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FIG. 4. Antiviral effects of oral APD administration on serum WHV DNA, serum WHsAg, hepatic WHV DNA RI, and hepatic WHV RNA in
individual woodchucks chronically infected with WHY. Woodchucks M7236 (A and C) and M7250 (B and D) received APD at 30 mgrkg/day for 4 weeks.
(A and B) Log,,, changes in serum WHYV viremia and levels of WHsAg in the blood from baseline at week § prior to APD administration. Horizontal
bars denote the 4-week treatment period. (C and D) Changes in hepatic WHV DNA R} and WHV RNA. Virions or WHV DNA-containing virus
Particles are measured. ODU, optical density units, WHY DNA RI, hepatic WHV DNA RI. Levels of hepatic cellular DNA and RNA were quantified
by hybridization to woodchuck-specific 8-actin or 18S gene probes by Southern and Northern blot hybridization technigues, respectively.

formed, and the hematological parameters of all APD-treated
groups were similar to those of the placebo-treated control
group. Two of the woodchucks treated with APD at 30 mg/kg/
day (M7236 and M7250) and in which the most-robust antiviral
responses were observed (Fig. 4) had serum activities of SDH
and ALT at the beginning of treatment that were elevated
prior to the initiation of drug treatment compared with levels
in all the other woodchucks treated with APD (i.e., the average
SDH level was 329 = 48.1 IU/liter and the average ALT level
was 12.5 = 3.5 TU/liter in these two woodchucks, compared
with levels of SDH at 129.3 =+ 58.3 IU/liter and of ALT at 8.0 =
2.5 IU/liter in all the other APD-treated woodchucks). After 4
weeks of treatment, both of these woodchucks had reductions
in their serum levels of both enzymes (SDH, 211.5 = 70.0
IU/liter; ALT, 9.5 * 1.9 IU/liter) that differed from the rising
average levels for SDH and ALT (235.4 + 129.8 IU/liter and
84 + 4.2 IUftiter) observed in all the other APD-treated
woodchucks. Importantly, these two woodchucks with the ini-
tially higher SIDH and ALT levels (M7236 and M7250) had the
greatest reductions in seruin WHYV viremia (Fig. 3), in levels of
WHsAg in the blood (Fig. 4), and in hepatic WHV DNA RI
(Fig. 3) after 4 weeks of APD treatment.

DISCUSSION

This pharmacokinetic study of WHV-negative woodchucks
demonstrated that APD was efficiently converted to the parent
nucleoside, DXG, following both intravenous bolus and oral
administration of APD at 33.3 mgkg (Fig. 2). The simulta-
neous detection of APD and DXG in serum following oral
dosing suggests that APD was readily oxidized to DXG by
xanthine oxidase during or after absorption. A higher mean

AUC,,_. for DXG was observed after oral administration than
after intravenous administration to woodchucks (Table 1), re-
sulting in an F,.,. Of 212%. APD yielded relatively high
levels of DXG in other species as well. In mice, the average
AUC,,_.. for DXG following oral and intravenous dosing were
930 and 818 pM - h, respectively (Froaive = 114%) (25). Fotaive
could not be calculated for rhesus monkeys, as only oral doses
were administered to that species (2). The AUC,_.. for DXG
was larger than that for APD in all three species by all routes
of administration tested. The %AUC,x; of the total drug
exposure following oral and intravenous administration of
APD in woodchucks and mice were 86% and 42% and 86%
and 69%, respectively. Similarly, the %AUCpx in rhesus
monkeys following oral APD administration was 75% (2). The
larger % AUCpx following oral administration compared 1o
values after intravenous administration in woodchucks and
mice support the idea that the metabolism of APD to DXG
occurs mainly in the mucosal/epithelial layer of the gastroin-
testinal tract and/or in the liver during the first-pass metabo-
lism, when the highest levels of xanthine oxidase are reported
(25, 32, 37). Following intestinal absorption, substances are
delivered to the liver via the hepatic artery. Therefore, it is
possible that the liver, the main site of WHYV replication, may
be exposed initially to higher concentrations of DXG than
tissues downstream of the liver.

The elimination rates of APD and DXG observed following
the oral administration of APD to mice and rhesus monkeys
were also similar to those observed in woodchucks in this study
(2, 25). The apparent ¢\, of derived DXG was longer than
that of the prodrug in all species. Following the oral adminis-
tration of APD to mice and monkeys, the ¢, A, of APD were
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FI1G. 5. Antiviral effect of oral APD administration on hepatic WHYV replication in chronic WHV carrier woodchucks. (A) Placebo control
group. (B) Group administered APD at 1 mg/kg/day. (C) Group administered APD at 3 mg/kg/day dose group. (D) Group administered APD at
10 mg/kg/day. (E) Group administered APD at 30 mg/kg/day. (F) Comparison of mean values for all of the experimental groups. Vertical lines
denote standard deviations. Each experimental group contained five woodchucks. Hepatic Lissue was nol avaitable from woodchuck F7237 (control
group).at week 16 and-from-woodchuck-M7227-(administered APD at-1 mg/kg/day) at week 8. The asterisk indicates that the mean value of hepatic
WHYV DNA RI for woodchucks treated with APD at 30 mg/kg/day was statistically different from that for placebo-treated control woodchucks after

the end of treatment at week 4 (P < 0.05). WHV DNA RI, hepatic WHV DNA R1. Levels of hepatic cellular DNA were quantified by hybridization
to a woodchuck-specific B-actin gene probe by the Southern blot hybridization technique.

0.3 and 0.5 h, respectively, and those of DXG were 1.0 and
1.5 h, respectively. A similar three- to fourfold-longer ¢,,, of
DXG compared to that of APD was also observed in wood-
chucks. The overall results of the present pharmacokinetic
study indicate that APD can be used as a prodrug for the oral
delivery of DXG to woodchucks.

The antiviral activity of APD was assessed against WHYV in
chronically infected woodchucks in an oral-dosing, placebo-
controlled, dose-finding study. In the woodchuck model, it was
demonstrated that APD has antiviral activity that would also
be expected in human subjects with chronic HBV infection.
APD significantly suppressed serum WHV viremia in vivo
compared with that in placebo-treated controls during a
4-week period of daily treatment.

No antiviral activity was observed with the lowest dose of
APD (1 mg/kg/day) administered in this study. At doses of 3
and 10 mg/kg/day for 4 weeks, an inhibition of WHYV replica-
tion was demonstrated. The most robust antiviral effect was
observed at the highest dose of APD used (30 mg/kg/day), at
which a 1.9-log,, reduction in secrum WHV DNA compared
with the pretreatment level was detected (Fig. 3).

The present results are consistent with antiviral studies of
DAPD in woodchucks and of DXG or DAPD against DHBV
and HBV using transiently or stably transfected cells and pri-
mary duck hepatocytes (19, 3840, 46). Moreover, the antiviral
activities of DAPD and DXG have also been demonstrated in
vitro against lamivudine-resistant mutants of HBV and DIIBV
(39, 40, 46).

The magnitude of reduction in serum WHYV viremia after 4
weeks of APD treatment and the time to viral recrudescence

following APD withdrawal obscrved in this study were similar
to those previously reported for other antiviral drugs after
short-term administration to chronic WHV carrier wood-
chucks. Four weeks of treatment with alpha interferon reduced
serum WHYV DNA by 0.7 log,, copies/ml. Serum WHYV vire-
mia decreased further during continued treatment and at the
end of 24 weeks of treatment was reduced by 2.2 log,, copies/
ml. WHV DNA returned to pretreatment levels in 1 to 2 weeks
in the majority of woodchucks but was extended by 8 to 12
wecks in one woodchuck (20). Famciclovir reduced serum
WHV viremia by 1.4 log,, copics/m! during 4 weeks of treat-
ment. Recrudescence of viral replication occurred in as little as
1 week in one woodchuck but was extended up to 8 weeks in
the other three woodchucks after drug withdrawal (21). Four-
week treatment with 1-O-hexadecyipropanediol-3-phospho-
acyclovir resulted in a reduction of serum WHV DNA by 1.4
log,, copies/ml, and WHV DNA returned to pretreatment
levels within 1 to 2 weeks (16). Treatment tor 4 weeks with
B-L-2’-deoxyadenosine resulted in a decline of serum WHV
viremia by approximately 1.5 log,, copies/ml, and recrudes-
cence of viral replication was observed within 1 week following
the end of treatment (1). Tenofovir disoproxil fumarate re-
duced serum WHYV DNA by 1.5 log,,, copies/ml during 4 weeks
of treatment, and viral rebound to pretreatment levels oc-
curred within 1 to 4 weeks after the end of treatment (29).
Four weeks of treatment with adetovir dipivoxil reduced WHV
viremia by 1.8 log,, copies/ml and was decreased by more than
2.5 log,, copies/ml at the end of treatment at week 12. WHV
DNA returned to pretreatment levels within 6 weeks following
adefovir dipivoxil withdrawal (8). The average reduction in
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serum WHYV DNA after 4 weeks of treatment with different
“doses of lamivudine was approximately 2.5 log, , copies/m], and
the average time to vecrudescence of viral replication after

- drug withdrawal was within 1 to 2 wecks (20-22).

Treatment of chronic WHYV carrier woodchucks with other
antiviral drugs, however, induced greater aativiral effects on
secrum WHY viremia after 4 wecks of treatment than was
observed with APD in this study. Trcatment with emtricitabine
for 4 weeks reduced serum WHV DNA by 4.9 log,, copies/ml,
and recrudescence of viral replication occurred within 1 to 2
weeks (9, 23). Four-week treatment with B-L-2'-deoxycytidine
reduced serum WHYV viremia by 2 to 6 log,, copies/ml, and
WHYV DNA returned to pretreatment levels within 1 to 2
weeks (1). Treatment with entecavir for 4 weeks resulted in a
reduction in serum WHYV viremia of approximately 7 to 8 log,,,
copies/ml (5, 12). Serum WHV DNA did not appear to de-
crease much further during continuation of treatment until
week 12, and recrudescence of viral replication after drug
withdrawal was obscrved within 6 to 10 weeks (12). Telbivu-
dine (B-1-thymidine) reduced serum WHV DNA by 7 to 8
log, copies/mi during 4 weeks of treatment, and viral recru-
descence was obscrved within 4 to 8 weeks following the end of
treatment (1). Treatment with clevudine [1-(2-fluoro-5-methyl-
3-L-arabinofuranosyl)-uracil] for 4 weeks reduced serum
WHYV viremia by 8.2 log,,-copies/ml (30, 33). WHV DNA
reached pretreatment levels within 8 to 12 weeks in the ma-
jority of woodchucks after drug withdrawal, but serum WHV
viremia was still suppressed in one woodchuck at the end of the
study in week 12 (33).

This is the first in vivo study of the antiviral effect of APD
against a hepadnavirus infection. In a study of DAPD, a DXG
prodrug, against HBV in the duck animal model, there was a
significant, but transient, inhibition of DHBV replication (39).
After 10 days of intraperitoneal administration of DAPD at 20
or 40 mg/kg/day to ducklings following experimental infection
with DHBV, the dose-dependent reduction in the mean
DHBYV DNA concentrations in serum was between 0.3 and 0.9
log,, copies/ml. However, short-term treatment of ducklings
with DAPD did not induce a clearance of viral infection or
prevent the progression to chronicity.

Four weeks of APD therapy at oral doses as high as 30
mg/kg/day were well tolerated in WHV-infected woodchucks
and produced no physical, biochemical, or hematological evi-
dence of toxicity. Because APD was without toxicity, the treat-
ment of woodchucks long-term with an optimal drug dosage
can now be considered to assess the effects on the level of
hepatic WHV cccDNA, the template for viral transcription
(11). The toxicity results from the woodchuck model are con-
sistent with those studies ot the cfficacy of DAPD and DXG
against wild-type HBV and DHBYV in cell cultures, where no
significant drug toxicity was observed (38, 40). DAPD has been
safely administered to human immunodeficiency virus-infected
individuals treated for up (o 96 weeks or to DHBV-infecied
ducks treated for 10 days (13, 27, 39, 44).

In the two woodchucks in the group given APD at 30 mg/
kg/day (woodchucks M7236 and M7250) in which serum levels
of SDH and ALT were higher prior to the start of treatment
than in other woodchucks, both enzyme levels decreased by the
end of the 4-week treatment period. These two woodchucks
had also the greatest veductions in serum WHV DNA and in

APD TREATMENT OF CHRONIC WHV INFECTION 3183

two other key viral markers, namely, hepatic WHV RINA and
serum WHsAg (Fig. 3 to 5). Because APD and DXG concen-
trations in serum were not determined, it is not known if these
two woodchucks had higher serum drug levels than the other
APD-treated woodchucks. However, the association of a pro-
nounced antiviral effect with initiaily elevated liver enzyme
activities followed by normalization is similar to observations
reported for HBV-infected humans undergoing antiviral drug
therapy (15, 24). The observations suggest that in both humans
and woodchucks, individuals with a stronger endogenous im-
mune response against hepadnavirus infection may have a
more robust response to antiviral therapy.

The antiviral activity observed in chronic WHYV carrier wood-
chucks after 4 weeks of treatment with APD was comparable to
that observed after treatment of woodchucks with lamivudine,
tenofovir disoproxil fumarate, and adefovir dipivoxil (8, 20-22,
29). The advantages of APD include its water solubility, favorable
pharmacokinetics, and safety based on animal studies (e.g., of
monkeys and, as described in this paper, woodchucks). APD and
DXG (or DAPD) are guanosine analogs, and currently only one
other guanosine nucleoside, entecavir, is approved for the treat-
ment of chronic HBV infection. Neither APD nor DAPD is
predicted to be cross-resistant with any of the approved drugs,
especially those that select for the rtM204V/I mutation, e.g., lami-
vudine, emtricitabine, and telbivudine, as was shown previously
with cell culture (46). In summary, oral APD was safe and signif-
icantly efiective in reducing concentrations of serum WHV DNA
and hepatic WHYV DNA RI in the woodchuck model of chronic
HBYV infection. Our results with woodchucks and other attributes
of APD as described above support the clinical development of
APD alone and in combination with other antiviral drugs for the
treatment of chronic HBV infection.
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