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Lamivudine [(2)-b-L-2*,3*-dideoxy-3*-thiacytidine] reduces woodchuck hepatitis virus (WHV) titers in the
sera of chronically infected woodchucks by inhibiting viral DNA synthesis. However, after 6 to 12 months, WHV
titers begin to increase toward pretreatment levels. Three WHV variants with mutations in the active site of the
DNA polymerase gene are present at this time (W. S. Mason et al., Virology 245:18–32, 1998). We have asked
if these mutant viruses were responsible for the lamivudine resistance and if their emergence caused an
immediate rise in virus titers. Cell cultures studies implied that the mutants were resistant to lamivudine.
Emergence of mutant WHV was not always associated, however, with an immediate rise in virus titers in the
serum. One of the three types of mutant viruses became prominent in serum up to 7 months before titers in
serum actually began to increase, at a time when wild-type virus was still predominant in the liver. The two
other mutants did not show this behavior but were detected in serum and liver later, just at the time that virus
titers began to rise. A factor linking all three mutants was that a similar duration of drug administration
preceded the rise in titers, irrespective of which mutant ultimately prevailed. A simple explanation for these
results is that the increase in virus titers following emergence of drug-resistant mutants can occur only as the
preexisting wild-type virus is cleared from the hepatocyte population, allowing spread of the mutants. Thus,
prolonged suppression of virus titers in the serum may sometimes be a measure of the stability of hepatocyte
infection rather than of a successful therapeutic outcome.

Exposure to hepatitis B virus (HBV) can lead to chronic
infection, which is a cause of cirrhosis and liver cancer. The
treatment of chronic HBV infection to block this progression is
still in its infancy. Alpha interferon is the only drug widely used
to treat virus carriers, and the response rate is probably about
20% (10, 21). Lamivudine [(2)-b-L-29,39-dideoxy-39-thiacyti-
dine], a nucleoside analogue, has now been approved by the
U.S. Food and Drug Administration for the treatment of hep-
atitis B. The administration of lamivudine induces a significant
drop in the amount of virus in the serum of most HBV carriers
and, unlike alpha interferon, causes no significant side effects
in most patients. The emergence of drug-resistant HBV may,
unfortunately, begin after 6 to 12 months of therapy (2–4, 9, 15,
19, 20, 25). As with human immunodeficiency virus (23), mu-
tations related to lamivudine resistance are invariably mapped
to the methionine residue in the YMDD motif of the HBV
polymerase active site (amino acid 552), with a switch to YIDD
or YVDD. The YVDD mutation has also been shown to con-
fer lamivudine resistance when it is introduced into duck HBV
(7). In addition, the change from YMDD to YVDD in HBV is
associated with an upstream amino acid replacement of
leucine (amino acid 528) with methionine (2, 19). This up-
stream change is localized to the B region, a stretch of amino
acids found in the active site of many polymerases, including
that of HBV and woodchuck hepatitis virus (WHV) (Fig. 1).
Moreover, resistance of HBV to famciclovir maps to the B
region (3).

We recently reported on the development of drug resistance
in WHV-infected woodchucks treated with lamivudine (17).
The WHV genomes, present after virus titers had increased
toward pretreatment levels, had a normal YMDD motif. How-
ever, mutations in the active site of the viral DNA polymerase
were detected in the upstream B region (Fig. 1). All mutants
were altered at amino acid 566, which corresponds to position
529 in HBV. One had an alanine-to-threonine mutation (type
I variant), one had a mutation to valine (type II variant), and
the other had a mutation to serine (type III variant). The
nucleotide change that produces the alanine-to-threonine
change in polymerase also introduces a stop codon into the
overlapping S gene, potentially truncating 55 amino acids from
the carboxy termini of the three viral envelope proteins. The
mutation to valine at position 566 occurred together with a
leucine-to-methionine change at position 565 (HBV position
528). The mutation to serine at position 566 occurred with a
leucine-to-methionine change at position 565 and a serine-to-
asparagine change at position 570.

The present study was undertaken to address two issues.
First, were these mutant viruses responsible for the rise in virus
titers seen in virtually all woodchucks treated for up to a year
with lamivudine? Second, did the rise in virus titers coincide
with the rapid spread of a new drug-resistant strain of WHV
through the liver? Alternatively, was the spread of mutant virus
retarded by the wild-type virus present in hepatocytes when
therapy was initiated, with the rise in titers occurring only after
a sufficient time for clearance of wild-type DNA? We present
evidence that the mutant viruses had a drug-resistant polymer-
ase and were probably responsible for the emergence of the
drug-resistant phenotype in vivo. Our data also indicated that

* Corresponding author. Mailing address: Fox Chase Cancer Cen-
ter, 7701 Burholme Ave., Philadelphia, PA 19111. Phone: (215) 728-
2402. Fax: (215) 728-3616. E-mail: ws_mason@fccc.edu.

1947



at least one of the three strains of lamivudine-resistant WHV
could be present months before virus titers increased. These
data support the hypothesis that wild-type virus infection of
hepatocytes prevents emergence of drug resistance, as re-
flected by rising virus titers, until there is a substantial deple-
tion of wild-type covalently closed circular DNA (cccDNA). A
recent study on the appearance of drug-resistant strains of
HBV, in which mutant virus was present in the serum of pa-
tients 4 months prior to an increase in virus titers, points to the
same conclusion (4).

MATERIALS AND METHODS

Woodchucks. Woodchucks (Marmota monax) were housed in the laboratory
animal facility of the Fox Chase Cancer Center. The experiments with the
woodchucks were reviewed and approved by the Center’s Institutional Animal
Care and Use Committee. Captive-born woodchucks 300, 302, and 315 were
purchased from Northeastern Wildlife (South Plymouth, N.Y.), and woodchucks
4960 and 4961, a gift of B. Tennant, were from the breeding colony at Cornell
University, Ithaca, N.Y. Chronic infection was achieved by neonatal inoculation
with serum from WHV-infected woodchucks. Lamivudine treatment of wood-
chucks 300, 302, 315, and 4960 and placebo administration to woodchuck 4961
were initiated when the animals were 13 to 16 months of age, as described
previously (17). The first three woodchucks received an initial dose of 40 mg per
kg of body weight, which was escalated to 200 mg per kg after 3 months, while the
last woodchuck was started on the dose of 200 mg per kg.

PCR amplification and direct sequencing of WHV DNA. Serum samples col-
lected from each woodchuck were stored at 280°C. To prepare virion DNA, 50
ml of woodchuck serum was layered on top of a 10 to 20% sucrose step gradient
containing 0.15 M NaCl and 0.02 M Tris-HCl (pH 7.5), and virus was pelleted by
centrifugation for 3 h at 50,000 rpm in a Beckman SW-60 rotor. The virus was
resuspended in 200 ml of 0.1 M NaCl–0.01 M Tris-HCl (pH 7.5)–0.01 M EDTA–
0.2% sodium dodecyl sulfate–1 mg of pronase per ml, followed by incubation for
1 h at 37°C. The mixture was then extracted two times with phenol-chloroform,
and viral DNA was precipitated by the addition of 2 volumes of ethanol, with 10
mg of dextran used as the carrier. PCR amplification was then carried out in a
reaction volume of 50 ml with KlenTaq polymerase (ClonTech Laboratories).
The amplification conditions included 1 min of denaturation at 94°C and 30
cycles of 1 min at 94°C, 1 min at 57°C, and 1 min at 72°C, followed by 4 min at
72°C. The forward primer (59-AGATTGGTGGTGCACTTCTCTCAG-39)
spanned WHV nucleotides 385 to 408 (14). The reverse primer (59-CCACGG
AATTGTCAGTGCCCAACA-39) spanned nucleotides 1474 to 1451. PCR prod-
ucts were purified with the QIAquick Kit (Qiagen, Inc., Hilden, Germany), as

recommended by the manufacturer. The products were sequenced with 59-GG
ATGTATCTGCGGCGTTT-39 (nucleotides 510 to 528) as the sense primer and
59-CCCAAATCAAGAAAAACAGAACA-39 (nucleotides 953 to 931) as the
antisense primer, respectively.

Proportions of wild-type and mutant viral DNA in serum and liver. Recon-
struction experiments revealed that direct sequencing of the PCR products could
detect sequence variants that represented as little as 10 to 20% of the major
species. However, where more than one minor variant is present, this approach
cannot reveal whether minor sequences changes are associated with one or more
than one variant. To obtain a truer representation of sequence variation, virion
DNA isolated from woodchuck serum that was collected at different time points
during lamivudine treatment was amplified by PCR with forward primer 59-GA
CATACCACGTGGTTTAGTTCCG-39 (nucleotides 8 to 31) and reverse primer
59-AGGGAGATCCGAGTCGTCTGA-39 (nucleotides 1664 to 1644). To esti-
mate the proportions of the four different genetic variants of the B region of the
viral polymerase (wild type and type I, type II, and type III variants) the PCR
products were purified with the QIAquick Kit (Qiagen, Inc.) and were then
cloned. Individual recombinant clones were subjected to PCR. The forward
primer had the sequence 59-TACCTATTAGTCCTGCTGCTGTGC-39 (nucle-
otides 536 to 560), and the reverse primer had the sequence 59-GCCCCACCA
TTTTGTTTTATTGAC-39 (nucleotides 990 to 966). The mutations in variants
types I, II, and III change the pattern of cleavage by HinfI, NlaIII, and SpeI,
respectively (Fig. 1). HinfI cuts only type I, SpeI cuts the wild type and types I and
II but not type III, and NlaIII cuts types II and III but not the wild type or type
I. Therefore, digestion of the PCR product with these restriction endonucleases,
followed by agarose gel electrophoresis, was used to determine the B-region
genotype.

To determine the sequence of the B region of cccDNA extracted from wood-
chuck liver biopsy specimens, PCR amplification, cloning, and restriction diges-
tions were carried out as described above. Prior to PCR amplification, the
cccDNA was purified as reported previously (17) and was then subjected to
alkaline extraction, as described by Yang et al. (29).

Cloning of WHV cccDNA. Liver biopsy samples were obtained from wood-
chuck 302 before and during lamivudine therapy, and nucleic acids enriched for
cccDNA were extracted as described previously (17). The cccDNA was then
purified by agarose gel electrophoresis (detection was by subsequent blot hybrid-
ization), cleaved with EcoRI, and cloned into bacteriophage lambda gt11 (Pro-
mega). (Only a single linear cleavage product was detected after digestion of the
cccDNA with EcoRI.) In some cases, the viral DNA was then subcloned, after
EcoRI digestion, into pGEM-3Z, and the full sequence of the viral DNA was
determined.

To compare the sequences of the DNA polymerase region of a large number
of individual phage lambda gt11 cccDNA clones, PCR amplification was carried
out, followed by sequencing of the PCR product.

Transfection of a human liver cell line, Huh7. WHV expression vectors in
which pregenomic RNA is transcribed from the cytomegalovirus immediate-
early promoter (24) were used to test the effects of different mutations of the B
region of the DNA polymerase on viral DNA synthesis in the presence and
absence of lamivudine. For the wild type, we used an infectious clone of WHV
(24), which was thought to be identical to the clone originally sequenced by
Kodama et al. (14). In preliminary studies, a number of nucleotide differences
between this clone and the published sequence were detected in the region under
study. We therefore determined the complete sequence of this WHV clone. The
predicted polymerase open reading frame (ORF) is shown in Fig. 4. Mutations
were introduced into the B region of the wild type through site-directed mu-
tagenesis by the PCR method of gene splicing by overlap extension (11, 12).
Design of the oligonucleotides for introduction of mutations was based upon
prior sequencing through this region of the cloned DNA, which was carried out
as described above. All the constructs were sequenced. Ten micrograms of DNA
was used to transfect Huh7 cells, which were growing in 60-mm tissue culture
dishes, when the monolayers were about 70% confluent (26). Huh7 cells were
cultured in F-12 minimal essential medium at 37°C with 5% CO2. To test for
inhibition of viral DNA synthesis, lamivudine was added 24 h prior to transfec-
tion at a concentration of 100 mM. Culture medium with or without lamivudine
was changed every day.

At 5 days posttransfection the cell monolayers were rinsed with phosphate-
buffered saline and were stored at 280°C. For extraction of intermediates in viral
DNA replication, the monolayers were thawed by the addition of 1 ml of lysis
buffer containing 0.01 M Tris-HCl (pH 8.0), 0.001 M EDTA, 1% (vol/vol)
Nonidet P-40, 0.05 M NaCl, and 8% (wt/vol) sucrose. The lysate was harvested
and centrifuged at 11,000 3 g for 2 min at 4°C, and the pellet was discarded. Ten
microliters of 1 M magnesium acetate, 10 ml of 10 mg of DNase I (Boehringer)
per ml, and 10 ml of 10 mg of microliters RNase A per ml were added to the
supernatant; and the mixture was incubated for 30 min at 37°C. Following
clarification by centrifugation at 11,000 3 g for 4 min, polyethylene glycol, NaCl,
and EDTA were added to the supernatant to final concentrations of 6.5%, 0.35
M, and 0.01 M, respectively. The mixture was then placed on ice for 1 h, after
which the precipitate was collected by centrifugation at 11,000 3 g. The pellet
was then digested for 1 h at 37°C in 0.025 M Tris-HCl (pH 7.4)–0.01 M EDTA–
0.1 M NaCl–0.5% (wt/vol) sodium dodecyl sulfate–0.5 mg of pronase per ml. The
DNA was then extracted with a phenol-chloroform mixture (1:1) and was con-
centrated by ethanol precipitation.

FIG. 1. Mutations in the B region of the WHV polymerase arise during
lamvidine therapy. (A) Amino acid changes. (B) Nucleotide changes and cleav-
age sites for the three restriction endonucleases used for genotyping of clones of
PCR-amplified viral DNA. The sequence of WHV, as reported by earlier inves-
tigators (5), is presented in the top line of each panel. It should be noted that this
polymerase sequence is one amino acid longer than that reported by Kodama et
al. (14), as the result of an insertion at position 15 (see Fig. 4).
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One-quarter of the DNA extracted from each tissue culture dish was subjected
to electrophoresis in a 1.5% agarose gel and was then transferred to a nitrocel-
lulose membrane for hybridization (27) with a 32P-labeled probe representing
the complete WHV genome. Following hybridization, bound radioactivity was
measured with a Fuji Image Analyzer. A full-length, linear, cloned viral DNA
served as an electrophoresis and hybridization standard.

Primary woodchuck hepatocyte cultures. Primary hepatocytes prepared from
WHV-negative woodchuck liver were seeded onto 60-mm tissue culture dishes
coated with rat-tail collagen and were maintained in serum-free medium at 37°C
(1). Prior to seeding, hepatocytes were partially purified by centrifugation
through 90% Percoll (Sigma) for 15 min at 1,500 rpm (18). To directly evaluate
the lamivudine-resistant properties of the WHV variants present in woodchuck
serum, 50 ml of woodchuck serum was used to infect hepatocytes in the presence
or absence of 500 mM lamivudine. Medium was changed daily, and the cells were
harvested at 16 days postinfection. Intermediates in viral DNA replication were
extracted and analyzed by electrophoresis in 1.5% agarose gels, transfer to
nitrocellulose filters, and hybridization with a 32P-labeled WHV DNA probe
(18).

RESULTS

Lamivudine resistance in woodchucks is due to the emer-
gence of mutant strains of WHV. Treatment of woodchucks
with lamivudine leads to a transient suppression of virus titers.
Within a year, however, titers begin to rise toward pretreat-
ment levels (17). At this time, mutations are detected in the B
region of the viral DNA polymerase (Fig. 1) (17), suggesting
that resistance to therapy may be due to the emergence of
drug-resistant strains of WHV.

To directly test for lamivudine-resistant strains of WHV, we
assayed for inhibition of viral DNA synthesis following infec-
tion of primary woodchuck hepatocyte cultures with serum-
derived virus. For this experiment, we analyzed virus collected
before lamivudine therapy and again when titers had increased
after a period of suppression by lamivudine.

Lamivudine inhibited viral DNA replication (accumulation
of viral DNA replication intermediates, detected as the more
rapidly migrating species labeled SS [single stranded]) follow-
ing infection with virus collected before therapy, as shown in
Fig. 2A for four different woodchucks. Sera collected near the
end of lamivudine therapy generally had a lower titer and
sometimes a lower specific infectivity in primary hepatocyte
cultures, and we were able to obtain results for only three of
the four lamivudine-treated woodchucks. Sera from these
three woodchucks contained lamivudine-resistant WHV (Fig.
2B). Thus, in these woodchucks, the failure of lamivudine to
continuously suppress virus replication is apparently due to the
eventual outgrowth of lamivudine-resistant strains of WHV.

To obtain evidence that this might be the case for all of the
woodchucks and to facilitate a more detailed analysis of the
emergence of these lamivudine-resistant strains of WHV, we
asked if the different mutations that have been observed in the
B region could produce lamivudine resistance. If so, an analysis
of virus genotypes could be used to characterize the emergence
of drug-resistant strains of WHV during the course of therapy.

Site-directed mutagenesis was therefore used to introduce
the type I, II, and III mutations (Fig. 1) into a laboratory strain
of WHV. The wild-type DNA and the three different mutated
viral DNAs were then used to transfect Huh7 cells (28). Ex-
pression of the WHV pregenome, which provides all the func-
tions necessary for viral DNA synthesis (13), was under control
of the cytomegalovirus immediate-early promoter, as WHV
transcription is inefficient in many different liver cell lines (6).
In the presence of lamivudine, accumulation of intermediates
in the replication of wild-type WHV DNA was reduced to
background levels (Fig. 3). In comparison, only a two- to three-
fold reduction was observed after introduction of the type I
and II mutations into viral DNA, and a less than twofold
reduction was observed with the type III mutations. Thus, all

FIG. 2. Lamivudine (LAM) resistance of WHV in primary hepatocyte cul-
tures. Virus present in sera (50 ml) collected from four different woodchucks
(WC) prior to lamivudine therapy (A) or after the indicated number of months
of therapy (B) was tested for sensitivity to the drug. Virion titers per milliliter of
serum (A), as determined by Southern blotting, were 8 3 109 (woodchuck 300),
8 3 109 (woodchuck 302), 8 3 109 (woodchuck 315), and 1.4 3 1010 (woodchuck
4960). Virion titers per milliliter of serum (B) were 1.3 3 109 (woodchuck 4960,
10 months), 2 3 109 (woodchuck 315, 18 months), ,8 3 106 (woodchuck 315, 12
months), 2 3 109 (woodchuck 302, 17 months), 2 3 108 (woodchuck 302, 12
months), 5 3 108 (woodchuck 300, 12 months), and 3 3 107 (woodchuck 300, 5
months). Lamivudine (500 mM) was added 1 day before infection and was
maintained in the culture medium until the cells were harvested at 16 days
postinfection. DNA was extracted and assayed for WHV replication intermedi-
ates by Southern blot analysis. Markers included a 32P-labeled HindIII digest of
phage lambda DNA and 75 pg of linear viral DNA (lane M). The viral DNA that
migrated between 4.4 and 2.3 kbp may be derived, in part, from the inoculum.
Therefore, the best indicator of virus DNA replication is the presence of species
(single-stranded [SS] DNA) that migrated faster than the 2.0-kbp marker (16).
By this criterion, replication of pretreatment virus was inhibited at least 40-fold.
Replication of serum from woodchucks 300 (12 months), 315 (18 months), and
4960 (10 months) was inhibited approximately 2.5-, 2-, and 5-fold, respectively.
cccDNA formation (data not shown) in the absence of lamivudine was detected
only in cultures in which replicative intermediates were also detected and were
found to be present in proportion to the amount of replicating DNA that
accumulated in the cells. cccDNA formation was not inhibited by lamivudine in
cultures infected with drug-resistant WHV and was inhibited between 3- and
30-fold in cultures infected with different stocks of nonresistant virus. In the
latter instance, the cccDNA was presumably formed from infecting viral DNA, as
no virus DNA replication was detected.
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three classes of mutations produced resistance to lamivudine,
implying that a direct assay for these genotypes could be used
to assess the emergence of lamivudine-resistant WHV during
the course of treatment. The results also suggest that the type
I and II mutants may replicate less efficiently than the wild
type; however, it is possible that other sequence differences
between mutants and wild types of natural isolates may com-
pensate for these differences.

Therefore, before proceeding with a more detailed genotype
analysis, we also carried out a preliminary study to determine
if mutations outside the B region might contribute to the ac-
quisition of lamivudine resistance. For this purpose, we fo-
cused on the type I mutant, which was the most commonly
observed type of mutant in the previous study (17). cccDNA
molecules present before therapy and after 12 and 18 months
of lamivudine therapy were cloned from the liver of wood-
chuck 302. The genotypes of the B region of 47 of these clones
are presented in Table 1. One clone with a wild-type B region
and three clones with a B-region mutation (type I) were then
fully sequenced. The predicted amino acid sequence of the
polymerase ORF is shown in Fig. 4. A number of mutations
that produced amino acid changes in addition to the alanine-
to-threonine change at position 566 (type I) were observed;
however, the only one that was found in all three of the clones
with a type I mutation was the histidine-to-tyrosine change at
position 211. This site is part of the tether region that separates
the upstream protein that primes from the downstream active-
site domains, and on this basis alone it seemed unlikely to
affect substrate specificity. Moreover, analyses of additional
type I clones did not reveal a complete correlation between this
upstream mutation and the type I mutation in the B region
(Table 1). Thus, amino acid changes outside the B region may
contribute to the acquisition of lamivudine resistance and/or to
the efficiency of replication of mutant virus in vivo, but these
contributions do not appear to map to a unique site.

Emergence of lamivudine-resistant strains of WHV is not
associated with an immediate rise in virus titers. Having ob-
tained evidence that the B-region mutations were able to pro-
duce lamivudine-resistant WHV, we determined the time
course of appearance of mutant virus DNA in the liver and
serum. The primary goal of this analysis was to determine the
temporal relationship between the appearance of mutant virus
in serum and liver and the increase in virus titers that occurs
during prolonged lamivudine therapy.

A region of the polymerase active site that includes regions
B and C (Fig. 1) was amplified by PCR from virion DNA
collected throughout the course of drug therapy and was then
sequenced. Results for four woodchucks, woodchucks 300, 302,
315, and 4960 (also see Mason et al. [17]), are summarized in
Fig. 5 and Table 2. With woodchuck 300 the type I variant was
detected as early as 7 months before virus titers began to
increase, while the type II and III variants were first prevalent
at the time that the increase occurred. Similarly, for wood-
chuck 315, the type I mutant was detected 7 months before an
increase in titers, and a shift to type II occurred at about the
time that virus titers began to rise. For the two other wood-
chucks (woodchucks 302 and 4960), a type I mutant first be-
came abundant in serum just about the time of the increase
(woodchuck 4960) or shortly thereafter (woodchuck 302) (Fig.
5). However, cloning of the PCR products revealed that a type
II variant was also abundant in the serum of woodchuck 4960
at the time that virus titers rose (Table 2), a result that was not
apparent by direct sequencing of PCR-amplified viral DNA
(Fig. 5). Likewise, cloning and sequencing of PCR products
revealed the type I mutation in woodchuck 302 at 10 months,
prior to the rise in virus titers (data not shown). (Unless a
minor species represented at least 10 to 20% of viral DNA, it
would not have contributed a detectable signal to the DNA
sequencing ladders.) Thus, a type I mutant could persist for at
least 7 months without producing an increase in titers, and in
three of four woodchucks, this increase was associated with the
nearly coincident emergence of type II and/or type III mutants.
Moreover, the type II mutant appeared to be more efficient
than the type I mutant at displacing the wild type (and type I
mutant) from the liver, despite its much later appearance. One

FIG. 3. The type I, II, and III mutations of the pol gene produce lamivudine
(LAM) resistance. The type I, II, and III mutations (Fig. 1) were introduced into
cloned WHV DNA as described in Materials and Methods. When present,
lamivudine was added 24 h prior to transfection with 10 mg of DNA. Intracellular
viral DNAs were harvested after 5 days and were subjected to Southern blot
analysis. Unlike the infection experiment, the most likely source of nonreplicated
viral DNA in this transfection experiment is small fragments of plasmid DNA
that survived the DNase I treatment that was used during the isolation of viral
particles. Therefore, partially double-stranded WHV DNA is a more reliable
indicator of virus DNA replication in this experiment. PDS, partially double-
stranded viral DNA; SS, single-stranded viral DNA; WT, wild type. Markers
included a 32P-labeled HindIII digest of phage lambda DNA and 75 pg of linear
viral DNA (lane M).

TABLE 1. Genotypes of cccDNA clonesa

Clone and time of
sample collection

No. of clones with the following genotype/
no. of clones tested:

Wild
type

Variant
I

Variant
II

Variant
III Total

Isolate from woodchuck 302
Pretherapy 24/24 0/24 0/24 0/24 24/24
12 mo 12/13 1/13 0/13 0/13 13/13
17 mo 6/10 4/10 0/10 0/10 10/10

Clones lacking histidine at
position 211

Pretherapy 1/2
12 mo 3/4 2/2
17 mo 1/1 6/7

a WHV cccDNA preparations from woodchuck 302 were cut with EcoRI and
bacteriophage lambda gt11 clones of viral DNA were then obtained. Subsequent
PCR amplification and sequencing through the B and C regions of the viral
reverse transcriptase were carried out as described in Materials and Methods.
Selected clones with a wild-type B region or a type I mutation in the B region
were also amplified through the site encoding polymerase amino acid 211. The
genotype at amino acid 211 was then estimated by digestion with Bsp1286I, as the
H211Y mutation eliminates the restriction site at nucleotide 3057. These results
are those for the clones that were sequenced (Fig. 4).
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factor that may slow replacement of wild-type cccDNA is trans-
complementation by mutant virus polymerase. Evidence for
this was provided by the observation that both mutant and
wild-type virus titers rose late in therapy (Table 2; Fig. 5).

In addition to the mutations that arose during lamivudine
treatment, we detected a spontaneous mutation of the B region
in one woodchuck (woodchuck 4961) after 10 months of pla-
cebo treatment (Table 2). This mutation, which changed the
alanine at position 566 to a serine, was previously observed in
this animal but not in five other woodchucks receiving placebo
for the same length of time (17). This is one of the three

changes in the type III mutant. We therefore tested this virus
stock for lamivudine resistance in primary hepatocyte cultures,
following the procedure described in Fig. 2. This virus stock
responded to lamivudine like the wild-type virus described in
Fig. 2A; that is, there was no evidence that the mutation con-
ferred lamivudine resistance to the infectious virus in this se-
rum sample. Insertion of the mutation into wild-type viral
DNA led to a slight increase in resistance to lamivudine in
transfected Huh7 cultures, characterized as described above
and shown in Fig. 3 (data not shown).

In an attempt to obtain additional information about the

FIG. 4. Sequences of the polymerase ORF for four clones of cccDNA isolated from woodchuck 302 (wc 302). Full-length viral DNA was cloned from preparations
of cccDNA prepared from the liver before therapy and after 12 and 18 months of lamivudine treatment. The complete sequence of each was determined and was used
to predict the amino acid sequence of the polymerase ORF. For comparison, two sequences from GenBank are shown (whvref#1, accession no. M11082 [14]; whvref#2,
accession no. M19183 [5]), together with the sequence determined for the clone of WHV that is used in our laboratory. As shown, there were some discrepancies
between the sequence reported by Kodama et al. (14) and the sequence of the laboratory strain of WHV DNA that was used in the present study, although it was
believed that the strains were originally the same.
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emergence of mutant virus in the liver, we determined the
genotypes of cccDNAs isolated from biopsy specimens taken
during the course of therapy (17). cccDNA was purified, and
the active-site region of the polymerase was amplified by PCR.
The genotypes of the PCR clones were then determined, with
the results shown in Table 2. With two of the woodchucks
(woodchucks 300 and 302), this analysis supported the earlier
conclusion, derived from the results of cell culture studies, that
the mutants were drug resistant in vivo and, therefore, repli-
cated more efficiently than the wild type in the presence of
lamivudine. For instance, after 5 months of treatment of wood-
chuck 300, all 30 clones obtained after PCR amplification of
cccDNA were wild type, whereas 14 of 36 clones derived from
amplification of virion DNA had a type I mutant genotype.
Likewise, after 12 months, 11 of 29 cccDNA-derived clones
were wild type, whereas 34 of 34 clones derived from virus had
a B-region mutation.

For two of the four woodchucks (woodchucks 315 and 4960)
whose results are presented in Table 2 and Fig. 5, a replication
advantage of mutant virus was not evident simply by compar-
ison of cccDNA and viral genotypes. (For woodchuck 315, the
very low virus titers after 12 months were probably due to a
transient immunological reaction to the infection rather than a
direct simple consequence of the antiviral therapy [17].) For
these two woodchucks, as for woodchucks 300 and 302, direct
evidence that the mutants replicated more efficiently than the
wild type was provided by the observation that mutant cccDNA

supplanted the wild type as the prevalent species in the liver
during the course of therapy. The presence of elevated titers of
wild-type virus in the serum as total virus titers rise is presum-
ably a consequence of trans-complementation of the wild-type
pregenome by mutant WHV polymerase in a set of doubly
infected hepatocytes.

Taken together, the results suggest that the emergence of
the type I mutant and, by implication, of the type II and III
mutants is impeded by preexisting infection of hepatocytes
with wild-type virus. Moreover, this appears to be the case,
despite the evidence from both cell culture and in vivo studies
that the mutants replicate more efficiently than the wild type in
the presence of lamivudine. Thus, a sustained suppression of
virus titers in the serum may reflect the stability of wild-type
cccDNA and of the hepatocytes that were infected by wild-type
virus rather than a significant loss of infection from the liver.

Consequences of mutations in the YMDD motif of WHV.
One peculiar aspect of lamivudine-resistant WHV was the
absence of mutations of the YMDD motif, which characterize
lamivudine-resistant variants of HBV and human immunode-
ficiency virus that emerge during therapy. Mutations were
therefore inserted into wild-type WHV to change the YMDD
motif (Fig. 1) to either YIDD or YVDD. The mutant DNA
was then transfected into Huh7 cells in the presence and ab-
sence of lamivudine, and the accumulation of intermediates in
viral DNA synthesis was assayed (Fig. 3). The YVDD mutant
of WHV was drug resistant, although it appeared to replicate

FIG. 5. Time course of appearance of B-region mutants in lamivudine-treated woodchucks (wc). The presence of different variants was estimated by sequencing
of PCR products, as described in Materials and Methods. For woodchuck 4960, only wild-type (WT) virus was detected at 8.5 months. In general, the results were
confirmed by cloning and sequence analysis of selected PCR products (Table 1).
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poorly. Replication of the YIDD mutant was essentially unde-
tectable in this experiment, but replication and drug resistance
were demonstrated by more sensitive assays (data not shown).
Thus, the data suggest that one reason that the YVDD and
YIDD variants were not detected in vivo is that they may
replicate inefficiently.

DISCUSSION

Our previous evaluation of lamivudine treatment of chron-
ically infected woodchucks reveals three unexpected problems
(17). First, the decline in virus titers in the serum is very slow,
extending over several months. Second, the net suppression in
virus titers is less than 1,000-fold in most woodchucks. Third,
virus titers invariably rise again within 9 to 12 months.

The results presented above suggest that the overall decline
in virus titers is limited, at least in some woodchucks, by the
presence of drug-resistant WHV in the liver even early in
therapy. This possibility was consistent with the detection of
the type I mutant in some woodchucks as early as 5 months
after the initiation of lamivudine treatment. Assuming that the
type I mutant replicated in the presence of lamivudine with the
same efficiency as wild-type WHV in the absence of lamivu-
dine, mutant cccDNA would be 0.2 to 1% of the total cccDNA
at this time. Indeed, analysis of the genotypes of cccDNA
extracted from woodchuck 300 at this time revealed only wild-
type cccDNA (30 of 30 clones; Table 2).

Unfortunately, none of our experiments shows why virus
titers do not drop rapidly after initiation of lamivudine therapy,
as they do in HBV-infected patients. A prolonged WHV half-

life in blood is not an explanation. Rapid drops in WHV titer
have been observed following even short-term therapy with
other nucleoside analogs. For example, one group observed a
100-fold drop in WHV titers following initiation of therapy
with BMS-200475, indicating that the half-life of WHV in
blood is 1 day or even less (8). One possible explanation might
be that type I mutant cccDNA is distributed evenly through the
hepatocyte population. If this mutant cccDNA were a common
variant in WHV carriers, representing 1% of the total at the
start of therapy, and was spread evenly to hepatocytes contain-
ing an average of 20 cccDNA molecules (wild type plus mutant
cccDNA molecules), there would be enough mutant cccDNA
for 20% of the hepatocyte population. This could help to
explain why virus titers dropped only about 10-fold in the first
month even after treatment with very high doses of lamivudine
(assuming efficient trans-complementation by the mutated
polymerase).

This hypothesis for the slow decline in virus titers appears
untenable, however, as it fails to explain why titers keep drop-
ping as therapy is continued. If, instead, the type I variant is not
initially spread among hepatocytes but is the predominant or
only cccDNA in those hepatocytes in which it is initially
present, a different picture emerges. The slow decline in virus
titers reflects some peculiarity in uptake or phosphorylation of
lamivudine in the woodchuck (22).

An even more complex issue is the eventual enrichment of
type I cccDNA in the liver and the nearly complete replace-
ment of wild-type cccDNA by the type II variant. If both are
initially present in only a few hepatocytes, then the ultimate
rise in virus titers and the enrichment of their respective cccD-

TABLE 2. Genotyping of viral DNA in liver and seruma

Woodchuck and time of
sample collection

No. of the following cccDNA
variants/total no. tested: Virus titer

No. of the following variants from
serum/total no. tested:

Wild type I II III Wild type I II III

300
Pretherapy 26/26 0/26 0/26 0/26 7 3 109 24/24 0/24 0/24 0/24
5 Mo 30/30 0/30 0/30 0/30 3 3 107 22/36 14/36 0/36 0/36
12 Mo 11/29 12/29 4/29 2/29 5 3 108 0/34 12/34 9/34 13/34

302
Pretherapy 28/28 0/28 0/28 0/28 1 3 1010 30/30 0/30 0/30 0/30
12 Mo 20/20 0/20 0/20 0/20 2 3 108 21/30 9/30 0/30 0/30
17 Mo 18/22 4/22 0/22 0/22 2 3 109 9/34 25/34 0/34 0/34

315
Pretherapy 27/27 0/27 0/27 0/27 7 3 109 32/32 0/32 0/32 0/32
12 Mo 9/32 12/32 11/32 0/32 ,8 3 106 4/8 0/8 4/8 0/8
18 Mo 0/25 6/25 19/25 0/25 2 3 109 0/28 1/28 27/28 0/28
20 Mo 1/29 14/29 14/29 0/29 3 3 109 NDb ND ND ND

4960
Pretherapy 30/30 0/30 0/30 0/30 2 3 109 31/31 0/31 0/31 0/31
3 Mo 25/25 0/25 0/25 0/25 4 3 107 31/31 0/31 0/31 0/31
10 Mo 6/18 8/18 3/18 1/18 1.3 3 1010 10/26 13/26 3/26 0/26
16 Mo 4/26 17/26 5/26 0/26 1 3 109 3/34 13/34 17/34 1/34
18 Mo 7/28 15/28 5/28 1/28 2 3 109 ND ND ND ND

4961
Pretherapy 28/28 0/28 0/28 0/28 3 3 109 30/30 0/30 0/30 0/30
3 Mo 26/26 0/26 0/26 0/26 1 3 109 36/36 0/36 0/36 0/36
10 Mo 16/16 0/16 0/16 0/16 2 3 109 35/35c 0/35 0/35 0/35

a Virus was partially purified from serum samples, DNA was isolated, and a region of the genome encoding the B and C domains of the reverse transcriptase was
amplified by PCR. The PCR products were then cloned and genotyped by using restriction endonucleases, as described in Materials and Methods.

b ND, not done.
c Ten of 35 clones had the alanine-to-serine change at amino acid 566.
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NAs requires spread to hepatocyte lineages originally infected
with wild-type WHV. This requires that these hepatocytes ei-
ther lose the wild-type virus or becomes susceptible to super-
infection with the mutant virus. How this would occur is un-
known. One possibility is that inhibition of viral DNA
synthesis, plus elevated hepatocyte death and proliferation due
to infection, leads to dilution of wild-type DNA in hepatocyte
lineages, making them candidates for superinfection by the
mutants. This type of mechanism would help explain why in
almost every woodchuck there is an identical length of time
between initiation of antiviral therapy and the eventual rise in
titers whether it is due to the spread of type I or type II
variants. That is, the eventual takeover by mutant virus is
entirely dependent upon the loss of wild-type WHV, which, in
turn, is governed by the rate of death and proliferation of
hepatocytes. The preferential takeover by type II and III vari-
ants, when detectable, may reflect the fact that these two types
have a higher replicative capacity than type I, plus the fact that
the continued presence of some wild-type WHV is probably
not required for their replication. (Because of the introduction
by the pol mutation of the type I variant of a stop codon in the
overlapping S gene [17], this virus is presumably dependent on
coinfection with wild-type virus to form infectious virions; the
effects of missense mutations in the S gene, which are associ-
ated with the type II and III mutations, on the formation of
infectious virions are unknown.)

As noted earlier, a recent study on the appearance of lami-
vudine-resistant strains of HBV, in which mutant virus was
present in the serum of patients four months prior to an in-
crease in virus titers, points to the same conclusions as our
study (4): that wild-type virus that remains in the liver may
temporarily inhibit outgrowth of the drug-resistant variant.
Whether or not this conclusion will be supported by further
studies of clinical specimens remains to be determined.
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