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Abstract

Adult woodchucks (Marmota monax) chronically infected with woodchuck hepatitis virus (WHV) were treated orally with lamivudine
(15 mg/kg per day) for 57 weeks. After 20 weeks of treatment a 2–3 log reduction in serum WHV DNA was detected. Serum titers of
WHV then increased gradually, in the presence of lamivudine treatment, reaching pre-treatment values by week 40. Viral recrudescence
was associated with development of mutations in the B domain of the WHV polymerase gene. Mutations observed in the highly conserved
FLLA motif of the B domain were L564V, L565M, and A566T, with A566T being the most frequently observed. Beginning on week 57
of lamivudine treatment, one group (n = 3) was treated orally with adefovir dipivoxil at a dose of 15 mg/kg per day plus lamivudine, and a
second group (n = 3) was treated with H2O placebo plus lamivudine. In woodchucks treated with adefovir dipivoxil, two had the A566T
mutation, and one had both A566T and L565V. In the group maintained on lamivudine monotherapy, A566T alone was present in one animal,
another carried both A566T and L565V, and in the third, no B-domain mutations were detected. There was a 4.5 log reduction in serum
WHV DNA after 12 weeks of treatment with the adefovir/lamivudine combination, while in the lamivudine monotherapy controls, WHV
DNA decreased by only 0.83 log (P > 0.001). A slight recurrence in serum titers of WHV DNA was observed one week after withdrawal
of adefovir treatment but no further increase in viral load was observed during the remainder of the 12-week post-treatment follow-up
period. The results demonstrate that supplemental adefovir dipivoxil treatment is effective in suppressing replication of lamivudine-resistant
B-domain mutants in the woodchuck model of hepatitis B virus infection.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Over 350 million people worldwide are chronic carriers
of hepatitis B virus (HBV). Chronic viral hepatitis infec-
tions can progress to cirrhosis, which may ultimately lead
to hepatic failure or hepatocellular carcinoma (Hoofnagle
and Di Bisceglie, 1997). Long-term monotherapy with the
nucleoside analog lamivudine for chronic HBV infections
often results in the emergence of lamivudine-resistant HBV
mutants (Hussain and Lok, 1999; Dienstag et al., 1999; Lok
et al., 2001; Oh et al., 2002). Adefovir dipivoxil (ADV) has
been shown to be effective in treatment of such HBV mu-
tants (Xiong et al., 1998; Perrillo et al., 2000), and was re-
cently approved by the Food and Drug Association for the
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treatment of chronic hepatitis B (Anon, 2002). Treatment
with adefovir dipivoxil for 48 weeks did not result in emer-
gence of adefovir resistant mutants during phase III studies
(Westland et al., 2003; Marcellin et al., 2003; Hadziyannis
et al., 2003). Treatment with ADV has been shown to result
in the infrequent emergence of resistance mutations in the
HBV polymerase D domain, but these virus remain sensitive
to lamivudine (Angus et al., 2003).

The woodchuck model has been useful in studies of the
pathogenesis of chronic HBV infection (Tennant and Gerin,
2001). The genomic structure of the woodchuck hepatitis
virus (WHV) is similar to that of HBV, and the biological
properties, including the replication strategies of the two
viruses, are similar (Seeger and Mason, 2000). Both viruses
induce chronic infections, both are associated with chronic
hepatitis and hepatocellular carcinoma, and both have the
capacity to integrate into host cell DNA.
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Chronic WHV carrier woodchucks have been useful in
the preclinical evaluation of antiviral compounds for treat-
ment of chronic HBV infection. Numerous antiviral agents
have characteristically demonstrated efficacy in WHV
chronic carriers similar to that observed in HBV-infected
patients (seeKorba et al., 2000a; Peek et al., 2001for
reviews). ADV has been shown to be safe and effective
as an antiviral agent in chronic WHV carrier woodchucks
(Cullen et al., 2001). During previous long-term studies
of lamivudine therapy in chronic WHV carriers, resistance
of WHV to therapy was associated with the appearance
of mutations in the WHV polymerase gene (WHVpol).
The most common mutation, A566T, is located in the
FLLA motif of the B domain (Mason et al., 1998; Tatti
et al., 2002; Zhou et al., 1999). The predominant clinical
mutations associated with lamivudine-resistance in man
are in the HBV polymerase C domain (YMDD motif)
(M204V/I), however the B-domain (FLLA motif) mutations
(L180M, A181T) are also capable of causing biological re-
duction in lamivudine susceptibility in both species of virus
(Ciancio et al., 2004; Ono et al., 2001; Yeh et al., 2000; Fu
and Cheng, 1998). The phenotypic properties of WHV car-
rying WHVpol B-domain mutations in cell culture studies
parallels those observed for the L180M mutation in the ho-
mologous B domain of HBV, and the more infrequent HBV
A181T mutation (Yeh et al., 2000), that have been associated
with clinical lamivudine and famciclovir resistance (Allen
et al., 1998; Aye et al., 1997; Delaney et al., 2001; Ling
et al., 1996; Tatti et al., 2002; Xiong et al., 2000). The ob-
jective of this study was to test the in vivo efficacy of ADV
in woodchucks with lamivudine-resistant, chronic WHV
infection.

2. Materials and methods

2.1. Experimental animals

Woodchucks were maintained in a controlled laboratory
environment at Cornell University, Ithaca, NY, USA. All
experimental procedures involving animals were performed
under protocols approved by the Cornell University Institu-
tional Animal Care and Use Committee. The woodchucks
used in this study were born in the laboratory-maintained
breeding colony to WHV-negative dams in February
through April 1998 and 1999. Woodchucks were inocu-
lated at 3 days of age with a WHV inoculum derived from
a cloned virus (cWHV8; 5× 106 WID50) (Cote et al.,
2000). At 1 year of age, woodchucks were anesthetized
(ketamine 50 mg/kg and xylazine 5 mg/kg IM), blood sam-
ples obtained, and the presence of woodchuck hepatitis
virus surface antigen (WHsAg) in serum was verified by
enzyme immunoassay (EIA, 1:10–1:4000 dilution) using
purified 22-nm diameter WHsAg as standard (Cote et al.,
1993).

2.2. Experimental design

Thirteen WHV carrier woodchucks were treated ini-
tially with lamivudine to induce the emergence of
lamivudine-resistant WHV mutants. Lamivudine (15 mg/kg
per day) was administered once daily, orally, by dose sy-
ringe with 1–2 ml of semi-purified liquid diet (Dyets Inc.,
Bethlehem, PA, USA) to ensure consumption (Peek et al.,
2001). Woodchucks were bled weekly for the first 4 weeks,
at weeks 6 and 8, and thereafter at 4-week intervals. After
44 weeks of continual lamivudine treatment, serum WHV
was analyzed for the presence of mutations associated with
lamivudine-resistance by direct sequencing of PCR ampli-
fication products (Tatti et al., 2002; MWG Biotech, Inc.,
High Point, NC, USA). Due to the prolonged treatment
interval, several animals developed markers of hepatocellu-
lar carcinoma (HCC), a natural consequence of long-term
chronic WHV infection (Tennant and Gerin, 2001), and
were therefore not suitable for secondary therapy with ADV.

2.3. Combination therapy

Six woodchucks in which viral recrudescence had oc-
curred were selected to assess the effect of the addition
of ADV therapy to current lamivudine treatment (com-
bination therapy). Animals were stratified based on the
presence of high, stable serum titers of WHV, and WHVpol
B-domain mutants. Three animals with WHVpol B-domain
mutants received 15 mg/kg per day ADV in addition to
15 mg/kg per day lamivudine, and three (two with WHVpol
B-domain mutants and one with only wild-type WHV de-
tectable) received H2O as placebo in addition to 15 mg/kg
per day lamivudine as controls (lamivudine monotherapy).
All doses were administered orally by dose syringe as de-
scribed above. Both groups were treated for 12 weeks and
observed for an additional 12 weeks post-treatment dur-
ing which lamivudine monotherapy was continued in both
groups. The woodchucks were bled weekly for the first 4
weeks during combination therapy and thereafter at 2-week
intervals during the remainder of the study. At the end of
the post-treatment follow-up, woodchucks were euthanized
and postmortem examinations were performed.

2.4. Measurement of virologic markers

Viral load, expressed as WHV DNA genome equiva-
lents/ml (WHVge/ml), was measured in serum samples
collected during the study by slot blot assay using
10�l of serum compared with a standard dilution se-
ries of the pWHV8 (assay cut off 0.005 ng/10�l =
1.6 × 108 WHVge/ml) (Cote et al., 2000). Intra-assay vari-
ation was controlled by repeating sequential serum samples
from previous time points. A drop in viral titers observed
between weeks 52 and 56 may be accounted for by the man-
ner in which the serum samples were stored prior to assay.
Serum collected during weeks 0–52 were stored at−70◦C
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prior slot blot analysis. Serum samples collected during the
combination treatment and withdraw period (weeks 56–81)
were processed immediately after short-term storage at
−20◦C. When levels of serum WHV DNA were below
the detection limits of the slot blot assay, WHV DNA was
extracted from 200�l of serum using commercial reagents
and the manufacturer’s recommended procedures (Qiagen,
Valencia, CA, USA). WHV DNA was quantified by real
time polymerase chain reaction (PCR) using previously val-
idated forward and reverse primer sets and probe (Taqman
System; Applied Biosystems, Foster City, CA, USA) (Cote
et al., 2000). The sensitivity of the assay was 6000 WHV
genome equivalents per reaction.

2.5. Statistics

The geometric means of the serum WHV DNA values for
each group of three woodchucks were calculated. Student’s
t-test for two samples of unequal variance was used for
statistical comparison between groups at each sampling date.
In this analysis, the differences between the pre-treatment
value and the value at each sampling date during and after
combination therapy were calculated for each group, and the
values of each group compared.

3. Results

3.1. Initial lamivudine monotherapy

In the six woodchucks that received lamivudine monother-
apy and selected for the subsequent treatment study, the
geometric mean serum level of WHV declined from
1.92 × 1011 WHVge/ml before initiation of lamivudine
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Fig. 1. Serum WHV DNA levels of woodchucks with chronic WHV infection treated orally with lamivudine (3TC; 15 mg/kg per day) monotherapy for
57 weeks.

Table 1
Mutations within the polymerase gene of WHV from carrier woodchucks
treated with lamivudine (3TC) for 44 weeks

Treatment Animal
number

Mutation

B domain C domain

Lamivudine+ placebo 4490 Wild type Wild type
5681 A566T Wild type
5649 L564V+ A566T Wild type

Lamivudine+ adefovir
dipivoxil

4481 A566T Wild type

5675 A566T Wild type
4491 L564V+ A566T Wild type

monotherapy to 2.29 × 109 WHVge/ml after 20 weeks
of monotherapy (Fig. 1). This reduction in viral load was
maintained for an additional 8 weeks after which time the
viral load gradually increased. By week 40, the viral load
levels approached those observed pre-treatment.

Molecular analysis of serum WHV DNA after 44 weeks
of treatment demonstrated single or double base mutations
within the WHV polymerase B domain. The mutant status of
the woodchucks that received either ADV/lamivudine com-
bination or were continued on lamivudine monotherapy are
shown inTable 1. In three of the woodchucks, the A566T
mutation was detected alone (one used for monotherapy, two
for combination therapy). In two, A566T was present with
a second B-domain mutant, L564V (Table 1) (one used for
each treatment regimen), and in the sixth woodchuck no mu-
tations in the B domain were detected (used for monother-
apy). No mutations were detected in the WHV polymerase
C domain, particularly in the YMDD motif. All 5 animals
carrying WHV mutants as the dominant circulating virus
also harbored WHV containing wild-type sequences in the
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Table 2
Change from baseline in geometric mean WHV DNA levels during and after combination treatment with adefovir dipivoxil (ADV) plus lamivudine
(n = 3) or placebo plus lamivudine (3TC) (n = 3)

Treatment group Pre-treatment week 57 Treatment week Week post-treatment

Lamivudine monotherapy 1 2 4 8 12 1 2 4 8 12

ADV + 3TC
Geomean (log10 ge/ml) 10.29 9.62 9.59 9.35 8.10 5.78 7.08 6.86 6.27 5.90 7.07
log� – −0.67 −0.7 −0.94 −2.19 −4.51 −3.21 −3.43 −4.02 −4.39 −3.22

Placebo+ 3TC
Geomean (log10 ge/ml) 9.76 9.74 9.73 9.59 9.26 8.93 8.10 7.9 6.67 5.85 6.81
log� – −0.02 −0.03 −0.19 −0.5 −0.83 −1.66 −1.86 −3.09 −3.91 −2.95

P-valuea 0.024 0.25 0.072 0.045 0.0003 0.13 0.12 0.34 0.46 0.7

a Comparison of log changes from pre-treatment between geometric mean WHV levels in ADV+ 3TC group vs. Placebo+ 3TC group.

B domain as a minor species (approximately 10–20% of the
total circulating virus), similar to that observed in earlier
studies with long-term lamivudine monotherapy (Tatti et al.,
2002). No changes in the WHVpol B or C domain sequence
patterns were observed after either 4 or 12 weeks of ADV
treatment.

3.2. Combination therapy

After 57 weeks of lamivudine monotherapy, the ge-
ometric mean viral load in the woodchucks selected to
receive the adefovir combination therapy was 1.95× 1010

and 5.75× 109 WHVge/ml in the lamivudine monotherapy
group (Table 2, Fig. 2). After 8 weeks of treatment, the
mean viral loads had decreased by 2.19 log in the com-
bination therapy group, whereas it had decreased by only
0.5 log in the lamivudine monotherapy group (P = 0.045).
By week 12, the mean viral load had decreased by 4.51 log
in the ADV treated group, compared to a 0.83 log reduction
in the monotherapy control group (P = 0.0003).

Upon withdrawal of ADV treatment, mean viremia levels
transiently increased approximately 1 log, and then gradu-
ally declined to a lower, stable level. Due to a continued
decline in viremia in the lamivudine monotherapy group,
the difference between the two treatment groups during
post-treatment follow-up was no longer statistically signifi-
cant (Table 2, Fig. 2).

Fig. 3 expresses the viral load of the ADV group as
a fraction of the placebo lamivudine monotherapy con-
trol group, summarizing the efficacy of ADV therapy
in animals harboring WHVpol B-domain mutants. No
changes in the sequence profiles of the dominant circulat-
ing virus were observed in any of the animals during ADV
treatment or the subsequent follow-up periods (data not
shown).

No clinical evidence of toxicity was observed during
the period of ADV treatment and no pathologic changes
attributable to ADV treatment were observed during
post-mortem examinations performed at the end of the
study.

4. Discussion

The nucleotide analog adefovir dipivoxil (ADV) has been
shown to be effective in the treatment of HBV carriers in-
fected with lamivudine-resistant HBV carrying mutations in
the YMDD motif of the C domain of HBVpol and in the
FLLA motif of the HBVpol B domain (Liaw et al., 1999;
Ono-Nita et al., 1999; Yang et al., 2002; Hadziyannis et al.,
2003; Marcellin et al., 2003; Perrillo et al., 2000). In this
study, we have demonstrated that lamivudine-resistant WHV
carrying mutations in the FLLA motif of the WHVpol B
domain are sensitive to ADV in chronically infected wood-
chucks. In woodchucks, lamivudine resistance in WHV is
associated exclusively with mutations of the WHVpol B do-
main that are similar to the FLLA domain mutations in HBV
(Mason et al., 1998; Tatti et al., 2002; Zhou et al., 1999).
In cell culture, WHV with mutations of the FLLA motif, as
well as WHV carrying engineered mutations in the YMDD
motif of the WHVpol, are viable and exhibit the same pat-
terns of sensitivity/resistance to antiviral agents as are ob-
served for HBV in vivo and in vitro (Tatti et al., 2002). In our
study, A566T mutation was present alone and in combina-
tion with two other FLLA motif mutations (L564V, L565M).
The L564V mutation has not been described previously.

The reason for the reduction of viral load in the groups af-
ter treatment withdraws in this study can be explained. This
antiviral trial was longer than most antiviral studies since
the woodchucks were first treated with lamivudine for more
than 1 year to select for lamivudine-resistant mutants. WHV
carriers have been observed at the end of life to have spon-
taneous reductions in viral load associated with increasing
hepatic tumor burden (Tennant and Gerin, 2001). At least
five of the six animals used for the ADV treatment study car-
ried serologic markers of HCC (e.g., elevated GGT;Tennant
and Gerin, 2001) by the end of the subsequent ADV treat-
ment period. Specifically, tumors were detected in wood-
chuck 5649 (placebo control group) on week 46 of this study,
which appeared to suppress viral loads. Whereas, tumors de-
tected in woodchuck 5675 (ADV treatment group) on week
58 of this study led to the death of the animal. In a previous
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Fig. 2. Serum WHV DNA levels of woodchucks with chronic WHV infection treated orally with lamivudine (3TC; 15 mg/kg per day) monotherapy for
the duration of the 81-week study. Beginning on week 57 three of the six animals were administered adefovir dipivoxil 15 mg/kg per day (top panel)
and the remaining three animals were given H2O placebo (middle panel) for 12 weeks (weeks 57–69). Lamivudine therapy continued in both groups
after withdrawal of combination treatment until the end of study (weeks 69–81).

study of long-term lamivudine monotherapy in woodchucks,
similar reductions in viremia were observed following a pe-
riod of viral recrudescence that was linked to the emer-
gence of WHV with A566T mutations (Tatti et al., 2002).
In light of these issues, and the experimental design of this
study, the difference between treatment regimens was still
significant.

WHV in one of the animals in this study exhibiting re-
crudescence of viremia under lamivudine therapy did not
appear to carry mutations in either the WHVpol B or C do-
mains. Several studies have reported a similar lack of ability
to detect mutations in the HBVpol B or C domains in an av-

erage of 25% (15–50%) of patients experiencing rebounds in
HBV titers while under lamivudine therapy (Ciancio et al.,
2004). No underlying mechanism for these observations has
been defined.

The current study, as well as previous studies with lamivu-
dine/famciclovir (Korba et al., 2000b), lamivudine/alpha
interferon (Korba et al., 2000c), and clevudine/WHsAg
vaccine (Menne et al., 2002) demonstrate the utility of
the WHV/woodchuck model in providing experimental
evidence to support the use of combination therapies for
chronic HBV infection. The results of this study are similar
to those observed in clinical trials with ADV therapy of
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Fig. 3. Reduction in serum WHV DNA of three woodchucks with lamivudine resistant, chronic WHV infection during 81 weeks of lamivudine treatment
(15 mg/kg per day) treated in combination with adefovir dipivoxil (15 mg/kg per day) for 12 weeks (weeks 57–69), then monitored for 12 weeks after
withdrawal of treatment (weeks 69–81). Serum WHV DNA of the drug treated group is expressed as a percentage of the placebo control values.

patients carrying lamivudine-resistant HBV infections when
given either as a monotherapy, or as a combination therapy
(Xiong et al., 2003; Perrillo et al., 2000; Peters et al., 2004;
Perrillo et al., 2004). Although the lamivudine resistance
mutations were slightly different in WHV the response of
lamivudine-resistant WHV mutants to ADV in woodchucks
is consistent with cell culture studies demonstrating the
susceptibility of lamivudine vested HBV to ADV (Xiong
et al., 1998) and extends to the utility of the woodchuck
model to in vivo studies of drug-resistance.
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