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MIV-210 is a prodrug of 3�-fluoro-2�,3�-dideoxyguanosine with high oral bioavailability in humans and
potent activity against hepatitis B virus (HBV). Woodchucks infected with woodchuck hepatitis virus
(WHV) represent an accurate model of HBV infection that is utilized for evaluation of the efficacy and
safety of novel anti-HBV agents. Oral administration of MIV-210 at 20 or 60 mg/kg of body weight/day
induced a rapid virological response in chronically infected woodchucks, reducing serum WHV DNA levels
by 4.75 log10 and 5.72 log10, respectively, in 2 weeks. A progressive decline in WHV viremia occurred
throughout the 10-week therapy, giving final reductions of 7.23 log10 and 7.68 log10 in the 20- and
60-mg/kg/day groups, respectively. Further, a daily dose of 10 mg/kg decreased the serum WHV load
400-fold after 4 weeks of treatment, and a dose of 5 mg/kg/day was sufficient to maintain this antiviral
effect during the following 6-week period. MIV-210 at 20 or 60 mg/kg/day reduced the liver WHV DNA load
200- to 2,500-fold from pretreatment levels and, importantly, led to a 2.0 log10 drop in the hepatic content
of WHV covalently closed circular DNA. The treatment with 60 mg/kg/day was well tolerated. Liver biopsy
specimens obtained after the 10-week treatment with 20 or 60 mg/kg/day and after the 10-week follow-up
showed hepatocyte and mitochondrial ultrastructures comparable to those in the placebo-treated group.
It was concluded that MIV-210 is highly effective against chronic WHV infection. These findings, together
with the previously demonstrated inhibitory activity of MIV-210 against lamivudine-, adefovir-, and
entecavir-resistant HBV variants, make MIV-210 a highly valuable candidate for further testing as an
agent against chronic hepatitis B.

Infection with hepatitis B virus (HBV) is a major public
health problem, responsible for an estimated 1 million deaths
per year worldwide. Approximately 2 billion people have been
or currently are infected with the virus. Among them, about
370 million have serum HBV surface antigen (HBsAg)-posi-
tive chronic hepatitis B (CHB), which progresses to cirrhosis or
hepatocellular carcinoma (HCC) in 15 to 40% of the cases
(23). In certain areas of the world, such as the Asia-Pacific rim,
where vertical transmission is the dominant route of infection,
chronic HBV infection is highly prevalent (�10%) (16).

Although the HBV vaccine is effective at reducing the num-
ber of newly infected people, those already infected are in
great need of effective antiviral therapy. The nucleoside and
nucleotide analogues, such as lamivudine, adefovir dipivoxil,
entecavir, telbivudine, and tenofovir disoproxil fumarate
(TDF), have improved the management of chronic HBV in-
fection. However, not all patients with CHB respond well, and
the continuous expansion of HBV quasispecies leads to the
emergence of drug-resistant variants that are refractory to cur-
rent therapies. These variants are selected by the action of
specific HBV inhibitors during prolonged clinical administra-
tion. For instance, the M204V/I mutation is often associated
with a compensatory mutation at L180M and with lamivudine

breakthrough in as many as 66% of patients after 4 years of
lamivudine therapy (15). This mutation also confers cross-drug
resistance in various degrees to the entire class of pyrimidine
analogues, including emtricitabine and telbivudine (45). Fur-
thermore, prolonged entecavir exposure can lead to the selec-
tion of drug-resistant mutants in patients who already harbor
lamivudine-resistant HBV (41), resulting in dual resistance.
The nucleotide analogues, such as adefovir, select the N236T
mutation located in the D domain of the HBV polymerase,
although at a rate lower than that of the emergence of lami-
vudine-resistant mutants (43). However, the risk for the devel-
opment of resistance can increase dramatically in patients who
already have a lamivudine-resistant HBV variant (17). There-
fore, there is a need for new antiviral drugs with a high barrier
to suppress the development of viral resistance and with activ-
ity against the mutants resistant to present therapies.

MIV-210 [(C18H25FN6O6)2 · H2SO4] (Fig. 1) is a prodrug of
the nucleoside analogue 2�,3�-dideoxy-3�-fluoroguanosine
(FLG) that displays high oral bioavailability in humans (8).
FLG is a potent inhibitor both of human immunodeficiency
virus and of the hepadnaviruses, to which HBV belongs (7, 22,
36, 44). FLG exhibits a broad spectrum of activity not only
against resistant HBV variants selected by lamivudine and
adefovir but also against more-complex drug resistance pat-
terns potentially selected by the sequential or combination use
of adefovir and lamivudine (10, 20) or by that of lamivudine
and entecavir (S. A. Locarnini, personal communication).

Woodchuck hepatitis virus (WHV) is more closely related to
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HBV molecularly and pathogenically than is duck hepatitis B
virus. Woodchucks infected with WHV develop acute hepatitis
that may progress to chronic hepatitis and HCC, which are
overall remarkably similar to the conditions induced by HBV
infection in humans (28, 35). WHV and its natural host, the
eastern North American woodchuck (Marmota monax), have
become an important experimental system providing highly
predictive information not only on the efficacy of novel anti-
HBV agents (1, 4, 6, 11–14, 25, 32) but also for preclinical drug
safety assessment, including the evaluation of potential organ
injury and hepatic toxicity (5, 40). Information on antiviral
effect and safety obtained from the woodchuck model has
predicted the outcomes of CHB treatment well (13).

The objectives of the current study were to determine the
dose-related antiviral efficacy and safety of MIV-210 in wood-
chucks that were chronically infected with WHV and had pro-
gressing chronic hepatitis. Two placebo-controlled antiviral ef-
ficacy studies were arranged. In the first study, daily oral
administration of 20 or 60 mg of MIV-210 per kg of body
weight for 10 weeks was followed by a 10-week observation
period. In the second 10-week study, a 4-week induction treat-
ment with a daily dose of 10 mg/kg was followed by adminis-
tration of 10 mg/kg of MIV-210 every third day or 5 mg/kg daily
for 6 weeks in order to maintain and/or advance the antiviral
effect induced in the initial phase of the treatment.

MATERIALS AND METHODS

Woodchucks. All woodchucks investigated in this study were housed in the
Woodchuck Viral Hepatitis Research Facility at Memorial University, St. John’s,
Newfoundland, Canada, under environmental and biosafety conditions specifi-
cally established for this species. Experimental procedures and protocols were
approved by the institutional President’s Committee on Animals Bioethics
and Care.

Woodchucks with serum WHV surface antigen (WHsAg)-positive chronic
WHV infection were quarantined for 8 weeks prior to the experiments. During
this time, the animals underwent extensive physical, biochemical, and serological
evaluations, including quantification of serum and hepatic WHV DNA loads (see
below). They were weighed weekly during quarantine and throughout the treat-
ment and follow-up periods. In addition, for the assessment of MIV-210
pharmacokinetics, all woodchucks with chronic WHV infection, which were
subsequently included in the MIV-210 antiviral efficacy study, and four healthy,
WHV-naïve woodchucks were examined. The absence of WHV in the healthy
animals was confirmed by the negativity of serological markers of WHV infection
(WHsAg and antibodies to WHV core antigen) and the absence of WHV DNA
in randomly selected serum and liver biopsy samples tested by a highly sensitive
PCR-nucleic acid hybridization (PCR-NAH) assay (sensitivity, �10 virus ge-
nome equivalents [vge]/ml) as described elsewhere (3, 30) and briefly outlined
below.

One woodchuck (WM 3231) with chronic WHV infection showed spontaneous
clearance of serum WHsAg and a transient decrease in the serum WHV DNA
level to 3.58 log10 vge/ml during the MIV-210 oral uptake experiment. However,
serum WHV DNA rebounded to a high level (8.79 log10 vge/ml) in this animal

at the time of acquisition of the first liver biopsy specimen, i.e., prior to the
initiation of the 10-week antiviral efficacy study (see Fig. 2A). Consequently, the
animal was enrolled in the 20-mg/kg MIV-210 study group. Of note, woodchucks
with progressively increasing levels of gamma glutamyltransferase (GGT) in
serum, a biochemical indication of HCC development (28), were excluded from
the study, except for WM 3176, in which elevated GGT levels were found after
the initiation of the experiment and which was included in the placebo-treated
group. All woodchucks had serum WHV DNA loads in the range between 8.79
log10 and 11.45 log10 vge/ml before the initiation of MIV-210 treatment. It should
be noted that serum WHV DNA loads very closely reflect the levels of WHV
viremia, as was established in a series of previous experiments in which WHV
DNA was quantified in parallel in both untreated and DNase-treated (30) serum
samples from several woodchucks chronically infected with WHV (data not
shown).

Compound. MIV-210 (lagociclovir valactate) is Medivir’s proprietary candi-
date drug. The substance was produced by DuPont Chemoswed (Malmö, Swe-
den). MIV-210 was dissolved at the desired concentration (based on individual
animal weight) in cherry-flavored water and was administered in a 2-ml volume.
For this purpose, the dissolved drug was taken up in a disposable syringe and
given orally. Woodchucks are fond of a cherry-like taste and would take the
whole volume without spilling. Placebo-treated animals received cherry-flavored
water alone.

MIV-210 pharmacokinetic study. MIV-210 was given orally to four healthy,
WHV-naïve woodchucks first at 10 mg/kg and then, after a 14-day washout
period, at 40 mg/kg. In addition, all chronic carriers of WHV enrolled in this
study received a single oral dose of 60 mg/kg. Blood samples were collected at
time zero, 30 min, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h, and 12 h. During the first 6 h of blood
sampling, each woodchuck was kept in a restraining box without access to food
or water. During the break between the 6- and 12-h collections, the animal was
returned to the cage and had unrestricted access to food and water. Serum
MIV-210 and FLG contents were quantified in Medivir’s laboratories.

MIV-210 antiviral efficacy studies. In the first study, designated “the 10-week
antiviral efficacy study,” 18 chronic carriers of WHV were randomized into three
study groups of six animals each: (i) placebo-treated animals, (ii) animals treated
with MIV-210 at 20 mg/kg/day, and (iii) animals treated with MIV-210 at 60
mg/kg/day. MIV-210 was dosed for 10 weeks, followed by a 10-week observa-
tion period after the cessation of the drug or placebo treatment, as outlined
in Fig. 2A.

In the second study, termed “the 4-week antiviral induction study,” nine
chronic carriers of WHV were randomized into three groups. Three animals
were treated with placebo, while the others received MIV-210 daily at 10 mg/kg
for 4 weeks. Subsequently, the MIV-210-treated group was randomly divided
into two subgroups of three animals each; one subgroup received 10 mg/kg of
MIV-210 every third day for 6 weeks, and the other received 5 mg/kg of MIV-210
daily for 6 weeks, as shown in Fig. 2B.

Sample collection. Animals chronically infected with WHV were bled at least
on two occasions during the quarantine period and weekly throughout the treat-
ment and follow-up periods. The blood was obtained from the digitalis vein
under isoflurane inhalant anesthesia. Samples of fresh blood were used imme-
diately for hematological examinations, while serum samples were used for the
determination of WHV DNA and WHsAg contents and for clinical biochemistry
evaluations.

Liver biopsy specimens were obtained by surgical laparotomy under general
inhalant anesthesia from all woodchucks included in the 10-week antiviral effi-
cacy study. The first liver sample was obtained prior to the initiation of therapy,
the second at the end of the 10-week treatment period, and the third at the end
of the 10-week follow-up period (Fig. 2A). Liver tissue fragments were also
cryopreserved for WHV nucleic acid analyses, and others were fixed in formalin

FIG. 1. Chemical structures of MIV-210 and FLG.
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for histological examination or in Karnovsky’s buffer for ultrastructural exami-
nation.

Determination of serum WHsAg and WHV DNA reactivities and of intrahe-
patic WHV DNA and covalently closed circular DNA (cccDNA) loads. Serum was
tested for the presence of WHsAg using an in-house specific enzyme-linked
immunoassay, as reported previously (30). For WHV DNA identification, total
DNA was extracted from a 100-�l serum sample or from approximately 50 mg of
liver tissue by using proteinase K and the phenol-chloroform-isoamyl alcohol
method (3, 30). In the first instance, WHV DNA in the serum or liver was
quantified by a dot blot hybridization assay (sensitivity, �106 WHV vge/ml) using
10-fold serial dilutions of the samples tested and radiolabeled recombinant
complete WHV DNA as a probe (30). As quantification standards, 10-fold serial
dilutions of radiolabeled recombinant WHV DNA were applied (30). The WHV
DNA load was estimated by performing densitometric analyses of phosphorim-
age signals and comparing their intensities to those of the quantification stan-
dards run with each assay. When WHV DNA loads were below the detection
limit of the dot blot hybridization assay, the virus DNA levels were determined
by direct and, if required, nested PCR-NAH, as reported previously (3, 30). The
sensitivity of the direct PCR-NAH assay was �103 vge/ml, and that of nested
PCR-NAH was �10 vge/ml (30).

WHV cccDNA, representing a virus genome replicative intermediate, was
detected in liver tissue samples by the specific PCR amplification assay (sensi-
tivity, �102 vge/�g) as described previously (3, 18). Briefly, DNA was digested
with mung bean nuclease prior to amplification with oligonucleotide primers
spanning the nicked region of the WHV genome. The specificity of the PCR
amplicons was routinely confirmed by NAH and semiquantified by densitometric
analysis. The levels of WHV cccDNA detected in liver biopsy specimens ob-
tained after 10 weeks of treatment and after the 10-week follow-up were com-
pared to those found in the liver sample collected from the same animal prior to
treatment.

Hematological and clinical biochemistry evaluations. Samples of fresh blood
were analyzed for hematology parameters, such as hematocrit (HCT), hemo-
globulin (HGB), white blood cell count (WBC), granulocyte count (Grans),
lymphocyte and monocyte counts (L/M), and platelet count (PLT), using the
Idexx QBC VetAutoread hematology system (Vettest S.A., Neuchâtel, Switzer-
land). The values obtained for the hematological parameters were compared to
those determined for the same animal before MIV-210 treatment and to those
from a large cohort (n � 36) of healthy woodchucks examined prior to this study.
Clinical biochemistry parameters, including levels of alanine aminotransferase,
GGT, alkaline phosphatase, amylase, lipase, and lactate in serum, were deter-

mined by the Vettest assay system (Vettest S.A.). The results were compared to
the range of normal values from healthy woodchucks (28).

Histological and ultrastructural examinations. For histology, a fragment of
each liver biopsy specimen was processed with paraffin. Paraffin sections were
stained with hematoxylin-eosin, Masson’s trichrome stain, and periodic acid-
Schiff stain and were impregnated with silver. Morphological alterations were
determined according to criteria described previously (29, 30). The histological
degree of hepatitis, reflecting the severity of inflammatory liver injury, was
enumerated on the basis of grades assigned separately for hepatocellular, extra-
hepatocellular, intralobular, and portal alterations, taking into consideration an
impression of the global picture of liver pathology.

For ultrastructural examination, small tissue fragments of all three liver biopsy
specimens obtained from each of four randomly selected chronic WHV carriers
from three groups investigated in the 10-week antiviral efficacy study were pro-
cessed with Epon. Ultrathin sections were examined for ultrastructural alter-
ations, taking into consideration the findings for the placebo-treated animals.

Statistical analysis. A two-tailed, unpaired Student t test with 95% confidence
intervals was used to compare the means of the results for the sample groups
investigated. P values of �0.05 were considered statistically significant.

RESULTS

Pharmacokinetics of orally administered MIV-210. Four
healthy woodchucks received, per os (p.o.), first 10 mg/kg of
MIV-210 and then, after a 2-week washout period, 40 mg/kg of
MIV-210. The maximum concentrations of the resulting FLG
in serum (Cmax) were 0.54 � 0.14 �M and 2.10 � 1.50 �M, and
the times to Cmax (Tmax) were 4.10 � 1.0 h and 3.3 � 1.5 h,
while the half-lives (t1/2) were 5.44 � 1.2 h and 4.2 � 1.6 h for
animals receiving 10 mg/kg and 40 mg/kg, respectively. The
corresponding mean areas under the concentration-time curve
from 0 h to infinity (AUC0-	) for FLG were 5.15 � 1.0 �M ·
h/liter for the 10-mg/kg dose and 10.5 � 4.2 �M · h/liter for the
40-mg/kg dose (Table 1). In addition, 14 chronic carriers of
WHV with histologically confirmed chronic hepatitis received
60 mg/kg of MIV-210 once p.o. The Cmax of FLG was 3.50 �

FIG. 2. (A) Scheme for the 10-week antiviral efficacy study with daily p.o. MIV-210 doses of 20 mg/kg and 60 mg/kg. (B) Scheme for the 4-week
antiviral induction and 6-week maintenance study. MIV-210 was given at 10 mg/kg/day p.o. for the first 4 weeks and then for 6 weeks either at 10
mg/kg p.o. every third day (10 mg/kg/3d) or at 5.0 mg/kg daily.
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1.9 �M, and the Tmax was 2.90 � 1.1 h. The corresponding
mean AUC0-	 was 20.1 � 11.3 �M · h/liter. On the basis of
these results, exposure, as determined by the maximum con-
centration in plasma, increased from 1.0 �M to 3.50 �M at the
orally given single MIV-210 dose of 20 mg/kg and 60 mg/kg.

The 10-week antiviral efficacy study. During the 10-week
treatment period, two groups of woodchucks with chronic
WHV infection received MIV-210 at a daily dose of 20 mg/kg
(n � 6) or 60 mg/kg (n � 6), while a control group (n � 6) was
treated with the placebo (Fig. 2A). A profound virological
response was evident during the first 2 weeks and noticeably
increased further until 4 weeks of treatment with both MIV-
210 doses. During this time, serum viremia, as measured by the
serum WHV DNA load, declined rapidly in 8 out of 12 animals
from levels ranging from 8.79 log10 to 11.45 log10 vge/ml before
treatment to below the detection limit of the dot blot hybrid-
ization assay (�106 vge/ml). Taking into account all six animals
in each treatment group, the average reductions in WHV vire-
mia were 6.11 log10 and 6.74 log10 (i.e., more than 1 million-
fold) after 4 weeks of treatment with 20 mg/kg/day and 60
mg/kg/day, respectively (Table 2). This rapid antiviral effect
was followed by a progressive decline in the WHV DNA level
throughout the remaining 10-week treatment period, resulting
in total mean reductions of 7.23 log10 and 7.68 log10 at the end

of the 10-week treatment in the 20-mg/kg/day and 60-mg/kg/
day groups, respectively (Table 2; Fig. 3A and B). The placebo-
treated animals showed no significant changes in their WHV
viremia levels (Fig. 3A and B).

Analysis of the 20-mg/kg/day MIV-210 treatment group
showed that one WHV carrier (WM 3231), which cleared
serum WHsAg but carried WHV DNA in serum at a high level
(i.e., 8.79 log10 vge/ml) before the initiation of treatment (Fig.
3A), became faintly WHV DNA reactive (�10 vge/ml) after 2
weeks of treatment. At the end of the second week of treat-
ment, four out of six animals exhibited a �6.0 log10 reduction
in WHV viremia, while 0.71 log10 to 1.15 log10 reductions were
seen for two animals. However, during the subsequent 8-week
treatment period, significant improvement was observed for
those two woodchucks, and 5.95 log10 to 7.80 log10 declines in
WHV DNA loads occurred at the end of the 10-week treat-
ment. Within 2 weeks after the cessation of 20-mg/kg/day p.o.
administration, WHV viremia had bounced back to pretreat-
ment levels in four out of five animals and remained at this
level throughout the 10-week follow-up. However, in one an-
imal (WM 3228), the rebound of WHV viremia was delayed
for an additional 6 weeks, during which only trace amounts of
WHV DNA (�10 vge/ml) were detectable in serum (Fig. 3A).
The �8.0 log10 suppression of WHV DNA in serum in the
absence of drug pressure for an additional 6 weeks after the
completion of the treatment suggested that MIV-210 therapy
could exert a prolonged antiviral effect in some situations.
Thus, treatment with MIV-210 appeared not only to reduce
WHV viremia effectively in one chronically infected wood-
chuck (WM 3228) but also to maintain WHV DNA at a very
low level (between �10 and 230 vge/ml) throughout the 10-
week treatment and follow-up period in another animal (WM
3231), which cleared WHs antigenemia.

In the group of animals receiving MIV-210 at 60 mg/kg/day,
a rapid and profound virological suppression, similar to that
seen in the 20-mg/kg/day treatment group, was observed. Five
out of six animals in the 60-mg/kg/day group showed a 4.3 to
9.0 log10 decline in WHV viremia after 2 weeks of therapy from

TABLE 1. Average pharmacokinetic parameters for FLG after oral
administration of MIV-210 to healthy and chronically

WHV infected woodchucks

Pharmacokinetic
parameter for FLG

Value (mean � SD) for:

Healthy woodchucks (n � 4)
receiving MIV-210 at:

WHV-infected
woodchucks

(n � 14) receiving
MIV-210 at 60

mg/kg10 mg/kg 40 mg/kg

Cmax (�M) 0.54 � 0.14 2.10 � 1.5 3.50 � 1.9
Tmax (h) 4.10 � 1.0 3.30 � 1.5 2.90 � 1.1
AUC0-	 (�M · h/liter) 5.15 � 1.0 10.50 � 4.2 20.1 � 11.3
t1/2 (h) 5.44 � 1.2 4.20 � 1.6 4.7 � 0.8

TABLE 2. Mean serum WHV DNA levels prior to, during, and following the 10-week MIV-210 antiviral efficacy study

Time

Placebo
MIV-210 treatment at:

20 mg/kg/day 60 mg/kg/day

No. of
samples

Mean log10
WHV DNA

load
(vge/ml)

Range of WHV DNA
load (vge/ml)

No. of
samples

Mean log10
WHV DNA

load
(vge/ml)

Range of
WHV DNA

load (vge/ml)

No. of
samples

Mean log10
WHV DNA

load
(vge/ml)

Range of WHV
DNA

load (vge/ml)

Pretreatment 6 10.61 1.6 
 1010–6.2 
 1010 6 10.20 6.2 
 108b–9.9 
 1010 6 11.06 3.0 
 1010–2.8 
 1011

During treatment
Wk 2 6 9.15 5.5 
 103a–4.5 
 1010 6 5.45 �102–8.5 
 109 6 5.34 �102–1.2 
 109

Wk 4 6 9.33 7.6 
 103a–12.0 
 1010 6 4.09 �102–5.2 
 109 6 4.32 �102–7.6 
 105

Wk 6 6 9.14 5.6 
 103a–9.1 
 1010 6 4.80 �102–1.1 
 1010 6 4.09 �102–4.8 
 105

Wk 8 5 9.94 1.0 
 108–5.6 
 1010 6 2.91 �102–1.4 
 104 6 3.80 �102–6.1 
 105

Wk 10 5 10.29 8.0 
 109–4.7 
 1010 5 2.97 �102–5.0 
 104 6 3.38 �102–6.2 
 105

After cessation of
treatment

Wk 2 4 11.0 5.0 
 1010–2.3 
 1011 5 7.15 �102–7.6 
 1010 6 7.81 �102–2.8 
 1011

Wk 4 4 10.98 5.0 
 1010–2.3 
 1011 5 7.39 �102–1.6 
 1011 6 9.81 �102–4.5 
 1011

Wk 6 4 10.93 3.5 
 1010–1.2 
 1011 5 7.39 �102–1.6 
 1011 6 9.50 �102–9.5 
 1011

Wk 8 4 10.89 4.4 
 1010–1.7 
 1011 5 9.16 �102–2.0 
 1011 6 9.25 �102–1.3 
 1012

Wk 10 4 10.82 3.5 
 1010–1.2 
 1011 5 9.18 �102–2.8 
 1011 6 9.31 �102–1.1 
 1012

a Value from WM 2637, in which the serum WHV DNA level declined between weeks 2 and 6 and rebounded to a high level at week 8.
b Value indicates the level of WHV viremia at the time of acquisition of the first liver biopsy specimen for WM 3231, which cleared WHs antigenemia.
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the pretreatment levels of 10.48 to 11.45 log10 vge/ml (Table 2;
Fig. 3B). Animal WF 3224 showed a relatively weak initial
response, achieving a 2.37 log10 reduction at week 2 of treat-
ment. However, serum WHV DNA levels in this animal de-

clined progressively, with an overall reduction of 8.45 log10 at
the end of the 10-week treatment period. In one animal (WF
2433A) with a high level of WHV viremia (11.04 log10 vge/ml)
and a high intrahepatic WHV DNA load (7.43 log10 vge/�g of

FIG. 3. Effects of MIV-210 on the serum WHV loads of woodchucks with chronic WHV hepatitis treated with an oral dose of 20 mg/kg/day
(A) or 60 mg/kg/day (B) or with placebo during the 10-week treatment period and the 10-week follow-up period. Changes in WHV DNA loads
in individual animals (upper panels) and mean changes in WHV viremia (lower panels) in sequential serum samples obtained from each of the
three study groups were determined by quantifying WHV DNA using a dot blot hybridization test and, when that test was nonreactive, a PCR-NAH
assay. The results are expressed in log10 virus genome equivalents per milliliter.
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total DNA) before treatment, a sharp drop of more than 9.0
log10 in the serum WHV DNA level was achieved in just 2
weeks of treatment. This suppression was maintained through-
out the 10-week treatment period and the subsequent 10-week
follow-up (Fig. 3B). In fact, the serum WHV DNA level re-
mained undetectable in this animal even during an extended
16-week observation period when measured by a very sensitive
nested PCR-NAH assay, suggesting a potentially complete
suppression of chronic WHV infection. However, liver biopsy
samples collected at the ends of the 10-week treatment period
and the 10-week follow-up period remained WHV DNA reac-
tive at a low level of 3.41 to 3.45 log10 vge/�g of total DNA
(Table 3).

The 4-week antiviral induction study. Administration of
MIV-210 at doses of 20 mg/kg/day and 60 mg/kg/day showed
minimal, if any, dose-related virus response, suggesting that a
saturation level of MIV-210 dosing was achieved even at 20
mg/kg/day. This motivated a second study in which nine
chronic carriers of WHV were enrolled and divided randomly
into two study groups, a placebo-treated group (n � 3) and a
group treated with MIV-210 at 10 mg/kg/day (n � 6), for 4
weeks. After this induction period, the group dosed with 10
mg/kg/day was divided into two subgroups (Fig. 2B). Serum
samples were tested for WHV DNA by the dot blot hybridiza-
tion assay. During the 4-week induction period, the dose of 10
mg/kg/day exerted a less pronounced antiviral effect than the
previously tested treatment with 20 mg/kg/day. Thus, there
were 2.59 log10 and 2.64 log10 reductions in WHV viremia at
weeks 2 and 4, respectively, compared to pretreatment serum
WHV DNA levels ranging from 10.0 to 11.0 log10 vge/ml (Fig.
4). No change in serum WHV DNA loads was observed in the
placebo-treated group. Interestingly, when the treatment was
continued with either 10 mg/kg of MIV-210 every third day or
5 mg/kg daily for a further 6 weeks, the suppression of the
serum WHV DNA load was maintained, indicating that the
therapeutic benefit achieved during the 4-week induction pe-
riod can be extended by a lower dose of MIV-210 (Fig. 4).

At the end of the 10-week treatment, a beneficial antiviral
effect was observed in the subgroup dosed daily with 5 mg/kg
(n � 3): a mean 2.93 log10 reduction in the WHV DNA load.
This finding suggested that MIV-210 at 5 mg/kg/day was also
capable of exerting a therapeutic benefit by persistently sup-
pressing serum WHV DNA levels (Fig. 4). The subgroup re-

ceiving doses of 10 mg/kg every third day (n � 3) maintained
WHV DNA suppression at a mean 2.37 log10 reduction, which
was less than the reduction found after daily administration of
MIV-210 at the same dose. Nonetheless, this treatment was
sufficient to maintain an antiviral response.

Effect of MIV-210 on intrahepatic WHV DNA and WHV
cccDNA levels. In order to assess the effect of MIV-210 on the
hepatic WHV content, WHV DNA loads were quantified in
liver biopsy specimens obtained before treatment, upon com-
pletion of the 10-week treatment, and at the end of the 10-
week follow-up period from all woodchucks belonging to the
20-mg/kg/day and 60-mg/kg/day treatment groups and to the
placebo-treated group (Fig. 2A). The progressive suppression
of WHV viremia observed during the 10-week dosing period
was reflected as an appreciable decline in the intrahepatic
WHV DNA load. Thus, after 10 weeks of therapy, the hepatic
virus genome content decreased, resulting in mean declines of
2.38 log10 (n � 6) and 3.39 log10 (n � 6) from the pretreatment
levels in the 20-mg/kg/day and 60-mg/kg/day groups, respec-
tively (Table 3). Thus, MIV-210 not only was highly effective at
reducing serum WHV levels but also was able to suppress
WHV in hepatocytes, giving a 200- to 2,500-fold reduction in
the intrahepatic WHV DNA content. No change in intrahe-
patic WHV DNA loads was noticed in the placebo-treated
group, where mean liver WHV DNA levels were 7.67 log10

vge/�g of total DNA before treatment (n � 6), 7.78 log10

vge/�g of total DNA after 10 weeks of treatment (n � 6), and
7.71 log10 vge/�g of total hepatic DNA at the end of the
10-week follow-up (n � 4) (Table 3). After the cessation of
MIV-210 treatment, the liver WHV DNA levels returned grad-
ually to the pretreatment levels in most of the animals. How-
ever, two interesting exceptions were found. WM 3231, which
cleared WHs antigenemia, and WF 2433A, in which suppres-
sion of serum WHV DNA was protracted beyond the 10-week
treatment period, displayed low intrahepatic WHV DNA lev-
els, 230 and 2,800 vge/�g of total DNA, respectively, at the end
of the 10-week follow-up. Although the number of animals was
too small to permit any far-reaching conclusions, it is notewor-
thy that the progression of chronic infection in the liver was
halted in some cases.

Since MIV-210 treatment resulted in a sharp reduction in
serum WHV levels and a decline in intrahepatic WHV DNA
loads, the level of WHV cccDNA was measured in order to

TABLE 3. Mean WHV DNA loads in liver samples collected prior to and after the 10-week treatment with MIV-210 and after the 10-week
observation period following the cessation of treatment

Time of liver
biopsy

Placebo
Treatment with MIV-210 at:

20 mg/kg/day 60 mg/kg/day

No. of
biopsy

specimens

Mean log10
WHV DNA

load
(vge/�g)

Range of WHV
DNA load
(vge/�g)

No. of
biopsy

specimens

Mean log10
WHV DNA

load
(vge/�g)

Range of WHV
DNA load
(vge/�g)

No. of
biopsy

specimens

Mean log10
WHV DNA

load
(vge/�g)

Range of WHV
DNA load
(vge/�g)

Pretreatment 6 7.67 2.9 
 107–7.5 
 107 6 6.27 1.2 
 103a–1.3 
 108 6 7.69 2.6 
 107b–6.9 
 107

After 10-wk
treatment

6 7.78 3.0 
 107–1.2 
 108 6 3.89 4.6 
 102a–1.8 
 107 6 4.30 2.6 
 103b–1.5 
 107

After 10-wk
follow-up

4 7.71 3.2 
 107–1.0 
 108 5 6.66 2.3 
 102a–9.6 
 107 6 7.04 2.8 
 103b–1.2 
 108

a Value from WM 3231, which cleared WHs antigenemia.
b Value from WF 2433A, in which WHV viremia diminished rapidly to �102 vge/ml after 2 weeks of treatment with MIV-210 at 60 mg/kg/day p.o. and the suppression

was maintained at a comparably low level of viremia beyond the 10-week treatment period.
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determine the potential effect of MIV-210 treatment on WHV
replication. For this purpose, WHV cccDNA was quantified in
liver biopsy specimens collected before treatment, after 10
weeks of treatment with 20 mg/kg/day or 60 mg/kg/day, and
upon completion of the 10-week follow-up period. A similar
evaluation was performed for the animals treated with the
placebo (Fig. 2A). In the placebo-treated group, mean hepatic
WHV cccDNA levels remained nearly unchanged from the
pretreatment levels (5.34 log10 vge/�g of total DNA [n � 6]
before treatment, 5.38 log10 vge/�g of total DNA [n � 6] after
10 weeks of treatment, and 5.49 log10 vge/�g of total DNA
[n � 4]) after the 10-week follow-up) (Table 4). In contrast, a
reduction of approximately 100-fold in the mean hepatic WHV
cccDNA content was detected in the MIV-210-treated animals

at the end of the 10-week treatment period (Table 4). Notably,
WF 2433A, in which suppression of WHV viremia was pro-
tracted even in the absence of MIV-210 administration, dis-
played a �4.0 log10 reduction in the hepatic WHV cccDNA
level upon completion of the 10-week treatment, and the level
remained �3.0 log10 reduced beyond that period.

Liver histology and ultrastructure. The histological severity
of hepatitis was graded in liver biopsy specimens obtained
before treatment, after 10 weeks of treatment, and after the
10-week follow-up period. Advanced chronic hepatitis accom-
panied by hepatocellular injury of variable severity was found
in the placebo-treated group and in the majority of chronic
WHV carriers treated with MIV-210. This overall lack of im-
provement in liver morphology could be due to the relatively

FIG. 4. Anti-WHV efficacy of MIV-210 given orally to woodchucks with chronic WHV infection at 10 mg/kg/day for 4 weeks and then at doses
of 10 mg/kg p.o. every third day (n � 3) or 5.0 mg/kg p.o. per day (n � 3) for a further 6 weeks. Animals treated daily with placebo p.o. (n � 3)
for 10 weeks were included as controls. Changes in WHV viremia in individual animals (upper panels) and mean changes in WHV viremia (lower
panels) during the 4-week induction period for animals treated with MIV-210 (n � 6) and during the subsequent 6-week antiviral maintenance
treatments, and for placebo-treated animals, were determined by dot blot hybridization and, when that test was nonreactive, by PCR-NAH. The
results are expressed in log10 virus genome equivalents per milliliter.

TABLE 4. Mean hepatic WHV cccDNA contents prior to, during, and following the 10-week MIV-210 antiviral efficacy study

Time of liver
biopsy

Placebo
MIV-210 treatment at:

20 mg/kg/day 60 mg/kg/day

No. of
biopsy

specimens

Mean log10
WHV

cccDNA
load

(vge/�g)

Range of WHV
cccDNA load

(vge/�g)

No. of
biopsy

specimens

Mean log10
WHV

cccDNA
load

(vge/�g)

Range of WHV
cccDNA load

(vge/�g)

No. of
biopsy

specimens

Mean log10
WHV

cccDNA
load

(vge/�g)

Range of WHV
cccDNA load

(vge/�g)

Pretreatment 6 5.34 3.4 
 104–9.1 
 105 6 4.65 3.0 
 102a–5.8 
 105 6 5.25 7.0 
 104–3.1 
 105

After 10-wk
treatment

6 5.38 8.4 
 104–7.4 
 105 6 2.82 0.6 
 101a–5.9 
 105 6 3.23 0.3 
 102b–7.4 
 104

After 10-wk
follow-up

4 5.49 1.1 
 105–6.1 
 105 5 4.89 �1 
 102a–6.5 
 105 6 4.74 2.4 
 102b–0.2 
 105

a Value from WM 3231, which cleared WHs antigenemia.
b Value from WF 2433A, in which WHV viremia rapidly declined to �102 vge/ml after 2 weeks of treatment with MIV-210 at 60 mg/kg/day p.o. and the suppression

was maintained at a comparably low level of viremia beyond the 10-week treatment period.
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short course of MIV-210 therapy. However, significant im-
provements in liver histology were seen for WM 3231 and WF
2433A. As indicated above, these two animals showed either
clearance of WHsAg from serum or a prolonged suppression
of serum WHV DNA levels, as well as less-severe liver inflam-
matory injury at the end of the study period.

Ultrastructural examination of liver biopsy specimens was
focused on evaluations of a potential induction of mitochon-
drial alterations in relation to MIV-210 administration. Liver
tissue samples collected before treatment, after 10 weeks of
treatment, and after 10 weeks of follow-up from four animals
from each group treated with placebo or with 20 or 60 mg/kg/
day of MIV-210 were subjected to this examination. In the
majority of the biopsy materials analyzed, the range of ultra-
structural alterations encountered was typical of viral hepatitis.
A blind analysis of sequential liver biopsy specimens from
individual animals revealed no noticeable difference in the
range or severity of ultrastructural changes that could have
been connected to MIV-210 treatment. In both MIV-210- and
placebo-treated animals, there was evidence of occasional lim-
ited mitochondrial changes at all time points of sample collec-
tion. This implied that there was no relation between treat-
ment with MIV-210 and the hepatic mitochondrial alterations
occasionally seen in woodchucks chronically infected with
WHV.

Drug safety. During 10 weeks of MIV-210 treatment and 10
weeks of follow-up, food and water consumption was compa-
rable to that of the placebo-treated animals. No appreciable
changes were seen in the body weights of the MIV-210-treated
woodchucks during the treatment and follow-up periods. The
average weights before and after the 10-week treatment period
were 4,441 and 3,686 g for the placebo group, 4,733 and 3,653
g for the 20-mg/kg/day treatment group, and 4,075 and 3,278 g
for the 60-mg/kg/day group. The observed weight loss in both
the MIV-210- and placebo-treated groups were due to sea-
sonal physiological fluctuations in woodchuck body weight,
since treatments were conducted during the winter and early
spring. No significant differences in hematological parameters
were found between animals treated with placebo and those
treated with 20 or 60 mg/kg of MIV-210 (Table 5). Differences,
if any, were found only between mean values obtained for
MIV-210-treated animals before treatment and those obtained
after the 10-week follow-up; mean values at the end of the
treatment were comparable to pretreatment values. Thus,
some changes in HCT were observed after the 10-week obser-
vation period for the group treated with MIV-210 at 20 mg/
kg/day (mean � standard error of the mean [SEM], 37.3% �
4.8% [n � 5]) or 60 mg/kg/day (mean � SEM, 35.3% � 4.9%
[n � 6]) compared to the pretreatment values (mean � SEM,
44.1% � 3.0% [n � 6] and 47.1% � 7.1% [n � 6], respectively)
(P, �0.008 and �0.05, respectively). Mean values for WBC,
Grans, and L/M after the 10-week follow-up also were lower
than pretreatment values (P � 0.02) for woodchucks treated
with MIV-210 at 20 mg/kg/day but not for those receiving 60
mg/kg/day (Table 5). It should be emphasized that all these
values, either for MIV-210-treated or for placebo-treated an-
imals during treatment or after follow-up, were within the
normal ranges for healthy woodchucks (n � 36) examined in
our previous studies (data not shown).

Furthermore, no treatment-related differences between the

levels of alanine aminotransferase, alkaline phosphatase, amy-
lase, and lipase in the MIV-210-treated groups and the placebo-
treated group were seen. The serum GGT level, an indicator of
advanced liver disease connected with the development of
HCC in woodchucks, was 3.4 IU/liter for the placebo-treated
animals compared to a mean 0.9 IU/liter for the woodchucks
treated with MIV-210 at 20 mg/kg/day and 60 mg/kg/day (P �
0.067). In serum samples obtained immediately prior to the
first liver biopsy (see Fig. 2A), there appeared to be some
transient increase in the serum lactate level over the normal
range of levels of this enzyme in healthy woodchucks. During
10 weeks of treatment with MIV-210, mean serum lactate
levels of 13.5 mg/dl for placebo-treated animals and 11.0 mg/dl
for woodchucks treated with 20 mg/kg/day and 60 mg/kg/day
were obtained, indicating that no change (P � 0.96) could be
correlated with the administration of MIV-210.

In summary, treatment with MIV-210 was well tolerated and
caused rapid and pronounced virological responses in wood-
chucks that were chronic WHV carriers and received a dose of
20 mg/kg/day or 60 mg/kg/day. This antiviral effect was associ-
ated with reductions in hepatic WHV DNA loads, as well as
with appreciable decreases in hepatic WHV cccDNA levels.
Furthermore, a potent antiviral effect was apparent when oral
administration of MIV-210 at 5 mg/kg/day was sufficient to
maintain suppression of WHV viremia. Significant reductions
in WHV loads, lasting for 10 weeks beyond the cessation of
therapy, were observed for two woodchucks. These reductions

TABLE 5. Mean hematological values before treatment, following
the 10-week antiviral efficacy study with MIV-210 given daily at

20 mg/kg or 60 mg/kg, and at the end of the 10-week
follow-up period after the cessation of treatment

Treatment groupa and
parameter (unit of

measurement)

Value (mean � SEM)

Wk 0 (before
treatment)

Treatment
wk 10

After the 10-
wk follow-upb

Placebo
HCT (%) 40.0 � 2.6 36.4 � 4.7 36.1 � 3.1
HGB (g/dl) 13.6 � 1.3 12.5 � 3.4 12.3 � 1.1
WBC (109/liter) 8.7 � 1.8 6.2 � 1.2 5.5 � 1.2*
Grans (109/liter) 8.8 � 3.3 6.7 � 2.7 6.7 � 2.0
L/M (109/liter) 4.7 � 2.4 2.6 � 0.9 2.2 � 0.4
PLT (109/liter) 408.8 � 188 431.4 � 127.6 441.7 � 118.8

MIV-210 at 20 mg/kg/day
HCT (%) 44.1 � 3.0 37.3 � 6.1 37.3 � 4.8***
HGB (g/dl) 14.5 � 1.2 12.7 � 5.0 12.7 � 1.7
WBC (109/liter) 11.8 � 2.9 11.5 � 5.3 7.2 � 1.6**
Grans (109/liter) 11.6 � 4.1 12.1 � 6.4 7.4 � 2.2**
L/M (109/liter) 9.9 � 4.1 5.1 � 3.5 4.4 � 1.9**
PLT (109/liter) 338.8 � 119.4 509 � 152 400 � 68.7c

MIV-210 at 60 mg/kg/day
HCT (%) 47.1 � 7.1 36.7 � 5.2 35.3 � 4.9*
HGB (g/dl) 15.2 � 1.8 12.4 � 1.6 12.2 � 1.7
WBC (109/liter) 13.5 � 5.5 6.3 � 1.7 7.0 � 1.8
Grans (109/liter) 15.7 � 8.0 6.3 � 2.7 6.9 � 2.7
L/M (109/liter) 10.0 � 7.0 3.1 � 1.3 3.5 � 2.2
PLT (109/liter) 465.8 � 102.7 393.4 � 155.6 404.3 � 78.6

a In all groups, there were six animals before treatment and five animals at
treatment week 10. At the end of the 10-week follow-up, there were four animals
in the placebo group, five animals in the group receiving MIV-210 at 20 mg/kg/
day, and six animals in the group receiving MIV-210 at 60 mg/kg/day.

b Asterisks indicate that the differences between mean values calculated for
individual hematological parameters after the 10-week follow-up and those ob-
tained prior to treatment (week zero) were significant at P values of �0.008
(***), �0.02 (**), or �0.05 (*). No significant differences were found between
the placebo-treated and MIV-210-treated animals at the end of the 10-week
treatment period.

c For this measurement, n � 4.
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correlated with improvements in liver histology, implying an
inhibition of WHV-induced progressive inflammation.

DISCUSSION

Chronic HBV infection remains a major health problem and
the most common cause of chronic liver disease globally, re-
sponsible for as many as 50% of all cases of cirrhosis and 70 to
90% of HCC cases in China and Southeast Asia. The ultimate
goal of antiviral therapy for CHB is to achieve sustained sup-
pression of HBV replication over a long period. The main site
of HBV replication is liver parenchyma, although the virus also
propagates in the immune system (31). Nonetheless, hepatic
tissue and plasma are two compartments of the most abundant
virus occurrence in CHB. In the current study, MIV-210 was
found to be highly effective at reducing WHV loads in these
two compartments, as evidenced by the decreases in WHV
DNA loads in serum and WHV DNA and cccDNA contents in
liver tissue.

The triphosphate of FLG is a potent inhibitor of hepadna-
virus polymerase activity (7, 36). In vitro hydrolysis of MIV-210
leading to the formation of FLG appears to be extremely rapid
(t1/2, �5 min) in the blood or plasma of dogs, humans, and rats.
The in vivo rate of hydrolysis at physiological temperatures is
likely even higher. Therefore, measurement of MIV-210 in the
circulation would not be feasible. Oral administration of MIV-
210 to both healthy woodchucks and chronic WHV carriers
revealed a low oral uptake compared to the high oral bioavail-
ability of �80% observed in humans, and a 25-fold-higher
Cmax was found in humans at a similar dose (8). In healthy
woodchucks, 10 mg/kg of MIV-210 given p.o. resulted in a
mean Cmax of FLG less than 1/3 and 1/10 of the corresponding
Cmax reported for a 15-mg/kg p.o. dose of adefovir dipivoxil (4)
and a 20-mg/kg p.o. dose of lamivudine (34), respectively. The
AUC0-	 measured for FLG after p.o. administration of the
10-mg/kg dose of MIV-210 ranged from 4.14 to 6.33 �M ·
h/liter for individual animals (n � 4). These AUC0-	 were
lower than those of 96.6 to 150.6 �M · h/liter reported for a
20-mg/kg p.o. dose of lamivudine given to woodchucks (34).
Furthermore, a 15-mg/kg oral dose of adefovir yielded an
AUC0-	 of 61.2 �M · h/liter in woodchucks (4). In the current
study, considerable individual variation in AUC0-	 was ob-
served after the administration of 60 mg/kg MIV-210 to wood-
chucks with chronic WHV infection; therefore, the plasma
FLG concentration has been baseline adjusted (�10% of
Cmax), and 4 out of 18 woodchucks were excluded due to high
baselines (Table 1). No intravenous dosing was tested. How-
ever, on the basis of the low Cmax and in vitro potency in
primary woodchuck hepatocytes, where FLG inhibited 99% of
WHV multiplication at a concentration of 1.0 �M, doses of 20
mg/kg and 60 mg/kg p.o. were selected to achieve FLG Cmax of
1.0 and 3.0 �M, respectively, in the antiviral efficacy study.

In the present work, the antiviral efficacy of MIV-210 was
evaluated in the placebo-controlled studies using different test
doses. The treatment-induced response was quantified by mea-
suring WHV genome levels in serum at weekly or biweekly
intervals and in the liver before treatment, after 10 weeks of
treatment, and upon the completion of the 10-week follow-up.
No virus genome sequence was analyzed. All doses of MIV-210
tested, i.e., 20 mg/kg/day and 60 mg/kg/day in the 10-week

efficacy study and 10 mg/kg/day and 5 mg/kg/day in the antiviral
induction study, induced and maintained the anti-WHV effect.
The most evident dose-dependent reduction in serum WHV
loads was evident in animals treated p.o. with 20 and 10 mg/
kg/day of MIV-210, which led to 6.11 log10 and 2.64 log10 drops
after 4 weeks of treatment, respectively. However, there was
only a minimal dose-related response during the same period
for animal groups treated with 20 and 60 mg/kg/day. It appears
that at 20 mg/kg/day, MIV-210 has already reached maximum
antiviral potency, most likely as a function of a rate-limited
step during anabolic phosphorylation of the triphosphate of
FLG. Antiviral efficacy increased with prolongation of the
MIV-210 treatment period, as was most clearly seen at the end
of the 10-week period of dosing with 20 mg/kg/day, which
finally caused �7.0 log10 reductions in WHV viremia.

Compared to other nucleoside analogues tested on wood-
chucks chronically infected with WHV and based on log10

reductions in plasma WHV DNA loads evaluated by dot blot
hybridization assays of comparable sensitivity, MIV-210 ap-
pears to be as potent as entecavir and telbivudine, and clearly
more potent than lamivudine, adefovir, and tenofovir, for
woodchucks chronically infected with WHV. To date, five nu-
cleoside analogues have been approved for HBV treatment:
lamivudine, adefovir, entecavir, telbivudine, and TDF. Treat-
ment of chronically infected woodchucks with lamivudine in-
duced a noticeable anti-WHV response, but to variable de-
grees (11, 13, 25). The most pronounced antiviral response was
reported for p.o. treatment with lamivudine at a dose of 15
mg/kg per day, which induced a 5.4 log10 reduction in serum
WHV DNA levels after 4 weeks of administration (13). Thus,
there appeared to be at least fivefold lower suppression of
WHV viremia than that induced by MIV-210 given at 20 mg/
kg/day for 4 weeks, which caused a mean 6.11 log10 reduction.
In this regard, it is noteworthy that the oral bioavailability of
MIV-210 in woodchucks is only 1/3 to 1/10 that of lamivudine
(18% to 54%) (34), whereas the two compounds have similar
oral uptake levels in humans (�80%) (8, 42).

Treatment of chronically WHV infected woodchucks with 15
mg/kg/day adefovir dipivoxil given p.o. induced decreases in
WHV serum loads of 1.6 log10 at 2 weeks and 2.5 log10 at 12
weeks of treatment (4). For comparison, the mean reductions
in WHV viremia at 2 weeks and 10 weeks of p.o. treatment
with 20 mg/kg/day of MIV-210 were 4.75 log10 and 7.23 log10,
respectively (Table 2; Fig. 3A). Oral administration of TDF at
5-mg/kg/day and 15-mg/kg/day doses did not show a dose-
related response in chronic WHV carriers, due to a highly
variable virological response in the animal group treated with
15 mg/kg/day (27). Overall, WHV serum levels were 1.5 log10

reduced from the pretreatment level at 4 weeks of treatment
with TDF. The administration of MIV-210 at a dose of 10
mg/kg/day caused a mean reduction in serum WHV loads of
2.64 log10 (see Fig. 4) after 4 weeks of treatment, despite the
lower oral bioavailability of MIV-210 than of TDF (the bio-
availability of TDF was between 20 and 30% at 5-mg/kg and
15-mg/kg p.o. doses) (27). Reductions in WHV viremia in
infected woodchucks were also reported for the L-nucleoside
compound telbivudine (L-dT) and the carbocyclic nucleoside
analogue entecavir (1, 6). Serum WHV levels were 7.0 log10

and 8.0 log10 suppressed at week 4 of treatment with 10 mg/
kg/day of L-dT and 0.1 mg/kg/day of entecavir, respectively. In
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the present study, a 7.6 log10 reduction in viremia was seen at
week 10 of treatment with MIV-210 at 60 mg/kg/day, but the
oral bioavailability of MIV-210 in woodchucks is approxi-
mately six- to sevenfold lower than that of L-dT, which has
been reported to be about 38% (38). Overall, the antiviral
efficacy of the compounds predicted from studies of wood-
chucks has been successfully translated into anti-HBV efficacy
in humans. Thus, treatment with lamivudine, adefovir, or TDF
induced appreciable reduction of HBV viremia, causing about
4.0 log10 suppression of HBV DNA in the sera of HBeAg-
positive patients with CHB after 1 year of therapy (24, 33, 39),
while 1 year of treatment with entecavir or telbivudine gave
�6.0 log10 reductions in the sera of HBeAg-positive patients
with CHB (2, 9).

It became evident in the course of our study that the reduc-
tion in serum WHV loads by treatment with MIV-210 was
associated with a significant decrease in hepatic WHV DNA
loads and, surprisingly, also with some decline in the WHV
cccDNA content. The cccDNA is the first replicative interme-
diate in the hepadnaviral replication cycle and persists in hepa-
tocytes for a very long time, if not for the lifetime of the
infected cell. The eventual loss of HBV cccDNA would be the
ultimate goal of an effective anti-HBV therapy. In studies of
the woodchuck model of chronic hepatitis, serum WHV titers
rebounded to pretreatment levels after cessation of the drug
tested, as observed for adefovir, tenofovir, telbivudine, and
lamivudine treatments (1, 4, 13, 27). For entecavir, a consid-
erably delayed rebound of WHV viremia was noticed after
drug withdrawal, suggesting a reduction in the level of viral
transcriptional templates during a 3-month efficacy study (6).
After the cessation of the 10-week treatment with MIV-210 at
20 mg/kg/day or 60 mg/kg/day, WHV viremia gradually re-
turned to pretreatment levels in most of the animals within 2
weeks; however, there were some exceptions. Thus, an animal
(WM 3228) bearing a high serum WHV load (10.36 log10

vge/ml) before treatment showed that MIV-210 at 20 mg/kg/
day induced a robust virological response, causing 7.37 log10

and 8.36 log10 reductions at weeks 2 and 10 of treatment,
respectively. The rebound of WHV viremia was delayed in this
animal after the cessation of treatment, and a �8.0 log10 sup-
pression in the virus load persisted for an additional 6 weeks
(Fig. 3A). A seemingly complete and persistent elimination of
WHV viremia (�9.0 log10 reduction) was found in WF 2433A,
treated for 10 weeks with 60 mg/kg/day of MIV-210 (Fig. 3B).
This was accompanied by an improvement in liver histology
over the pretreatment condition. It was a remarkable finding,
demonstrating that the relatively short period of treatment
with MIV-210 reduced WHV DNA loads from 11.04 log10

vge/ml in serum and 7.41 log10 vge/�g of total DNA in hepatic
tissue to �2.0 log10 vge/ml and 3.45 log10 vge/�g of DNA,
respectively, levels that were maintained for 10 weeks after
drug withdrawal. However, due to the limited number of ani-
mals enrolled in the current study and the limited number of
those that seemingly eliminated WHV DNA from serum, it is
not possible to draw any formal conclusion that the treatment
of MIV-210 can clear circulating virus.

At present, the woodchuck model of chronic hepadnavirus
infection serves as the most relevant in vivo system not only for
identifying the anti-HBV efficacy of test agents but also for
assessing their safety in the context of chronic liver inflamma-

tion (5, 19, 40). In this regard, while fialuridine (FIAU) ad-
ministration is associated with a delayed profile of toxicity,
including hepatic failure and lactic acidosis, in humans, this
toxicity was manifested more accurately in woodchucks than in
other animal species (26). In our study, 10 weeks of oral ad-
ministration of MIV-210 at a dose as high as 60 mg/kg/day was
found to be well tolerated by woodchucks with progressing
chronic WHV hepatitis. No statistically significant differences
in physical and biochemical or hematological parameters were
found between the MIV-210- and placebo-treated animals.
However, some changes in the levels of HCT, WBC, Grans,
and L/M from pretreatment measurements were seen for the
same animals at the end of the 10-week follow-up period (see
Table 5). Nonetheless, the values remained within the normal
ranges encountered in healthy animals. Ultrastructural exam-
ination of mitochondrial alterations in hepatic tissue samples
collected before, during, and after treatment with MIV-210 at
20 mg/kg/day or 60 mg/kg/day revealed no changes related to
the administration of MIV-210. In humans, treatment with
MIV-210 also was well tolerated at a single dose of 1,500 mg
and at dosing of 150 mg twice a day for 8 days (8). This
repeating dosing is likely to be 5 to 10 times higher than the
expected clinical dose for HBV-infected patients.

The experience gained from therapy of human immunode-
ficiency virus infection shows that rational combination che-
motherapy has been highly successful. FLG was found to in-
hibit the elongation of synthesis of hepadnaviral minus-strand
DNA during the HBV reverse transcription process (10).
Other deoxyguanosine analogues, such as entecavir, have been
found to be potent inhibitors of the viral priming process at the
initial stage of hepadnaviral transcription (37). Lamivudine-
resistant HBV showed cross-resistance to telbivudine and
emtricitabine and facilitated the development of more-com-
plex multiple drug-resistant strains, as reported for the emer-
gence of entecavir-related resistant HBV and the outgrowth of
adefovir-related mutations at an accelerated pace (17, 20, 41,
45). FLG retained activity against both lamivudine- and adefo-
vir-selected resistant HBV mutants in vitro (21), and the dual
complex mutants resistant to both lamivudine and adefovir
showed a lack of cross-resistance to FLG (10). FLG also re-
tained its effect against multiple-drug-resistant HBV selected
by entecavir in the genetic background of lamivudine resis-
tance (S. A. Locarnini, personal communication). The high
potency of MIV-210 and its sustained anti-WHV effect ob-
served in woodchucks with chronic hepatitis, as well as the
broad spectrum of activity of MIV-210 against HBV mutants
resistant to other antiviral agents, make MIV-210 a highly
promising candidate for the treatment of chronic HBV infec-
tion in humans.
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