA Ladder Mix). (B)
Simulated double digestion of Sharkey encoding plasmids. A simulated 1% agarose gel was generated and indicates the expected fragment sizes for
the digest of Sharkey S and C TALEN plasmids. The right S and C Sharkey TALEN monomers were digested with Avall (lane 1) and Dral (lane 2)
while the left S and C Sharkey TALEN monomers were digested with EcoRI (lane 3) and Dral (lane 4). The fragments sizes for each band are

indicated on the right and the molecular weight marker is O’GeneRuler DNA Ladder Mix. SnapGene® software (from GSL Biotech; available at
snapgene.com) was used to generate the simulated gel.
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5.13 Simulated agarose gel showing double digestion of Sharkey encoding plasmids

MW: GeneRulet™ DNA Ladder Mix

1: RM101-3rd generation Sharkey KKR
Apal + BamHI
1.5284 bp
2. 601 bp

2: pUC57 Sharkey ELD
Apal + BamHI
1. 2609 bp
2. 601 bp

Figure 5.11: Simulated double digestion of Sharkey encoding plasmids.

A simulated 1% agarose gel was generated and indicates the expected fragment sizes for the double digest of RM101-3" generation Sharkey KKR (the
right Sharkey variant) and pUC57 Sharkey ELD (left Sharkey variant) with Apal and BamHI. The size of each band is indicated on the right and the
molecular weight marker (MW) is the O’GeneRuler DNA Ladder Mix. SnapGene® software (from GSL Biotech; available at snapgene.com) was used

to generate the simulated gel.
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5.14 Transfection efficiency of anti-HBV TALENSs in Huh 7 cells

Mock

Wild-ty

Wild-type C TALEN

Sharkey C TALEN

Figure 5. 12: Transfection efficiency of Sharkey and wild-type TALENSs in Huh 7 cells.

Assessment of the transfection efficiency for ELISA was evaluated using the pCl-neo-eGFP
plasmid. The pCl-neo-eGFP plasmid was included in the individual transfection mixes. GFP
expression was visualised using fluorescence microscopy at 20x magnification
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5.15 Transfection efficiency of anti-HBV TALENSs in HepG2.2.15 cells

Mock

Wild-type S TALEN Sharkey S TALEN

Wild-type C TALEN Sharkey C TALEN

Figure 5. 13: Transfection efficiency of Sharkey and wild-type TALENS in HepG2.2.15
cells.

Assessment of the transfection efficiency in triple transfected HepG2.2.15 cells was evaluated
by co-transfecting pCl-neo-eGFP. GFP expression was visualised 48 hours post-transfection
using fluorescence microscopy at 20x magnification. The images represents day 14 of triple

transfected HepG2.2.15 cells.
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5.16 PCR amplification of sequences for the Cell assay
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Figure 5.14: PCR amplification of the HBx positive control and target sites for S and C
TALEN:S.

(A) The wild-type HBx as well as the mutant HBx sequence was PCR amplified. The
amplicons produced the expected band of ~ 520 bp. The amplicons were mixed at equimolar
concentrations and used in the Cell assays. Lane 1: O’GeneRuler DNA ladder. (B)
HepG.2.2.15 cells were transfected in triplicate with the pUC118 plasmid which functioned as
the mock (negative) control. Total DNA from HepG2.2.15 cells transfected with pUC118
plasmid were extracted and PCR amplification was carried out to amplify C and S TALEN
targets sites. PCR amplicons produced the expected band of ~520 bp. Lane 1: O’GeneRuler
DNA ladder.
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O’GeneRuler DNA
Ladder
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Figure 5.15: PCR amplification of S and C TALEN target site from experimental
transfections.

HepG.2.2.15 cells were transfected in triplicate with the various anti-HBV TALEN plasmids.
Total DNA from HepG2.2.15 cells transfected with Sharkey and wild-type TALENS were
extracted and amplified. PCR amplification produced the expected band of ~520 bp. Lane 1:
O’GeneRuler DNA ladder.
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5.17 Transfection efficiency of anti-HBV TALENSs in HEK293 cells

Mock

Wild-type S TALEN Sharkey S TALEN

Wild-type C TALEN Sharkey C TALEN

Figure 5.16: Transfection efficiency of Sharkey and wild-type TALENs in HEK 293
cells.

Assessment of the transfection efficiency for MTT assay was evaluated using the pCl-neo-
eGFP plasmid. GFP expression was visualised using fluorescence microscopy at 20x

magnification.
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5.18 Detection of anti-HBV TALENS in vivo lack

Sample 1361 Sample 1366 Sample 1390

b

Figure 5.17: Delivery of anti-HBV TALENS in vivo.

Mice were hydrodynamically injected with the wild-type and Sharkey TALENSs along with
pCl-neo-FLuc that was used to assess and monitor delivery efficiency. Bioluminescence
imaging was carried out 72 hours post injection. The lack of bioluminescence indicates

delivery of the plasmids to the liver did not occur.
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5.19 PCR amplification of in vivo sequences for the Cell assay
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Figure 5.18: PCR amplification of the HBx and pUC118 region in vitro.

Mice hydrodynamically injected with pUC118 plasmid served as the mock (negative) control.
Total DNA from liver was extracted and PCR amplification of S and C TALEN targets sites

was carried out. Lane 1: O’GeneRuler DNA ladder
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O’GeneRuler DNA
Ladder
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Figure 5.19: PCR amplification of S and C TALEN target site from experimental mice.

Total DNA from mouse livers treated with Sharkey and wild-type TALENSs were extracted
and S and C TALEN target sites amplified. PCR produced the expected band of ~520 bp.
Lane 1: O’GeneRuler DNA ladder.
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