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Chapter 5: In vivo studies on antiviral efficacy and the
effective dose range of REP 2055 against DHBYV infection

5.1 Introduction

Present studies were based on the results of experiments discussed in Chapters 3 and 4 in
which the APDP, REP 2006, a degenerate population of 40mer PS-ONs, was shown to be
effective in inhibiting the DHBV infection in vitro and in vivo. REP 2031, a homopolymeric
40mer PS-ON with a poly cytosine sequence, was also investigated for its antiviral activity
against DHBV infection (Noordeen er al. unpublished, Chapters 3 and 4). It was
hypothesised that REP 2031 loses its therapeutically active structure under low pH
conditions and becomes ineffective in inhibiting DHBYV infection (Noordeen ef al

unpublished, Chapter 4).

On the other hand, when the safety of a therapeutic agent is concerned, APDP REP 2031
was well tolerated by the ducks during the study period. There were no detectable drug
induced side effects or adverse reactions observed in ducks treated with REP 2031 when
ducks were clinically assessed for any abnormalities in feed and water intake, weight loss,
gait or changes in behaviour and abdominal palpation for signs of pain. In contrast, as
described in Chapter 4, ducks treated with REP 2006 had abdominal tenderness and signs of
pain on abdominal palpation and during IP injections. Furthermore, ducks treated with REP
2006, bled more than those treated with NS or REP 2031 at biopsy. It was hypothesised that
these adverse effects may be due to the possible influence of CpG motifs present in the REP
2006 sequence. CpG motifs are able to induce TLR 9, which triggers proinflammatory
activities (Krieg 2000; Agrawal and Kandimalla 2001; Shen et al. 2002; Wilson et al. 2006;
Plitas et al. 2008; Wang et al. 2008) whereas REP 2031, being a poly-C compound, does not
have CpG motifs that can trigger potential proinflammatory activities. Based on these data,
it was decided to test the efficacy and safety of REP 2055, a heteropolymeric APDP with the
sequence (AC)yo. This compound had been previously shown to have comparable antiviral
activity against other viruses while lacking the CpG-mediated reactivity (Vaillant et al.

unpublished).
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For in vivo experiments, REP 2055 was prepared as a SS under GMP-like conditions.
Like all PS-ONs that were tested in clinical trials (Yu et al. 2007; Yu et al. 2008), it was

anticipated that REP 2055 would be non-toxic and non-carcinogenic

Furthermore, PS-ON compounds that are similar to REP 2055 are known to concentrate
in the liver of mammalian species (Henry et al. 1999; Geary et al. 2003; Yu et al. 2007; Yu
et al. 2008). Liver cells are the target cells for HBV or DHBYV infection in their natural hosts
and it is in the liver in which the bulk of HBV (Mast et al. 2005; McMahon 2005; Yuen and
Lai 2008) and DHBV (Le Mire et al. 2005; Jilbert et al. 2008; Zoulim et al. 2008b)
replication occurs. These anticipated characteristics of REP 2055 are expected to make this
compound an effective antiviral agent against DHBV infection without producing adverse

reactions.

The current project aimed to test the antiviral activity of REP 2055 against DHBV
infection in vivo. It also examines the effective dose range for treating DHBV infection
using 5 different doses from 0.5 to 10 mg/kg body weight, administered to 14-day-old
ducks.

5.2 Experimental design

Approval to conduct the in vivo studies was obtained from the Animal Ethics Committees of
the IMVS, and University of Adelaide. Chapter 2 provides details on the following
experimental requirements: source and the dose of DHBV; preparation and reconstitution of
REP 2055 for IP injection; collection of blood samples; autopsy and specimen collection
procedures; analysis of blood and serum for virological (DHBsAg); and biochemical

markers (liver enzymes) to assess the level of DHBV infection.

14-day-old ducks were divided into 3 Groups of 5 (Groups 5.A, 5.B and 5.C) for
Experiment I (Table 5.1) and 6 Groups of 5 (Groups 5.D, 5.E, 5.F, 5.G, 5.H and 5.I) for
Experiment II (Table 5.2). Ducks were infected with 5 x 10> DHBV DNA genomes via
jugular vein inoculation. The ducks in Experiment I received daily treatment of REP 2055
(10 mg/kg, IP) or ETV (1 mg/kg, oral) or NS (IP) from 1 day prior to DHBV infection for
15 days. The ducks in Experiment II received daily treatment of REP 2055 in five dose
regimens (0.5, 2, 3 and 5 mg/kg, twice daily, IP and 10 mg/kg, once daily, IP) and NS (twice

daily, IP) from 3 days prior to DHBV infection for 17 days. The effectiveness of a dose
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range was tested after confirming that APDPs, REP 2006 and REP 2055 work effectively as
anti-DHBV agents at a standard dose of 10 mg/kg. It is also true that other DNA-based
pharmacological agents (such as an 2’ ribose modified antisense PS-ON directed against the
TNF-a mRNA) have been shown to be safe between a range of doses of 0.1-10 mg/kg
among a wide range of animal species (Geary et al. 2003). Hence, identifying an effective
dose for various prophylactic or therapeutic applications is necessary in order to avoid

overdosing and its implications.

Ducks were examined every day for any abnormalities in feed and water intake, weight
loss or changes in gait and behaviour. Ducks were also clinically examined through a gentle
palpation of the abdomen for signs of pain in the abdominal area. IP injection was given just
below the sternal end where the access to the peritoneal cavity is easy and ducks were

examined for signs of pain at the time of IP injection.

WBC counts were performed at the Division of Haematology of the Diagnostic Clinical
Pathology unit at the IMVS using whole blood samples collected at autopsy from all ducks
in Groups 5.A-5.C. Sera separated from blood samples were also analysed for levels of liver
enzymes (or transaminases) to elucidate the liver function in the presence of REP 2055. Sera
of ETV- and NS-treated ducks were used as comparators for liver enzyme analysis. Methods

used for these analyses are discussed in detail in Chapter 2.

Blood samples collected on days 0, 5, 10 and 14 p.i. were tested for DHBsAg using a
qualitative ELISA. Liver tissues collected on days 4 and 14 p.i. were tested for histology and
percentage of DHBsAg-positive hepatocytes by immuno-staining and for DHBV DNA
using Southern blot hybridisation.

Statistical analysis: Differences in mean body weights, WBC counts, liver enzyme levels
and percentage of DHBsAg-positive hepatocytes in liver tissues among Groups 5.A, 5.B and
5.C in Experiment I and Groups 5.D, 5.E, 5.F, 5.G, 5.H and 5.1 in Experiment II were
statistically analysed using multiple ANOVA followed by Post hoc analysis. All the
analyses were performed using the analytical software Graph Pad Prism Version 5.

Differences were considered to be statistically significant when the p values were <0.05.
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5.3 Results

Previous data from experiments using 14-day-old ducks treated with REP 2006 showed an
excellent anti-DHBV activity, however three ducks experienced some adverse reactions to
REP 2006 treatment. The CpG motifs present REP 2006 was thought to be responsible for

those adverse effects and were absent in REP 2055.

The current project was conducted to test: firstly, the anti-DHBV activity of the new
APDP, REP 2055 in vivo (Experiment I); and secondly, to study the effective range of dose
of REP 2055 against DHBV infection (Experiment II).

5.3.1 Experiment I: Testing the antiviral efficacy of REP 2055 against DHBV
infection using a standard dose (10 mg/kg) and once daily administration

5.3.1.1 Group 5.A: The effect of REP 2055 treatment on clinicopathological,

haematological, biochemical and virological markers

REP 2055 treatment in ducks did not produce any observable changes in duck health or
weight (Table 5.1). Ducks treated with REP 2055 showed neither abdominal tenderness nor
abdominal pain on IP injection and no abnormalities were noted during the clinical
examination of the abdomen. Furthermore, in situ examination of internal organs at autopsy

did not reveal any gross pathological changes in ducks in both experiments.

Moreover, no significant differences were noted in the mean total WBC count in ducks
(p>0.05) receiving REP 2055 when compared to ducks receiving ETV or NS when tested at
the end of 15 days of treatment (Table 5.3).

There were no significant differences in the mean levels of liver enzymes in ducks
treated with REP 2055 in comparison to ducks treated with ETV or NS. This was in terms of
changes in transaminases GGT, ALT and AST when tested at the end of 15 days of
treatment (p>0.05) (Table 5.4).

Treatment of ducks with REP 2055 (Group 5.A) prevented the development of serum
DHBsAg in 5/5 ducks when sera from these ducks were tested using a qualitative DHBsAg
ELISA (Figure 5.1).
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On day 4 p.i., liver tissues from ducks treated with REP 2055 had DHBYV infection in
0.004-0.0126% of hepatocytes (mean=0.007%) when tested by immuno-staining (Table 5.6;
Figure 5.3). On day 14 p.., these ducks had a mean of <0.001% of DHBsAg-positive
hepatocytes (Table 5.6; Figure 5.3). Treatment with REP 2055 reduced the mean percentage
of DHBsAg-positive hepatocytes from 0.007% (Table 5.6; Figure 5.3) to <0.001% on day
14 p.i. The mean differences of DHBsAg-positive hepatocytes in the liver of REP 2055-
treated ducks when compared with that of NS-treated ducks at biopsy and autopsy were

statistically significant (p<0.05).

DHBYV DNA in liver as detected by Southern blot hybridisation agreed with the results
of assessing the DHBV infection by immuno-staining of liver tissue sections (Figures 5.3

and 5.5).

In summary, REP 2055 treatment prevented the DHBYV infection in the serum and the
liver without producing observable drug induced side effects (clinico-pathological,

haematological and biochemical changes) in treated ducks.

5.3.1.2 Group 5.B: The effect of ETV treatment on clinicopathological,
haematological, biochemical and virological markers

Ducks treated with ETV had no observable changes in general health and weight during the
clinical monitoring period. In situ examination of internal organs at autopsy revealed no
gross pathological changes in ducks treated with ETV. No significant differences were noted
in the mean total WBC count in ducks (p>0.05) receiving ETV when compared to ducks
receiving REP 2055 or NS (Table 5.3). There were no significant differences in the mean
levels of liver enzymes among the ducks treated with ETV when compared with ducks
treated with REP 2055 and NS in terms of changes in transaminases GGT, ALT and AST
(p>0.05) (Table 5.4).

Treatment of ducks with ETV prevented the development of serum DHBsAg in 5/5
ducks when sera from these ducks were tested using a qualitative DHBsAg ELISA (Figure
5.1).
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Treatment with ETV reduced the percentage of DHBsAg-positive hepatocytes on days 4
and 14 p.i. from 0.009% to 0.006% (Table 5.6; Figure 5.3). In contrast, ducks treated with
NS had 1.412% of DHBsAg-positive hepatocytes on day 4 p.i. and this increased to >95%
on day 14 p.. (Table 5.6; Figures 5.3). The mean differences of DHBsAg-positive
hepatocytes of ETV-treated ducks when compared with DHBsAg-positive hepatocytes of

NS-treated ducks at biopsy and autopsy liver samples were statistically significant (p<0.05).

In the ETV-treated ducks, the levels of DHBV DNA in the liver tested by Southern blot
hybridisation were consistent with the levels of DHBV infection tested by immuno-staining

(Figures 5.3 and 5.5).

In summary ETV treatment was able to prevent the development of DHBV infection in
the serum and in the liver without producing observable drug induced side effects in ducks

in terms of clinicopathological, haematological and biochemical changes.

5.3.1.3 Group 5.C: The effect of NS treatment on clinicopathological,

haematological, biochemical and virological markers

Ducks treated with NS recorded no observable changes in general health and weight during
the clinical monitoring period. In sifu examination of internal organs at autopsy revealed no
gross pathological changes in ducks treated with NS. The mean total WBC count and the
mean levels of liver enzymes of ducks treated with NS provided a good internal comparison

of these parameters in ducks treated with REP 2055 (Tables 5.3 and 5.4).

In contrast to REP 2055 or ETV-treated ducks, 5/5 ducks treated with NS had detectable
levels of serum DHBsAg on days 5, 10 and 14 p.i. (Figure 5.1). As expected, ducks treated
with NS had 1.412% of DHBsAg-positive hepatocytes on day 4 p.i. and this increased to
>95% on day 14 p.i. demonstrating the widespread nature of DHBV infection (Table 5.6;
Figure 5.3). In this respect, the antiviral effect of REP 2055 became very obvious when

compared to the levels of DHBYV infection in the serum and liver of NS-treated ducks.
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5.3.2 Experiment II: Testing the antiviral efficacy of REP 2055 against DHBV
infection using a range of dose (0.5-10mg/kg) regimens

5.3.2.1 Groups 5.D-5.H: The effect of REP 2055 treatment on clinicopathological,

biochemical and virological markers between the dose range of 0.5-10 mg/kg

REP 2055 treatment in ducks did not produce any observable changes in duck health or
weight during the clinical monitoring period (Table 5.2). Furthermore, ducks treated with
REP 2055 in any of the 5 dose regimens showed neither abdominal tenderness nor pain on
IP injection. Neither abnormalities during the clinical examination of the abdomen nor gross
pathological changes on in situ examination of internal organs at autopsy of REP 2055-

treated ducks.

A CBE was not performed for Experiment II as there were no significant changes
observed when ducks were treated with REP 2055 using a standard dose of 10 mg/kg body
weight in Experiment I. However, liver enzymes were analysed to ascertain any possible
changes in liver enzymes as the bulk of PS-ONs concentrate in the liver (Geary et al. 2003;
Yu et al. 2009a; Yu et al. 2009b). Treatment with REP 2055 resulted in no significant
changes in transaminases GGT, ALT and AST in Groups 5.D-5.1, treated with five different
doses of REP 2055 and Group 5.1, treated with NS (p>0.05) (Table 5.5). Furthermore, liver
enzyme values noted in the present studies were within the normal values reported for ducks

by Foster et al. (2003).

Treatment of ducks with REP 2055 in 5 different dose regimens (Groups 5.D-5.H)
prevented the development of serum DHBsAg in 5/5 ducks (Figure 5.2).

In Experiment II, liver tissues collected from ducks in Groups 5.D and 5.E on day 4 p.i.,
DHBYV infection was detected in 0.33-1.52% (mean=0.87%) and 0.21-0.72% of hepatocytes
(mean=0.45%) by immuno-staining (Table 5.7; Figure 5.4). Groups 5.F, 5.G and 5.H had
0.1-0.46 (mean=0.32%), 0.001-0.07 (mean=0.02%) and 0.07-0.4 (mean=0.17%) of
DHBsAg-positive hepatocytes on day 4 p.i. (Table 5.7; Figure 5.4).

On day 14 p.i., ducks in Groups 5.D-5.H receiving 5 different doses of REP 2055
treatment had <0.001% of DHBsAg-positive hepatocytes except Duck 503 in Group 5.D.
This particular duck showed an increase of 4.3% of DHBsAg-positive hepatocytes (Table
5.7; Figure 5.4).
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In Experiment II, the mean differences of DHBsAg-positive hepatocytes of REP 2055-
treated ducks (5 different doses) when compared with DHBsAg-positive hepatocytes of NS-
treated ducks at biopsy and autopsy livers were statistically significant (p<0.05). Moreover,
in Experiment II, DHBV DNA detected by Southern blot hybridisation agreed with DHBs-
positive hepatocytes present in the liver as shown by the immuno-staining (Figures 5.4 and

5.6).

However, Duck 503, which was treated with 0.5 mg/kg dose of REP 2055 had 1.52%
and 4.3% of DHBsAg-positive hepatocytes in the liver on days 4 and 14 p.i., respectively.
On days 4 and 14 p.i., the mean percentage of DHBsAg-positive hepatocytes in the liver of
Duck 503 was higher than that of other 3 ducks in Group 5.D. However, the level of
infection in Duck 503 on days 14 p.i. (4.3% of DHBsAg-positive hepatocytes) was
significantly less than the mean percentage of DHBsAg-positive hepatocytes of NS-treated
ducks (p<0.05). This could be explained in terms of the dosage of REP 2055; i.e 0.5 mg/kg
dose of REP 2055 twice daily dosing was enough to inhibit DHBV replication in the liver to
a level that was significantly superior to NS. However, this level of inhibition was not
superior to REP 2055 treatments with 2-5 mg/kg twice daily dosing (Groups 5.E, 5.F and
5.G) or 10 mg/kg once daily dosing (Group 5H).

5.3.2.2 Group 5.I: The effect of NS treatment on clinicopathological, biochemical
and DHBV markers

NS treatment in ducks did not produce any observable changes in the health of ducks or
weight (Table 5.2) during the clinical monitoring period. No gross pathological changes
were noted on in situ examination of internal organs at autopsy. The mean total WBC count
and the mean levels of liver enzymes of NS-treated ducks provided a good internal

comparison of these parameters for ducks treated with REP 2055 (Table 5.5).

In contrast to REP 2055 treated ducks, 5/5 ducks treated with NS had detectable levels of
DHBsAg in the serum on days 5, 10 and 14 p.i. (Figure 5.2). As expected, ducks treated
with NS had 13.56% of DHBsAg-positive hepatocytes on day 4 p.i. and this increased to
>95% on day 14 p.i., indicating that DHBV infection was widespread (Table 5.7; Figure
5.4). In this respect, the antiviral effect of REP 2055 became very clear in all 5 dose
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regimens when compared to the levels of DHBV infection in the serum and liver of NS-

treated ducks.

5.4 Discussion

Studies explained in Experiments I and II produced an anticipated DHBV infection outcome
when inoculated with 5 x 10° DHBV DNA genomes in 14-day-old ducks (Foster et al. 2003;
Foster et al. 2005; Miller et al. 2006a; Miller et al. 2006b; Miller et al. 2008). All ducks
inoculated with this virus dose and treated with NS developed widespread DHBV infection
in the liver with more than 95% infected hepatocytes by day 14 p.i. (Tables 5.6 and 5.7;
Figures 5.3 and 5.4). The levels of DHBsAg present in the sera of NS-treated ducks were
proportional to the DHBV infection in the liver in the current study. This finding is in
complete agreement with previous studies (Jilbert ez al. 1996; Triyatni et al. 1998; Meier et
al. 2003) in which the serum DHBsAg levels are proportional to the percentage of infected

hepatocytes in the liver at the early phase of infection.

In Experiment I, treatment of ducks in Groups 5.A and 5.B with REP 2055 or ETV
(Figure 5.1) prevented the development of serum DHBsAg in 5/5 ducks. Moreover, livers of
these ducks had undetectable or a very low levels of DHBsAg-positive hepatocytes (Table
5.6; Figure 5.3). REP 2055 appeared to accomplish the predicted anti-DHBV activity of this
APDP, similar to its parent compound REP 2006. In Experiment I, results from the Southern
blot hybridisation were in complete agreement with results obtained from the immuno-
staining when assessing the percentage of infected hepatocytes in the liver on days 4 and 14
p.i. DHBV DNA were not detected in liver samples from the Groups 5.A-5.C ducks that
were treated with REP 2055, ETV and NS on day 4 p.i. The amount of DHBV DNA in liver
tissues at this stage of the infection might be below the lower limit of the assay. However,
on day 14 p.i., no DHBV DNA was detected in liver samples from the Groups 5.A and 5.B
ducks treated with REP 2055 or ETV showing the ability of REP 2055 and ETV to suppress
the DHBYV infection to an undetectable level. In this respect, measurable anti-DHBV activity
of REP 2055 might be similar or superior to ETV, which is a known suppressor of DHBV
(Marion et al. 2002; Foster et al. 2003; Foster et al. 2005; Miller et al.2006a; Miller et al.
2006b; Miller et al. 2008). DHBV DNA was detected in all liver samples from the Group
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5.C ducks treated with NS indicating the occurrence of widespread DHBYV infection in the

absence of an effective antiviral treatment (Figure 5.5).

In Experiment II, treatment of ducks with REP 2055 in 5 different doses prevented the
development of serum DHBsAg in 5/5 ducks (Figure 5.2). Livers of these ducks had
undetectable or a very low percentage of DHBsAg-positive hepatocytes as detected by
immuno-staining (Table 5.7; Figure 5.4) supporting the anti-DHBV activity of REP 2055 at
all 5 doses. The antiviral activity of REP 2055 between the doses of 2-10 mg/kg in
Experiment II was similar to what was observed in Experiment I, when investigating the
anti-DHBV activity of REP 2055 with a standard dose of 10 mg/kg daily dosing for 15 days
starting from 1 day prior to DHBV infection. Similar to Experiment I, the levels of DHBV
DNA detected in the liver by Southern blot hybridisation agreed with results obtained from
the immuno-staining, when assessing the percentage of infected hepatocytes in the liver of
ducks on day 4 and 14 p.i. in Experiment II. No DHBV DNA was detected in liver samples
of ducks treated with any of the five doses of REP 2055 or NS on day 4 p.i. On day 14 p.1.,
no DHBV DNA was detected in any liver samples from the Group 5.D-5.H ducks treated
with REP 2055, indicating the anti-DHBYV activity of REP 2055 under a range of doses. In
contrast, DHBV DNA was detected in all liver samples from Group 5.1 ducks treated with
NS on day 14 p.i. (Figure 5.6).

The relatively higher levels of DHBsAg-positive hepatocytes on days 4 and 14 p.i. in
Duck 503 than other REP 2055-treated ducks of (Groups 5.E, 5.F, 5.G, 5.H and 5.1) can be
explained in terms of 0.5 mg/kg dose of REP 2055 twice daily dosing being sufficient to
inhibit the DHBYV replication in the liver to a level that was significantly superior to NS.
However, this level of inhibition was not superior to REP 2055 treatments with 2-5 mg/kg
twice daily dosing (Groups 5.E, 5.F and 5.G) or 10 mg/kg once daily dosing (Group 5.H). In
this respect, a 0.5 mg/kg twice daily dosing appeared weaker in achieving optimal plasma
concentration that was effective in suppressing DHBV and then its spread in the liver.
Hence, continuous suboptimal dosing of the drug would have failed to build a therapeutic
maintenance drug level in the plasma and liver in order to elicit an effective antiviral
response that had been shown by REP 2055 in other regimens (Groups 5.E, 5.F, 5.G and
5.H). The suboptimal plasma concentrations at 0.5 mg/kg dose of REP 2055 twice daily
dosing appears to be associated with short plasma half life of PS-ONs in ducks (Soni et al.
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1998). Hence, a higher dose of REP 2055 in divided or single daily regimens is expected to
achieve drug levels that are effective in eliciting a better antiviral activity (until the next

dosing) than lower doses such as 0.5 mg/kg regimen.

REP 2055, a 40mer poly AC phosphorothioate oligonucleotide, showed excellent anti-
DHBYV activity in Experiment I with a standard dose of 10 mg/kg and in all 5 doses tested in
Experiment II. This finding reinforced the conclusion that this compound could inhibit
DHBYV infection in a sequence independent manner similar to that of its parent compound
REP 2006 in terms of its antiviral activity. REP 2055-treated ducks did not elicit any
adverse effects such as abdominal discomfort on IP injection, except mild bleeding at the
incision site during biopsy in both Experiments I and II. However, the WBC count and liver
enzyme analysis in Experiment I and liver enzyme analysis in Experiment II showed no

alterations in liver function leading to changes in liver enzymes.

In conclusion, REP 2055 showed an excellent anti-DHBV activity and was well tolerated
in vivo in all 5 different doses when the treatment started 1 day or 3 days prior to infection.
However, the autopsy was performed at the treatment end point to test for virological
markers and this did not provide the opportunity to see what might have happened if the
treatment was stopped and the ducks were subsequently monitored in a drug-free period.
This strategy would have tested whether or not REP 2055 is able to prevent the rebound of
DHBYV infection. Furthermore, REP 2055 treatment was started one day or 3 days prior to
DHBY infection in order to test the inhibitory effect or the anti-DHBV activity of the agent
when the infection was given in the presence of the drug. It was, however, unknown what
would have happened to the treatment outcome if ducks were treated at an early stage of
DHBYV infection or a full-blown DHBV infection and monitored after the treatment end
point. These questions are clinically relevant for the treatment of chronic HBV infections in
humans. The ability of REP 2055 to prevent the rebound of DHBV infection when the
treatment is administered 1 day prior to or 4 and 12 days after DHBV infection was then

studied and is discussed in the Chapter 6.
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Table 5.1: Experiment I-The effect of REP 2055 and ETV treatment on body weight

Body weight (g)
Treatment Age (days)

Groups | Duck No. | 14 17 20 23 27
401 400 | 465 | 590 | 885 | 1315
5.A 402 405 | 485 | 575 | 790 | 1220
REP 2055 403 395 | 530 | 625 | 950 | 1370
10 mg/kg 404 410 | 475 | 585 | 750 | 1155
IP* Daily 405 405 | 480 | 685 | 935 | 1320
Mean body weight | 403" | 487° | 612° | 862° | 1276'
406 385 | 460 | 675 | 885 | 1075
5.B 407 425 | 500 | 620 | 875 | 1105
ETV 408 415 | 510 | 685 | 955 | 1290
1 mg/kg 409 415 | 505 | 625 | 855 | 1125
Oral Daily 410 400 | 480 | 690 | 945 | 1320
Mean body weight | 408" | 491° | 659° | 903° | 1183'
411 390 | 465 | 755 | 1005 | 1300
5.C 412 415 | 495 | 715 | 995 | 1225
NS 413 420 | 515 | 755 | 1095 | 1295
IP* Daily 414 425 | 500 | 655 | 995 | 1340
415 405 | 505 | 665 | 1025 | 1320
Mean body weight | 411" | 496° | 709° | 1023° | 1296

*IP - Intraperitoneal injection;

Mean body weight at 14°, 17¢, 20, 23° and 27" days of age;

Mean body weight of Groups 5.A, 5.B and 5.C on 14, 17, 20, 23 and 27 days of age were statistically analysed

and differences were not significant (p >0.05).
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Table 5.2: Experiment I1-The effect of REP 2055 in 5 doses on body weight of ducks

Treatment Body weight (g)
Groups Age (days)
Duck No | 12 14 17 20 23 27
5.D 501 300 | 400 | 495 | 600 | 985 | 1285
REP 2055 502 305 | Didn’t recover from anaesthesia
0.5 mg/kg 503 295 | 390 | 495 | 605 | 780 | 1280

IP* Twice Daily | 504 310 | 415 | 495 | 595 | 800 | 1255
505 305 | 425 | 515 | 635 | 925 | 1310
Mean body weight 303" | 408° | 500° | 609° | '873 | 12838

S.E 506 285 | 395 | 490 | 575 | 895 | 1175
REP 2055 507 325 | 405 | 505 | 610 | 975 | 1135
2 mg/kg 508 315 | 425 | 515 | 620 | 895 | 1280

IP* Twice Daily | 509 | 315 | 405 | 525 | 615 | 885 | 1195
510 | 300 | 395 | 485 | 590 | 955 | 1315
Mean body weight 308" | 405° | 504° | 602° | T921 | 1220°

S.F 511 290 | 385 | 495 | 655 | 990 | 1310
REP 2055 512 315 | 405 | 505 | 645 | 995 | 1220
3 mg/kg 513 320 | 410 | 515 | 650 | 1000 | 1390

IP* Twice Daily | 514 | 325 | 415 | 505 | 650 | 990 | Died
515 305 | 400 | 515 | 660 | 1015 | 1325
Mean body weight 311" | 403° | 5077 | 652° | "998 | 1311®

5.G 516 310 | 420 | 515 | 595 | 985 | 1295
REP 2055 517 295 | 400 | 495 | 595 | 795 | 1120
5 mg/kg 518 285 | 390 | 490 | 600 | 930 | 1290

IP* Twice Daily 519 300 | Didn’t recover from anaesthesia
520 315 | 415 | 520 | 635 | 955 | 1310
Mean body weight 301" | 406° | 505° | 606° | "916 | 1254°

S.H 521 295 | 390 | 480 | 605 | 895 | 1195
REP 2055 522 315 | 425 | 520 | 640 | 885 | 1125
10 mg/kg 523 325 | 435 | 530 | 645 | 950 | 1295

IP*Once Daily | 524 [ 305 | 405 | 505 | 615 | 875 | 1145
525 | 285 390 | 490 | 595 | 925 | 1310
Mean body weight 305" | 409° | 505° | 620° | "906 | 1212®

S.1 526 295 | 395 | 485 | 655 | 1000 | 1305
REP 2055 527 305 | 400 | 515 | 625 | 990 | 1235
NS 528 310 | 415 | 525 | 655 | 1105 | 1265

IP* Twice Daily | 529 [ 305 | 405 | 500 | 615 | 995 | 1270
530 | 315 | 410 | 515 | 645 | 1000 | 1310
Mean body weights 306" | 405° | 508° | 639° | 1018" | 1277®

*1P - Intraperitoneal injection; Mean body weight on 12b, 14C, 17d, 206, 23f and 278 days of age;

Mean body weight of Groups 5.D, 5.E, 5.F, 5.G, 5.H and 5.1 on 12, 14, 17, 20, 23 and 27 days of age were
statistically analysed and differences were not significant (p>0.05).
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Table 5.3: Experiment I-The effect of REP 2055 and ETV treatment on total WBCs

Treatment | Duck Total WBC” counts/L
Groups No Mean
Total WBC® | WBC"
401 9.12 x 10°
5.A 402 8.82 x 10°
REP 2055 | 403 10.60 x 10° | 9.08 x 10*
10 mg/kg 404 8.89 x 10°
IP* Daily | 405 7.90 x 10°
406 7.60 x 10
5.B 407 8.39 x 10°
ETV 408 711x10° | 7.95x10*
1 mg/kg 409 8.55x 10°
Oral Daily | 410 8.47 x 10°
411 9.42 x 10°
5.C 412 9.16 x 10°
NS 413 8.66x 10° | 9.44x10”
IP* Daily | 414 8.58 x 10°
415 11.40 x 10°

*IP - Intraperitoneal injection;

"*WBC/L - WBC counts per litre;

Mean WBC count of REP 2055-¢, ETV-® and NS-¢ treated ducks;

Mean WBC count of Groups 5.A, 5.B and 5.C at autopsy were analysed and differences were statistically not
significant (p>0.05).
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Table 5.4: Experiment I: Liver enzyme levels at autopsy in REP 2055-, ETV- and NS-
treated ducks

Liver enzymes GGT?, ALT" and AST® (U/L)"
Treatment | Duck Mean Mean Mean
Groups No | GGT* GGT* | ALT’ | ALT® | AST® AST®
401 4 28 15
5.A 402 2 38 22
REP 2055 | 403 5 3.66 39 25.708 17 16.53"
10 mg/kg 404 4 28 17
IP° Daily | 405 3 37 18
406 5 21 14
5.B 407 3 18 10
ETV 408 3 3.60 27 278 6 14.06"
1 mg/kg 409 3 18 16
Oral Daily | 410 4 51 24
411 4 28 19
5.C 412 3 24 19
NS 413 3 2.80° 19 22.60° 10 15.64"
IP Daily | 414 2 22 19
415 2 20 13

*GGT: y Glutamyl transferase;

> ALT: Alanine amino transferase;

¢ AST: Aspartate transferase;

4 Units per litre

¢IP - Intraperitoneal injection;

Mean levels of GGT f, ALT & and AST ™

Normal range (mean+ SD) for duck liver enzymes, GGT =2.3 + 1.2, ALT =26.6 + 7.7 and AST =159 +5.9
U/L (Foster et al. 2003);

Mean liver enzyme levels of Groups 5.A, 5.B and 5.C were statistically analysed and differences were not

significant (p>0.05).
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Table 5.5: Experiment II-Liver enzyme levels at autopsy in REP 2055- (5 doses) and
NS-treated ducks

Liver enzymes GGT?, ALT" and AST® (U/L)"
Treatment Duck Mean Mean Mean
Groups No | GGT*| GGT* |ALT" | ALT" | AST¢ | AST®
501 6 41 13
5.D 503 5 4.25" 22 38.5% 24 | 26.75"
0.5 mg/kg 504 2 55 37
IP® Twice Daily | 505 4 36 33
506 5 41 25
5.E 507 4 32 23
2 mg/kg 508 | 19 7.2! 48 | 34.6° | 57 | 274"
IP® Twice Daily | 509 5 26 9
510 3 26 23
511 5 21 35
5.F 512 5 5f 31 | 34.25%| 15 | 89.75"
3 mg/kg 513 3 54 251
IP® Twice Daily | 515 7 31 58
516 5 32 15
5.G 517 | 5 5.75' 37 | 3158 | 16 |14.25"
5 mg/kg 518 8 33 8
IP® Twice Daily | 520 5 24 18
521 7 27 31
S.H 522 7 32 11
10 mg/kg 523 6 6 22 | 28.6° | 14 | 19.6"
IP® Once Daily | 524 6 30 7
525 4 32 35
526 4 39 33
5.1 527 5 38 14
NS 528 1 3.6" 34 | 3728 | 20 | 79.2"
IP® Twice Daily | 529 4 31 12
530 4 44 317
*GGT: y Glutamyl transferase; ® ALT: Alanine amino transferase;
© AST: Aspartate transferase; 4 Units per litre
¢IP - Intraperitoneal injection; Mean levels of GGT ', ALT £ and AST ",

Normal range (mean+ SD) for duck liver enzymes, GGT =2.3 + 1.2, ALT =26.6 + 7.7 and AST =159 +5.9
U/L (Foster et al. 2003);
Mean liver enzyme levels of Groups 5.D, 5.E, 5.F, 5.G, 5.H and 5.1 were statistically analysed and differences

were not significant (p>0.05).
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Table 5.6: Experiment I-Percentage of DHBsAg-positive hepatocytes in the liver at
biopsy and autopsy

Treatment | Duck Path % DHBsAg positive hepatocytes
Groups No No Days 4 p.i. Days 14 p.i.
401 | 5113/5143 0.013 <0.001
5.A 402 | 5115/5145 0.004 <0.001
REP 2055 403 | 5117/5147 0.004 <0.001
10 mg/kg | 404 | 5119/5149 0.008 <0.001
IP"Daily | 405 [5121/5151 0.008 <0.001
Mean %DHBsAg-positive 0.007 <0.001°
hepatocytes
406 | 5123/5153 0.013 0.011
5.B 407 | 5125/5155 0.004 0.007
ETV 408 | 5127/5157 0.004 0.011
1 mgrkg 409 | 5129/5159 0.021 <0.001
Oral Daily | 410 | 5131/5161 0.004 <0.001
Mean 9%DHBsAg-positive 0.009" 0.006°
hepatocytes
411 | 5133/5163 0.308 >95
5.C 412 | 5135/5165 0.962 >95
NS 413 | 5137/5167 3.426 >95
IP* Daily 414 | 5139/5169 1.278 >95
415 | 5141/5171 1.088 >95
Mean %DHBsAg-positive 1.412° >95°¢
hepatocytes

*IP - Intraperitoneal administration;

Mean %DHBsAg-positive hepatocytes on days 4° and 14° p.i.;

Mean %DHBsAg-positive hepatocytes among Groups 5.A, 5.B and 5.C were analysed and differences of mean
%DHBsAg-positive hepatocytes of Groups 5.A and 5.B were statistically significant to the mean %DHBsAg-
positive hepatocytes of Group 5.C (p<0.05).
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Table 5.7: Experiment II-Percentage of DHBsAg-positive hepatocytes in the liver

% DHBsAg-positive
Treatment | Duck Path No hepatocytes
Groups No Days 4 p.i. Days 14 p.i.
5.D 501 5249/5309 0.98 <0.001
REP 2055 | 503 5251/5311 1.52 43
0.5mg/kg | 504 5253/5313 0.38 <0.001
IP* Twice | 502 5255/Died 0.33 Died
Daily 505 5257/5315 1.12 <0.001
Mean %DHBsAg-positive hepatocytes 0.87" 1.07°
5.E 506 5259/5317 0.21 <0.001
REP 2055 | 507 5261/5319 0.72 <0.001
2mg/kg | 508 5263/5321 0.55 <0.001
IP* Twice 509 5265/5323 0.33 <0.001
Daily 510 5267/5325 0.44 <0.001
Mean 9%9DHBsAg-positive hepatocytes 0.45 <0.001°
5.F 511 5269/5327 0.46 <0.001
REP 2055 | 512 5271/5329 0.24 <0.001
3 mg/kg 513 5273/5331 0.40 <0.001
IP* Twice 514 5275/Died 0.40 Died
Daily 515 5277/5333 0.10 <0.0001
Mean 9%9DHBsAg-positive hepatocytes 0.32" <0.001¢
5.G 516 5279/5335 0.07 <0.001
REP 2055 | 517 5281/5337 <0.001 <0.001
5 mg/kg 518 5283/5339 <0.001 <0.001
IP* Twice 519 5285/Died 0.03 Died
Daily 520 5287/5341 <0.001 <0.001
Mean 9%DHBsAg-positive hepatocytes 0.02° <0.001¢
5.H 525 5289/5343 0.4 <0.001
REP 2055 | 522 5291/5345 0.12 <0.001
10 mg/kg 523 5293/5347 0.13 <0.001
IP* Once 524 5295/5349 0.07 <0.001
Daily 521 5297/5351 0.13 <0.001
Mean 9%9DHBsAg-positive hepatocytes 0.17" <0.001¢
526 5299/5353 11.07 >95
5.1 527 5301/5355 11.53 >95
NS 528 5303/5357 16.46 >95
IP* Twice | 529 5305/5359 16.76 >95
Daily 530 5307/5361 12 >95
Mean 9%DHBsAg-positive hepatocytes 13.56" >95°¢
*IP - Intraperitoneal administration; Mean %DHBsAg-positive hepatocytes on days 4° and 14° p.i.;

Mean %DHBsAg-positive hepatocytes among Groups 5.D, 5.E, 5.F, 5.G, 5.H and 5.1 were analysed and
differences between Groups 5.D, 5.E, 5.F, 5.G and 5.H were statistically significant to 5.1 (p<0.05).
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Figure 5.1: DHBsAg levels in the sera of REP 2055 (Panel A), ETV
(Panel B), and NS (Panel C) treated ducks. 14-day-old ducks were
inoculated with 5 x 108 DHBV DNA genomes and treated with REP
2055 or ETV or NS from 1 day prior to DHBV infection for 15 days.

Serum samples were tested for DHBsAg levels using a qualitative
enzyme linked immunosorbent assay (ELISA) described in Section
2.8.1.

Panel A: Group 5.A. Treated with REP 2055, 10 mg/kg, IP daily;
Panel B: Group 5.B. Treated with ETV, 1 mg/kg, orally daily;

Panel C: Group 5.C. Treated with NS, IP daily.
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Figure 5.2: DHBsAg levels in the sera of REP 2055 and NS treated
ducks. 14-day-old ducks were inoculated with 5 x 108 DHBV DNA
genomes and treated with REP 2055 with 5 different dose regimens as
shown below (Panels D-H) or NS (Panel I) from 3 days prior to DHBV
infection for 17 days.

Serum samples were tested for DHBsAg levels using a qualitative
enzyme linked immunosorbent assay (ELISA) described in Section
2.8.1.

Panel D: Group 5.D. Treated with 0.5 mg/kg, IP twice daily;
Panel E: Group 5.E. Treated with 2 mg/kg, IP twice daily;
Panel F: Group 5.F. Treated with 3 mg/kg, IP twice daily;
Panel G: Group 5.G. Treated with 5 mg/kg, IP twice daily;
Panel H: Group 5.H. Treated with 10 mg/kg, IP once daily;

Panel I: Group 5.1. Treated with NS, IP twice daily.
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Figure 5.3: DHBsAg levels in the liver of REP 2055 (Panel A), ETV
(Panel B) and NS (Panel C) treated ducks on day 4 at biopsy and day 14
p.i. at autopsy. 14-day-old ducks were inoculated with 5 x 1038 DHBV
DNA genomes and treated with REP 2055 or ETV or NS from 1 day
prior to DHBV infection for 15 days.

Panel A: Group 5.A. Treated with REP 2055, 10 mg/kg, IP daily;
Days 4 and 14 p.i.

Panel B: Group 5.B. Treated with ETV, 1 mg/kg, orally daily;
Days 4 and 14 p.i.

Panel C: Group 5.C. Treated with NS, IP daily;
Days 4 and 14 p.i.

Liver samples were tested for DHBsAg-positive hepatocytes using
immuno-staining methods described in Section 2.9.2.

All the sections were photographed using 400x magnification and
sections were counter stained with haematoxylin. Arrows indicate the
DHBsAg-positive hepatocytes (brown) in liver sections.

The sensitivity of detection of cytoplasmic DHBsAg by immuno-
staining is <0.001. This level of sensitivity was calculated by counting a
total of 100,000 hepatocytes in the liver tissue sections as explained in
Section 2.9.2.



4 days p.i. 14 days p.i.

0.007 <0.001




Figure 5.4: DHBsAg levels in the liver of REP 2055 and NS treated ducks.
14-day-old ducks were inoculated with 5 x 108 DHBV DNA genomes and
treated with REP 2055 using 5 different dose regimens or NS from 3 days
prior to DHBV infection for 17 days.

Percentage DHBsAg-positive hepatocytes present in liver sections of ducks
treated with REP 2055 (Panels D-H) and NS (Panel I) on day 4 and 14 p.i.

Panel D: Group 5.D. Treated with REP 2055, 0.5 mg/kg, IP twice daily;
Days 4 and 14 p.i.;

Panel E: Group 5.E. Treated with REP 2055, 2 mg/kg, IP twice daily;
Days 4 and 14 p.i.;

Panel F: Group 5.F. Treated with REP 2055, 3 mg/kg, IP twice daily;
Days 4 and 14 p.1.;

Panel G: Group 5.G. Treated with REP 2055, 5 mg/kg, IP twice daily;
Days 4 and 14 p.i.;

Panel H: Group 5.H. Treated with REP 2055, 10 mg/kg, IP once daily;
Days 4 and 14 p.i.;

Panel 1: Group 5.1. Treated with NS, 1P twice daily;
Days 4 and 14 p.i.

Liver samples were tested for DHBsAg-positive hepatocytes using immuno-
staining methods described in Section 2.9.2.

All the sections were photographed using 400x magnification and sections
were counter stained with haematoxylin. Arrows indicate the DHBsAg-
positive hepatocytes (brown) in liver sections.

The sensitivity of detection of cytoplasmic DHBsAg by immuno-staining is
<0.001. This level of sensitivity was calculated by counting a total of 100,000
hepatocytes in the liver tissue sections as explained in Section 2.9.2.






Figure 5.5: DHBV DNA levels in the liver of REP 2055 (Panels A and
D), ETV (Panels B and E) and NS (Panels C and F) treated ducks on day 4
and day 14 p.i. 14-day-old ducks were inoculated with 5 x 108 DHBV
DNA genomes and treated with REP 2055 (10 mg/kg) or ETV (1 mg/kg)
or NS from 1 day prior to DHBV infection for 15 days.

Hepatocellular and viral DNA extracts were tested for DHBV DNA using
the Southern blot hybridisation methods described in Section 2.10.4.
(Radiographic exposure time: 24 hours).

Lanes I and II: DHBYV plasmid pBL4.8 X 2 (10 and 100 pg)

Panels A and D: Group 5.A. Treated with REP 2055;
Lanes 1-5 (day 4 p.i.) and
Lanes 16-20 (day 14 p.1.).

Panels B and E: Group 5.B. Treated with ETV;
Lanes 6-10 (day 4 p.i.) and
Lanes 21-25 (day 14 p.i.).

Panels C and F: Group 5.C. Treated with NS;
Lanes 11-15 (day 4 p.1.) and
Lanes 26-30 (day 14 p.i.).
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Figure 5.6: DHBV DNA levels in the liver of REP 2055 (Panels D to H and
D’ to H’) and NS (I and I') treated ducks on days 4 and 14 p.i. 14-day-old
ducks were inoculated with 5 x 108 DHBV genomes and treated with REP
2055 or NS from 3 days prior to DHBV infection for 17 days.

Hepatocellular and viral DNA extracts were tested for DHBV DNA using

the Southern blot hybridisation methods described in Section 2.10.4.
(Radiographic exposure time: 24 hours).

Lanes I and II: DHBY plasmid pBL4.8 X 2 (100 and 10 pg).

Panels A - F: DHBYV DNA detected on day 4 p.i

Panels A’ - F’: DHBYV DNA detected on day 14 p.i

Panels A and A’: Group 5.D. 0.5 mg/kg, IP twice daily;
Lanes 1-4.

Panels B and B’: Group 5.E. 2 mg/kg, IP twice daily;
Lanes 5-9.

Panels C and C’: Group 5.F. 3 mg/kg, IP twice daily;
Lanes 10-13.

Panels D and D’: Group 5.G. 5 mg/kg, IP twice daily;
Lanes 14-17.

Panels E and E’: Group 5.H. 10 mg/kg, IP once daily;
Lanes 18-22.

Panels F and F’: Group 5.1. NS, IP daily;

Lanes 23-27.
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Chapter 6: Testing the prophylactic and therapeutic
activity of REP 2055 against DHBYV infection in vivo

6.1 Introduction

This study was carried out to test the potential of REP 2055 as an anti-viral agent in a
therapeutic HBV infection experimental model. Studies described in Chapter 5 showed that
the drug could inhibit DHBV infection when treatment began 1 or 3 days prior to DHBV
inoculation. No side effects were detected and no changes in clinicopathological,

haematological and biochemical parameters were observed (Chapter 5).

It was therefore hypothesised that REP 2055 might also be an effective antiviral agent
when therapy began during early and late phases of persistent DHBV infections; that is,
when infection occurred under conditions that normally lead to a persistent infection.
Experiments described in this chapter tested the hypothesis. To do this, REP 2055 treatment
was started 4 days p.i. at a dose of either 10 mg/kg or 2 mg/kg. A dose ranging from 2-10
mg/kg of REP 2055 proved to be effective in the prophylactic experiments described in
Chapter 5. It was therefore decided to use 2 and 10 mg/kg against established DHBV
infection (Noordeen et al. unpublished, Chapter 5). Experiments in this chapter also
investigated the ability of REP 2055 treatment to achieve a SVR by monitoring the REP
2055 treated ducks for up to ~50 days after treatment endpoint. Finally, REP 2055 treatment
(10 mg/kg/day) was administered to ducks with persistent DHBV infection from 12 days p.i.
for 7 days, followed by 7 weekly doses. The daily treatment regimen was expected to
provide an effective antiviral response against the ongoing replication that occurs in
persistent DHBV infection. It was hoped that a lower dose would prove effective once virus

replication was suppressed by the early higher dose.
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6.2 Experimental design

Approval to conduct the in vivo studies was obtained from the Animal Ethics Committees of
the IMVS and University of Adelaide. The source and dose of DHBV, preparation and
reconstitution of REP 2055, collection of blood samples, autopsy and specimen collection
procedures, analysis of serum and liver for DHBsAg and DHBV DNA to assess the level of

DHBY infection, are presented in Chapter 2.

Twenty 14-day-old ducks, divided into 4 groups of 5 (Table 6.1), were infected IV with
5 x 10° DHBV DNA genomes. Group 6.A ducks were treated with REP 2055 (10
mg/kg/day) from one day prior to DHBV infection to 14 days p.i. Group 6.B ducks were
treated with REP 2055 (10 mg/kg/day) from 4 days p.i. to 18 days p.i. Delaying the REP
2055 treatment allowed time for DHBV infection to spread throughout the liver prior to
treatment. Ducks in Group 6.C were treated similarly to Group 6.B ducks but the dose of
REP 2055 used to treat Group 6.C ducks was 2 mg/kg/day. Ducks in Groups 6.A, 6.B and
6.C were monitored until 67 days p.i. to test the ability of REP 2055 to prevent the rebound
of DHBV infection after REP 2055 treatment had ceased. Ducks in Group 6.D were treated
with REP 2055 (10 mg/kg/day) from 12 to 19 days p.i. with 7 daily doses, followed by 7
weekly doses. Delaying REP 2055 treatment for 12 days allowed time for DHBV to spread
through the liver to infect >95% of hepatocytes prior to treatment.

Ducks in all the experimental Groups 6.A-6.D were assessed each day for any changes in
feed and water intake, weight changes and gait or changes in behaviour. Ducks were also
clinically examined through a gentle palpation of the abdomen for signs of pain. Ducks were
also examined for signs of pain on IP injection. IP injection was given just below the sternal
end of the abdomen, which permits easy access to the peritoneal cavity. Haematological and
biochemical parameters such as WBC counts or liver enzyme analysis were not performed
in this pilot study. These parameters were not altered by REP 2055 treatment in the first two
in vivo studies discussed in Chapter 5, in which the REP 2055 treatment (10 mg/kg) was

administered for 15 or 17 days.

Blood samples collected on days 0, 2, 7, 12, 17, 22, 27, 32, 37, 42,47, 52, 57, 62, and 67
p.i. were tested for levels of DHBsAg using a qualitative ELISA as described in Section
2.8.1 and for DHBV DNA using qPCR described in Section 2.10.4. Liver tissues collected at

biopsy (12 or 16 days p.i.) and autopsy (67 days p.i.) were sectioned and examined for
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evidence of pathological changes. The percentage of DHBsAg-positive hepatocytes was
determined by immuno-staining of tissue sections and the levels of DHBV DNA were

assessed using Southern blot hybridisation.

In Chapters 4 and 5, PCR was not performed to quantify viral DNA. This was because
PS-ONs, which co-purify with nucleic acids, inhibit PCR reactions, probably through
interaction with the divalent cation, Mg, as explained in Sections 3.2.4 and 4.4. However,
serum PS-ONs have a short half-life; thus DHBV DNA detection by qPCR was used in this
chapter as a method of quantifying DHBV DNA levels in the serum. Serum is expected to
have low levels of REP 2055 when compared to the liver in which the PS-ONs are known to
concentrate in large amounts (Yu et al. 2007; Yu et al. 2008). It has been reported that
serum PS-ON concentration in ducks reaches undetectable levels within 4 to 8 h of IP
injection (Soni et al. 1998). Hence, blood samples were collected just prior to IP injection

during the treatment period, a time at which serum levels should be at their lowest.

6.3 Results

Previous in vivo data from experiments discussed in Chapter 5 showed that treatment of
ducks with 10 mg/kg/day of REP 2055 completely prevented development of persistent
infection when treatment was initiated 3 days prior to DHBV inoculation. This protective
effect was complete with daily doses as low as 2 mg/kg. The current study aimed to test the
potential of REP 2055 to act as an effective antiviral agent against experimental DHBV
infection by administering REP 2055 starting 4 or 12 days after DHBV infection. We also
tested the effect of starting treatment 1 rather than 3 days prior to DHBV infection.
Moreover, ducks were monitored for 50 days or more after stopping treatment to determine
if REP 2055 therapy led to a SVR after treatment was stopped. Ducks that failed to exhibit

viral rebound were judged to have achieved SVR.

6.3.1 Clinical signs during the study period and changes at autopsy

Ducks in Group 6.A-6.D, treated with REP 2055 using 4 different treatment protocols,
showed neither abdominal tenderness nor abdominal pain on IP injection. No abnormalities
were noted during clinical examination of the abdomen. Furthermore, in sifu examination of

internal organs at autopsy did not reveal any gross pathological changes.
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Duck 289 of Group 6.B was found dead in its cage within a week of treatment and the
post-mortem examination revealed a perihepatic abscess indicating possible septicaemia and
shock resulting in death. Perihepatic abscess could have resulted from introduction of
pyogenic bacteria during repeated IP injections for the 13 days prior to the time of death.
Pyogenic bacteria gain access to the circulation and cause septicaemia and shock, conditions

which are often fatal.

Inhalational isoflurane anaesthesia was administered to induce and maintain anesthesia
and this mode of inhalational isoflurane anaesthesia has been shown to be safe in chickens,
geese and ducks (Olkowski and Classen 1998). Isoflurane has cardio protective properties
that minimise cardiac arrhythmias. However, some ducks are more stressed than others
during restraint for anaesthesia and this could contribute to the development of cardiac
arrhythmias leading to failure to recover from anaesthesia (Olkowski and Classen 1998).
Duck 294 of Group 6.B failed to recover from anaesthesia after biopsy; this has been

documented in the laboratory as occurring sporadically during other experiments.

6.3.2 Group 6.A: The ability of REP 2055 (10 mg/kg) to prevent the rebound of
DHBYV infection following 14 days of prophylactic treatment

Prophylactic treatment with REP 2055 (10 mg/kg) for 15 days starting from 1 day prior to
DHBYV infection protected 5 out of 5 ducks from the development of detectable serum
DHBsAg levels until the end of the follow-up period of 67 days p.i. (Figure 6.1).
Furthermore, 4 out of 5 Group 6.A ducks were protected from the development of serum

DHBYV DNA until the end of follow-up (Figure 6.2).

Biopsy liver tissues collected on 12 days p.i. from the Group 6.A ducks had <0.001-
0.002% (mean=0.001%) of DHBsAg-positive hepatocytes as detected by immuno-staining
(Table 6.3; Figure 6.3a). At autopsy on 67 days p.i., 4 out of 5 ducks in Group 6.A (Ducks
281, 282, 283 and 581) showed no evidence of DHBsAg-positive hepatocytes in their liver
(Table 6.3; Figure 6.3a). Furthermore, the 4 ducks that achieved SVR did not have
detectable levels of DHBV DNA in serum (Figure 6.2) and liver (Figure 6.4).
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Duck 285 had a higher level of serum DHBV DNA by qPCR (Figure 6.2) although a
difference between this and other ducks in the group was not evident using an ELISA for
serum DHBsAg (Figure 6.1). Undetectable levels of DHBsAg by ELISA can be due to the
lower sensitivity of ELISA when compared with qPCR or to complexing of DHBsAg with
antibodies to form immune complexes; hence, they were not available for detection (Foster
et al. 2005; Miller et al. 2008). Duck 285 also had detectable levels of DHBV DNA in the
liver when tested for DHBV DNA using Southern blot hybridisation (Figure 6.4), indicating
persistent DHBV infection.

In summary, REP 2055 prophylactic treatment protected 4 out of 5 Group 6.A ducks

from persistent DHBV infection.

6.3.3 Group 6.B: The ability of REP 2055 (10 mg/kg) to prevent the rebound of
DHBYV infection following 14 days of treatment starting from 4 days p.i.

In Group 6.B, all ducks had elevated levels of serum and hepatic DHBsAg and DHBV DNA
prior to REP 2055 treatment and these virological markers became undetectable in the serum
by the end of treatment in 4/4 ducks. After cessation of REP 2055 treatment, 3 out of 4 of
these ducks (Ducks 286, 287 and 290) continued to have undetectable levels of serum
DHBsAg and DHBV DNA until 67 days p.1 (Figures 6.1 and 6.2).

At biopsy on 16 days p.i. (2 days prior to cessation of treatment), one duck (Duck 287)
had undetectable levels of DHBsAg-positive hepatocytes (<0.001%) and DHBV DNA at
biopsy (Table 6.3; Figures 6.3b and 6.4). In contrast, 3 out of 4 ducks (Ducks 286, 288 and
290) had >75% DHBsAg-positive hepatocytes in the liver (Table 6.3) but no detectable
DHBsAg (Figure 6.1) or DHBV DNA (Figure 6.2) in the serum. By the end of follow-up at
49 days after stopping REP 2055 therapy 3 ducks, including two ducks (Ducks 286 and 290)
that had >75% DHBsAg-positive hepatocytes, showed no evidence of hepatic DHBV
infection. DHBsAg positive hepatocytes (mean=<0.001) were not detected by immuno-
staining and DHBV DNA was not detected by Southern blot hybridisation (Table 6.3;
Figures 6.3b and 6.4).

Thus, REP 2055 is able to control infection leading to viral clearance when therapy is
started prior to complete infection of the hepatocyte population. The next section asks if a

lower dose also achieves this level of control.
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6.3.4 Group 6.C: The ability of REP 2055 (2 mg/kg) to prevent the rebound of
DHBYV infection following 14 days of treatment starting from 4 days p.i.

In Group 6.C, all ducks had elevated levels of serum and hepatic DHBsAg and DHBV DNA
prior to REP 2055 treatment and these virological markers became moderately suppressed in
the serum at the end of treatment. After cessation of REP 2055 treatment, one duck (Duck
291) continued to have undetectable levels of serum DHBsAg and DHBV DNA until 67
days p.i (Figures 6.1 and 6.2). In 3 out of 4 ducks (Ducks 292, 593 and 594) serum DHBsAg
and DHBV DNA rebounded to the pre-treatment levels.

At biopsy (16 days p.), Duck 291 had undetectable levels of DHBsAg-positive
hepatocytes (<0.001%) while the 3 other Group 6.C ducks had >75-95 of DHBsAg positive
hepatocytes (Table 6.3; Figure 6.3c). As noted, only Duck 291 achieved SVR at the end of
follow-up at 67 days p.i. or 49 days after stopping the REP 2055 treatment (Figures 6.1, 6.2,
6.3c and 6.4; Table 6.3). Three ducks out of 4 (Ducks 292, 593 and 594) had persistent
infection (Figures 6.1, 6.2, 6.3c and 6.4; Table 6.3). All Group 6.C ducks had detectable
levels of DHBV DNA as assayed by Southern blot hybridisation except Duck 291 (Figure
6.4).

Based on serum and hepatic virological markers, 1 out of 4 ducks in Group 6.C achieved
SVR by the end of follow-up at 67 days p.i. or 49 days after stopping the REP 2055
treatment (Figures 6.1, 6.2, 6.3c and 6.4; Table 6.3). REP 2055 treatment (2 mg/kg) of 14
days duration starting from 4 days p.i. until 18 days p.i. protected only 1 out of 4 ducks from

developing persistent and rebounding DHBV infection.

6.3.5 Group 6.D: The ability of REP 2055 to act as a therapeutic antiviral agent
against DHBYV infection with 7 daily doses, followed by 7 weekly doses

All 5 ducks indicated a substantial virological response to REP 2055 for the initial 7 days of
daily treatment. In other words, DHBV viraemia was suppressed by 3 logs. Duck 297
continued to have low levels of DHBsAg after the change to weekly dosing. DHBV DNA
spiked between 32 and 47 days p.i., after which levels reached the lower limit of detection of
the assay. In contrast, weekly treatment did not sustain the initial virological response in the

remaining 4 ducks, as the serum DHBsAg and DHBV DNA levels became moderately
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elevated immediately after stopping the daily dosing of REP 2055 and their levels fluctuated
until 67 days p.i. (Figures 6.1 and 6.2).

All ducks in Group 6.D had >95% DHBsAg positive hepatocytes (Table 6.3; Figure 6.3)
by immuno-staining of liver sections and detectable levels of DHBV DNA (Figure 6.4)
using Southern blot hybridisation at biopsy on 12 days p.i. At autopsy (67 days p.i), Duck
297 had undetectable levels of DHBsAg-positive hepatocytes (<0.001%). However, the
remaining ducks had >55-95% DHBsAg-positive hepatocytes at autopsy on 67 days p.i
(Figures 6.3d and 6.4; Table 6.3).

In brief, 1 out of 5 ducks was protected from the development of persistent infection
(Figure 6.1 and 6.2). Duck 297 achieved SVR (Figures 6.1, 6.2, 6.3d and 6.4; Table 6.3)

with undetectable levels of DHBYV infection in the serum and liver.

6.4 Discussion

In the duck model, REP 2055 treatment has shown promising results in terms of its ability to
inhibit DHBV infection with prophylactic treatments that started lor 3 days prior to DHBV

infection with no detectable side effects (Noordeen et al. unpublished, Chapter 5).

Firstly, the present study tested the ability of REP 2055 to act as a prophylactic antiviral
agent against DHBV infection in an experimental Group (Group 6.A) to which REP 2055
was administered from 1 day prior to DHBYV infection for 14 days, using a standard dose of
10 mg/kg. In this experiment, the ducks were followed until 67 days p.i., 51 days after
cessation of REP 2055 treatment. As it had shown previously, REP 2055 was effective as a
prophylactic antiviral agent and prevented the rebound of DHBV infection after cessation
treatment in 4 out of 5 ducks. This is a favourable response when compared to the findings
of a recent study by (Miller ef al. 2008). In this study 14-day-old ducks infected with the
same dose of DHBV (5 x 10 DHBV genome equivalents) with simultaneous ETV treatment
for 14 days showed rebound of DHBV infection 14-22 days after ceasing the ETV
treatment. Hence, compared to ETV, REP 2055 proved to be superior in preventing the
rebound of DHBYV infection in most ducks (4/5 ducks) 53 days after stopping the treatment.
This may be because REP 2055, unlike most NAs, is effective in blocking initiation of
infection leading to cccDNA formation. One duck (Duck 285) in Group 6.A showed

evidence of rebound 14 days after stopping treatment, based on serum DHBV DNA
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detection (Figure 6.2), but the rebound was not evident when serum DHBsAg ELISA
(Figure 6.1) was used. These results suggest that longer prophylactic dosing may be required

to improve the efficacy of prophylactic therapy in 5/5 ducks.

Secondly, the present study tested the ability of REP 2055 to act as a therapeutic antiviral
agent against established DHBV infection (Group 6.B). REP 2055 was administered from 4
days p.i. for 14 days with a standard dose of 10 mg/kg. Treatment was delayed for 4 days
p.i. to allow a low level of DHBV infection in the liver. According to previous experiments
discussed in Chapters 4 and 5, approximately 5-10% DHBsAg-positive hepatocytes are
expected in the liver by 4 days p.i. Thus, delaying REP 2055 treatment tested the therapeutic
activity of REP 2055. With this treatment approach, REP 2055 was effective and reduced
the viraemia to an undetectable level within 7 days of treatment in 4 out of 4 ducks.
Moreover, REP 2055 was able to prevent rebound of DHBV infection in 3 out of 4 ducks,
demonstrating an effective therapeutic efficacy against an established DHBV infection. One
duck experienced rebound of DHBV infection 2-3 days after stopping REP 2055 treatment.
It may be that a longer treatment duration would have prevented rebound in this duck. In
comparison, in one study (Trahair ef al. unpublished) in which ETV treatment was given for
14 days from 4 days p.i., all 5 ducks rebounded with infection 1 to 4 days after stopping
ETV treatment. This indicated the better therapeutic efficacy of REP 2055 than ETV against
an established DHBYV infection. Furthermore, a significant level of DHBV infection in the
liver of 3 out of 4 ducks on 16 days p.i. in the absence of detectable level of viraemia
(DHBsAg and DHBV DNA) in the serum reveals the ability of REP 2055 to inhibit the

release of DHBYV from the liver into the circulation.

Thirdly, the present study tested the ability of REP 2055 to act as a therapeutic antiviral
agent against established DHBV infection (Group 6.C) when given at a lower dose of 2
mg/kg, again from 4 days p.i. for 14 days. The dose of 2 mg/kg was only able to prevent
rebound of DHBYV infection in 1 out of 4 ducks leaving the other 3 ducks with fluctuating
levels of DHBsAg and DHBV DNA in the serum. REP 2055 treatment did, however, reduce
viraemia by 2-5 logs by 7 days after starting treatment, even though it was unable to achieve
SVR in 3 out of 4 ducks. This suggests that the 2 mg/kg dose is unable to achieve
therapeutically effective levels in the liver, as evidenced by the poor DHBsAg clearance in

these ducks compared to that observed in ducks treated with 10 mg/kg (Group 6.B). In this
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respect, 2 mg/kg was unable to achieve intracellular concentrations that are therapeutically
effective to suppress ongoing DHBV replication although 2 mg/kg dose was
prophylactically effective in our previous experiments (Noordeen et al. unpublished,
Chapter 5). Moreover, continuous suboptimal dosing of the drug might fail to build a
therapeutic maintenance drug level intracellularly to elicit an effective antiviral response.
This could have contributed to the ineffectiveness of REP 2055 at the dose rate of 2 mg/kg
against an established DHBYV infection. This may be due to the fact that in prophylactic
dosing the drug action is needed both outside the cell or possibly in endocytic vesicles to
block the entry of DHBV into the hepatocytes as well as inside the cell to block virus
release. It appears that 2 mg/kg of REP 2055 was able to achieve an extracellular
concentration that was sufficient to block virus entry during the prophylactic dosing.
However, 2 mg/kg of REP 2055 was unable to achieve the effective concentration in the
intracellular compartment to block the release of DHBV from the hepatocytes during the

therapeutic dosing.

Fourthly, the present study tested the ability of REP 2055 to act as a therapeutic antiviral
agent against established DHBV infection (Group 6.D) in that the REP 2055 was
administered from 12 days p.i. for 7 days, followed by 7 weekly doses with a standard dose
of 10 mg/kg. In Group 6.D, the REP 2055 treatment was delayed by 12 days p.i. to test the
ability of REP 2055 against widespread DHBV infection with >95% DHBsAg-positive
hepatocytes. This treatment was able to produce a robust antiviral effect by reducing the
viraemia by 3-4 logs in 5 out of 5 ducks after 7 days of daily therapy; however, only one
duck achieved SVR. Four out of 5 ducks had fluctuating levels of DHBsAg and DHBV
DNA in the serum with >55-95% DHBsAg-positive hepatocytes and detectable levels of
DHBYV DNA in the liver, indicating failure of this treatment protocol in the majority of the
ducks. This finding appears to be due to a suboptimal treatment regimen with REP 2055
against persistent DHBYV infection especially during the period of 7 weekly doses. During
the weekly dosing, the interval between the drug doses appears to be too long to allow the
build-up of an intracellular therapeutic maintenance drug level that is adequate for an
effective antiviral response. PS-ONs that are similar to REP 2055 have a short intrahepatic

half-life which may contribute to a low intracellular level of REP 2055 (Soni et al. 1998).
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Ducks 291 and 297 of Groups 6.C and 6.D, respectively had a lower serum DHBsAg set
point prior to and after treatment. This may be due to an altered immunocompetence in the
host supported by studies on CHB patients in whom the removal of HBsAg from the serum
improves the host’s ability to seroconvert and control the infection (Fattovich er al. 2008;
Yuen and Lai 2008; Marcellin et al. 2008). The DHBsAg and the qPCR data suggested that
Duck 297 of Group 6.D had a small spike in serum DNA during weekly therapy that was
correlated with a small spike in the DHBsAg levels.

The inability of REP 2055 to prevent rebound of DHBYV infection in 1 out of 5 ducks in
Groups 6.A and 6.B may be due to either anti-viral resistance or variation in extracellular
and intracellular APDP concentrations between individual ducks. Anti-viral resistance
seems unlikely as it appears that the effective anti-DHBV activity of APDPs, REP 2006 and
REP 2055 is sequence independent and involves the interaction with structurally conserved
amphipathic domains. The sequence independent mode of action of APDPs makes the point
mutations at multiple sites which are responsible for anti-viral resistance less likely to occur.
Conversely, the structural conservation of amphipathic domains in enveloped viruses is
evident from the fact that APDPs have shown effective antiviral activity against a broad
spectrum of enveloped viruses (Vaillant et al. 2006; Guzman et al. 2007; Bernstein et al.
2008; Matsumura et al. 2009) including HBV (Vaillant et al. unpublished) and DHBV
(Noordeen et al. unpublished, Chapters 3, 4 and 5). On the other hand, variation in
extracellular and intracellular APDP concentrations between individual ducks is a possibility
due to biological variation in metabolism. Thus ducks that had lower extracellular and

intracellular APDP concentrations may not have been were not able to achieve a SVR.

In conclusion, REP 2055 (10 mg/kg) was able to prevent the rebound of DHBYV infection
in 4 out of 5 Group 6.A and 3 out of 4 Group 6.B ducks when treatment was given starting
from 1 day prior (Group 6.A) to or 4 days p.i. (Group 6.B) for 14 days with a follow-up of
51 days after stopping REP 2055 treatment. A reduction in REP 2055 dose rate to 2 mg/kg
failed to prevent the rebound of DHBV infection in 3 out of 4 ducks with treatment starting
from 4 days p.i. (Group 6.C). REP 2055 treatment for 7 days, followed by 7 weekly doses
against widespread DHBYV infection (Group 6.D), starting from 12 days p.i. produced a 3-4

log reduction in viraemia but failed to produce SVR in 4 out of 5 ducks.
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The next experiment was planned to adjust the treatment protocol of Group 6.D using a
longer treatment duration with daily REP 2055 (10 mg/kg) treatment for 28 days to sustain
therapeutic intracellular drug levels. A follow-up period of 16 weeks was allowed to test the
ability of REP treatment to clear DHBV and prevent the rebound of infection. A control
Group of NS-treated ducks was monitored in a similar manner to that of the REP 2055-
treated ducks to assess the efficacy of REP 2055 in clearing and preventing the rebound of
persistent DHBV infection. Control ducks also helped to compare the effect of long-term
REP 2055 treatment on clinicopathological, haematological and biochemical parameters.
This experimental design mimics chronic HBV infection in humans and the outcomes of this
study would be important to assess the potential clinical utility of REP 2055 to treat humans
with chronic HBV infection. This extended study was performed and is discussed in Chapter

7 of this thesis.
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Table 6.1: Experimental outline for prophylactic and therapeutic studies

Treatment
Groups | Duck No Treatment plan and follow-up

281
282 10 mg/kg

6.A 283 REP 2055 IP daily starting from
285 1 day prior to DHBV infection for 15 days.
581 Ducks were followed until 67 days p.i.
286
287 10 mg/kg

6.B 288 REP 2055 IP daily starting from
289 4 days p.i. for 14 days.
290 Ducks were followed until 67 days p.i.
291
292 2 mg/kg

6.C 294 REP 2055 IP daily starting from
593 4 days p.i. for 14 days.
594 Ducks were followed until 67 days p.i.
296
297 10 mg/kg

6.D 298 REP 2055 IP daily starting from
299 12 days p.i. for 7 days followed by 7 weekly doses.
300 Ducks were autopsied at last weekly treatment.
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Table 6.2: Body weights of ducks during REP 2055 treatment and follow-up

Treatment | Duck Body weight (g)
Groups NO Age (days)
14 [ 21 [ 24 28 31 37 46 50 | 57 70 80
281 | 455 | 950 | 1295 | 1490 | 1890 | 2135 | 2730 [ 3050 [ 3390 |3590 [3800
6.A 282 | 500 | 975 | 1290 | 1480 | 1740 | 2040 | 2580 [ 2890 |3135 [3370 [3595
REP 2055 | 283 | 515 | 900 | 1285 | 1470 | 1690 | 2000 | 2550 | 2740 [2990 |3300 | 3650
10 mg/kg | 285 | 460 | 965 | 1295 | 1450 | 1620 | 2075 | 2600 | 2890 |3210 [ 3490 | 3765
IP* Daily [ 581 | 450 [ 900 | 1240 | 1440 | 1850 | 2170 | 2600 | 2885 [ 3100 |3385 | 3700
Mean body weight | 476° | 938° | 1281 | 1466° | 1758’ | 2084¢ | 2612" | 2891' | 31657 | 3427 | 3702
286 | 450 | 935 | 1225 | 1460 | 1690 | 1970 | 2450 [2650 |2985 [3290 [3550
6.B 287 | 495 | 945 | 1310 | 1600 | 1850 | 2150 | 2650 [ 2880 | 3155 | 3490 [3800
REP 2055 | 288 | 390 | 805 | 1000 | 1260 | 1470 | 1700 | 2200 | 2445 [ 2815 | 3250 | 3650
10 mg/kg | 289 | 400 | 795 | 1070 | Died
IP* Daily | 290 | 500 | 955 | 1300 | 1505 | 1870 | 2250 [ 2900 [ 3210 [3505 [3760 [ 4000
Mean body weight | 447° | 887° | 11817 | 1456° | 17207 | 2018¢ | 2250" | 2796 | 31157 | 3448 | 3750
291 | 450 | 890 [ 1120 | 1350 | 1680 | 1965 | 2500 [ 2880 [ 3100 | 3385 [3750
6.C 292 | 500 | 995 [ 1155 | 1530 | 1800 | 2050 | 2465 [ 2600 | 2880 |3195 [3600
REP 2055 | 294 | 420 | 675 | 950 | 1155 | Did not recover from anaesthesia after biopsy
2mg/kg | 593 | 475 | 905 | 1125 | 1430 | 1655 [ 2000 | 2650 [ 2850 [3250 [3490 [3885
IP* Daily | 594 [ 525 [1030 | 1295 | 1460 | 1865 | 2155 | 2670 | 2805 | 3370 | 3690 | 3950
Mean body weight | 474" | 889° | 1129 | 1385° | 17507 | 20438 | 2571" | 2784 | 3150° | 3440 | 3796
296 | 460 | 915 | 1145 | 1360 | 1735 | 2045 | 2540 | 2865 | 3180 |3320 [3650
6.D 297 | 470 | 965 | 1125 | 1470 | 1805 | 2090 | 2495 [ 2645 [ 2925 |3290 [3770
REP 2055 | 298 | 485 [ 950 | 1190 | 1295 [ 1485 | 1670 | 2095 [ 2290 [2590 [2990 | 3445
10mg/kg | 299 | 425 | 875 | 1105 | 1375 | 1665 | 1890 | 2200 | 2460 [ 2760 | 3185 | 3660
IP" Daily | 300 | 440 | 935 | 1195 | 1485 | 1690 | 1985 | 2450 |2820 | 3000 [3290 | 3695
Mean body weight | 456° | 928° | 1152 | 1397° | 1676” | 1936 | 2356" | 2616 | 2891 | 3215 | 3644’

“IP - Intraperitoneal injection;

Mean body weight on 14°, 21, 249, 28°, 31", 375, 46", 50%, 577, 70" and 80" days of age.




Table 6.3: Percentage of DHBsAg-positive hepatocytes in the liver at biopsy & autopsy

Treatment % DHBsAg-positive
Groups | ck No | Path No ____hepatocytes
at biopsy at autopsy
281 5675/5769 <0.001 <0.001
6.A 282 5677/5771 <0.001 <0.001
REP 2055 283 5679/5773 0.001 <0.001
10 mg/kg 285 5683/5775 0.002 >95
IP* Daily 581 5681/5777 <0.001 <0.001
Mean %DHBsAg-positive hepatocytes 0.001° <0.001°
286 5685/5779 >75 <0.001
6.B 287 5687/5781 <0.001 <0.001
REP 2055 288 5689/5783 >75 >65
10 mg/kg 289 Died before biopsy
IP* Daily 290 5691/5785 >75 <0.001
Mean 9%9DHBsAg-positive hepatocytes 45° <0.001°
291 5695/5787 <0.001 <0.001
6.C 292 5697/5789 >75 >55
REP 2055 294 5699 >95 Died before autopsy
2 mg/kg 593 5701/5791 >75 >65
IP* Daily 594 5703/5793 >95 >55
Mean 9%9DHBsAg-positive hepatocytes >68' >35¢
296 5705/5795 >95 >95
6.D 297 5711/5801 >95 <0.001
REP 2055 298 5709/5799 >95 > 55
10 mg/kg 299 5707/5797 >95 >75
IP* Daily 300 5713/5803 >95 >75
Mean 9%9DHBsAg-positive hepatocytes >95" >60'

*1P - intraperitoneal injection;

Mean DHBsAg-positive hepatocytes from livers of ducks in Group 6.A at biopsy” on day 12 p.i. and

autopsy® on day 67 p.i.;

Mean DHBsAg-positive hepatocytes from livers of ducks in Group 6.B at biopsy” on day 16 p.i. and

autopsy®on day 67 p.i.;

Mean DHBsAg-positive hepatocytes from livers of ducks in Group 6.C at biopsy" on day 16 p.i. and

autopsy® on day 67 p.i.;

Mean DHBsAg-positive hepatocytes from livers of ducks in Group 6.D at biopsy" on day 12 p.i. and

autopsy' on day 67 p.i.
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Figure 6.1: DHBsAg levels in the sera of ducks treated with REP 2055
using 4 different treatment protocols.

14-day-old ducks were inoculated with 5 x 1038 DHBV DNA genomes and
treated with REP 2055 and monitored until 67 days p.1i.

Panel A: Group 6.A. Treated with 10 mg/kg from 1 day prior to
DHBYV infection for 15 days and monitored for 53 days
after stopping the treatment.

Panel B: Group 6.B. Treated with 10 mg/kg from 4 days p.i. for 14
days and monitored for 49 days after stopping the
treatment.

Panel C: Group 6.C. Treated with 2 mg/kg from 4 days p.i. for 14
days and monitored for 49 days after stopping the
treatment.

Panel D: Group 6.D. Treated with 10 mg/kg from 12 days p.i. for 7
days followed by 7 weekly doses

Serum samples were tested for DHBsAg levels using a qualitative ELISA
described in Section 2.8.1.
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Figure 6.2: DHBV DNA levels in the sera of ducks treated with REP 2055
using 4 different treatment protocols.

14-day-old ducks were inoculated with 5 x 108 DHBV DNA genomes and
treated with REP 2055 and monitored until 67 days p.1.

Panel A: Group 6.A. Treated with 10 mg/kg from 1 day prior to
DHBYV infection for 15 days and monitored for 53 days after
stopping the treatment.

Panel B: Group 6.B. Treated with 10 mg/kg from 4 days p.i. for 14
days and monitored for 49 days after stopping the treatment.

Panel C: Group 6.C. Treated with 2 mg/kg from 4 days p.1. for 14 days
and monitored for 49 days after stopping the treatment.

Panel D: Group 6.D. Treated with 10 mg/kg from 12 days p.i. for 7
days and followed by 7 weekly doses until 67 days p.i.

Serum viral DNA extracts were tested for DHBV DNA using a quantitative
polymerase chain reaction (qQPCR) assay as described in Section 2.10.4.
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Figure 6.3a: The percentage of DHBsAg-positive hepatocytes in the liver of ducks treated with REP 2055 (10 mg/kg) from 1 day prior to
DHBYV infection for 15 days.

14-day-old ducks were inoculated with 5 x 103 DHBV DNA genomes and treated with REP 2055 and monitored until 67 days p.i. That is 53
days after stopping REP 2055 treatment.
Panel A: Liver sections of ducks in Group 6.A at biopsy on 12 days p.i.;

Panel B: Liver sections of ducks in Group 6.A at autopsy on 67 days p.i. Duck 285 experienced rebound of DHBV infection and
shown in Panel B >95% DHBsAg-positive hepatocytes.

Liver samples were tested for the presence of DHBsAg-positive hepatocytes using immuno-staining methods described in Section 2.9.2.

All the sections were photographed using 400x magnification and sections were counter stained with haematoxylin. Arrows indicate the
DHBsAg-positive hepatocytes (brown) in liver sections.

The sensitivity of detection of cytoplasmic DHBsAg by immuno-staining is <0.001%. This level of sensitivity was calculated by counting a
total of 100,000 hepatocytes in the liver tissue sections as explained in Section 2.9.2.
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Figure 6.3b: The percentage of DHBsAg-positive hepatocytes in the liver of ducks treated with REP 2055. 14-
day-old ducks were inoculated with 5 x 108 DHBV DNA genomes and treated with REP 2055 (10 mg/kg) starting
from 4 days p.i. for 14 days.

Biopsy liver tissues were collected on 16 days p.i., two days before the treatment end point. Ducks were
monitored until 67 days p.i. That is 49 days after ceasing REP 2055 treatment.

Panel A: Liver sections of ducks in Group 6.B at biopsy on 16 days p.i.;

Panel B: Liver sections of ducks in Group 6.B at autopsy on 67 days p.i. Duck 288 experienced a rebound
and had widespread DHBV infection with >65% DHBsAg-positive hepatocytes in the liver.

Liver samples were tested for the presence of DHBsAg-positive hepatocytes using immuno-staining methods
described in Section 2.9.2.

All the sections were photographed using 400x magnification and sections were counter stained with
haematoxylin. Arrows indicate the DHBsAg-positive hepatocytes (brown), which were widely distributed
throughout the lobules of the liver.

The sensitivity of detection of cytoplasmic DHBsAg by immuno-staining is <0.001%. This level of sensitivity
was calculated by counting a total of 100,000 hepatocytes in the liver tissue sections as explained in Section
29.2.
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Figure 6.3c: The percentage of DHBsAg-positive hepatocytes in the liver of ducks treated with REP 2055. 14-
day-old ducks were inoculated with 5 x 108 DHBV DNA genomes and treated with REP 2055 (2 mg/kg) starting

from 4 days p.i. for 14 days.

Biopsy liver tissues were collected on 16 days p.i., two days before the treatment end point. Ducks were
monitored until 67 days p.i. That is 49 days after ceasing REP 2055 treatment.

Panel A: Liver sections of ducks in Group 6.C at biopsy on 16 days p.i.;

Panel B: Liver sections of ducks in Group 6.C at autopsy on 67 days p.i. Duck 291 SVR and had <0.001%
DHBsAg-positive hepatocytes on day 67 p.i. whereas Ducks 292, 593 and 594 had
widespread DHBYV infection with >55%-65% DHBsAg-positive hepatocytes.

Liver samples were tested for the presence of DHBsAg-positive hepatocytes using immuno-staining methods
described in Section 2.9.2.

All the sections were photographed using 400x magnification and sections were counter stained with
haematoxylin. Arrows indicate the DHBsAg-positive hepatocytes (brown), which were widely distributed
throughout the lobules of the liver.

The sensitivity of detection of cytoplasmic DHBsAg by immuno-staining is <0.001%. This level of sensitivity
was calculated by counting a total of 100,000 hepatocytes in the liver tissue sections as explained in Section
29.2.
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Figure 6.3d: The percentage of DHBsAg-positive hepatocytes in the liver of ducks treated with REP 2055. 14-day-old ducks were
inoculated with 5 x 108 DHBV DNA genomes and treated with REP 2055 (10 mg/kg) starting from 12 days p.i. for 7 days, followed by 7
weekly doses until 67 days p.i.
Panel A: Liver sections of ducks in Group 6.D at biopsy on 12 days p.i., prior to REP 2055 treatment;
Panel B: Liver sections of ducks in Group 6.D at autopsy on day 67 p.i. Duck 297 achieved SVR in the liver with
<0.001% DHBsAg-positive hepatocytes whereas Ducks 296, 298, 299 and 300 had widespread DHBV infection with >55%-
95% DHBsAg-positive hepatocytes.

Liver samples were tested for DHBsAg-positive hepatocytes using immuno-staining methods described in Section 2.9.2.

All the sections were photographed using 400x magnification and sections were counter stained with haematoxylin. DHBsAg-positive
hepatocytes (brown) were widely distributed throughout the lobules of the liver.

The sensitivity of detection of cytoplasmic DHBsAg by immuno-staining is <0.001%. This level of sensitivity was calculated by counting a
total of 100,000 hepatocytes in the liver tissue sections as explained in Section 2.9.2.



Figure 6.4: DHBV DNA levels in the livers of ducks treated with REP 2055
using 4 different treatment protocols, Groups 6.A, 6.B, 6.C and 6.D at biopsy
(Panel A) and autopsy (Panel B).

14-day-old ducks were inoculated with 5 x 108 DHBV DNA genomes and treated
with REP 2055 and monitored until 67 days p.1i.

Cellular and viral DNA extracts from the livers were tested for DHBV DNA
using Southern blot hybridisation as described in Sections 2.10.2 and 2.10.3
(Radiographic exposure time: 24 hours).

6.A:

6.B:

6.C:

6.D:

Lane I:

Panel A:

Panel B:

Group 6.A. Treated with 10 mg/kg of REP 2055 from 1 day prior
to DHBV infection for 15 days and monitored for 53 days after
stopping the treatment.

Group 6.B. Treated with 10 mg/kg of REP 2055 from 4 days
p.ifor 14 days and monitored for 49 days after stopping the
treatment.

Group 6.C. Treated with 2 mg/kg of REP 2055 from 4 days p.i.for
14 days and monitored for 49 days after stopping the treatment.

Group 6.D. Treated with 10 mg/kg of REP 2055 from 12 days p.i.
for 7 days and followed by 7 weekly doses until 67 days p.i.

DHBYV plasmid pBL4.8 X 2 (10 pg) and sizes of the bands are
given in the figure.

Group 6.A. Lanes 1-5 (days 12 p.i.);
Group 6.B. Lanes 6-9 (days 16 p.i.);
Group 6.C. Lanes 10-14 (days 16 p.i.);
Group 6.D. Lanes 15-19 (days 12 p.i.).
Group 6.A. Lanes 1-5 (days 67 p.i.);
Group 6.B. Lanes 6-9 (days 67 p.i.);
Group 6.C. Lanes 10-13 (days 67 p.i.);
Group 6.D. Lanes 14-18 (days 67 p.i.).

Lane 19: Cellular and viral DNA extract of a duck from a
different experiment. .
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Chapter 7: Testing the antiviral efficacy of REP 2055
against persistent DHBYV infection

7.1 Introduction

To date six antiviral agents have been approved by the FDA for the treatment of chronic
HBYV infection including two parenteral immunomodulators (IFN-o and peglFN-a) and four
oral NAs (3TC, AFV, ETV, and TLB) (Zoulim and Perrillo 2008; Seetharam and Lisker-
Melman 2009). IFN-a and peglFN-a have significant side effects and low rates of HBeAg or
HBsAg seroconversion while 3TC and AFV have been plagued by significant levels of
antiviral resistance. Furthermore, recent data suggest that resistance rates to TLB are
comparatively high in treatment-naive patients and that TLB has decreased efficacy against
3TC-resistant HBV (Matthews 2007; Lui and Chan 2008; Nash 2009). ETV is relatively
new in the field and therefore its ability to overcome problems associated with its
predecessors has not been completely resolved; resistance to ETV in treatment naive
patients appears to be much lower than 3TC. With all these antivirals, the response to
treatment with SVR upon treatment withdrawal occurs in <30% of patients (Zoulim and
Perrillo 2008; Seetharam and Lisker-Melman 2009).

NAs do not have a direct effect on cccDNA molecules that act as the template for virus
replication because the cccDNA in infected hepatocytes is highly stable (Foster et al. 2003;
Seigneres et al. 2003). Consequently, the probability of a SVR is generally low unless there
is a coincidental assistance from the host immune response to clear the infection. New
pharmacological agents that target cccDNA or which can boost host immunity or prevent
emergence of drug resistant virus are needed.

Studies in this chapter were designed to test the ability of REP 2055 to act as a
therapeutic antiviral agent once persistent DHBV infection was established. Experiments in
Chapter 6 tested the ability of REP 2055 to prevent the rebound of DHBYV infection in a
prophylactic and three therapeutic experiments using 10 or 2 mg/kg dose regimens in
DHBV-infected ducks. Importantly, REP 2055 (10 mg/kg) prevented the development of
persistent DHBYV infection in 3/4 ducks when treatment was given from 4 days p.i. for 14
days, by which time 10-20% of hepatocytes are typically infected. This finding showed the
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ability of REP 2055 to prevent the development and rebound of persistent DHBV infection
when the drug treatment was started at an early stage of DHBV infection caused by a dose
of DHBV that is capable of producing persistent DHBV infection in two week-old ducks
(Jilbert et al. 1998; Foster et al. 2005).

In the next experiment, REP 2055 treatment was further delayed to 12 days p.i., to allow
time for virus to spread to the entire liver. Daily REP 2055 treatment (10 mg/kg) was then
carried out for 7 days, followed by 7 weekly doses, and an SVR of a 2-3 log reduction in
serum DHBV DNA levels was obtained. One out of 5 ducks was protected against
development and rebound of persistent DHBV infection and the other 4 ducks had
fluctuating levels of DHBV DNA in the serum. Liver tissue analysis for DHBsAg and
DHBV DNA were in agreement with serum based virological markers. At this point, it
seemed possible that the short intrahepatic half life of REP 2055 together with the short term
of daily therapy (7 days) minimised the success of this treatment regimen (Soni ef al. 1998).
We therefore carried out a longer term treatment with REP 2055 in hopes of obtaining an

improved SVR.

To this end, REP 2055 (10 mg/kg) was administered daily for 28 days. Treatment was
then stopped and the ducks were monitored for 16 weeks to test for SVR (Zoulim 2004; Hui
et al. 2005; Marcellin et al. 2005; Zoulim and Perrillo 2008).

7.2 Experimental design

Approval to conduct the in vivo studies was obtained from the Animal Ethics Committees of
the IMVS and University of Adelaide. The source and dose of DHBV, preparation and
reconstitution of REP 2055 for IP injection, collection of blood samples, biopsy, autopsy
and specimen collection procedures, analysis of serum and liver for DHBsAg and DHBV
DNA, are given in Chapter 2. Moreover, anti-DHBs and anti-DHBc antibodies,
haematological (CBE) and biochemical markers (liver enzymes) were also tested in blood or

serum samples using methods described in Chapter 2

For this experiment, twenty-eight 14-day-old ducks were divided into 2 Groups of 14.
The ducks were infected IV with 5 x 10° DHBV DNA genomes and examined for the next

two weeks for serum and hepatic DHBV markers to confirm if persistent infection had been
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established. The ducks were then treated daily with NS or REP 2055 from 14 days p.i. for 28
days.

Whole blood samples of ducks prior to, during, and at treatment endpoint, and after post-
treatment follow-up, were tested for CBE and liver enzymes. Sera of NS-treated ducks were
used as comparators for liver enzyme analysis. Furthermore, serum samples from 7 to 155
days p.i. were tested for DHBsAg using a quantitative ELISA and for DHBV DNA using
gqPCR. Sera were also tested for the presence of anti-DHBs and anti-DHBc antibodies. Liver
tissues collected on days 14, 106 and 155 p.i. were examined for the percentage of
DHBsAg-positive hepatocytes by immuno-staining and DHBV DNA (total and cccDNA) by
qPCR. qPCR was performed in liver tissue extracts because PCR inhibition by REP 2055
was not a concern for the chosen time points. In particular, liver tissues were collected on 14
days p.i., prior to starting the REP 2055 treatment, or at 64 and 113 days after stopping REP

2055 treatment. Methods used for these analyses are discussed in detail in Chapter 2.

Ducks were assessed each day for any abnormalities in feed and water intake, weight
loss and gait or changes in behaviour (Table 7.1; Figure 7.2). They were also clinically
examined through a gentle palpation of the abdomen for signs of pain in the abdominal area.
IP injection was given just below the sternum, which permits easy access to the peritoneal

cavity. Ducks were also examined for signs of pain on IP injection.

Statistical analysis: Differences in mean body weights at weekly intervals, WBC counts and
liver enzyme levels of Groups 7.A and 7.B were statistically analysed to evaluate the impact
of REP 2055 treatment on the health of ducks when compared with NS treatment. Moreover,
differences in mean serum and hepatic DHBsAg and DHBV DNA levels of ducks
responding to REP 2055 treatment and those that did not respond to treatment were also
analysed. All statistical analyses were performed using Student’s t-test with the analytical
software Graph Pad Prism Version 5. Differences were considered statistically significant

when the p values were <0.05.

7.3 Resulis

The current study was undertaken to determine if treatment of an established DHBV
infection with REP 2055 (10 mg/kg) for a duration of 28 days prevented rebound of

infection when the treatment was withdrawn.
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REP 2055 treatment for 28 days was well tolerated. IP injections in ducks can damage
major abdominal blood vessels or lungs as birds do not have pleurae that cover the lungs.
Careful injections minimised IP injection-related shock or mortality; however, Duck 200
died immediately after an IP injection. Moreover, repeated injections every day resulted in
perihepatic abscess in 2 ducks possibly due to the introduction of bacteria from the skin to
the peritoneal cavity. As this was an extended study, to accommodate the loss, the study was
started with 14 ducks in each Group. Hence, 11 ducks were available for 28 days of REP
2055 treatment and follow-up while 13 ducks were used for NS treatment and follow-up

(Figure 7.1).

7.3.1 Group 7.A: The effect of NS treatment on clinicopathological,
haematological, biochemical and virological markers

Ducks in Group 7.A were treated with NS for 28 days via the IP route of administration. In
general, ducks in this Group had neither abdominal tenderness nor abdominal pain on IP
injection and no signs of pain were noted during the inspection and palpation of the
abdomen. In situ examination of internal organs at autopsy (106 and 155 days p.i.) did not
reveal any gross pathological changes. Duck 172 of this Group was found injured in its cage
due to a physical insult that occurred when the duck inserted its neck and the wings through
holes in the metal cage. This duck was autopsied and no abnormalities were observed in any

internal organs at autopsy.

In contrast to the REP 2055-treated ducks, the majority of NS-treated ducks had elevated
levels of serum DHBsAg and DHBV DNA throughout the course of the study (Figures 7.4a
and 7.5a). Mean serum DHBsAg levels detected by qELISA remained between 10-100
pg/mL in NS-treated ducks throughout the course of the study except the levels were as low
as 2 ug/mL at 14 and 21 days p.i. (Figure 7.4c). Fluctuating levels of serum DHBsAg levels
have been reported in placebo-treated ducks in the past (Foster et al. 2005). This fluctuation
in serum DHBsAg levels in placebo-treated ducks may be due to an early immune response
and production of anti-DHBs antibodies at this time of the DHBV infection. Mean serum
DHBV DNA levels detected by gPCR fluctuated between 10°-10® copies/mL throughout the
course of the study in NS-treated ducks (Figure 7.5¢). Immuno-staining of liver sections on

day 106 p.i from Group 7.A showed a widespread DHBV infection in the liver with >95%
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DHBsAg-positive hepatocytes (data not shown). Consistent with immuno-staining results of
the liver sections, ducks treated with NS had an individual and mean total DHBV DNA and
cccDNA levels of 618 and 20 copies/cell, respectively on day 106 p.i. (Figure 7.9; Figure
7.11).

The hepatic dynamics of the 2™ follow-up period in 7 ducks in Group 7.A and 6 ducks in
Group 7.B were analysed on 155 days p.1. Immuno-staining of liver sections from Group
7.A showed a widespread DHBV infection in the liver with >95% DHBsAg-positive
hepatocytes in 7/7 ducks (data not shown). Agreeing with the percentage of DHBsAg-
positive hepatocytes detected by immuno-staining, 7/7 ducks treated with NS had an
individual and mean total DHBV DNA and cccDNA levels of 64 and 14 copies/cell,
respectively on day 155 p.i. (Figure 7.9; Figure 7.11 ).

All ducks treated with NS had detectable levels of anti-DHBc antibodies that yielded an
increased mean anti-DHBc antibody level (Figure 7.12a; Figure 7.12c). NS-treated ducks or
“non responder” ducks did not produce levels of anti-DHBs antibodies that were comparable

to “responder” ducks (Figure 7.13a; Figure 7.13c).

7.3.2 Group 7.B: The effect of REP 2055 (10 mg/kg) treatment of 28 days on
clinicopathological, haematological, biochemical and virological markers

In general, Group 7.B ducks given daily IP administration of REP 2055 at a dose of 10
mg/kg for 28 days had neither abdominal tenderness nor abdominal pain on IP injection and
no signs of pain during the inspection and palpation of the abdomen. In situ examination of
internal organs at autopsy (106 or 155 days p.i.) did not reveal any gross pathological

changes.

Moreover, no significant differences were noted in CBE and hepatic transaminases GGT,
ALT and AST in ducks (p>0.05) treated with REP 2055 when compared to ducks treated
with NS when tested prior to, during and at the end of treatment and follow up (Tables 7.2
and 7.3; Figure 7.3).

Duck 200 died after an IP injection. The cause of death was damage to a major
abdominal blood vessel as post-mortem examination revealed the presence of fresh blood in

the peritoneal cavity. Duck 190 of Group 7.B was found dead in its cage. Duck 195 of
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Group 7.B became unwell, moribund and was euthanised. Ducks 190 and 195 had
perihepatic abscess at autopsy and this could have resulted from introduction of pyogenic
bacteria during repeated IP injections for several days. Pyogenic bacteria gain access to the

circulation and cause septicaemia resulting in toxic shock that is often fatal.

Treatment of ducks with REP 2055 for 28 days reduced the serum DHBsAg levels
within 1 week when the treatment was started at 14 days p.i. (Figure 7.4b; Figure 7.4c). By
the third week of treatment, the DHBsAg levels in the majority of REP 2055-treated ducks
were below the cut-off line except in Ducks 192 and 199 (Figure 7.4b; Figure 7.4c¢).
DHBsAg levels continued to stay at low levels after completion of the 28 days of REP 2055
treatment in 6/11 ducks until 106 day p.i.; that is, 64 days after stopping REP 2055
treatment. However, rebound of infection with elevated DHBsAg levels in the serum
occurred in Ducks 189, 191, 192, 194 and 199. DHBYV infection rebounded in Duck 199
with elevated DHBsAg levels during the latter part of REP 2055 treatment whereas in Ducks
189, 191 and 192, the infection rebounded 3 weeks after stopping REP 2055 treatment
(Figure 7.4b). In Duck 194, the infection rebounded during the latter part of 1% follow up
(Figure 7.4b). Ducks 189, 191, 192, 194 and 199 were autopsied on day 106 p.i. and other
virological markers were tested. Ducks 187, 188, 196, 197, 198 and 179 were monitored
until 155 days p.1. to test for rebound. Ducks 187, 188, 196, 197, 198 and 179 continued to
have low levels of serum DHBsAg mostly at the cut off levels or below until the end of

follow-up on 155 days p.i., i.e. 113 days after stopping REP 2055 treatment (Figure 7.4b).

Treatment of ducks with REP 2055 reduced the serum DHBV DNA levels by ~1 log
within a week when persistently DHBV-infected ducks were treated from 14 day p.i. At the
end of REP 2055 treatment, 2 ducks had ~5 log reduction in serum DHBV DNA levels
whereas as other 4 had ~3-4 log reduction in serum DHBV DNA levels (Figure 7.5b; Figure
7.5¢). After stopping REP 2055 treatment, serum DHBV DNA levels continued to stay low
in 6/11 ducks until 106 days p.i., i.e. 64 days after stopping REP 2055 treatment. However,
Ducks 189, 191, 192, 194 and 199 experienced rebound of DHBYV infection with elevated
serum DHBV DNA levels. Among these 5 ducks that rebounded with DHBV viraemia,
Duck 199 showed rebound of DHBV infection to pre-treatment levels immediately after
stopping the REP 2055 treatment. Ducks 189, 191, 192, 194 and 199 were autopsied on 106
days p.i. and Ducks 187, 188, 196, 197, 198 and 179 were monitored until 155 days p.i. to
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test for rebound. All 6 “responder” ducks (Ducks 187, 188, 196, 197, 198 and 179)
continued to have undetectable levels of serum DHBV DNA until the end of follow-up on

155 day p.i., i.e. 113 days after stopping treatment (Figure 7.5b; Figure 7.5¢).

Immuno-staining of liver sections from 14 days p.i from Group 7.B (Figure 7.6) showed
widespread DHBV infection in the liver with >95% DHBsAg-positive hepatocytes prior to
treatment (Figure 7.6). Total DHBV DNA and cccDNA copy numbers per liver cell were
615 and 10 copies/cell at first biopsy on 14 days p.1. prior to starting treatment (Figure 7.9).

Autopsies of ducks 189, 191, 192, 194 and 199 from Group 7.B and a second liver
biopsy of the remaining 6 ducks were performed on day 106 p.i. to compare the DHBV
dynamics 64 days after stopping REP 2055 treatment. Immuno-staining of liver sections on
106 days p. from Group 7.B (Figure 7.7) showed no detectable DHBsAg-positive
hepatocytes in 6/11 ducks while 5/11 ducks had a widespread DHBV infection in the liver
with >95% DHBsAg-positive hepatocytes (Figure 7.7). On 106 days p.i., 6/11 REP 2055-
treated ducks had a mean total DHBV DNA and cccDNA levels of 0.19 and 0.13
copies/cell, respectively (Figures 7.10 and 7.11) whereas 5/11 ducks from this Group had
hepatic total DHBV DNA and cccDNA levels of 887 and 27 copies/cell, similar to the total
DHBYV DNA and cccDNA levels found in ducks treated with NS (Figures 7.10 and 7.11).

Ducks treated with REP 2055 on 155 days p.i. showed no detectable DHBsAg-positive
hepatocytes in 6/6 ducks when tested by immuno-staining of liver sections (Figure 7.8). In
REP 2055-treated Group 7.B, 6/6 ducks had total DHBV DNA and cccDNA levels of <0.07
copies/cell on 155 days p.i. (Figures 7.10 and 7.11).

Ducks that responded to the REP 2055 treatment had higher titres of anti-DHBs
antibodies than “non-responder’’ and NS-treated ducks (Figures 7.13b and 7.13c). Two
“responder” ducks developed a relatively high titre of anti-DHBs antibodies within 7 days of
REP 2055 treatment and others had detectable anti-DHBs antibody levels during the
treatment. Moreover, all 6 “responder” ducks that achieved SVR continued to have
detectable levels of anti-DHBs antibodies throughout the study (Figure 7.13b). The “non
responder” ducks did not produce levels of anti-DHBs antibodies that were comparable to
“responder” ducks (Figures 7.13b and 7.13c). Similar to the “non responder” ducks, NS-

treated ducks did not produce levels of anti-DHBs antibodies that are comparable to

133



“responder” ducks (Figure 7.13a). Both REP 2055- and NS-treated Groups developed anti-
DHBc antibodies by 7 days p.i. and all these ducks had high levels of anti-DHBc antibodies
throughout the study (Figures 7.12a, 7.12b and 7.12c).

In summary, 28 days of daily REP 2055 treatment (10 mg/kg) produced SVR in the
serum and the liver of 6/11 ducks that was sustained at least 113 days after stopping

treatment.

7.4 Discussion

Treating persistent HBV infection with a better therapeutic anti-HBV agent in order to
achieve SVR in a higher number of patients is of paramount importance. In order to achieve
this goal, persistently DHBV-infected ducks were treated with the novel therapeutic agent,
REP 2055, for 28 days, with a dose of 10 mg/kg. The ducks were then monitored for 113
days after stopping treatment. It is important to monitor for sustained periods after stopping
treatment in “responder ducks’’ as rebound of infection is very common in CHB patients

treated with NA therapy.

REP 2055 treatment for 28 days led to a significant decrease in DHBV viraemia and
hepatic DHBV markers, although the infection rebounded in 5/11 ducks. DHBsAg levels
decreased more rapidly than DHBV DNA in the current study. This finding is distinct for
that seen during NA therapy. For instance, ducks treated with ETV for a period of 244 days
against persistent DHBV infection exhibited a much more rapid decrease in serum DHBV
DNA levels than serum DHBsAg levels (Foster et al. 2003). This difference is probably due
to the differences in the mechanisms of action of REP 2055 and ETV. The latter has a direct
effect on reducing the viral DNA replication and progeny virus production but does not
directly alter DHBsAg production; hence, serum DHBV DNA levels are reduced more
rapidly than serum DHBsAg levels. In contrast, APDPs appear to block the assembly and
release of both DHBV and DHBsAg from infected hepatocytes. DHBsAg assembly is not
blocked by ETV.

According to a recent clinical study, peglFN-o-treated CHB patients that had an early
reduction in serum HBsAg levels achieved SVR with a positive predictive value of 92%
(Moucari et al. 2009). Based on this study, patients that had early reduction in serum HBsAg

levels during and after ceasing the peglFN-a therapy eventually lost HBsAg (Moucari et al.
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2009). In this regard, reduction of serum DHBsAg levels in REP 2055-treated ducks that is
sustained after treatment withdrawal is probably indicative of a strong anti-viral immune
response that might be the ultimate cause of DHBV clearance. REP 2055 treatment led to
reduction of liver infection to undetectable levels of DHBsAg-positive hepatocytes with
total DHBV DNA and cccDNA levels of <0.2 copies/cell in 6/11 of ducks that responded to
REP 2055 treatment. On 106 days p.1., the hepatic DHBV DNA levels (<0.2 copies/cell) of
“responder’’ ducks were 444 and 162 times less than the hepatic total DHBV DNA (>750
copies/cell) and cccDNA (>20 copies/cell) levels of “non responder’” and NS-treated ducks.
On 155 days p.i. or at the end of follow-up, liver sections of “responder’’ ducks had no
detectable DHBsAg-positive hepatocytes with a further 914 and 233 fold decrease in the
total DHBV DNA and cccDNA levels to <0.07 copies/cell when compared with 7/7 NS-
treated ducks. This finding shows the effectiveness of antiviral activity with REP 2055
against DHBV infection and supports our postulate that APDPs including REP 2055 have
the ability to target DHBV replication at multiple points including entry, post-entry events
and release of progeny virus into the circulation, based on in vitro (Chapter 3, Noordeen et
al. unpublished) and in vivo (Chapter 6, Noordeen et al. unpublished) data. The superior
antiviral activity shown by REP 2055 on hepatic DHBV DNA has not been reported for any
other antiviral agents (Seigneres et al. 2003; Foster et al. 2005) that have been investigated

against persistent DHBV infection.

Other studies that tested long-term antiviral treatment with ETV (Foster et al. 2003),
PEN (Lin et al. 1998) and AFV (Nicoll er al. 1998) against persistent DHBV infection
showed a 96% reduction in total DHBV DNA and a three-fold reduction in cccDNA. The
less dramatic changes in cccDNA levels reflect the inability of the NAs that act only on

reverse transcription to markedly decrease the hepatic DHBV cccDNA levels.

The most promising finding of the present study was that 28 days of REP 2055 treatment
had a dramatic impact on the levels of cccDNA (0.13 copies/cell), examined on 106 days
p.i., and this level was 69 times less than the pre-treatment cccDNA levels (9 copies/cell).
Moreover, cccDNA levels continued to decline to a level of 0.07 copies/cell when tested at
155 days p.i., indicating the effectiveness of REP 2055 to induce host mediated immune
clearance of DHBV. This was demonstrated by the presence of anti-DHBs antibodies in

“responder” ducks. With the decline of cccDNA levels, the levels of DHBsAg and DHBV
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DNA released into the bloodstream and the numbers of hepatocytes expressing detectable
levels of DHBsAg continued to remain undetectable between 106 and 155 days p.i. The
levels of hepatic cccDNA levels may have started to decline during the 28 days of therapy,
or from the time of stopping the REP 2055 treatment. However, no surgical biopsy was

performed at the time that therapy was stopped.

This finding suggested that the hepatic cccDNA pool was sensitive to REP 2055 or
immune clearance that was mediated by REP 2055 in “responder” ducks. On the other hand,
the ability of REP 2055-related compounds to concentrate highly in the liver may have
helped build a relatively higher intrahepatic concentration of REP 2055 during the 28 days
of daily treatment. It elicited an antiviral activity, at least for a few weeks, and this would
have helped to reduce the DHBV load. This protracted course of antiviral effect might be
due to the PK of REP 2055 and its possible immunomodulatory effect, which would have
had an effect on the levels of hepatic and serum DHBV markers including the stable
cccDNA. In this respect, REP 2055 showed a superior antiviral efficacy over any of the NAs
that have been studied against persistent DHBV infection in ducks (Lin et al. 1998; Nicoll et
al. 1998; Foster et al. 2003; Seigneres et al. 2003). In “responder” ducks, the mechanism of
action of REP 2055 on cccDNA is not known, however, it can be postulated that it is
through immunomodulatory effects of REP 2055, as supported by the presence of anti-
DHBs antibodies. This effect is similar to that of peglFN-a and thus it may be through
cytokines or through the death of DHBV infected hepatocytes or through both mechanisms

that the infected liver cleared the relatively stable cccDNA molecules.

Following withdrawal of REP 2055 therapy, serum-based markers of viral replication
continued to decline in all 6 “responder” ducks and this did not occur in “non responder”
and NS-treated ducks. This was also the case in the liver when liver tissue was first
examined for hepatic DHBV markers 64 days after withdrawing REP 2055 therapy, and
hepatic DHBV markers further decreased when examined 113 days after stopping therapy.
This phenomenon was very different to ETV or other NA-treated ducks in which the
rebound of virological markers became detectable within 40 days of withdrawing the drugs,
to levels comparable to those of untreated control ducks. Surprisingly, in the current study
the rebound of virological markers did not occur even 113 days after stopping REP 2055,
but these “responder” ducks eventually lost DHBsAg and seroconverted to anti-DHBs
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antibodies that are true markers of DHBV resolution. In all 6 “responder” ducks that
achieved SVR, serum and hepatic virological markers were not detectable, but these ducks
developed anti-DHBs antibodies during REP 2055 treatment and continued to have

detectable levels of anti-DHBs antibodies throughout the study.

All 6 “responder” ducks had undetectable levels or very low levels of serum DHBsAg
and excess anti-DHBs antibodies (Figure 7.13b and 7.13c). As anti-DHBs antibodies are
known markers of resolution of DHBV infections, it was evident that the 6/11 “responder”
ducks had resolved the DHBV infection with no detectable level DHBsAg-positive
hepatocytes and very low levels of DHBV DNA, which is probably similar to the residual
DHBYV infection that follows immune resolution of hepadnavirus infection (Le Mire et al.
2005; Reaiche 2008). In contrast to anti-DHBs antibodies, anti-DHBc antibodies do not
neutralize the virus. Therefore the presence of anti-DHBc antibodies is only indicative of
present or past DHBV infection. Furthermore, in the current study, the anti-DHBc antibodies

were detected 7 days p.i. in the majority of ducks, as also reported by (Jilbert et al. 1998).

In summary, 28 days of daily REP 2055 treatment (10 mg/kg) produced a SVR in the
serum and the liver in 6/11 ducks, 113 days after stopping the treatment. Resolution of
DHBYV infection was confirmed based on the virtual absence of hepatic DHBV DNA and
the presence of anti-DHBs antibodies in these “responder” ducks, supporting the potential of
REP 2055 to act as an antiviral agent against persistent DHBV infection. It can be postulated
that REP 2055 has the potential to act as an effective antiviral agent through entry, post-
entry and post-release inhibitory mechanisms, which prevented the development of serum
and hepatic DHBV load. REP 2055’s promising antiviral activity will have future
applications for treating chronic HBV infection in humans. Since compounds that are
pharmacologically similar to REP 2055 have been tested and used in human cancers and
metabolic disorders, the clinical application of REP 2055 for chronic HBV infection in

humans seems a practical option in the near future.
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Table 7.1: The body weight of ducks treated with NS (Group 7.A) and REP 2055 (Group 7.B)

Body weight (g)
Treatment Duck Age (days)

Groups NO 14 21 24 31 37 46 50 57 64 71 78 85 92 97 106 113 120 127 134 141 148 155 162 165 169
170 500 1100 | 1300 | 1650 | 2080 | 2365 | 2700 | 3010 | 3500 | 3635 | 3440 | 3450 | 3455 | 3495 | 3485 | 3550° | 3565 | 3450 | 3445 | 3465 | 3380 | 3425 | 3430 | 3445 | 3450

172 375 935 1225 | 1530 | 1840 | 2200 | 2450 | 2720 | 2950 | 2980 | 3135 | 3100 | 3095 | 3075 | 3110 | 3194° | 3075 | 3095 - - - - - - -

174 430 975 1250 | 1555 | 1975 | 2340 | 2690 | 3105 | 3275 | 3450 | 3785 | 3795 | 3870 | 3935 | 4005 | 3980° | 4005 | 4015 - - - - - - -
176 575 1190 | 1395 1840 | 2265 | 2675 | 2900 | 3235 | 3570 | 3660 | 3545 | 3555 | 3580 | 3355 | 3385 | 3295° [ 3345 | 3130 | 3145 | 3145 | 3130 | 3295 | 3330 | 3405 | 3510

1A 177 475 1025 | 1405 1740 | 2135 | 2445 | 2790 | 3065 | 3250 | 3460 | 3425 | 3495 | 3550 | 3445 | 3355 | 3360° | 3450 | 3455 - - - - - - -
178 470 1055 | 1325 1610 | 2015 | 2410 | 2695 | 2945 | 3155 | 3220 | 3250 | 3295 | 3315 | 3360 | 3220 | 3250° | 3285 | 3000 | 3000 | 3010 | 2970 | 2970 | 3005 | 3270 | 3310
e d]:i?y for 180 495 1105 | 1345 | 1760 | 2145 | 2520 | 2995 | 3275 | 3450 | 3700 | 3735 | 3785 | 3810 | 3825 | 3675 | 3580° | 3640 | 3505 | 3455 | 3370 | 3420 | 3475 | 3470 | 3485 | 3490
28 days 181 305 775 1085 | 1395 | 1705 | 2210 | 2500 | 2680 | 2730 | 2900 | 2960 | 2905 | 2815 | 2830 | 2780 | 2800° | 2760 | 2670 | 2605 | 2530 | 2495 | 2460 | 2550 | 2600 | 2660
182 435 1045 | 1295 | 1675 | 1985 | 2385 | 2675 | 2840 | 3100 | 3200 | 3545 | 3500 | 3555 | 3530 | 3555 | 3550° | 3605 | 3370 | 3410 | 3330 | 3445 | 3270 | 3495 | 3515 | 3600

183 465 1165 | 1675 | 2050 | 2465 | 2975 | 3330 | 3620 | 3770 | 3900 | 4215 | 4255 | 4290 | 4340 | 4480 | 4380° | 4370 | 4370 - - - - - - -
185 505 1175 | 1465 1730 | 2150 | 2510 | 2880 | 3050 | 3120 | 3250 | 3515 | 3500 | 3515 | 3515 | 3570 | 3580° | 3630 | 3425 | 3465 | 3425 | 3540 | 3535 | 3540 | 3530 | 3540

186 475 1085 | 1375 1720 | 2120 | 2530 | 2990 | 3220 | 3390 | 3600 | 3640 | 3655 | 3675 | 3695 | 3465 | 3515° | 3370 | 3385 - - - - - - -

193 500 1100 | 1405 | 1670 | 1985 | 2425 | 2800 | 2990 | 3220 | 3450 | 3680 | 3600 | 3540 | 3460 | 3505 | 3400° | 3340 | 3335 - - - - - - -
Mean body weight 1 470 1062 | 1355 | 1683 | 2062 | 2446 | 2776 | 3029 | 3268 | 3416 | 3528 | 3530 | 3543 | 3528 | 3507 | 3495 | 3500 | 3400 | 3218 | 3282 | 3197 | 3204 | 3260 | 3321 | 3366
187 410 990 1325 | 1620 | 1890 | 2280 | 2400 | 2585 | 2800 | 3005 | 3095 | 3075 | 3100 | 3155 | 3045 | 3010° | 3000 | 2965 | 2950 | 2905 | 2910 | 3235 | 2940 | 2965 | 2990
188 460 1025 | 1375 | 1670 | 1960 | 2390 | 2750 | 2950 | 3025 | 3450 | 3740 | 3825 | 3900 | 3925 | 3865 | 3815° | 3578 | 3635 | 3530 | 3545 | 3635 | 3715 | 3725 | 3775 | 3800

189 405 995 1365 | 1690 | 2005 | 2345 | 2490 | 2580 | 2035 | 2550 | 3040 | 3100 | 3305 | 3325 | 3220 | 3190° | 3180 | 3185 - - - - - - -

7.B 191 420 895 1295 1510 | 1830 | 2025 | 2350 | 2560 | 2815 | 3250 | 3630 | 3695 | 3790 | 3975 | 3885 | 3985° | 3965 | 3970 - - - - - - -

192 505 1235 | 1575 1900 | 2270 | 2770 | 3200 | 3510 | 3695 | 4000 | 4095 | 4105 | 4120 | 4270 | 4300 | 4235° | 4185 | 4195 - - - - - - -
l}gfdza?lsys 194 480 1045 | 1280 | 1580 | 2025 | 2300 | 2690 | 2820 | 2960 | 3400 | 3560 | 3590 | 3575 | 3625 | 3640 | 3600° | 3965 | 3855 | 3520 | 3550 | 3530 | 3815 | 3855 | 3880 | 3910
for 28 196 450 1055 | 1360 | 1740 | 1990 | 2365 | 2595 | 2720 | 2615 | 3250 | 3580 | 3695 | 3800 | 3880 | 3695 | 3665° | 3625 | 3675 | 3600 | 3605 | 3650 | 3750 | 3795 | 3850 | 3975
days 197 515 1105 | 1290 | 1670 | 1980 | 2275 | 2600 | 2870 | 2375 | 2500 | 2680 | 2865 | 3085 | 3600 | 3585 | 3550° | 3530 | 3540 | 3505 | 3554 | 3550 | 3575 | 3700 | 3880 | 3915
198 450 1025 | 1300 | 1560 | 1895 | 2240 | 2500 | 2665 | 2875 | 2950 | 3100 | 3100 | 3120 | 3080 | 2975 | 2895° | 2860 | 2840 | 2785 | 2820 | 2765 | 2865 | 2890 | 2905 | 2955

199 390 1045 | 1405 1720 | 2165 | 2485 | 2690 | 2920 | 3375 | 3500 | 3565 | 3570 | 3595 | 3660 | 3520 | 3590° | 3460 | 3470 - - - - - - -
179 415 1060 | 1375 1740 | 1890 | 2270 | 2390 | 2510 | 2460 | 3100 | 3405 | 3435 | 3495 | 3630 | 3475 | 3490° | 3630 | 3590 | 3540 | 3505 | 3540 | 3540 | 3600 | 3760 | 3830
Mean body weight ‘| 443 1022 | 1338 | 1647 | 1953 | 2288 | 2532 | 2687 | 2769 | 3178 | 3408 | 3460 | 3535 | 3648 | 3564 | 3548 | 3543 | 3538 | 3347 | 3355 | 3369 | 3499 | 3501 | 3574 | 3625

1P - Intraperitoneal injection;

" Biopsy - 113 days of age = 106 days p.i.;

© Autopsy - 113 days of age = 106 days p.i.;
dade Mean body weight of ducks treated with NS and REP 2055, respectively;

Differences in mean body weights of ducks in Groups 7.A and 7.B were analysed from 14

Mean body weight of ducks in Groups 7.A and 7.B is also depicted in Figure 7.1;

to 169 days of age and differences were not statistically significant (p >0.05);

Ducks 189, 196, 197 and 179 had a weight reduction at 57 days of age (indicated in blue) and this did not affect the health of these ducks.




Table 7.2: Complete blood evaluation (CBE) of ducks treated with NS (Group 7.A) and REP 2055 (Group 7.B)

PCV " (L/L) WBC © (x 10°/L) Platelets *
Treatment Duck - -
Groups NO Pre Rx ¢ Dum;ng End of End of . Duru'lg End of End of . . . R
Rx Rx*® | followup" | PreRx* Rx*® follow up Pre Rx © During Rx End of Rx # End of follow up
170 0.36 0.36 0.40 042 52 7.8 14.8 23 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
172 0.36 0.37 0.42 0.59 7.2 16.3 16.7 42 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
174 0.40 0.39 0.43 0.57 5.8 12.6 16.0 43 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
176 0.36 0.40 0.43 0.46 7.7 4.8 144 31 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
7.A 177 0.36 0.38 0.43 0.44 1.8 133 18.5 43 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
178 0.37 0.41 0.43 0.50 6.3 18.8 16.0 32 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
NS 180 0.39 0.40 0.44 0.49 14.5 244 24.0 35 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
IP * daily for 28 days 181 0.37 042 0.46 0.50 10.1 16.7 17.2 39 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
182 0.35 0.38 0.43 043 114 22.8 14.0 37 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
183 0.35 0.35 041 0.52 133 14.7 18.5 39 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
185 0.38 0.36 041 045 13.0 19.9 17.2 39 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
186 0.36 0.38 0.45 0.46 7.5 10.4 144 30 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
193 0.33 0.35 0.39 0.46 6.6 12,5 9.5 26 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
Mean ' 0.37 0.38 0.43 0.48 9.02 14.20 16.25 35.31 Overall, clumped and adequate levels of platelets were observed on microscopy
187 0.36 0.32 0.29 0.46 9.2 20 17.2 18 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
188 0.36 0.31 0.35 0.46 8.2 16.6 25.8 4 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
189 0.36 0.29 0.31 0.43 11.0 16.0 36.8 8 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
191 0.30 0.31 0.27 0.46 4.7 18.6 31.0 39 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
7B 192 0.37 034 0.37 048 1.1 22.0 355 19 Clumped and adequate | _Clumped and adequate | Clumped and adequate | Clumped and adequate
REP 2055 194 0.35 0.34 0.33 0.47 7.6 194 29.2 16 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
1P* daily for 28 days 196 0.36 035 0.26 043 112 158 316 15 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
197 0.34 036 0.33 045 104 224 394 17 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
198 0.34 0.29 0.34 0.48 8.2 20.0 26.8 13 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
199 0.36 0.32 0.37 0.52 9.0 172 19.6 22 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
179 0.37 0.29 0.35 0.45 9.3 18..0 20.0 31 Clumped and adequate | Clumped and adequate | Clumped and adequate | Clumped and adequate
Mean’ 0.36 0.33 0.32 0.47 9 19 30 18 Overall, clumped and adequate levels of platelets were observed on microscopy
“IP - Intraperitoneal injection;
PPCV - Packed cell volume expressed as L/L;
“WBC - White blood cells expressed per litre (WBC/L);
I Platelet quality and approximate quantity is expressed as an estimate based on microscopic examination;
e headh prior o, during, end of treatment and follow up, respectively;
tnd i Mean levels of PCV and WBC in ducks treated with NS and REP 2055, respectively;
Differences of mean PCV and WBC counts of ducks in Groups 7.A and 7.B were analysed but the di were not y signifi (p >0.05).



Table 7.3: Liver function of ducks as tested by liver enzymes GGT, ALT and AST in ducks treated with NS (Group 7.A) and REP 2055 (Group 7.B)

Treatment | Duck | Nature of GGT ‘(IU/L) ALT ° (IU/L) AST ¢ (IU/L)
Groups NO plasma b Pre During | End of End of During | End of End of Pre During | End of Endof
Rx' Rx*® Rx" | followup' | PreRx' Rx*® Rx" follow up | Rx f Rx* Rx" follow up '
170 Normal 3 13 7.1 22 26 22 21 12 14 18 15
172 Normal 7 7 4 8 27 27 18 27 20 22 23 20
174 Normal 3 8 3 8.4 77 36 28 12 29 22 33 23
176 Normal 13 3 3 5.8 41 22 15 12 44 36 113 18
7.A 177 Normal 3 6 3 8.2 64 38 28 19 51 25 35 14
178 Normal 3 7 3 6 82 25 22 15 74 19 26 22
NS 180 Normal 15 12 3 8.9 72 38 48 25 34 21 45 19
P daily 7181 | Normal | 12 | 20 16 10.6 67 26 26 30 32 15 23 46
for28 days 7182 | Normal | 5 4 3 8.6 39 21 18 15 16 [ 12 | 20 21
183 Normal 4 6 3 53 57 23 52 15 19 10 38 23
185 Normal 5 13 3 11 47 24 22 27 26 15 25 26
186 Normal 6 11 6 9.4 53 29 23 16 25 15 36 17
193 Normal 7 14 6 11.5 46 32 27 23 29 15 21 30
Mean’ 6.36 | 9.07 5 8.37 52.43 | 29.36 | 26.85 19.77 | 31.36 | 19.21 | 35.08 22.62
187 Normal 11 4 5 9.9 42 26 23 16 21 32 25 16
188 Normal 8 11 6 11 51 23 19 26 26 15 29 19
189 Normal 9 31 18 8 58 27 27 16 23 13 28 14
7B 191 Normal 4 9 10 11.2 39 18 25 16 15 12 14 16
192 Normal 12 10 5 9.7 55 20 19 20 22 16 18 17
REP2055 [ 194 | Normal | 15 14 12 9.2 46 33 28 19 17 14 20 18
IP*daily 7196 | Normal | 12 | 23 6 6.9 41 26 40 18 23 15 25 14
for28days [ 7197 | Normal | 16 | 23 35 132 45 17 8 12 24 | 20 30 18
198 Normal 16 23 9 3.4 49 15 25 27 20 17 19 23
199 Normal 17 18 6 5 50 37 24 28 17 22 20 25
179 Normal 3 4 16 9.9 88 27 32 24 51 14 32 20
Mean * 11.36 | 16.64 | 11.83 8.85 49.79 | 23.50 25 20.18 2350 17 23.64 18.18
“IP - Intraperitoneal injection;
® Nature of plasma;
© Gamma glutamyl transferase (GGT),
4 Alanine amino transferase (ALT);
© Aspartate transferase (AST);
fehandiprior to, during, end of treatment and follow up, respectively;
jand K Treatment with NS and REP 2055, respectively; and the graphical ion is given in Figure 7.3;

Levels of GGT, ALT and AST in ducks from Groups 7.A and 7.B were analysed and differences in means were not statistically significant (p >0.05).



Figure 7.1: Experimental outline of studies discussed in Chapter 7. 14-
day-old ducks infected with 5 x 108 DHBV DNA genomes, were treated
from 14 days p.i. with NS (Group 7.A) and REP 2055 (Group 7.B) for 28
days.

Ducks were then followed up until 106 days p.i. at which point 6 ducks
from Group 7.A and 5 ducks from Group 7.B were autopsied. Seven ducks
from Group 7.A and 5 ducks from Group 7.B were biopsied on 106 days
p.i. and these ducks were followed up until 155 days p.i.
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Figure 7.2: Mean body weight of ducks treated with NS (Group 7.A)
and REP 2055 (Group 7.B). A complete analysis of individual body
weights of ducks is given in Table 7.1.

Differences of the mean body weights of ducks in Groups 7.A and
7.B were analysed at time points from 14 to 169 days and the
differences were not statistically significant (p >0.05).



Figure 7.3: Mean levels of GGT (Panel A), ALT (Panel B) and AST
(Panel C) in ducks treated with NS (Group 7.A) and REP 2055 (Group
7.B) prior to, during, at the end of treatment and follow up.

The original data with mean enzyme levels prior to, during, at the end of
treatment and at the end of follow up are given in Table 7.3.

Panel A: Mean levels of GGT;

Panel B: Mean levels of ALT;

Panel C: Mean levels of AST.

Differences of mean liver enzyme levels between ducks treated with NS
and REP 2055 were analysed and differences were not statistically
significant (p >0.05).
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Figure 7.4a: Group 7.A - Serum DHBsAg levels of ducks treated with NS were detected by a qualitative ELISA using methods
described in Section 2.8.1. 14-day-old ducks were infected with 5 x 108 DHBV DNA genomes and treated with NS from 14 days p.i. for

28 days. Ducks were monitored for 16 weeks after stopping the treatment.
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Figure 7.4b: Group 7.B - Serum DHBsAg levels of ducks treated with REP 2055 were detected using a qualitative ELISA
described in Section 2.8.1. 14-day-old ducks were infected with 5 x 108 DHBV DNA genomes and treated with REP 2055 (10
mg/kg) from 14 days p.i. for 28 days. Ducks were monitored for 16 weeks after stopping the treatment.
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Figure 7.4c: Mean serum DHBsAg levels in ducks treated with NS (n=13), ducks that did not respond to REP 2055 (n=5)
treatment and ducks that responded to REP 2055 treatment (n=6). 14-day-old ducks were infected with 5 x 10° DHBV DNA
genomes and treated with NS or REP 2055 from 14 days p.i. for 28 days. Ducks were monitored for 16 weeks after stopping the

treatment.



1.E+11

1.E+10

1.E+09 -

DHBV DNA (Copies/ml)

1.E+05

1.E+04

1.E+03

1.E+08

1.E+07

1.E+06

—— Duck 170
—&— Duck 178
—+— Duck 185

28 31 35 38 42 45 49 57 64 71 78 8 92 99 106 113 120 127 134 141 148 155

Days post infection

—=s— Duck 172 —+— Duck 174 »— Duck 176 —=— Duck 177
—=— Duck 180 ——Duck 181 —+— Duck 182 Duck 183
—&— Duck 186 —— Duck 193 - = - - Limit of Quantitation

Figure 7.5a: Group 7.A - Serum DHBV DNA levels of ducks treated with NS using a qPCR assay as described in Section

2.10.4. 14-day-old ducks were inoculated with 5 x 108 DHBV DNA genomes and treated with NS from 14 days p.i. for 28 days.

Ducks were monitored for 16 weeks after stopping the treatment.
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Figure 7.5b: Group 7.B - Serum DHBYV DNA levels of ducks treated with REP 2055 using a qPCR assay as described in Section
2.10.4. 14-day-old ducks were infected with 5 x 108 DHBV DNA genomes and treated with REP 2055 (10 mg/kg) from 14 days
p.i. for 28 days. Ducks were monitored for 16 weeks after stopping the treatment.



DHBV DNA (Copies/ml)

1.E+09 4

1.E+08

1.E+07

1.E+06

1.E+05

1.E+04

1.E+03

NS or REP 2055 Treatment

7 10 14 17 21 24 28 31 35 38 42 45 49 57 64 71 78 85 92 99 106 113 120 127 134 141 148 155
Days post infection
—&— Normal Saline —@&— REP 2055 - Responders —®— REP 2055 - Non Responders = = = Limit of Quantitation

Figure 7.5¢: Mean serum DHBV DNA levels in ducks treated with NS (n=13), ducks that did not respond to REP 2055 treatment
(n=5) and ducks that responded to REP 2055 treatment (n=6). 14-day-old ducks were infected with 5 x 103 DHBV DNA genomes
and treated with NS or REP 2055 from 14 days p.i. for 28 days. Ducks were monitored for 16 weeks after stopping the treatment.



Figure 7.6: The percentage of DHBsAg-positive hepatocytes in liver
sections of ducks with persistent DHBV infection. These liver sections
were from ducks on 14 days p.i. i.e. prior to starting the REP 2055
therapy.

All ducks (Groups 7.A and 7.B) had >95% DHBV-positive hepatocytes
prior to treatment.

Liver samples were tested for DHBsAg-positive hepatocytes using
immuno-staining methods described in Section 2.9.2.

All the sections were counter stained with haematoxylin and the sections
were photographed using 400x magnification.

The sensitivity of detection of cytoplasmic DHBsAg by immuno-staining
is <0.001. This level of sensitivity was calculated by counting a total of
100,000 hepatocytes in the liver tissue sections as explained in Section
29.2.
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Figure 7.7: The percentage of DHBsAg-positive hepatocytes in the liver
sections on 106 days p.i. i.e. 64 days after ceasing REP 2055 treatment.
Ducks were treated with NS (Group 7.A) or REP 2055 (Group 7.B)
starting from 14 days p.i. for 28 days.

Ducks 187, 188, 196, 197, 198 and 179 had no detectable DHBs-Ag
positive hepatocytes (<0.001) and ducks 189, 191, 192, 194 had >95%
DHBV-positive hepatocytes.

All 13 Group 7.A ducks had 95% DHBV-positive hepatocytes in the liver
on day 106 p.i. i.e 64 days after ceasing the NS therapy (data not shown).

Liver samples were tested for DHBsAg-positive hepatocytes using
immuno-staining methods described in Section 2.9.2.

All the sections were counter stained with haematoxylin and the sections
were photographed using 400x magnification.

The sensitivity of detection of cytoplasmic DHBsAg by immuno-staining
is <0.001. This level of sensitivity was calculated by counting a total of
100,000 hepatocytes in the liver tissue sections as explained in Section
2.9.2.
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Figure 7.8: Detection of DHBsAg-positive hepatocytes by immuno-
staining of liver sections. Ducks with persistent DHBV infection
were treated with REP 2055 starting from 14 days p.i. for 28 days.
These liver sections were from ducks at autopsy on 155 days p.i.

All 7 Group 7.A ducks had 95% DHBV-positive hepatocytes in the
liver on day 155 p.i. i.e 113 days after ceasing the NS therapy (data
not shown).

Group 7.B Ducks 187, 188, 196, 197, 198 and 179 had no detectable
DHBV-positive hepatocytes in the liver on day 155 p.i. i.e 113 days
after ceasing the REP 2055 therapy.
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Figure 7.9: The levels of hepatic total and cccDNA of ducks treated with
NS on 14 (prior to starting the NS treatment), 106 (64 days after ceasing
the REP 2055 therapy) and 155 (113 days after ceasing the REP 2055
therapy) days p.i.

There were no dramatic differences in the levels of hepatic total and
cccDNA between the three time points (14, 106 and 155 days p.i.) as NS
treatment was expected to produce any antiviral activity against DHBV
infection and its spread.

Total DHBV DNA and cccDNA were detected by qPCR of cellular and
viral DNA extracts using primers and PCR conditions as described in
Sections 2.10.5 and 2.10.6.

DHBV DNA and cccDNA levels are expressed as copies of DNA/cell.
150 ng of DNA was used for each qPCR reaction is equivalent to ~53000
cells. The analysis was performed using methods described in Section
2.10.5.
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Figure 7.10: The levels of hepatic total and cccDNA of ducks treated
with REP 2055 on 14 (prior to starting the REP 2055 treatment), 106 (64
days after ceasing the REP 2055 therapy) and 155 (113 days after
ceasing the REP 2055 therapy) days p.i.

There was a significant drop in the levels of hepatic total and cccDNA of
ducks that responded to the REP 2055 treatment (n=6) when compared
with the ducks that did not respond to REP 2055 treatment (n=5). Hepatic
total and cccDNA levels of “responder ducks” on 106 and 155 days p.i.
were significantly lower than the levels detected prior to treatment in
these ducks (p<0.05).

Furthermore, there was a significant drop in the levels of hepatic total and
cccDNA of ducks that responded to the REP 2055 treatment (n=6) when
compared with the ducks treated with NS (n=13) (p<0.05) (Figure 7.9).

Total DHBV DNA and cccDNA were detected by qPCR of cellular and
viral DNA extracts using primers and PCR conditions as described in
Sections 2.10.5 and 2.10.6.

DHBV DNA and cccDNA levels are expressed as copies of DNA/cell.
150 ng of DNA was used for each qPCR reaction is equivalent to ~53000
cells. The analysis was performed using methods described in Section
2.10.5.

The error bars indicate the standard deviation (SD).
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Figure 7.11: The mean levels of total DHBV DNA and cccDNA as
detected by qPCR of cellular and viral DNA extracts using primers and
conditions as described in Sections 2.10.5 and 2.10.6.

Ducks with persistent DHBV infection were treated with either NS or REP
2055 starting from 14 day p.i. for 28 days and monitored for 16 weeks after
ceasing REP 2055 treatment.

These total DHBV DNA and cccDNA were from livers of ducks on 14
(prior to treatment), 106 (46 days after ceasing the therapy) and 155 (113
days after ceasing the therapy) days p.i.

The mean levels of hepatic total and cccDNA were significantly less in
ducks that responded to REP 2055 treatment (n=6) than ducks treated with
NS (n=13) (p<0.05) or ducks that did not respond to REP 2055 treatment
(n=5) (p<0.05).

The error bars indicate the standard error of mean (SEM).
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Figure 7.12a: Group 7.A - Anti-DHBc antibody titre in the sera of ducks treated with NS using an ELISA. Anti-DHBc
antibody titres were calculated using methods described in Section 2.8.4. 14-day-old ducks were inoculated with 5 x 108
DHBYV DNA genomes, treated with NS from 14 days p.i. for 28 days and monitored for 16 weeks after ceasing the treatment.
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Figure 7.12b: Group 7.B - Anti-DHBc antibody titre in the sera of ducks treated with REP 2055 using ELISA. The anti-DHBc
antibody titres were calculated using methods described in Section 2.8.4. 14-day-old ducks were inoculated with 5 x 108
DHBYV DNA genomes, treated with REP 2055 from 14 days p.i. for 28 days and monitored for 16 weeks after ceasing the
treatment.
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Figure 7.12c: Mean anti-DHBc antibody levels in ducks treated with NS (n=13), ducks that did not respond to REP 2055
treatment (n=5) and ducks that responded to REP 2055 treatment (n=6). 14-day-old ducks were infected with 5 x 108 DHBV
DNA genomes and treated with NS or REP 2055 from 14 days p.i. for 28 days. Ducks were monitored for 16 weeks after
stopping the treatment.
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Figure 7.13a: Group 7.A - Anti-DHBs antibody titre in the sera of ducks treated with NS using ELISA and the titres were
calculated using methods described in Section 2.8.3. 14-day-old ducks were inoculated with 5 x 108 DHBV DNA genomes,
treated with NS from 14 days p.i. for 28 days and monitored for 16 weeks after ceasing the treatment.
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Figure 7.13b: Group 7.B - Anti-DHBs antibody titre in the sera of ducks treated with REP 2055 using ELISA and the titres
were calculated using methods described in Section 2.8.3. 14-day-old ducks were inoculated with 5 x 108 DHBV DNA
genomes, treated with REP 2055 from 14 days p.i. for 28 days and monitored for 16 weeks after ceasing the treatment.
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Figure 7.13c: Mean anti-DHBs antibody levels in ducks treated with NS (n=13), ducks that did not respond to REP 2055
treatment (n=5) and ducks that responded to REP 2055 treatment (n=6). 14-day-old ducks were infected with 5 x 1038 DHBV
DNA genomes and treated with NS or REP 2055 from 14 days p.i. for 28 days. Ducks were monitored for 16 weeks after
stopping the treatment.



Chapter 8: Antiviral efficacy of NAs, TFV and FTC against
persistent DHBYV infection

8.1 Introduction

NAs were first identified as antiviral agents two decades ago and have been used in the
treatment of several persistent viral infections, including HIV, members of the herpesviridae
family and HBV (Karayiannis 2003; Zoulim 2004; Mailliard and Gollan 2006). The NAs
competitively inhibit the reverse transcriptase activity of the HBV Pol to prevent: firstly,
reverse transcription of the HBV pregenomic mRNA into the minus DNA; and secondly,
formation of positive strand DNA from the negative strand DNA (Karayiannis 2003;
Younger et al. 2004). The ability of NAs to block conversion of rcDNA to cccDNA and
prevent supply of the cccDNA template for viral DNA synthesis determines their activity
against HBV (Marcellin et al. 2005; Zoulim 2005).

The need for combination chemotherapy for chronic HBV infection using NAs has been
suggested by many as a means to combat antiviral resistance, whicht often occurs during NA
monotherapy (Sasadeusz et al. 2007; Balsano and Alisi 2008; Zoulim and Perrillo 2008).
However, very little has been done to investigate the effectiveness of combination
chemotherapy. In a preclinical study (Delaney et al. 2004), using HepG2 cells a wide range
of NAs were tested to identify any additive or synergistic effects of combination
chemotherapy. The additive effect of AFV with ETV, FTC, 3TC and TLB in dual
combinations has been identified as being effective against HBV. The combination of AFV
and 3TC provided a better additive effect than other combinations against HBV infection in
HepG2 cells. Furthermore, no cytotoxic effects were seen in the cells treated with dual
combinations (Delaney et al. 2004). It has been widely postulated that combination of NAs
has the potential to enhance the therapeutic efficacy of antiviral treatment against chronic
HBYV infection. It has also been shown that combining PEN and 3TC can potentially reduce
the levels of cccDNA (Lau et al. 2000), which often allows rebound viraemia and hepatitis
following the withdrawal of NA monotherapy. Combination chemotherapy with NAs is
likely to block the formation of cccDNA more efficiently than a single drug when the right

combination is selected. The spread of HBV from one infected hepatocyte to other non-
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infected hepatocytes is also expected to be lower. Furthermore, combination therapy is
expected to reduce levels of cccDNA and replicative intermediates (RI DNA) in an
established HBV infection (Zoulim 2005; Rapti et al. 2007; Zoulim and Perrillo 2008;
Seetharam and Lisker-Melman 2009).

HBV and HIV follow a reverse transcription step in their replication strategy and
combination chemotherapy has been widely used against HIV since the late 1990s. More
new NAs have been introduced for anti-HIV combination regimens ever since. For example,
the combination of TDF and FTC is licensed to treat HIV infection in humans and has been
used in many countries for the last 3 years (Gazzard 2006; Munoz de Benito and Arribas

Lopez 2006).

TDF is an oral prodrug of TFV, an acyclic nucleoside phosphonate analogue of
adenosine monophosphate and it requires the initial diester hydrolysis to become its active
drug TFV. The latter then undergoes phosphorylation by cellular enzymes to become TFV
diphosphate. This inhibits the HBV replication by competing with the natural substrate
deoxyadenosine 5’-triphosphate, allowing its incorporation into the newly formed viral
DNA and causes DNA chain termination (De Clercq and Field 2008; Delaney and Borroto-
Esoda 2008; Marcellin et al. 2008).

FTC is a synthetic NA of cytosine and is phosphorylated by cellular enzymes to form
FTC 5’-triphosphate. The latter inhibits the HBV reverse transcriptase activity of Pol by
competing with its natural substrate deoxycytosine 5’-triphosphate by being incorporated

into the newly formed viral DNA resulting in chain termination (De Clercq and Field 2008).

As TDF and FTC are potent inhibitors of the HIV-1 reverse transcriptase and the HBV
Pol, it can therefore be hypothesised that this combination has the potential to produce a
more effective treatment outcome against chronic HBV infection than either drug alone (De
Clercq and Field 2008). To investigate this hypothesis, treating persistently DHBYV infected
ducks with TFV or FTC as monotherapies and TFV and FTC as combination therapy was
used as a model system for HBV infection. As a first step, PK properties of TFV and TDF
were investigated in ducks because no data was available. PK data for FTC was already
available for ducks as previously published by Seigneres er al. (2003) and these data were

modified and used in a rational manner in the current study. The ability of TFV and FTC to
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suppress DHBYV replication when used as monotherapies and then in combination therapies

were investigated in vivo.

8.2 Experimental design

Approval to conduct the in vivo studies was obtained from the Animal Ethics Committees of
the IMVS and University of Adelaide. Chapter 2 outlines the following experimental
requirements: source and dose of DHBYV; preparation and reconstitution of TFV and FTC;
collection of blood samples; autopsy and specimen collection procedures; analysis of blood
and serum for virological (DHBsAg and DHBV DNA); and biochemical markers (liver

enzymes) and liver tissues to assess the level of DHBV infection.

For Experiment I, 8-month-old ducks were divided into 4 Groups of 2 (Table 8.1). For
Experiment II, 14-day-old ducks were divided into 6 Groups of 3 (Table 8.2) and for
Experiment III, 14-day-old ducks were divided into 3 Groups of 5 (Figure 8.1; Table 8.3).

The ducks in Experiment I received single treatment of 5 or 15 mg/kg of TDF orally or
TFV 1P and then the blood samples were collected in EDTA impregnated tubes
(VACUETTE®CE, GrenierBio-One Gmbh, Austria) from 30 min post-administration of the
drug for a 24 h period. Plasma was separated and used for PK analysis, i.e. 30 min, 1, 2, 4, 6,
8, 12 and 24 h after administering 5 or 15 mg/kg of TDF orally or TFV IP. In all cases ducks
were weighed and bled prior to drug administration (Figure 8.1). Plasma samples were
separated within 30 min of blood collection by centrifuging the tubes at 4°C for 10 min at a
relative centrifugal force of 100g. Plasma samples were stored at -20°C until they were

transported to Gilead Sciences Bio-Analytical Group Laboratory, USA for PK analysis.

Plasma TFV concentrations were measured by liquid chromatography and mass
spectrometry (LC/MS). The LC/MS method used in this study is specific and sensitive for
TFV with a lower limit of quantitation of 10 ng/mL. PK parameters of TFV in plasma were
estimated by application of a non-linear model using standard non-compartmental methods
(WinNonlin® Professional software version 5.0.1 California, USA). The linear/log
trapezoidal rule was applied in conjunction with an extra-vascular input model. Input values
for dose, plasma concentration, corresponding time points based on drug dosing times and

all pre-dose sample times set to zero were used for the analysis of PK for TDF and TFV.
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For Experiments IT and III, 14-day-old ducks were infected with 5 x 10° DHBV DNA
genomes by inoculating the jugular vein. The ducks in Experiment II then received daily
treatment of 5 (Group 8.A) or 25 (Group 8.B) or 50 (Group 8.C) mg/kg of TFV or 100
(Group 8.D) or 200 mg/kg of FTC (Group 8.E) or NS (Group 8.F) from 14 days p.i. for 28
days. The ducks in Experiment III received daily treatment of 5 mg/kg TFV + 100 mg/kg of
FTC (Group 8.G) or 5 mg/kg TFV + 200 mg/kg of FTC (Group 8.H) or NS (Group 8.I) from
14 day p.i. for 28 days (Figure 8.1).

Ducks were assessed each day for any abnormalities in feed and water intake, weight
loss and gait or changes in behaviour. Ducks were clinically examined through a gentle
palpation of the abdomen and on IP injection for signs of pain on the abdominal area. IP
injection was administered just below the sternum that permits an easy access to the
peritoneal cavity.

CBE was performed using whole blood samples of ducks in Experiments II and III. Sera
were also analysed for liver enzymes to elucidate the liver function of ducks after TFV and
FTC treatment at various dose regimens in the mono and combination therapy studies. NS-
treated ducks were used as comparators for CBE and liver enzyme analysis. Blood samples
collected on days 0, 7, 14 p.i. and 7, 10, 14, 17, 21, 24 and 28 days post-treatment (Dp Rx)
were tested for DHBsAg using a quantitative ELISA. Liver tissues collected at autopsy on
day 42 p.i. (28Dp Rx) were tested for histology, percentage of DHBsAg-positive
hepatocytes by immuno-staining and DHBV DNA by qPCR. The detailed methods used for

these analyses are discussed in Sections 2.8.2 and 2.10 of Chapter 2.

Statistical analysis: Differences in mean body weights, haematological parameters, liver
enzyme levels and percentage of DHBsAg-positive hepatocytes and DHBV DNA levels in
liver tissues of ducks in Groups 8.A, 8.B, 8.C, 8.D, 8.E and 8.F (Experiment II) and Groups
8.G, 8.H and 8.I (Experiment III) were statistically analysed using multiple ANOVA
followed by Post hoc analysis. All the analyses were performed using the analytical
software Graph Pad Prism Version 5. Differences were considered statistically significant

when the p values were <0.05.
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8.3 Results

8.3.1 Experiment I: PK study on TFV & TDF in healthy DHBV-negative ducks

Plasma drug distribution of TFV was investigated after oral administration of TDF (Table
8.1) or IP administration of TFV (Table 8.2) to healthy adult ducks using either 5 or 15
mg/kg dose rates for a 24 h period. PK parameters included the time taken to achieve the
maximum drug concentration (Tp.), maximum drug concentration (Cy.x), area under the
curve (AUCjyp), drug elimination kinetics (Az). Furhermore, plasma half life (Tl/z) of TFV
was investigated after administering oral TDF (Table 8.3) or IP TFV (Table 8.4) to healthy
adult ducks either at 5 or 15 mg/kg dose rates.

After an oral administration of TDF, reasonable dose-related increase in AUC;,s was
observed and such dose-related effect was not observed following IP administration of TFV
(Tables 8.3 and 8.4). IP administration of TFV produced a significantly higher AUC;,s in
both doses compared to those involving oral administration of TDF (Tables 8.3 and 8.4). An
IP dose of 5 mg/kg TFV once daily would be expected to achieve Cpax (12X), Cuin (0.5X)
and AUCj,s (4.5X) compared to values achieved in humans at therapeutic doses (Yadav et
al. 2009). On the other hand, an oral dose of 5 mg/kg TDF twice daily would be expected to
achieve Cpax (2X), Ciin (3X) and AUC;y (0.9X) compared to values achieved in humans at

therapeutic doses.

8.3.2 Experiment II: Monotherapy studies on TFV and FTC against persistent
DHBYV infection

8.3.2.1 Groups 8.A, 8.B and 8.C: The effect of TFV treatment on clinicopathological,
haematological, biochemical and virological markers

Ducks treated with TFV alone as a monotherapy in Group 8.A (5 mg/kg TFV), 8.B (25
mg/kg TFV) and 8.C (50 mg/kg TFV) had neither abdominal tenderness nor abdominal pain
on IP injection and no abnormal findings were noted during the clinical examination of the
abdomen. Furthermore, in situ examination of internal organs at autopsy did not reveal any

gross pathological changes (data not shown).
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Ducks in Groups 8.A-8.C did not show any significant changes (p>0.05) in their mean
body weight compared to the body weight of ducks treated with NS (Table 8.5). A normal
body weight gain throughout the studies indicated that TFV did not affect the general health

and behavior of the ducks in all three dose regimens.

Blood samples collected at treatment endpoint or day 28Dp Rx from all ducks in Groups
8.A—8.C were tested and no significant changes were observed in either total RBC (p>0.05),
WBC (p>0.05) or platelet (p>0.05) counts of ducks treated with any of the monotherapy
regimens of TFV when compared with NS-treated ducks (Table 8.7). There were no
significant differences (p>0.05) in liver enzymes in the Groups treated with mono therapy
regimens of TFV when compared with NS-treated ducks (Table 8.9). This result suggests

that the liver function was not affected by treatment with TFV.

Treatment of ducks with TFV using 3 monotherapy regimens was able to reduce the
serum DHBsAg to a significantly lower level than DHBsAg levels of NS-treated ducks 2
weeks after treatment (p<0.05) and the serum DHBsAg levels continued to decline during
the remainder of treatment (Figure 8.2). Moreover, treatment of ducks with TFV using 3
different dose regimens (5, 25 and 50 mg/kg) was able to reduce the individual Group mean
levels of serum DHBV DNA by 3 logs when compared with that of NS-treated ducks
(Figure 8.4). This finding shows that TFV was equally active in suppressing the serum
DHBYV DNA levels in all 3 dose regimens.

Group means of DHBsAg-positive hepatocytes fell to 10-15% in ducks treated with TFV
in all 3 dose regimens (Figure 8.5). DHBV DNA detected from the liver agreed with the
percentage of DHBsAg-positive hepatocytes detected in all 3 Groups of ducks in
Experiment II (Figures 8.5 and 8.6). Only <4 copies of DHBV DNA detected per hepatocyte
in all TFV-treated ducks in the 25 mg/kg dose regimen (1.3 copies/cell) were superior to 5
and 50 mg/kg dose regimens (3.8 copies/cell) (Figure 8.6). Ducks treated with NS had >95%
of DHBsAg-positive hepatocytes in the liver and >144 copies of DHBV DNA per
hepatocyte clearly showed the ongoing high levels of DHBV replication and spread in the
liver. This was in the absence of antiviral treatment when compared with TFV-treated ducks

(Figures 8.5 and 8.6).
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Overall, TFV treatment in all 3 doses showed a better SVR in the serum and in the liver
when compared to NS-treated control ducks. It did not produce any observable changes in

duck health, body weight, haematological and biochemical markers.

8.3.2.2 Groups 8.D and 8.E: The effect of FTC treatment on clinicopathological,
haematological, biochemical and virological markers

Ducks in Group 8.D (100 mg/kg FTC) and 8.E (200 mg/kg FTC) treated with FTC alone as
a monotherapy had neither abdominal tenderness nor abdominal pain on IP injection and no
abnormal findings were detected on clinical examination of the abdomen. Furthermore, in
situ examination of internal organs at autopsy did not reveal any gross pathological changes.
Moreover, ducks in Groups 8.D and 8.E did not show any significant changes in their mean
body weight (p>0.05) when compared with the body weight of ducks treated with NS (Table
8.5). A normal body weight gain indicated that FTC treatment with 2 dose regimens did not

affect the general health and behavior of ducks.

No significant changes were observed in mean total RBC, WBC and platelet counts
(p>0.05) of ducks treated with any of the monotherapy regimens of FTC compared with NS-
treated ducks. There were no significant differences in the mean levels of liver enzymes
GGT, ALT and AST (p>0.05) among the Groups treated with two mono therapy regimens
of FTC when compared with NS-treated ducks. This result suggests that the liver function
was not affected by treatment with FTC in both doses (Table 8.9).

FTC treatment was also able to reduce the serum DHBsAg to a significantly low level 2
weeks into treatment (Figure 8.2) for the dose regimen of 200 mg/kg does. The 100 mg/kg
dose regimen, however, was inferior to the 200 mg/kg dose regimen of FTC in terms of
reducing the serum DHBsAg levels (Figure 8.2). All NS-treated ducks had high levels of
serum DHBsAg throughout the course of study, indicating the presence of persistent
viraemia in the absence of antiviral treatment (Figure 8.2). FTC treatment produced a dose-
related response in suppressing the Group mean levels of serum DHBV DNA. A dose
regimen of 200 mg/kg of FTC suppressed the Group mean levels of serum DHBV DNA by
2 logs while the 100 mg/kg of FTC suppressed the Group mean levels of serum DHBV
DNA by 1 log when compared to NS-treated ducks (Figure 8.4).
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FTC treatment had reduced the mean percentage of DHBsAg-positive hepatocytes to
35.54% and 30.8% with 100 and 200 mg/kg dose regimens, respectively (Table 8.11; Figure
8.5). DHBV DNA detected in the liver agreed with the percentage of DHBsAg-positive
hepatocytes detected in all ducks (Figures 8.5 and 8.6). DHBV DNA levels of 104
copies/cell were detected in FTC-treated ducks in 100 mg/kg dose regimen and that
decreased to 56 copies/cell with a 200 mg/kg FTC regimen. This clearly demonstrated a
dose-related response in the hepatic DHBV suppression. Ducks treated with NS had >95%
of DHBsAg-positive hepatocytes in the liver and >145 copies/cell clearly showing high
levels of DHBV replication and spread in the liver in the absence of antiviral treatment

(Figures 8.5 and 8.6).

In summary, FTC treatment of ducks with 100 and 200 mg/kg/day for 28 days produced
a dose-related response in the serum and hepatic virological markers when compared with

serum and hepatic virological markers of NS-treated ducks.

8.3.3 Experiment lll: Combination therapy studies on TFV and FTC against
persistent DHBV infection

8.3.3.1 Groups 8.G and 8.H: The effect of TFV and FTC treatment in combination
on clinicopathological, haematological, biochemical and virological markers

Ducks in Groups 8.G (5 mg/kg TFV + 100 mg/kg FTC) and 8.H (5§ mg/kg TFV + 200 mg/kg
FTC) treated with TFV and FTC in combination showed neither abdominal tenderness nor
abdominal pain on IP injection. No abnormal findings were noted during the clinical
examination of the abdomen. Furthermore, in situ examination of internal organs at autopsy
did not reveal any gross pathological changes. Moreover, ducks in Groups 8.G and 8.H
treated with TFV and FTC in combination did not show any significant changes in their
mean body weight (p>0.05) in comparison to the body weight of ducks treated with NS
(Table 8.6). A normal body weight gain indicates that TFV and FTC in combination did not

affect the general health and behavior of ducks in regard to the dose regimens.

The individual Group means of RBC, WBC and platelet counts (or CBE) of ducks
treated with the combination therapy regimens of TFV and FTC showed no significant

difference when compared with Group mean of RBC, WBC and platelet counts of NS-
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treated ducks (p>0.05) (Table 8.8). Ducks treated with combination therapy regimens of
TFV and FTC had no observable changes in CBE, suggesting that TFV and FTC in
combination had not influenced the synthesis of RBC, WBC and platelets in the bone
marrow or their release to the peripheral circulation with 28 days of treatment. There were
no significant differences (p>0.05) in liver enzymes, GGT, ALT and AST among the
Groups treated with combination therapy regimens when compared with NS-treated ducks
(Table 8.10). These results suggest that the liver function was not affected by treatment with
TFV and FTC in combination.

Combination therapy with 5 mg/kg TFV and 100 mg/kg FTC (Group 8.G) brought serum
DHBsAg levels to a low level from 21Dp Rx onwards in ducks with persistent DHBV
infection. Compared to the levels in NS-treated ducks, serum DHBsAg declined much
earlier in ducks receiving combination therapy. In addition, serum DHBsAg levels in these
ducks declined further with continued treatment from 21Dp Rx onwards and reached low or
undectable levels at the end of treatment (Figure 8.3). The same can be said for the group of
ducks (Group 8.H) treated with a combination of 5 mg/kg TFV and 200 mg/kg FTC in
which a pronounced decline in serum DHBsAg levels was observed much earlier than at
17Dp Rx (Figure 8.3). In contrast, ducks treated with NS had fluctuating high levels of

serum DHBsAg throughout the course of treatment (Figure 8.3).

In the combination therapy protocol, treatment of ducks with either 5 mg/kg TFV and
100 mg/kg of FTC or 5 mg/kg TFV and 200 mg/kg of FTC reduced the individual Group
mean levels of serum DHBV DNA by 4 logs when compared with NS-treated ducks (Figure
8.4). Serum DHBV DNA suppression by combination regimens proved to be more effective
than the levels of DHBV DNA suppression achieved by TFV or FTC in the monotherapy
regimens (p<0.05) (Figure 8.4).

Combination therapy with 5 mg/kg TFV and 100 mg/kg FTC reduced the Group mean of
DHBsAg-positive hepatocytes to 10% (Table 8.12; Figure 8.5). In contrast, 5 mg/kg TFV
and 200 mg/kg FTC in combination reduced the Group mean of DHBsAg-positive
hepatocytes to 5% (Table 8.12; Figure 8.5) in ducks with persistent DHBV infection. DHBV
DNA detected from the liver was in agreement with the percentage of DHBsAg-positive
hepatocytes detected in all ducks in Experiment III (Figures 8.5 and 8.6). Only <2.5 copies

of DHBV DNA were detected per hepatocyte in the first combination regimen and the copy
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number per hepatocyte decreased further to 0.07 in the second combination regimen. Ducks
treated with a combination of 5 mg/kg TFV and 200 mg/kg FTC achieved SVR faster than
the ducks treated with a combination of 5 mg/kg TFV and 100 mg/kg FTC with regard to
serum and hepatic virological markers. Ducks treated with NS had >95% DHBsAg-positive
hepatocytes and DHBV DNA of 17 copies/cell in the liver. These markers of NS-treated
ducks are significantly higher (p<0.05) than what was detected in the ducks treated with
TFV and FTC combinations in both protocols.

Overall, these findings suggest that the combination therapy regimens of TFV and FTC
were superior to the monotherapy regimens of TFV or FTC alone in suppressing the serum
and hepatic virological markers. Moreover, combination therapy with TFV and FTC in
ducks produced SVR (Figures 8.5 and 8.6), without producing any observable changes in
duck health, body weight, haematological and biochemical markers when compared with

treatment with NS.

8.4 Discussion

The scientific and the medical community has long understood the benefits of combining
antimicrobial agents since the introduction of multiple antibiotics for tuberculosis treatment
in order to combat the emergence of resistance (Reichman 1994; Bass 1995). Lessons from
anti-tuberculosis treatment using combinations of antibiotics were utilised for treating
HIV/AIDS with antiviral agents and this contributed significantly in the battle against
emerging antiviral resistance by HIV (Wong et al. 2000). HIV has different drug targets and
as a consequence antiviral agents with different acting mechanisms are combined to block
varying aspects of HIV replication. One of the common drug targets of HIV is the reverse
transcription step which is targeted by NAs. HBV replication also involves reverse
transcription and therefore NAs are active against HBV. Experts stress the importance of
combination therapy as a means of combating the emerging problem of multi-drug resistant
HBYV (Sasadeusz et al. 2007; Zoulim and Perrillo 2008; Seetharam and Lisker-Melman
2009).

However, HBV due to its small size genome and dependence on cellular enzyme for its
life cycle does not have many currently known or potential drug targets that are being
investigated (Ghany and Liang 2007; Muller and Krausslich 2009). As HBV Pol performs
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the major enzymatic function(s) during HBV replication, it is a well studied target for the
antiviral action of NAs (Ghany and Liang 2007; Muller and Krausslich 2009). Thus
investigating the newer NAs such as TFV in combination with other NAs for their potential
to produce a better antiviral therapeutic efficacy is warranted in order to minimize the

emergence of antiviral resistance against commonly used NA monotherapies.

In clinical practice, the first line of antiviral therapy for chronic HBV infection is 3TC, a
well known NA. Once HBV becomes resistant to 3TC and then adefovir dipivoxil (ADV), a
nucleotide analogue is added on or ADV is administered as a monotherapy. It is
hypothesised that de novo combination of a nucleotide and a nucleoside analogue will
provide a better SVR than a sequential combination therapy that is introduced after the HBV
had developed resistance. In this study, TFV was chosen as nucleotide analogue candidate
because TFV is superior to ADV in terms of antiviral efficacy (Marcellin et al. 2008)
against HBV. FTC was chosen as a nucleoside analogue for a de novo combination therapy

against HBV using persistent DHBV infection model.

PK of TFV showed a dose-related increase in AUC;,; that was observed after oral
administration of TDF. Such a dose-related increase in AUC;,s was not observed on IP TFV,
indicating that the lowest dose of TFV can be used for IP administration. This effect appears
to be due to low levels of TFV absorbed into the circulation from its prodrug TDF to
establish a mean AUC;,s of 1125.1. When the dose of the TDF was increased the potential
for the AUC;,s to increase to a mean level of 4399 still existed. With IP administration of
TFV, 5 mg/kg of the drug was able to achieve a mean AUC;,¢ of 11801.9 but increasing the
dose of TFV to 15 mg/kg did not change the mean AUC;y to a higher level than that
achieved for 5 mg/kg. Thus IP route of administration produced a significantly higher mean
of AUC;, in both doses compared with oral TDF (Tables 8.3 and 8.4). An IP dose of 5
mg/kg TFV once daily was expected to achieve a better means of Cp,x (12X), Cpin (0.5X)
and AUC;ys (4.5X) than an oral dosing of 5 mg/kg twice daily regimen of TDF with Cpax
(2X), Chin (3X) and AUC;ys (0.9X) compared to values achieved in humans at therapeutic
doses (Yadav et al. 2009). Hence 5, 25 and 50 mg/kg dose regimens of TFV were chosen for

the monotherapy experiment.

It has been shown previously that a dose of 100 mg/kg of FTC successfully decreased

the serum DHBV DNA levels by 1-3 logs when it was given IP from 3 days p.i. for 7 days.
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All the ducks, however, rebounded once the treatment was stopped. A dose of 50 mg/kg of
FTC was unable to produce an effect (Seigneres et al. 2003). Hence, 100 and 200 mg/kg of

FTC were used in the current experiments.

A widespread DHBYV infection was observed in Experiments II and III when the 14-day-
old ducks were inoculated with a dose of 5 x 10° DHBV DNA genomes that has been shown
to produce a widespread persistent infection (Foster et al. 2003; Foster et al. 2005; Miller et
al. 2006a; Miller et al. 2006b; Miller et al. 2008). All ducks inoculated with this dose and
treated with NS developed high levels of viraemia as shown by DHBsAg and DHBV DNA
in the serum 14 days p.i. and a widespread DHBYV infection with more than 95% DHBsAg-
positive hepatocytes was noted at autopsy (42 day p.i.) in the liver. This finding shows the
effect of anti-DHBV activity of TFV and FTC in suppressing the serum and hepatic
DHBsAg and DHBV DNA in ducks treated with TFV and FTC either drug alone or in
combination (Figures 8.1, 8.2 and 8.3).

In the monotherapy experiment, TFV was able to reduce the mean serum DHBV DNA
levels by 3 logs in all three dose regimens. This shows the superior antiviral effects of TFV
over FTC that was only able to produce 1-2 log reduction in the mean serum DHBV DNA
levels against persistent DHBV infection. Furthermore, the serum DHBsAg levels were in
agreement with the serum DHBV DNA profile in that TFV could suppress DHBV
antigenaemia more effectively than FTC. Hepatic virological markers were well correlated
with serum based virological markers. The percentage of DHBsAg-positive hepatocytes
closely represented DHBV copy numbers tested by qPCR. Conversely, TFV-treated ducks
had relatively low levels of DHBV DNA copy numbers per cell when compared with the
hepatic levels of DHBV DNA in FTC-treated ducks.

In the combination therapy protocol, TFV and FTC were able to suppress the serum
DHBsAg and DHBV DNA more effectively than either of them did in the monotherapy
regimen. In the hepatic virological profile, 25 mg/kg TFV regimen was able to bring liver
DHBYV DNA levels to <1.4 copies/cell. The best combination regimen was able to reduce
the copy numbers to 0.07 copies/cell, thus demonstrating the superior effect of TFV and
FTC under an optimal regimen. However, the first combination regimen was able to reduce
the copy numbers to 2.34 copies/cell. Overall, the second combination therapy regimen

(Group 8.H) showed the best effect on serum based and hepatic virological markers. A 4 log
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reduction in mean serum DHBV DNA was achieved by reducing DHBsAg-positive
hepatocytes and DHBV DNA to 5% and 0.07 copies/cell. This highlights the potential of the
combination therapy. In a recent study by Menne ar al. (2008), the application of
combination therapy using oral TDF and FTC once daily against persistent WHV infection
was able to bring serum DHBV DNA levels down by 6 logs after 48 weeks of treatment
compared with placebo-treated woodchucks. Moreover, other WHV markers in serum and
liver were also suppressed more effectively in woodchucks treated with combination therapy
using TDF and FTC than those treated with mono therapy with TDF or FTC alone (Menne
et al. 2008), supporting the effectiveness of the combination of TFV and FTC against

persistent hepadnavirus infection.

No observable indication of toxicity emerged in terms of changes in clinical or
biochemical or haematological parameters. Furthermore, no pathological changes in external
orifices or internal organs at autopsy in all 3 dose regimens of TFV or 2 dose regimens of
FTC or both of these drugs in combination, supported the safety profile of these two drugs
either in mono or combination regimens. Conversely, no toxicity has been observed in
woodchucks treated with TDF and FTC combination therapy in terms of changes in clinical

or biochemical or haematological parameters (Menne et al. 2008).

The level of DHBV DNA in the liver of NS-treated ducks varied markedly between the
Groups 8.F (NS-treated control for the monotherapy experiment) and 8.1 (NS-treated control
for the combination therapy experiment). In this respect, Group 8.F ducks had a group mean
of 144 copies/cell, whereas Group 8.1 had a group mean of 16.94 copies/cell, which is an 8.5
fold decrease. The reason for this discrepancy between the controls of 2 different groups of
NS-treated ducks is not clear. It appears, however, the 25 mg of liver tissue that was used to
extract the cellular and viral DNA of Group 8.1 ducks did not have high level of DHBV
DNA like the liver tissues of Group 8.F ducks. Nonetheless, for Experiment III Group 8.1
ducks provided a good internal control as the group mean of total DHBV DNA in Group 8.1
ducks was 16.94 copies/cell. This was 7.2 and 242 fold higher than the Groups 8.G and 8.H
ducks (treated with TFV and FTC combination therapy regimens), respectively.

In conclusion, the results of combination therapy are promising in terms of producing a
better SVR than mono therapy regimens. The antiviral efficacy of TFV appeared to be

superior to FTC. The most effective TFV monotherapy regimen was able to bring the serum
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DHBV DNA from 10"copies/mL to 10°copies/mL at treatment endpoint. At treatment
endpoint, DHBV DNA in the serum decreased to 102—103copies/mL from 109c0pies/mL of
pre-treatment levels in both combination regimens. However, DHBV DNA levels of 10%-
10°copies/mL suggested the potential for rebound if the treatment was ceased. What would
have happened if the treatment had continued for another 28 days and the ducks were
followed up for 28-56 days after ceasing the treatment? Answers to these questions are very
important if we are to understand the dynamics of viral suppression and clearance following
combination therapy. Analysis of liver biopsy material collected prior to and during
treatment, at treatment endpoint and end of follow-up will provide a clear picture about the
levels of DHBsAg, DHBV DNA including cccDNA in the liver. Thus the effect of

combination therapy on hepatic viral dynamics will be better understood.
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Table 8.1: Experiment I-Distribution of TFV in plasma following oral treatment with

TDF

Dose of TDF | Duck | Plasma TFV concentration (ng/mL) at a given time (h)*

mg/kg’ No” [0] 0.5 1 2 4 6 8 [ 12| 24
5 176 0] 5027 | 1785 | 723 | 449 | 26.8 [ 207103 ] 0
177 | 0] 7843 | 4505 | 80.6 | 77.4 | 51.3 [347]138] 0

Mean® | 0| 6435 | 3145 [ 1264 | 61.2 | 39.0 [27.7 121 ] ©

SD® [0] 199.1 | 1923 [ 766 | 23.0 | 173 | 99 | 25 | -

CV%' | - | 31 61 61 38 44 | 36 | 21 -

15 178 [0]27742116295[441.1 [ 210.1 [ 1282905408 ] 0
179 [ 0] 2653 | 1384.1 | 874.5 | 403.8 | 165.4 | 05.5 | 529 | 11.2

Mean® | 0 | 1519.7 | 1506.8 | 658.1 | 306.9 | 146.8 | 98.0 | 46.8 | 5.6

SD" [0 1774.1] 173.5 [306.0 | 137.0 | 263 [ 106 | 8.6 | 7.9

CV% | -| 117 12 47 45 18 | 11 | 18 | 141

Table 8.2: Experiment I-Distribution of TFV in plasma following IP treatment with
TVF

Dose of TFV | Duck Plasma TFV concentration (ng/mL) at a given time (h)*

mg/kg" No* [0] 0.5 1 2 4 6 8 12 | 24
5 265 | 0] 3693.8 | 4740.3 | 3274.7 | 305.7 | 748.7 | 281.7 | 74.5 | 34.3
267 | 0| 2838.5 |2324.4 | 1263.8 | 470.0 505 | 93.1 | 01.7 | 144
Mean® | 0 | 3266.1 | 3532.4 | 2269.2 | 887.8 | 499.6 | 187.4 | 138.1 | 24.3

SD® | 0| 604.8 | 1708.2 | 1421.9 | 5909 | 352.3 | 1334 | 51.5 | 141

CV%' | - 19 48 63 67 71 71 37 58
15 263 | 020226 | 3111.8 | 3374.6 | 1678.5 | 978.8 | 466.5 | 277.8 | 22.7
264 | 0| 7054.2 | 3858.9 | 1254.6 | 404.3 | 211.8 | 121.2 | 64.5 | 12.2
Mean® | 0 | 4538.4 | 3485.4 | 2314.6 | 1041.4 | 595.3 | 2939 | 171.1 | 174

SD" [ 03557.9 | 5283 | 1499.1 | 901.0 | 542.4 | 2442 | 150.8 | 7.4

CV%' | - 78 15 65 87 91 83 88 43

*TDF (Table 8.1) and TFV (Table 8.2) were administered in doses 5 and 15 mg/kg;

®8-months-old DHBV negative healthy ducks 176, 177, 178 and 179 were treated orally with a single dose of 5 or 15 mg/kg of TDF
in Groups of two as shown in Table 8.1;

®8-months-old DHBV negative healthy ducks 265, 267, 263 and 264 were treated intraperitoneally (IP) with a single dose of 5 or 15
mg/kg of TFV in Groups of two as shown in Table 8.2;

° Blood samples were collected at pre-treatment or at 0 h and 0.5, 1, 2, 4, 6, 8, 12 and 24 h after TDF (Table 8.1) or TFV treatment
(Table 8.2);

Mean TFV concentration with oral treatment of ducks with %5 and 15 mg/kg of TDF (Table 8.1) or IP treatment of TFV (Table 8.2);
Standard deviation (SD) of TFV concentration in with oral treatment of ducks with °5 and "15mg/kg TDF or IP treatment of TEV;

Cumulative variance (CV%) of TFV concentration with oral treatment of ducks with 5 and '15 mg/kg TDF or IP treatment of TFV.
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Table 8.3: Experiment I-PK of TFV in ducks following oral treatment with TDF

Dose | Duck Chax AUCh

mg/kg | No | Tpa(h)?® | (ng/mL)’ | (ng/mL) | Az (h-1)* | T ,°

5 176 0.7 502.7 792.3 0.168 4.13
177 0.85 784.3 1457.8 0.216 3.20
Mean' | 0.77 643.5 1125.1 0.192 3.67
SD# 0.11 199.1 470.6 0.034 0.66
CV%" 14 31 42 18 18

15 178 0.62 2774.2 4450.0 0.196 3.54
179 1.10 1384.1 4348.0 0.138 5.03
Mean' | 0.86 2079.2 4399.0 0.167 429
SD# 0.34 983.0 72.2 0.041 1.05
CV%" 39 47 2 25 25

Table 8.4: Experiment I-PK of TFV in ducks following IP treatment with TFV

Dose | Duck Chax AUC,

mg/kg | No | Tpu(h)* | (ng/mL)” | (ng/mL)° | Az (h-1)* | T"*
5 265 1.00 4740.3 16244.2 0.133 5.23
267 0.60 2838.5 7359.6 0.144 481
Mean' 0.8 3789.4 | 11801.9 0.138 5.02
SD® 0.28 1344.8 6282.4 0.008 0.29

CV%" 35 35 53 6 6
15 263 2.07 3374.6 | 16577.2 0.194 3.58
264 0.62 7054.2 9798.1 0.139 4.98
Mean" 1.34 52144 | 13187.6 0.166 428
SD# 1.03 2601.9 4793.5 0.039 0.99

CV%" 76 50 36 23 23

*Time taken to achieve maximum drug concentration {T,,(h)};

® Maximum drug concentration {C,,,, (ng/mL)};

¢ Area under the curve {AUC; (ng/mL)};

4 Drug elimination kinetics {Az (h-1)};

¢ Plasma half life of TFV after administering TDF orally or TEV IP {T *}.
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Table 8.5: Experiment II-Duck body weights during TFV or FTC monotherapy

Body weight (g)

Treatment | Duck Age (days)
Group No | 14 | 17 | 20 | 23 27 30 33 37 46 55
8.A 1 350 | 470 | 620 | 945 | 1400 | 1750 | 2050 | 2290 | 2650 | 3010
5 mg/kg TFV 2 345 | 555 | 720 | 1050 | 1420 | 1730 | 2100 | 2370 | 2700 | 3090
IP* daily 3 405 | 605 | 805 | 1165 | 1525 | 1830 | 2160 | 2400 | 2690 | 2900
Mean body weight 367" | 543° | 715% | 1053° | 1448 | 17708 | 2103" | 2353' | 2680’ | 3000*
8.B 4 335 [ 395 | 515 | 950 | 1250 | 1550 | 1900 | 2200 | 2625 | 3000
25 mg/kg TFV 5 370 | 425 | 635 | 995 | 1195 | 1640 | 1975 | 2240 | 2675 | 2900
IP* daily 6 365 | 515 | 705 | 1100 | 1405 | 1710 | 2045 | 2390 | 2720 | 3100
Mean body weight 357" | 445° | 618° | 1015° | 283" | 16338 | 1973" | 2487' | 2800’ | 3187"
8.C 7 355 | 515 | 810 | 1190 | 1525 | 1810 | 2110 | 2420 | 2745 | 3190
50 mg/kg TFV 8 395 | 605 | 840 | 1195 | 1445 | 1860 | 2170 | 2490 | 2790 | 3200
IP* daily 9 410 | 605 | 945 | 1205 | 1685 | 1945 | 2200 | 2550 | 2865 | 3170
Mean body weight 387" | 575° | 865% | 1197° | 1552 | 18728 | 2160" | 2487' | 2800’ | 3187"
8.D 10 | 355 [ 465 | 665 | 995 | 1295 | 1615 | 1885 | 2090 | 2460 | 2900
100 mg/kg FTC | 11 | 365 | 465 | 745 | 1050 | 1275 | 1490 | 1975 | 2260 | 2690 | 3000
IP* daily 12 | 415 [ 545 | 775 | 1100 | 1465 | 1730 | 2110 | 2410 | 2700 | 3100
Mean body weight 378" | 492° | 7287 | 1048° | 1345 | 16128 | 1990" | 2362' | 2706’ | 3062"
8.E 13 | 325 435 ] 705 | 985 | 1375 | 1600 | 1830 | 2100 | 2630 | 3010
200 mg/kg FTC | 14 | 375 | 465 | 725 | 990 | 1305 | 1670 | 1925 | 2210 | 2700 | 3090
IP* daily 15 | 365 | 475 | 745 | 995 | 1325 | 1680 | 1980 | 2290 | 2730 | 3190
Mean body weight 355" | 458° | 7257 | 990° | 1335" | 16508 | 1912" | 2200' | 2687 | 3097"
8.F 16 | 405 | 535 | 850 | 1150 | 1475 | 1870 | 2190 | 2490 | 2795 | 3200
NS 17 | 345 [ 505 | 815 | 1130 | 1465 | 1790 | 2045 | 2310 | 2680 | 2990
IP* daily 18 | 395 | 525 | 835 | 1110 | 1495 | 1750 | 2020 | 2415 | 2770 | 3015
Mean body weight 382" | 522° | 8337 | 1130° | 1478" | 1803% | 2085" | 2405' | 2748’ | 3068"

*IP - intraperitoneal injection;

Mean body weight on "= 14, °= 17, =120, ©=23, "= 27, #=30, "= 33, '= 37, 7= 46 and * = 55 days of age;
Differences in mean body weight of Groups 8.A, 8.B, 8.C, 8.D and 8.E on 14, 17, 20, 23, 27, 30, 33, 37, 46 and
55 days of age were not statistically significant to the mean body weight of Group 8.F (p>0.05).

157



Table 8.6: Experiment III-Duck body weight during TFV & FTC combination therapy

Body weight (g)
Treatment | Duck Age (days)
Group No | 14 | 17 | 20 | 23 | 27 | 30 | 33 | 37 | 46 | 55
76 335 | 400 | 480 780 1050 | 1265 1750 | 2000 | 2495 | 2890
8.G 77 360 | 450 | 660 985 1195 | 1395 1800 | 2100 | 2505 | 3030

5mg/kg TFV+ | 78 | 365 | 535 | 720 | 1180 | 1305 | 1610 | 2060 | 2360 | 2790 | 3100
100 mg/kg FTC | 79 | 405 | 600 | 815 | 1265 | 1555 | 1820 | 2100 | 2410 | 2800 | 3290
IP* daily 80 395 | 470 | 720 | 1025 | 1205 | 1480 | 1905 | 2220 | 2670 | 2995
Mean body weight 372" | 491° | 6797 | 1047° | 12627 | 15142 | 1923" | 2330 | 2753 | 3128"
82 | 415 | 625 | 930 | 1260 | 1660 | 1850 | 2145 | 2375 | 2700 | 3090
8.H 83 | 375 | 425 | 760 | 1005 | 1260 | 1510 | 1910 | 2270 | 2690 | 3015
5mg/kg TEV + | 84 | 345 | 415 | 525 | 960 | 1255 | 1490 | 1970 | 2295 | 2725 | 3200
200 mg/kg FTC | 85 350 | 495 | 655 | 1025 | 1205 | 1590 | 2000 | 2310 | 2760 | 3115
IP* daily 86 375 | 515 | 735 | 1035 | 1275 | 1525 | 1990 | 2385 | 2790 | 3210
Mean body weight 372" | 495° | 7219 | 1057° | 13317 | 15932 | 2003" | 2327' | 2733 | 3126"
81 385 | 545 | 810 | 1120 | 1295 | 1565 | 1905 | 2310 | 2705 | 2995

8.1 87 | 375 | 575 | 850 | 1260 | 1375 | 1620 | 2200 | 2475 | 2895 | 3105
NS 88 | 395 | 625 | 870 | 1295 | 1465 | 1715 | 1990 | 2310 | 2715 | 3215
IP* daily 89 415 | 700 | 1045 | 1305 | 1525 | 1835 | 2225 | 2480 | 2800 | 3110

90 [ 355 | 505 | 665 | 1010 | 1290 | 1575 | 1995 | 2305 | 2690 | 3000
Mean body weight 385" | 590° | 8487 | 1198° | 1390" | 16622 | 2063" | 2344' | 2748 | 3113"

*IP - intraperitoneal injection;

Mean body weights on = 14, ©= 17, 9=20, =23, '=27, =30, "= 33, '= 37, /= 46 and * = 55 days of age;
Differences in mean body weight of Groups 8.G and 8.H on 14, 17, 20, 23, 27, 30,,33, 37, 46 and 55 days of
age were not statistically significant to the mean body weight of Group 8.1 (p>0.05).
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Table 8.7: Experiment II-CBE including total RBC, WBC and platelet counts of ducks

treated with TFV or FTC monotherapy at autopsy

CBE? including total RBC, WBC and
Experimental Duck platelet counts
Group No Total
Total RBC/L" | Total WBC/L® | platelets/L?
1 2.45x 10" 8.4x 10° 3x 10°
8.A 2.55x 10" 7.5% 10’ 4x10°
TFV 5 mg/kg 3 2.48 x 10" 9.4x 10’ 3x 10°
Mean
RBC or WBC or platelet/L | 2.49 x 10'* 8.43 x 10” 3.33x10%
4 2.81 x 10" 9.2x 10’ 3x 10°
8.B 5 2.38 x 10" 9.4x 10’ 3x 10°
TFV 25 mg/kg 6 2.52 x10" 6.4 x 10’ 3x10°
Mean
RBC or WBC or platelet /L. | 2.57 x 10'* 8.33 x 10” 3.00 x 10%
7 2.38x 10" 8.4x 10’ 4x10°
8.C 8 2.31x 10" 9.4x 10’ 3x 10°
TFV 50 mg/kg 9 2.58 x 10" 7.4x 10° 4x 10’
Mean
RBC or WBC or platelet/L | 2.42x 10" 8.40 x 10”" 3.67 x 10°®
10 2.40x 10" 8.2x 10’ 3x 10’
8.D 11 2.61 x 10" 9.2x 10’ 5x 10°
FTC 100 mg/kg 12 236 x 10" 7.4x 10° 3x10°
Mean
RBC or WBC or platelet/L | 2.46 x 10" 8.70 x 10”" 3.67 x 10°®
13 2.62 x 10" 11.4x 10° 3x 10°
8.E 14 2.33x 10" 104 x 10° 6x 10’
FTC 200 mg/kg 15 2.75x 10" 48x 10° 3x 10’
Mean
RBC or WBC or platelet/L | 2.57 x 10" 8.87 x 10” 4.00 x 10°
16 2.44 x 10" 9.4x 10’ 5x 10°
8.F 17 2.64x 10" 6.4x 10° 2x 10’
NS 18 2.76 x 10" 10.4 x 10° 3x 10°
Mean
RBC or WBC or platelet/L | 2.61 x 10" 8.73x 10" 3.33x10%

*Complete blood evaluation;
"RBC/L: RBCs per litre;
“WBC/L: WBCs per litre;

4 Platelet/L: Platelets per litre;

¢Mean RBC count of TFV- or FTC-treated ducks;
"Mean WBC count of TFV- or FTC-treated ducks;
¢ Mean platelet count of TFV- or FTC-treated ducks;

Differences in mean RBC, WBC and platelet counts of Groups 8.A, 8.B, 8.C, 8.D and 8.E at autopsy were analysed. The differences were

not statistically significant to the mean RBC, WBC and platelet counts of Group 8.F (p>0.05).




Table 8.8: Experiment III-CBE including total RBC, WBC and platelet counts of ducks
treated with TFV and FTC combination therapy at autopsy

Experimental | Duck CBE" including total RBC, WBC
Group No and platelet counts
Total RBC/L” | Total WBC/L® | Total platelet/L°
76 2.10 x 10" 7.2 x 10° 4x10°
8.G 77 2.18 x 10 8.4x 10° 3x 10°
TFV 5 mg/kg + 78 2.07 x 10" 6.4 x 10’ 3x10°
FTC 100 mg/kg 79 2.18 x 10 9.2 x 10’ 3x 10°
80 1.99 x 10" 9.4 x 10’ 5x 10°
Mean
RBC or WBC or platelet/L | 2.10 x 10'* 8.12 x 10" 3.60 x 10*®
81 2.35x 10" 6.4x 10’ 4x10°
8.H 82 2.10x 10" 8.2x 10° 4x10°
TV 5 mg/kg + 83 2.16x 10" 9.2 x 10’ 3x10°
FTC 200 mg/kg 84 2.20x 10" 10.4 x 10° 3x 10°
85 1.95x 10" 114 x 10° 2x 107
Mean
RBC or WBC or platelet/L | 2.16 x 10'* 9.12 x 10”" 3.20 x 10°®
86 241 x 10" 10.4 x 10° 2x 10’
8.1 87 2.18 x 10" 6.8 x 10 4x10°
NS 88 2.75 x 10" 94x 10° 3x 10°
89 2.79 x 10" 8.4x 10° 3x 10°
90 2.34x 10" 74x 10° 3x 10°
Mean
RBC or WBC or platelet/L | 2.49 x 10'* 8.48 x 10™ 3.00 x 10”8

*Complete blood evaluation;

"RBC/L: RBCs per litre;

“WBC/L: WBCs per litre;

4Platelet/L: Platelets per litre;

®Mean RBC count of (TFV+FTC)- and NS-treated ducks;

"Mean WBC count of (TFV+ FTC)- and NS-treated ducks;

€ Mean platelet count of (TFV+FTC)- and NS-treated ducks;

Differences in mean RBC, WBC and platelet counts of ducks in Groups 8.G and 8.H at autopsy were not

statistically significant to the mean RBC, WBC and platelet counts of Group 8.1 (p>0.05).
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Table 8.9: Experiment II-Liver enzyme analysis of ducks treated with TFV or FTC
monotherapy at autopsy

Serum liver enzyme levels at autopsy
Experimental | Duck Mean Mean Mean
Group No | GGT* | GGT® | ALT" | ALT" | AST¢ | AST¢
1 3 32 141
8.A 2 3 d 28 e| 17 £
TFV 5 mg/kg 3 3 3 23 | 2767 [y 6067
4 2 49 30
8.B 5 3 al| 29 e| 29 f
TV 25 me/kg c > 2.33 3 43.67 0 30.33
7 3 35 18
8.C 8 3 a| 33 e 16 f
TFV 50 mg/kg 9 2 2.67 40 36 60 31.33
10 4 27 17
8.D 11 5 a| 32 e| 17 £
FTC 100 mg/kg | 12 2 3.67 27 28.67 22 18.67
13 4 30 17
8.E 14 3 a | 30 e| 34 f
FTC 200 mg/kg | 15 1 2.67 35 31.67 25 25.33
16 1 32 56
8.F 17 L | oe7® |38 | 3933° | 39 | 4767
NS 18 0 48 48

*GGT: y Glutamyl transferase;

® ALT: Alanine amino transferase;

© AST: Aspartate transferase;

9Mean levels of GGT;

®Mean levels of ALT;

"Mean levels of ALT;

Normal range (meant SD) for duck liver enzymes, GGT = 2.3 £ 1.2, ALT = 26.6 £ 7.7 and AST =159 +5.9
U/L U/L; Units per litre (Foster et al. 2003);

Mean liver enzyme levels of ducks in Groups 8.A, 8.B, 8.C, 8.D and 8.E were analysed and differences were not

statistically significant to the mean liver enzyme levels of Group 8.F (p>0.05).
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Table 8.10: Experiment III-Liver enzyme analysis of ducks treated with TFV or FTC
combination therapy at autopsy

Serum liver enzyme levels at autopsy
Experimental | Duck Mean Mean Mean
a b b c c
Group No | GGT GGT? ALT"” | ALT” | AST® | AST
76 1 146 78
8.G 77 2 d 33 . 37 c
TFV 5 mg/kg+ | 78 2 1.6 35 63.8 25 424
FTC 100 mg/kg | 79 2 38 28
80 1 92 44
81 1 29 15
8.H 82 0 d 47 c 43 f
TFV 5 mg/kg+ | 83 1 1 35 3 27 28.8
FTC 200 mg/kg | 84 1 49 25
85 2 35 34
86 1 33 63
8.1 87 1 d 59 . 40 f
NS 2% 1 1.4 59 47.2 53 414
89 1 50 21
90 3 35 20

*GGT: y Glutamyl transferase;

® ALT: Alanine amino transferase;

© AST: Aspartate transferase;

9Mean levels of GGT;

®Mean levels of ALT;

"Mean levels of ALT;

Normal range (meant SD) for duck liver enzymes, GGT = 2.3 £ 1.2, ALT = 26.6 £ 7.7 and AST =159+ 5.9
U/L U/L; Units per litre (Foster et al. 2003);

Mean liver enzyme levels of Groups 8.G and 8.H were analysed and differences were not statistically significant

to the mean liver enzyme levels of Group 8.1 (p>0.05).
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Table 8.11: Experiment II-The antiviral effect of TFV or FTC monotherapy on
persistent DHBYV infection (autopsy livers were tested for DHBsAg-positive
hepatocytes)

Treatment % DHBsAg-positive hepatocytes
Groups 28 days after treatment
Duck | Path | % DHBsAg-positive hepatocytes
No No
8.A 1 5213 7.21
5 mg/kg 2 5215 11.29
TFV 3 5217 11.5
Mean % DHBsAg-positive
hepatocytes 10°
8.B 4 5219 8.5
25 mg/kg 5 5221 7.5
TFV 6 5223 15
Mean % DHBsAg-positive
hepatocytes 10°
8.C 7 5225 15.63
50 mg/kg 8 5227 11.7
TFV 9 5229 17.67
Mean % DHBsAg-positive
hepatocytes 15°
8.D 10 | 5231 34.47
100 mg/kg 11 | 5233 32.5
FTC 12 | 5235 39.67
Mean % DHBsAg-positive
hepatocytes) 35.54°
8.E 13 | 5237 25.76
200 mg/kg 14 | 5239 34.92
FTC 15 | 5241 31.73
Mean %0 DHBsAg-positive
hepatocytes 30.8°
16 | 5243 >95
8.F 17 | 5245 >95
NS 18 | 5247 >95
Mean % DHBsAg-positive
hepatocytes >95“

*Mean %DHBsAg-positive hepatocytes 28 days after treatment with TFV (8.A-8.C) or FTC (8.D-8.E) or NS
(8.F);
Mean %DHBsAg-positive hepatocyte counts of Groups 8.A, 8.B, 8.C, 8.D and 8.E were analysed. Differences

were statistically significant to the mean %DHBsAg-positive hepatocyte counts of Group 8.F (p<0.05).
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Figure 8.1: Experimental outline of Experiment I (Panel A), Experiment II
(Panel B) and Experiment III (Panel C).

Panel A:

Panel B:

Panel C:

Experiment I - PK of TDF through oral administration of 5
and 15 mg/kg of the drug.

PK of TFV through IP administration of 5
and 15 mg/kg of the drug.

Experiment II - To investigate the antiviral efficacy of TFV
using 3 dose regimens (5, 25 and 50 mg/kg) or FTC using 2
dose regimens (100 and 200 mg/kg).

14-day-old ducks were inoculated with 5 x 108 DHBV DNA
genomes and treated with TFV, FTC and NS from 14 day p.1.
for 28 days.

Experiment III - To investigate the antiviral efficacy of TFV
and FTC using 2 combination dose regimens and NS.

14-day-old ducks were inoculated with 5 x 103 DHBV DNA
genomes and treated with 5 mgkg TFV + 100
mg/kg FTC or 5 mg/kg TFV + 200 mg/kg FTC or NS
from 14 days p.i. for 28 days.

Black arrows indicate bleeding time points for testing for
serum virological markers and the purple arrow indicates the
autopsy time point at which blood was tested for
CBE (Section 2.6), liver enzymes (Section 2.7) and
virological markers. Liver ~ samples were tested for
DHBsAg-positive hepatocytes (Section 2.8.2) and DHBV
DNA (Section 2.9.2).
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Figure 8.2: DHBsAg levels in the sera of TFV (Panels A, B and C), FTC (Panels D
and E) and NS (Panel F) treated ducks. 14-day-old ducks were inoculated with 5 x
103 DHBV DNA genomes and treated with TFV, FTC and NS from 14 day p.i. for 28
days.

Panel A: Group 8.A - Treated IP with 5 mg/kg TFV;

Panel B: Group 8.B - Treated IP with 25 mg/kg TFV;

Panel C: Group 8.C - Treated IP with 50 mg/kg TFV;

Panel D: Group 8.D - Treated IP with 100 mg/kg FTC;

Panel E: Group 8.E - Treated IP with 200 mg/kg FTC;

Panel F: Group 8.F - Treated IP with NS.

Serum samples were tested for DHBsAg levels using a quantitative enzyme linked
immunosorbent assay (ELISA) described in Section 2.8.2.

DHBsAg levels are given in pg/ml of serum in the Y axis and days after DHBV
infection or treatment are given in the X axis.

D p.i.: days post DHBV infection; Dp Rx: days post-treatment.
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Figure 8.3: DHBsAg levels in the sera of ducks treated with a combination
of TFV and FTC (Panels G and H) or NS (Panel I). 14-day-old ducks were
inoculated with 5 x 108 DHBV DNA genomes and treated with TFV and
FTC in combination or NS from 14 day p.i. for 28 days.

Panel G: Group 8.G ducks treated IP with 5 mg/kg TFV + 100 mg/kg FTC;

Panel H: Group 8.H ducks treated IP with 5 mg/kg TFV + 200 mg/kg FTC;

Panel I: Group 8.1 ducks treated with [P NS.

Serum samples were tested for DHBsAg levels using a quantitative enzyme
linked immunosorbent assay (ELISA) described in Section 2.8.2.

DHBsAg levels are given in ug/ml of serum in the Y axis and days after
DHBYV infection or treatment are given in the X axis.

D p.i.: days post DHBV infection; Dp Rx: days post-treatment.
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Figure 8.4: Serum DHBV DNA levels detected by qPCR as described in
Section 2.10.4 in ducks in 6 experimental Groups (8.A-8.F) treated with TFV
in 3 different doses (5, 25 and 50 mg/kg) or FTC in 2 different doses (100 and
200 mg/kg) of monotherapy regimens or NS (A).

Serum DHBV DNA levels in ducks in 3 experimental Groups (8.G-8.]) treated
with TFV and FTC in 2 different combination dose regimens or NS (B).

Group means of DHBV DNA copy numbers are given per ml of serum in the
Y axis of the graph. Days after the DHBV infection or treatment are given in
the X axis.

D p.i.: days post DHBV infection; Dp Rx: days post-treatment.
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Figure 8.5: Panels A-F: Hepatic DHBsAg levels in ducks in 6
experimental Groups treated with TFV in 3 different doses or FTC in 2
different doses or NS in monotherapy experiment. Panels G-I: Hepatic
DHBsAg levels in ducks in 3 experimental Groups treated with TFV and
FTC in 2 different combination dose regimens or NS.

Liver samples were tested for DHBsAg-positive hepatocytes using
immuno-staining methods described in Section 2.9.2. All the sections were
photographed using 400x magnification and sections were counter stained
with haematoxylin.

Group mean percentages of DHBsAg-positive hepatocytes are given in the
photomicrographs. The sensitivity of detection of cytoplasmic DHBsAg by
immuno-staining is <0.001. This level of sensitivity was calculated by
counting a total of 100,000 hepatocytes in the liver tissue sections as
explained in Section 2.9.2.

Experiment II: Liver sections of ducks in monotherapy
Panel A: Group 8.A ducks treated with 5 mg/kg TFV;
Panel B: Group 8.B ducks treated with 25 mg/kg TFV;
Panel C: Group 8.C ducks treated with 50 mg/kg TFV;
Panel D: Group 8.D ducks treated with 100 mg/kg FTC;
Panel E: Group 8.E ducks treated with 200 mg/kg FTC;

Panel F: Group 8.F ducks treated with NS.

Experiment III: Liver sections of ducks in combination therapy
Panel G: Group 8.G ducks treated with 5 mg/kg TFV + 100 mg/kg FTC;
Panel H: Group 8.H ducks treated with 5 mg/kg TFV + 200 mg/kg FTC;

Panel I: Group 8.1 ducks treated with NS.
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Figure 8.6: Hepatic DHBV DNA levels as detected by qPCR using methods
described in Section 2.10.5.

Experiment II: Ducks in 6 experimental Groups were treated with TFV in 3
different doses or FTC in 2 different doses or NS (Panel A).

8.A: Group 8.A ducks treated IP with 5 mg/kg TFV;

8.B: Group 8.B ducks treated IP with 5 mg/kg TFV;

8.C: Group 8.C ducks treated IP with 5 mg/kg TFV;

8.D: Group 8.D ducks treated IP with 100 mg/kg FTC;

8.E: Group 8.E ducks treated IP with 200 mg/kg FTC;

8.F: Ducks treated with IP NS.

Experiment III: Ducks in 3 experimental Groups were treated with TFV and
FTC in 2 different combination therapy regimens or NS (Panel B).

8.G: Ducks treated IP with 5 mg/kg TFV + 100 mg/kg FTC;

8.H: Ducks treated IP with 5 mg/kg TFV + 200 mg/kg FTC;

8.I: Ducks treated IP with NS.
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Chapter 9: Discussion

9.1 Introduction

Studies described in this Ph.D. thesis focused on the development and testing of novel
therapies for chronic HBV infection using the DHBV-duck model. Firstly, the novel
antiviral agents, APDPs, developed by REPLICor Inc, were comprehensively tested against
DHBY infection in vitro and in vivo. This project aimed to examine the ability of APDPs to
act as prophylactic and therapeutic antiviral agents. Secondly, a combination of NAs
developed by Gilead Sciences Pty. Ltd. was tested for their antiviral efficacy against
persistent DHBV infection in vivo, in order to study the advantages of combination therapy

over monotherapy of NAs. Each of these areas of work is summarised below.

9.2 Antiviral activity of APDPs in vitro including the role of APDP
chemistry on antiviral activity

The pharmacokinetic and pharmacodynamic properties of APDPs is believed to be similar
to several PS-ONs (Yu et al. 2009a; Yu et al. 2009b), which have been researched and
tested to improve existing therapeutic options for various diseases including cancer (Badros
et al. 2005; Morris et al. 2005). Extensive clinical experience with many different
oligonucleotides that are similar in nucleotide length and chemistry to APDPs has
demonstrated that parenteral use of these compounds in humans is safe, in terms of: toxicity
and carcinogenicity; independent of nucleotide sequence; and presence or absence of
phosphorothioation (Tolcher et al. 2004; Badros et al. 2005; Morris et al. 2005; Chi et al.
2008; Liu et al. 2008; Moulder et al. 2008; Yu et al. 2009a; Yu et al. 2009b).

Phosphorothioation of oligonucleotides increases their hydrophobicity (amphipathicity)
and also makes them resistant to degradation by nucleases. The amphipathic nature of
APDPs plays a major role in their antiviral activity. For example, longer APDPs with
lengths of >30 bases have a greater amphipathicity and are more potent in blocking the
amphipathic interactions involved in the HIV-1 gp41 six-helix bundle formation and
inhibiting HIV-1-mediated cell-cell fusion than shorter APDPs with lengths of <30 bases

(Vaillant et al. 2006). This novel antiviral mechanism of APDPs’ action with >30 bases has
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future applications in antiviral therapy against HIV-1 and other enveloped viruses.
Moreover, the amphipathic nature and polymer size-related antiviral activity has been shown
as working against HCV infection in vitro, using the HCV replicon system. It also works in

vivo using uPA/SCID mice engrafted with human hepatocytes (Matsumura et al. 2009).

In order to study the effect of amphipathicity independently of stability on the antiviral
activity of APDPs against DHBV infection, a 2’ ribose modified non-APDP was used. 2’
ribose modification maintains stability without amphipathicity. Furthermore, the effect of
oligonucleotide size on the antiviral activity of APDPs against DHBV infection was studied
using PS-ON polymers of 10-80 bases to determine the effect of oligonucleotide size on

antiviral activity using PDH.

As a first step in investigating the activity of APDPs against DHBV infection, APDPs
REP 2006 and REP 2031 and a control non-APDP REP 2086 were tested in PDH and found
to be non-cytotoxic. Subsequently, REP 2006, REP 2031, REP 2055, and REP 2086 were
investigated for anti-DHBV activity in vitro. REP 2006 is a 40mer PS-ON with a completely
degenerate sequence, REP 2031 is a 40mer poly C PS-ON, REP 2055 is a 40mer poly AC
PS-ON and REP 2086 is a non-APDP control only used in a preliminary experiment.

The antiviral activity of APDPs against DHBV infection was nucleotide length and
chemistry dependent but sequence independent, a characteristic that is consistent with the
studies of APDPs’ antiviral activity against HIV-1 and HCV (Vaillant et al. 2006;
Matsumura et al. 2009). Moreover, it was evident that the antiviral activity of REP 2031 was
weaker than REP 2006 and REP 2055. The weaker antiviral activity of REP 2031 may be
due to the fact that this compound undergoes a conformational change and is unable to elicit
an effective antiviral activity at the acidic pH (Manzini et al. 1994; Kanehara et al. 1997;
Kanaori et al. 2004) that prevails in the microenvironment in which the fusion, entry and the
early events of DHBV replication occur. REP 2086, a non-APDP control, did not show anti-
DHBYV activity that is comparable to the level of anti-DHBV activity shown by REP 2006
and REP 2055, supporting the role of amphipathicity on the antiviral activity of APDPs.
Conversely, more effective uptake of CY3-labelled REP 2006 by DHBV-infected and
uninfected PDH than uptake of CY3-labelled REP 2086 showed that the amphipathic nature
is an important property. This is needed for REP 2006 to accumulate in the PDH where the

action of the compound is needed to elicit its anti-viral activity.
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9.3 Antiviral activity of REP 2006 and REP 2031 in vivo

Having characterised the nucleotide size and chemistry dependent anti-DHBV activity of
APDPs in vitro, further studies were conducted to test the anti-viral efficacy of REP 2006
and REP 2031 in vivo. DHBV infection was initiated using a dose of virus that has been
shown to produce persistent infection in two week-old ducks. Ducks in 4 experimental
Groups were treated with either REP 2006 or REP 2031 or ETV or NS starting from 1 day
prior to DHBYV infection for 15 days. REP 2006 showed an effective anti-DHBV activity,
however, REP 2006-treated ducks experienced some adverse effects that included pain on
abdominal palpation and IP injection and moderate to severe bleeding at the surgical
incision site at the time of biopsy. The bleeding was manageable and the surgical biopsy was
completed without complications or post-surgical mortality. In contrast, REP 2031 treatment
in ducks was well tolerated, but it failed to show anti-DHBV activity against DHBV

infection despite a minimal activity at the early stage when compared with NS treatment.

It was hypothesised that the side effects in the REP 2006-treated ducks were due to CpG
motifs present in REP 2006 sequence. CpG may have activated the innate immune response
and associated pro-inflammatory activities (Isogawa et al. 2005). The lack of these side
effects with REP 2031 (which has no CpG motifs) was consistent with this hypothesis. The
lack of antiviral activity of REP 2031 in vivo agreed with in vitro studies; as noted earlier,
poly C oligonucleotides are known to form homo-tetramers at less acidic pH (Manzini et al.
1994; Huertas and Azorin 1996; Kanehara et al. 1997; Pataskar et al. 2001; Kanaori et al.
2004), which would negate the amphipathic activity present in REP 2031. Thus the lack of
antiviral activity with REP 2031 suggests that target interaction with REP 2031 was not

optimal in an acidic environment.

Subsequently, REP 2055, which does not have CpG motifs but has an interrupted C
nucleotide sequence composition with alternate C and A nucleotides, was tested against
DHBV infection. An excellent antiviral activity without any alterations in
clinicopathological, haematological and biochemical markers resulted in no observable side
effects. These studies investigated the dose range of REP 2055, which proved to be

efficacious against DHBYV infection.
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9.4 Antiviral activity of REP 2055 in vivo

The antiviral efficacy of REP 2055 was investigated in vivo using a range of dose regimens
(0.5, 2, 3, 5 and 10 mg/kg). REP 2055 treatment was administered from 1 day prior to
DHBYV infection for 15 days to young ducks infected with a dose of DHBV, which has been
shown to produce persistent DHBV infection (Jilbert et al. 1998; Foster et al. 2005).
Treatment prevented extracellular spread of DHBV and development of persistent infection

with doses as low as 0.5-2 mg/kg without producing observable adverse reactions.

These early experiments with REP 2055 were done to investigate its antiviral efficacy
when administration was initiated prior to DHBYV inoculation. The ability of REP 2055 to
prevent development and spread of DHBV when treatment began after viral infection was
investigated in the next group of studies. These subsequent experiments also investigated the
ability of REP 2055 to prevent rebound of DHBV infection after treatment withdrawal. In
these studies, REP 2055 treatment was started 1 day prior to and 4 and 12 days after DHBV
infection. Ducks were monitored for ~50 days after stopping REP 2055 therapy.

9.5 The ability of REP 2055 to prevent the rebound of DHBV

Ducks infected with a DHBV dose that is capable of producing persistent infection were
treated with REP 2055 from 1 day prior to infection for 15 days. In this Group of ducks,
~80% lacked detectable levels of serum and hepatic virological markers when examined at
the end of follow-up, 49 or 53 days after stopping REP 2055 treatment. In a different
antiviral study (Foster et al. 2005), treatment with ETV 24 h prior to DHBV infection
protected ~50% ducks from the development of persistent infection with the same dose of

DHBY and the age of ducks used in the current study.

Moreover, REP 2055 treatment (10 mg/kg) was also able to prevent the rebound of
DHBYV infection when started at an early phase of DHBV infection (day 4 after infection
with <10% of DHBsAg-positive hepatocytes in the liver). In this experiment, infection did
not rebound in 75% of the ducks, as determined 49 days after stopping treatment. In
contrast, a dose of 2 mg/kg REP 2055 prevented the rebound of infection in only 20% of
ducks.
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REP 2055 treatment was further delayed by 12 days after infection to test the activity of
REP 2055 against a widespread DHBV infection, with >95% DHBsAg-positive hepatocytes.
In this Group of ducks, REP 2055 treatment was administered (10 mg/kg) for 7 days,
followed by 7 weekly doses. This treatment reduced viraemia by 2-3 logs in 100% of the
ducks. However, only 20% of the ducks achieved a true SVR while 80% had fluctuating
levels of DHBsAg and DHBV DNA in the serum. Moreover, autopsy liver of these latter
ducks revealed >55-95% DHBsAg-positive hepatocytes and detectable levels DHBV DNA,
indicating a failure of this treatment protocol. The inability of REP 2055 to protect 80% of
the ducks in this treatment protocol implied that the treatment regimen was suboptimal
against an established infection. In particular, a 7-day interval between drug injections,
following the initial daily treatments, appears to be too long to allow the build up of a
therapeutic intracellular drug level. PS-ONs that are similar to REP 2055 have a short
intrahepatic half-life in ducks, which could explain the very low or zero levels of REP 2055
in the plasma and in the liver (Soni et al. 1998). Thus it failed to elicit an effective antiviral

response when given at 7-day intervals.

9.6 The antiviral efficacy of REP 2055 against persistent DHBV
infection and its ability to prevent the rebound of infection

Based on the above findings, it was obvious that daily treatment with REP 2055 with a dose
of 10 mg/kg can protect against rebound of DHBV infection when the treatment was
administered 1 day prior to or at an early stage of DHBV infection. However, daily dosing
with 2 mg/kg of REP 2055 for 14 days during an early stage or 10 mg/kg of REP 2055 with
7 days of daily doses, followed by 7 weekly doses, were not effective in preventing

persistent infection.

Thus a large in vivo experiment was done to determine a more optimal REP 2055
treatment regimen against persistent DHBV infection. In this study, daily REP 2055
treatment (10 mg/kg) was carried out beginning at 14 days post-infection (>95% DHBsAg-
hepatocytes positive in the liver) for 28 days (a longer treatment duration than in the earlier
studies). A control group of ducks treated with NS was monitored for comparison.
Haematological (CBE) and biochemical (liver enzymes) markers were tested prior to, during

and at treatment endpoint and at the end of a 16 week follow-up after cessation of treatment.
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Using this protocol, approximately 56% of the ducks were protected from rebound of
infection. This is the first study of this nature in which antiviral therapy provided a high
level of protection against rebound of a persistent DHBV infection. Furthermore, the 56% of
ducks that showed an SVR had undetectable levels of serum and hepatic virological markers
together with a high level of anti-DHBs antibodies. Similar outcome in CHB patients will be
the most preferable one as seroconversion to anti-HBs antibodies is the accepted marker of

recovery from persistent infections in patients who are chronically infected with HBV.

9.7 The antiviral efficacy of TFV and FTC against persistent DHBV
infection as mono and combination therapies

HBYV clearance or a decrease in HBV load in HIV and HBV co-infected patients that were
treated with anti-HIV NAs was the trigger for NAs such as 3TC, FTC, ADF and TFV to be
introduced for HBV therapy. HBV and HIV-1 share a reverse transcription step in their
replication strategy and combination chemotherapy has been widely used against HIV.
Moreover, a combination of TDF and FTC is licensed to treat HIV infection in humans
(Gazzard 2006; Munoz de Benito and Arribas Lopez 2006). Hence, it was hypothesised that
a combination of TDF and FTC would have better therapeutic efficacy against chronic HBV
infection than either TDF or FTC alone. This hypothesis was tested using the duck model
for HBV infection. Having studied the PK of TFV and TDF in DHBV-negative healthy
ducks, the antiviral efficacy of TFV and FTC was tested as mono and combination therapies

against persistent DHBV infection in two large in vivo experiments.

Based on PK analysis, TFV was chosen for the study instead of TDF for practical
reasons of once daily administration. TFV had a half-life of 6 h when administered IP
whereas TDF had a half life of 4 h and required twice daily administration. Persistently
DHBV-infected ducks were treated from 14 days p.i. with daily IP administration of 5, 25,
or 50 mg/kg of TFV or 100 or 200 mg/kg of FTC as monotherapies.

The study showed that 5, 25 and 50 mg/kg of TFV suppressed serum levels of DHBV
DNA by 3 logs compared to NS-treated ducks. FTC showed 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. Subsequently, two different combinations of TFV and FTC were tested

in ducks with persistent DHBYV infection. A combination of 5 mg/kg TFV + 200 mg/kg FTC
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suppressed 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. Serum and hepatic
virological markers in all Groups tested in these experiments were in agreement with each
other. A combination therapy approach with TFV and FTC produced superior anti-DHBV
activity to monotherapies with either NA alone in suppressing serum and hepatic virological
markers in ducks with persistent DHBV infection. This study also produced a platform for
future antiviral studies using TFV and FTC in ducks for experimental applications. This may
help to establish successful combination therapy regimens using NAs for chronic HBV
infection. Future studies should investigate the effect of FTC and FTC on cccDNA levels

and this combination’s ability to prevent rebound of persistent DHBV infection.

Furthermore, TFV and FTC combination therapy has been shown to be more effective in
decreasing the HBV load without inducing resistance in HIV and HBV for a relatively
longer duration than NA combinations in HIV/HBV coinfected patients (Soriano et al. 2005;
Soriano et al. 2006; Soriano et al. 2007; Thio and Locarnini 2007). According to a recent
study, TFV and FTC in combination have shown additive effects when tested using AD38
cell line that expresses wild-type HBV (Zhu er al. 2009). Findings from these clinical
studies in humans and the latter in vitro study already support the applicability of our data of

TFV and FTC combination therapy approach for treating HBV infection in humans.

It can also be speculated from our results that there could be additive effects of TFV and
FTC combination therapy on HBV-infected carriers when compared to TFV or FTC alone in
reducing the virus load and possibilities of inducing resolution of infection. On this line
treating HBV carrier mothers to reduce the virus load prior to delivery may minimise the

chance of passing the HBV to the neonate during delivery.

9.8 Conclusions and future directions

In conclusion, the antiviral activity of APDPs developed by REPLICor Inc. appears to be
mediated through targeting of multiple stages of DHBV replication including virus entry and
production of progeny virus. This conclusion is supported by the fact that APDPs showed
antiviral activity when treatment was started prior to or at an early or late stage of DHBV
infection with 0-95% DHBsAg-positive hepatocytes in the liver. The chemistry and
nucleotide length dependent anti-DHBV activity of APDPs was evident when they were
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administered pre- and post-DHBYV infection in both in vitro and in vivo studies. However,

the exact mechanism through which APDPs inhibit DHBV infection is yet to be identified.

Moreover, APDPs including REP 2055 may also have the ability to induce the immune
clearance of DHBV, as shown by 56% of ducks that achieved SVR and developed anti-
DHBsAg antibodies (Chapter 7). The presence of anti-DHBs antibodies in these ducks is
indicative of resolution of DHBV infection, as anti-DHBs antibodies are serological markers
of immune clearance of DHBV if the liver is free of DHBsAg and DHBV DNA.
Furthermore, the lack of rebound of DHBYV infection in those ducks that achieved SVR is an
indication of either reduction of cccDNA to residual levels or clearance of cccDNA from the
liver. According to studies on the mechanisms of removal of cccDNA, the elimination of
cccDNA requires killing of hepatocytes and dilution by cell division. Cytokines can
contribute to the curing of infected hepatocytes. Perhaps APDPs induce various mechanisms
that dilute the cccDNA pool to control hepdnavirus infection. However, evidence of

apoptosis and cell division was not investigated in our study to support this postulate.

In summary, the APDP, REP 2055 showed excellent anti-DHBYV activity and the ability
of this APDP to prevent rebound of DHBV infection, making it a new class of DNA-based
antiviral agent. This finding and the safe toxicology data for REP 2055 like compounds have
now opened the avenue for evaluating this novel anti-HBV agent against chronic HBV
infection. Results of a preliminary investigation show that two CHB patients that received
weekly tratement of REP 2055 lost HBsAg from the serum and developed an anti-HBs
response (Vaillant et al. unpublished). This data is very promising as HBsAg loss and
seroconversion to anti-HBs antibodies are only rarely achieved with current NA
monotherapy regimens even after 2 years of therapy in >90% patients. Further studies in

other CHB patients are underway (Vaillant et al. unpublished).

Furthermore, the novel RELICor antiviral REP 2055 might be equally effective against
different genotypes of HBV due to the ability to target structural domains irrespective of
sequence homology. In order to understand these aspects this molecular antiviral agent has
to be tested in CHB patients that are infected with different genotypes of HBV especially in

Southeast Asia and sub Saharan Africa where HBV is hyperendemic.
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In this respect, pharmacokinetic and pharmacodynamic properties of APDPs including
their specific safety data for REP 2055 with long term use and effective therapeutic doses
needs to be studied in humans to make this novel approach acceptable among medical and
scientific communities. Progressing to a phase II clinical trial may take time and effort with
sufficient capital and if done this new class of drugs (APDPs) might change the future

management of CHB patients.

APDPs also have future clinical applications in preventing rebound of HBV infection
following liver transplantation. APDPs target the amphipathic domain(s) that is/are
structurally conserved in enveloped viruses, independent of their sequence relatedness. This
feature may make APDPs an attractive broad spectrum antiviral against many viruses
including HBV, HCV, HIV and herpes viruses. APDPs appeared to interact with sequence
independent but structurally conserved targets which would make the multiple mutations
that occur during the emergence of antiviral resistance less likely. Hence, they would

minimise the problems associated with antiviral resistance.

Promising results of a combination regimen of TFV and FTC against persistent DHBV
infection provides support for this approach in treating CHB patients, as suggested by
studies in which this combination was used to treat HIV/HBV co-infected patients. More
studies are needed to test the ability of TFV-FTC combination therapy to induce cccDNA
clearance and prevent the rebound that commonly occurs following the cessation of NA

monotherapy.

Another possible approach to treat CHB patients will be combining REP 2055 therapy
with conventional NA therapy. This will help to target multiple stages of HBV replication
and can overcome the problems of antiviral resistance with better treatment outcomes in
CHB patients. For example, such a combination antiviral therapy might be used in transplant
recipients to effectively eliminate the risk of escape mutants and thus terminate HBV

replication.
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