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Abstract

Acute hepatitis B virus (HBV) infection is self-limiting but leaves a residual infection that
can become active in an individual under conditions of immunosuppression. In chronic
HBYV infection, the virus persistently replicates in hepatocytes and this leads to immune
mediated hepatocyte damage. Chronic HBV infection, which occurs worldwide in more
than 400 million people, is associated with liver disease, fibrosis, cirrhosis and
hepatocellular carcinoma (HCC) (Hepatitis B Fact Sheet 2009). There is a significant need

for treatment intervention in chronic HBV infection.

Despite the inability to remove the virus in more than 70% of patients, current
treatments for chronic HBV infection, which include interferon alpha (IFN-a) and antiviral
nucleotide/nucleoside analogues (NAs), aim to reduce levels of viral replication and to
prevent or at least delay the progression of disease and the development of cirrhosis and
HCC. Current NA therapy involves monotherapy with a conventional NA as a single
antiviral agent (Sasadeusz et al. 2007). In the recent past, poor response to monotherapies
with NAs and adverse effects to IFN-o have stimulated research into novel therapeutic

strategies and enhancing the efficacy of exsisting NA therapy.

The duck HBV (DHBV) in its natural host, the Pekin duck (Anas domesticus
platyrhynchos), has been used as an animal model to study treatment outcomes and
antiviral studies at the pre-clinical level. Much of what is known about viral replication and
outcomes of hepadnavirus infection has been discovered using the DHBV model (Schultz
et al. 2004; Zoulim et al. 2008) and several immunotherapeutic and antiviral studies have
been performed recently in our laboratory (Foster et al. 2003; Miller et al. 2004; Foster et
al. 2005; Miller et al. 2006a; Miller et al. 2006b; Miller et al. 2008).

The studies described in this Ph.D. thesis focused on the development and testing of
novel therapies for chronic HBV infection using the DHBV model. The first approach
involved the use of novel amphipathic DNA polymers (APDPs) developed by REPLICor
Inc. The second approach tested a combination of NAs developed by Gilead Sciences Pty.
Ltd.
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APDPs developed by REPLICor Inc. have been used as a novel therapeutic approach
against human immunodeficiency virus type 1 (HIV-1) and have been shown to inhibit
HIV-1-mediated membrane fusion and HIV-1 replication in a size dependent but sequence
independent manner (Vaillant et al. 2006). HIV-1 entry is well characterised and involves
fusion of the virus to its target cells using a type 1 fusion protein. APDPs are thought to
inhibit HIV-1 infection by acting as fusion inhibitors that bind to the V3 loop of the HIV-1

gp41 domain preventing its interaction with the T cell receptor, CD4.

Phosphorothioation of oligonucleotides increases their hydrophobicity (amphipathicity)
and also makes them more resistant to degradation by nucleases. The amphipathicity of
APDPs plays a major role in their antiviral activity. Longer APDPs with lengths of >30
bases have a greater amphipathicity and were shown to be more potent in blocking the
amphipathic interactions involved in the HIV-1 mediated membrane fusion than shorter
APDPs with lengths of <30 bases (Vaillant et al. 2006). This novel antiviral mechanism of
action of APDPs with >30 bases has future applications for therapy against infection with

HIV-1 and other enveloped viruses.

In contrast to HIV, the entry mechanisms used by HBV are not well understood
although HBV is thought to enter through receptor mediated endocytosis (RME). In RME
fusion occurs between the virus and the cell membrane as a late event. We hypothesise that
the late fusion of HBV with the cell membrane can be blocked by APDPs that are
amphipathic.

As a first step in evaluating APDPs as a novel treatment for chronic HBV infection, the
APDPs, REP 2006 and REP 2031 and a non-APDP, REP 2086, were tested in primary
duck hepatocytes (PDH) for cytotoxicity and antiviral activity. REP 2006, a 40mer PS-ON
with a completely degenerate sequence (random ATCG), REP 2031, a 40 mer PS-ON with
a poly C sequence, and the non-APDP control, REP 2086, were all found to be non-
cytotoxic in PDH. Treatment of PDH with REP 2006 inhibited DHBV infection at
concentrations as low as 0.01 uM, while REP 2031 had a lower anti-DHBV activity. The
antiviral activity of both APDPs, REP 2006 and 2031, was also found to be length and

chemistry dependent and sequence independent.
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Studies were then conducted to test the antiviral efficacy of REP 2006 and REP 2031 in
vivo using 14-day-old ducks infected with 5 x 10 DHBV DNA genomes. Ducks in 4
Groups were treated with either REP 2006 or REP 2031 or the Bristol-Myers Squibb NA,
entecavir (ETV), or normal saline (NS) starting from 1 day prior to DHBV infection for 15
days. REP 2006 showed an excellent anti-DHBV activity but treatment cause some side
effects. In contrast, treatment of ducks with REP 2031 was well tolerated. However, REP
2031 again showed less anti-DHBV activity than REP 2006. We hypothesised that the
increased side effects in the REP 2006-treated ducks were due to CpG motifs present in the
random ATCG sequence (Krieg 2000; Agrawal and Kandimalla 2001; Shen et al. 2002;
Isogawa et al. 2005; Wilson et al. 2006; Plitas et al. 2008; Wang et al. 2008). The lack of
side effects with REP 2031 (which has no CpG motifs) was consistent with this hypothesis.
The reason for the lower antiviral activity of REP 2031 is unclear. The subsequent testing
of REP 2055 (a 40mer PS-ON with a poly AC sequence), which has no CpG motifs and
also has an interrupted C nucleotide composition, showed an excellent recovery of antiviral

activity without any observable side effects.

The antiviral efficacy of REP 2055 was tested in vivo followed by dose optimisation
studies using a range of dose regimens (0.5, 2, 3, 5 and 10 mg/kg). REP 2055 demonstrated
excellent anti-DHBYV activity with a dose as low as 2 mg/kg body weight.

The ability of REP 2055 to prevent the rebound of DHBV infection was next tested.
Treatment with REP 2055 for 14 days prevented the rebound of DHBV infection after the
cessation of treatment. This effect was observed if REP 2055 treatment was initiated one
day prior to, or at an early phase (4 days p.i.) of DHBV infection, and continued for 14
days. In these 2 Groups, 4 out of 5 ducks were protected from the rebound of DHBV

infection.

The therapeutic efficacy and the ability of REP 2055 to prevent the rebound of DHBV
infection were then tested. REP 2055 treatment (10 mg/kg) was started at a late stage of
DHBYV infection when the liver was fully infected and treatment was continued for 28
days. A control Group of DHBV-infected ducks treated with NS was monitored for
comparison. Liver enzymes and a complete blood evaluation (CBE) were performed prior
to, during, at treatment endpoint and at the end of follow up, 16 weeks after the cessation

of treatment. The results showed that 56% of ducks treated with REP 2055 were protected

X1v



from rebound of DHBV infection and had developed an anti-DHBV surface antibody
response, suggesting that they had resolved DHBV their infection. We concluded from this
work that the APDP REP 2055 showed excellent anti-DHBV activity and has the ability to
prevent the rebound of DHBV infection, making it suitable for further evaluation and

possible clinical trials for the treatment of chronic HBV infection in humans.

Although the need for combination NA therapy has been suggested by many as a way
to combat the development of antiviral resistance, very few studies have investigated the
effectiveness of combination therapy using NAs. In a pre-clinical study using HepG2
hepatoma cells, the additive effect of adefovir (AFV) with ETV, emtricitabine (FTC),
lamivudine (3TC) and telbivudine (TLB) has been reported (Delaney et al. 2004). AFV
with all other NAs in dual combination provided an additive effect. AFV and 3TC
combined had a better additive effect than other combinations (Delaney et al. 2004). We
hypothesised that the combination of either tenofovir (TFV) or tenofovir disoproxil
fumarate (TDF) and FTC is more likely to have a better therapeutic efficacy against
chronic DHBV infection than either TDF or FTC alone.

As a first step the pharmacokinetics (PK) of TFV and TDF were investigated. This was
followed by testing of the antiviral efficacy of TFV and FTC alone and in combination in
ducks with persistent DHBV infection. PK studies of TFV and TDF showed that TFV has
a half-life of 6 h when administered via the IP route whereas TDF had a half life of 4 h and
required twice daily administration. TFV was chosen for the study for practical reasons of
once daily administration. Next persistently DHBV infected ducks were treated daily with
IP administration of 5 or 25 or 50 mg/kg of TFV or 100 or 200 mg/kg of FTC. The study
showed that 5, 25 and 50 mg/kg of TFV suppressed serum levels of DHBV DNA by 3-logs
compared to untreated ducks. FTC showed a dose dependent serum DHBV DNA
suppression with 1-log reduction for a dose of 100 mg/kg, and a 2-log reduction for a dose

of 200 mg/kg.

In the next experiment, two different combinations of TFV and FTC were tested. The
combination of 5 mg/kg TFV + 200 mg/kg FTC was able to suppress levels of serum
DHBV DNA by 5-logs whereas the combination of 5 mg/kg TFV + 100 mg/kg FTC
reduced the levels of serum DHBV DNA by 3-logs.
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In conclusion, a combination of TFV and FTC was superior to either of these drugs
alone in suppressing serum DHBV DNA levels in ducks with chronic DHBV infection.
Further studies are warranted to test the ability of combinations of TFV and FTC to

prevent the rebound of DHBV infection.
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cccDNA
CDC
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hepatitis C virus

heron hepatitis B virus

human herpes virus 6

human immunodeficiency virus
herpes simplex virus

interferon alpha

interferon beta

interleukin-2

intraperitoneally

Institute of Medical and Veterinary Science
intravenously

clevudine

major histocompatibility complex
multiplicity of infection
messenger RNA
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not detected

normal duck serum

natural killer cells

normal saline

normal sheep serum
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RNA
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optical density
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pathogen specific molecular patterns
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penciclovir

pregenomic RNA

primary human hepatocytes
pharmacokinetics
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TNF-a tumour necrosis factor alpha
Tyr-63 tyrosine residue in 63" position
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ucC untreated control
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WHO World Health Organisation
WHV woodchuck hepatitis virus
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°C degrees Celsius
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puL/pl microlitre/s
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g relative centrifugal force

bp base pairs
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H,SO,4 sulfuric acid
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