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A novel L-nucleoside analog of deoxycytidine, 2*,3*-dideoxy-2*,3*-didehydro-b-L-5-fluorocytidine (b-L-Fd4C),
was recently shown to strongly inhibit hepatitis B virus (HBV) replication in the 2.2.15 cell line. Therefore, its
antiviral activity was evaluated in the duck HBV (DHBV) infection model. Using a cell-free system for the
expression of the DHBV polymerase, b-L-Fd4C-TP exhibited a concentration-dependent inhibition of dCTP
incorporation into viral minus-strand DNA with a 50% inhibitory concentration of 0.2 mM which was lower
than that of other tested deoxycytidine analogs, i.e., lamivudine-TP, ddC-TP, and b-L-FddC-TP. Further
analysis showed that b-L-Fd4C-TP is likely to be a competitive inhibitor of dCTP incorporation and to cause
premature DNA chain termination. In primary duck hepatocyte cultures infected in vitro, b-L-Fd4C admin-
istration exhibited a long-lasting inhibitory effect on viral DNA synthesis but could not clear viral covalently
closed circular DNA (CCC DNA). Results of short-term antiviral treatment in experimentally infected duck-
lings showed that b-L-Fd4C exhibited the most potent antiviral effect, followed by b-L-FddC, lamivudine, and
ddC. Longer administration of b-L-Fd4C induced a sustained suppression of viremia (>95% of controls) and
of viral DNA synthesis within the liver. However, the persistence of trace amounts of viral CCC DNA detected
only by PCR was associated with a recurrence of viral replication after drug withdrawal. In parallel, b-L-Fd4C
treatment suppressed viral antigen expression within the liver and decreased intrahepatic inflammation and
was not associated with any sign of toxicity. Our data, therefore, demonstrate that in the duck model of HBV
infection, b-L-Fd4C is a potent inhibitor of DHBV reverse transcriptase activity in vitro and suppresses viral
replication in the liver in vivo.

Chronic hepatitis B virus (HBV) infection remains a major
public health problem worldwide, with three hundred million
chronic carriers of the virus, and its serious clinical conse-
quences include liver cirrhosis and hepatocellular carcinoma
(19). Unfortunately, alpha interferon therapy induces a sus-
tained antiviral response in only 20 to 30% of the patients (12).
The development of new nucleoside analogs, such as b-L(2)-
29,39-dideoxy-39-thiacytidine [L(2)SddC or 3TC or lamivudine]
that exhibit a potent inhibitory effect on HBV reverse tran-
scriptase activity and viral replication in vitro (2, 6, 31), has
opened new avenues in the antiviral therapy of chronic hepa-
titis B. Results of phase II and phase III clinical trials have
shown that administration of lamivudine results in a dramatic
suppression of viral replication which is accompanied by an
improvement in liver histology (16, 27, 44). However, because
of the relatively low rate of anti-HBe seroconversion and of the
special features of the viral kinetics, long-term therapy with a
nucleoside analog is required to eradicate viral infection (16,
28). Indeed, chronic HBV infection is characterized by a high
rate of virus production, by the absence of a cytopathogenic
effect (and therefore a long half-life of infected hepatocytes),
and by the persistence of viral genomes as a covalently closed
circular DNA (CCC DNA) in the nucleus of infected cells (9,
26, 28, 36, 40). Because of the spontaneous error rate of the

viral reverse transcriptase, prolonged administration of a single
nucleoside analog in chronically infected patients may select
for the replication of resistant viral strains. The rate of selec-
tion of resistant mutants is 23% after 1 year of lamivudine
treatment and increases to 38% at the end of the second year
of therapy (16). The same observation has been made with
long-term treatment with famciclovir, another inhibitor of
HBV polymerase, and it was demonstrated that the resistant
viruses harbor mutations in conserved domains of the viral
reverse transcriptase (29, 44).

In order to design new strategies that combine several anti-
viral agents with different mechanisms of action to prevent the
emergence of resistant strains, the development of new inhib-
itors of HBV replication is required (44). In the search for new
potent antiviral agents, 29,39-dideoxy-29,39-didehydro-b-L-5-
fluorocytidine (b-L-Fd4C) was found to exhibit a potent anti-
viral activity against human immunodeficiency virus and HBV
replication in tissue culture (7, 23). b-L-Fd4C was found to be
at least 10 times more potent (50% inhibitory concentration
[IC50] at 1 nM) than lamivudine (IC50 at 15 nM) on HBV DNA
synthesis in the hepatoma cell line HepG2 2.2.15, and its
triphosphate derivative specifically inhibited the virion associ-
ated HBV DNA polymerase activity (41). Detailed analysis of
the intracellular metabolism of b-L-Fd4C revealed that the
degree of phosphorylation and retention time of the triphos-
phate metabolites were higher than for lamivudine which may
explain, at least in part, both the more potent and sustained
antiviral effects of b-L-Fd4C observed after drug withdrawal in
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tissue culture. b-L-Fd4C was found to be slightly more cyto-
toxic (IC50, 20 mM) than lamivudine (IC50, 50 mM), but b-L-
Fd4C had no inhibitory activity against mitochondrial DNA
synthesis at concentrations up to 10 mM (41). Furthermore,
b-L-Fd4C-triphosphate was found to be a poor substrate for
polymerase gamma, a very poor substrate for polymerase al-
pha, and not a substrate for polymerase epsilon (15). Given its
antiviral activity and its pharmacodynamic properties, b-L-
Fd4C should be considered for development as an anti-HBV
agent. We have therefore characterized its antiviral activity in
the duck hepatitis B virus (DHBV) infection model in com-
parison with lamivudine and other deoxycytidine analogs. This
model provides relevant tools to study the mechanism of action
of new antiviral compounds on the viral polymerase expressed
in vitro, in primary hepatocyte cultures and in vivo in experi-
mentally infected animals (1, 4, 8, 20, 25, 42). In the studies
reported herein, we give evidence that b-L-Fd4C suppresses
DHBV reverse transcription and inhibits the initiation of in-
fection as well as viral antigen expression in hepatocytes.

MATERIALS AND METHODS

Drugs. b-L-Fd4C and its triphosphate form (b-L-Fd4C-TP) were synthesized in
the Department of Pharmocology and the Comprehensive Cancer Center, Yale
University School of Medicine, New Haven, Conn., as described by Lin et al. (23)
and Kukhanova et al. (15), respectively. 29,39-Dideoxy-b-L-5-fluorocytidine (b-L-
FddC) and its triphosphate form (b-L-FddC-TP) were also designed and synthe-
sized in the same laboratory as described by Lin et al. (21, 22). 29,39-Dideoxy-
cytidine (ddC) and its triphosphate form (ddC-TP) were purchased from Sigma,
Saint Quentin Fallavier, France. L(2)SddC (also called 3TC or lamivudine) was
provided by VION pharmaceuticals and its triphosphate form (3TC-TP) was a
generous gift from J. Kitson (Glaxo Research, Greenford, United Kingdom).

An in vitro assay for the expression of enzymatically active DHBV reverse
transcriptase and the study of the inhibitory effect of nucleoside analog triphos-
phates. The enzymatically active DHBV polymerase polypeptide was synthesized
from the plasmid pHP, which contains the viral polymerase gene under the
control of the SP6 promoter, and the RNA template of reverse transcription, as
previously described (39, 43). The DHBV polymerase gene was transcribed and
translated in a coupled transcription-translation rabbit reticulocyte lysate system
(TNT SP6 Coupled Reticulocyte Lysate System; Promega, Charbonnières,
France), according to the manufacturer’s instructions. The reverse transcription
assay was performed as previously described (42). After translation, the viral
polymerase was incubated for 30 min at 30°C in a mixture containing 50 mM
Tris-HCl (pH 7.5), 15 mM NaCl, 10 mM MgCl2, dATP, dGTP, dTTP (100 mM
each), and 0.165 mM [a-32P]dCTP (3,000 Ci/mmol). The inhibition of [a-32P]d-
CMP incorporation in DHBV minus-strand DNA was performed with the ad-
dition of various polymerase inhibitors (b-L-Fd4C-TP, 3TC-TP, b-L-FddC-TP,
and ddC-TP) at the concentrations indicated below. Radiolabelled viral DNA
covalently attached to polymerase was subjected to electrophoresis through 0.1%
sodium dodecyl sulfate (SDS)–10% polyacrylamide gels as already published (39,
43), and the dried gels were exposed to X-ray film. A quantitative dot assay was
performed after spotting 2 ml of the radiolabelled reverse transcription assay
mixture onto a DE-81 filter (Whatman), followed by three washes in 23 SSC
(300 mM NaCl and 30 mM sodium citrate) for 20 min each and two washes in
95% ethanol for 15 min each, and then the radioactivity incorporated in viral
minus-strand DNA was measured in a Beckman LS 6000SC scintillation counter
(4, 42). To determine whether b-L-Fd4C-TP acts as a competitive inhibitor of
[a-32P]dCTP incorporation into the nascent viral DNA, the reverse transcription
assay described above was performed with [a-32P]dCTP at a final concentration
of 0.165 or 0.825 mM together with b-L-Fd4C-TP at increasing concentrations as
indicated in the results section.

To gain more insight into the mechanism of action of b-L-Fd4C-TP, we asked
whether this compound acts as a DNA chain terminator. With this aim, we used
a mutated pHP plasmid in which the TTAC sequence in the bulge of epsilon had
been replaced by site-directed mutagenesis by a TGAC sequence. With this
construct, the priming of reverse transcription leads to the synthesis of the short
DNA primer whose sequence is modified from GTAA (wild type) to GTCA
(mutant). The viral polymerase expressed in the reticulocyte lysate system was
then incubated with dGTP, dTTP, and dCTP at 0.165 mM each, with or without
b-L-Fd4C-TP or 3TC-TP, and with [a-32P]dATP (0.165 mM). Then the kinetics
of incorporation of [a-32P]dAMP in the viral primer in the presence of varying
concentrations of dCTP and b-L-Fd4C-TP were determined.

Primary duck hepatocyte cultures. Primary hepatocyte cultures were prepared
from 4-week-old Pekin ducks (Anas domesticus). The procedures of liver perfu-
sion and hepatocyte isolation and culture conditions were described previously
by Tuttleman et al. (37). Hepatocytes were seeded on six-well plates at a density
of 5 3 105 cells per well, and the serum-free growth medium was changed daily.

Infection of primary hepatocyte cultures was performed, 1 day postplating, with
a DHBV-positive serum (4 3 108 DNA genome equivalents per well). To
determine the effect of antiviral administration on viral DNA synthesis, the
addition of drugs to the culture medium at the indicated concentrations was
carried out from day 7 to day 13 postseeding. To determine the capacity of
antiviral therapy to inhibit the initial steps of viral infection including CCC DNA
formation and its amplification, the cultures were inoculated with an infectious
serum at day 2 postplating, and drugs were added to the culture medium from
day 1 to day 4 postseeding.

Cellular toxicity was analyzed daily by light microscope examination and mea-
surement of the lactic acid level in cell supernatants (Lactate PAP; bioMérieux,
Marcy l’Etoile, France). Furthermore, cellular viability was assessed by cellular
uptake of neutral red dye (Sigma). Briefly, hepatocytes were seeded in 12-well
tissue culture plates and were cultured in medium containing increasing concen-
trations of b-L-Fd4C from day 2 to day 8, with daily change of medium. Four
wells were analyzed for concentration at the end of treatment. Cell viability was
estimated according to a protocol already described (11), and the IC50 was
defined as the drug concentration required to reduce cell viability by 50%.

Experimental inoculation of ducklings. Ducklings were maintained under
normal daylight, fed with standard commercial diet and water ad libitum, in
accordance with the guidelines for animal care at the facilities of the National
Veterinary School of Lyon, Marcy l’Etoile, France. Three day-old Pekin duck-
lings were inoculated intravenously with a DHBV-positive serum containing
1.5 3 107 viral genome equivalents, following a protocol previously described (1,
17, 42). Ducklings received deoxynucleoside analogs by intraperitoneal admin-
istration, starting 3 days postinoculation (therapeutic regimen) for a duration of
5 days or 4 weeks, according to the protocols described in the results section.
Viremia, animal weight, and lactic acid levels were monitored throughout the
study period.

Analysis of viral DNA. DHBV DNA from the serum of experimentally in-
fected ducklings and from hepatocyte culture supernatants was detected by a
specific dot blot hybridization assay at different time points as indicated. Fifty
microliters of serum or 800 ml of culture supernatant were spotted directly on
nitrocellulose filters (Sartorius, Göttingen, France) using the Hybri-Dot Mani-
fold apparatus (Life Technologies, Cergy Pontoise, France). After denaturation
(0.2 M NaOH, 1 M NaCl), neutralization (0.5 M Tris-HCl [pH 8] with 1 M NaCl
followed by 23 SSC), and fixation (80°C for 2 h), filters were hybridized with a
full-length, a-32P-labelled DHBV genomic DNA probe. Filters were autoradio-
graphed, and spots were counted in a scintillation counter (42). The limit of
detection of serum viral DNA by this assay is 100 pg/ml.

Intrahepatic viral DNA from experimentally inoculated ducklings was ex-
tracted at different time points as indicated according to a procedure described
in detail elsewhere (13). Liver samples were snap-frozen in liquid nitrogen,
stored at 280°C, and then analyzed for viral DNAs. One hundred milligrams of
liver was homogenized in a solution containing 10 mM Tris-HCl (pH 7.5) and 10
mM EDTA and was divided in two parts, one for isolation of total viral DNA
(after proteinase K digestion, phenol-chloroform extraction followed by ethanol
precipitation) and the other for isolation of non-protein-bound viral CCC DNA
(after SDS-KCl precipitation of protein-bound DNA, phenol-chloroform extrac-
tion of the supernatant followed by ethanol precipitation). To normalize cellular
DNA concentration in each well, DNA concentration was determined using both
spectrophotometric analysis and optical density analysis after electrophoresis
through agarose gels. Five micrograms of total DNA or CCC DNA preparation
was then subjected to electrophoresis through 1.5% agarose gels and were
transferred by blotting to nylon membranes (Hybond N1; Amersham, Courta-
boeuf, France), and viral DNAs were detected by hybridization with a-32P-
labelled probe representing the complete viral genome.

PCR detection of DHBV DNA was performed on viral CCC DNA prepara-
tions with a specific primer pair as described elsewhere (14). Primer P1 (59-GCG
CTT TCC AAG ATA CTG GAG CCC AA-39) at nucleotide positions 1426 to
1451 was used with primer P3 (59-CCC TGT GTA GTC TGC CAG AAG TCT
TC-39) at nucleotide positions 2843 to 2818 to amplify the gap region of the viral
genome which is completely double stranded only in CCC DNA. After 30
amplification cycles (1 min, 94°C; 3 min, 72°C), PCR products were separated
through 1.5% agarose gels and analyzed by Southern blotting as previously
described.

To analyze the viral DNA in primary duck hepatocytes, cells were rinsed with
phosphate-buffered saline and stored at 280°C for DNA isolation. Viral CCC
DNA (non-protein-bound DNA) and replicative intermediate DNAs (protein-
bound DNA) were isolated as described by Summers et al. (34). CCC DNA
preparations as well as an equivalent volume of the corresponding replicative
intermediate DNA preparations were analyzed by electrophoresis through 1.5%
agarose gels, were transferred by blotting to nylon membranes (Hybond N1;
Amersham), and were hybridized with a-32P-labelled full-length DHBV genomic
DNA probe.

Analysis of liver histology in experimentally infected ducklings. Formalin-
fixed liver tissue sections embedded in paraffin, sectioned at 3-mm thickness, and
stained with hematoxylin, eosin, and safran were examined by light microscopy.
The level of hepatocyte necrosis (acidophilic bodies), portal tract and intralob-
ular inflammation, steatosis, and ductular proliferation were assessed semiquan-
titatively, under code.
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Immunostaining of liver sections for DHBV pre-S antigen. Five-micrometer
deparaffinized liver tissue sections were incubated overnight with an anti-DHBV
pre-S murine monoclonal antibody (MAb), MAb 900, previously characterized
by Chassot et al. (3). This step was followed by incubation with biotinylated goat
anti-mouse immunoglobulin G (Dako, Trappes, France). The antigen-antibody
complex was then revealed with streptavidin-horseradish peroxidase (Dako). The
visualization was performed by using DAB chromogen substrate according to the
manufacturer’s instructions (Dako) (35). All specimens were evaluated blind.

RESULTS

b-L-Fd4C-TP exhibits a potent inhibitory effect on the
DHBV reverse transcriptase. Using a cell-free system for the
expression of an enzymatically active DHBV polymerase, we
analyzed the inhibitory effect of the triphosphate form of b-L-
Fd4C on the DHBV polymerase activity, in comparison with
other deoxycytidine analog triphosphates, ddC-TP, b-L-FddC-
TP, and 3TC-TP. The level of inhibition of DHBV minus-
strand DNA synthesis obtained with these compounds was
assessed by quantifying the incorporation of [a-32P]dCMP into
the nascent viral DNA. The results showed that the incorpo-
ration of radiolabelled dCMP in viral minus-strand DNA was
reproducibly inhibited in a dose-dependent manner by the
addition of increasing concentrations of deoxycytidine analog
triphosphates (Fig. 1A). For a substrate concentration of 0.165
mM, the IC50s for dCMP incorporation in viral minus-strand
DNA were in decreasing order: 19.4 6 5.3 mM for b-L-FddC-
TP, 15.2 6 5.9 mM for ddC-TP, 6.3 6 2.2 mM for 3TC-TP, and
0.2 mM 6 0.064 mM for b-L-Fd4C-TP (means of five experi-
ments) (Fig. 1B). More than 80% inhibition of viral DNA
synthesis was obtained at 100 mM with all these molecules.
However, b-L-Fd4C-TP exhibited the most potent inhibitory
activity with an IC75 of only 0.96 mM 6 0.6 mM and an IC90 of
8.15 mM 6 1.65 mM (means of 13 experiments performed).

To determine whether b-L-Fd4C-TP acts as a competitive
inhibitor of dCTP incorporation in DHBV minus-strand DNA,
the same reaction was performed with increasing concentra-
tions of the substrate [a-32P]dCTP which was used at 0.165 mM
and at 0.825 mM. Increasing the concentration of [a-32P]dCTP
by fivefold shifted the IC50 from 0.17 mM to 0.50 mM, suggest-
ing a competitive inhibitory effect of b-L-Fd4C-TP on dCMP
incorporation in viral DNA (Fig. 1C).

We then asked whether b-L-Fd4C-TP acts as a terminator of
viral DNA chain elongation. A mutated pHP plasmid allowing
the synthesis, by the priming of reverse transcription, of a short
DNA primer whose sequence is modified from GTAA (wild
type) to GTCA (mutant) was used. The viral polymerase was
incubated with dGTP, dTTP, and dCTP at 0.165 mM each with
or without b-L-Fd4C-TP (10 mM) or 3TC-TP (100 mM) and
with [a-32P]dATP (0.165 mM). In the control experiment, the
results showed the incorporation of [a-32P]dAMP in the viral
DNA primer and an arrest in viral DNA synthesis after the
priming reaction, as previously described by Wang and Seeger
(38, 39) (Fig. 2). When no deoxynucleoside triphosphates
(dNTPs) were added, a discrete incorporation of [a-32P]dAMP
was still detectable, suggesting that priming of reverse tran-
scription occured with a pool of endogeneous dNTPs in the
reticulocyte lysate. When b-L-Fd4C-TP (10 mM) (Fig. 2A) or
3TC-TP (100 mM) (Fig. 2B) were added to the reaction, a
dramatic inhibition of [a-32P]dAMP incorporation to the level
of background was observed, suggesting that these compounds
not only were capable of competing dCTP incorporation in the
viral primer but also inhibited the incorporation of the next
nucleotide, dATP. Altogether, these results suggested that b-L-
Fd4C-TP may act as a viral DNA chain terminator.

Inhibition of DHBV DNA synthesis and CCC DNA forma-
tion in primary duck hepatocytes by b-L-Fd4C. The inhibitory

FIG. 1. b-L-Fd4C-TP is a potent inhibitor of viral minus-strand DNA syn-
thesis by the DHBV reverse transcriptase and acts as a competitive inhibitor of
dCTP. The in vitro-expressed DHBV polymerase was incubated in presence of
[a-32P]dCTP (0.165 mM) and the cold deoxynucleotides together with dCTP
analog triphosphates (b-L-Fd4C-TP, ddC-TP, b-L-FddC-TP, and 3TC-TP) at the
indicated concentrations, as described in Materials and Methods. Viral nascent
minus-strand DNA covalently linked to the viral polymerase was analyzed
through 0.1% SDS–10% polyacrylamide gels, and representative results of one
experiment are depicted in panel A. Viral nascent minus-strand DNA was ana-
lyzed quantitatively by a dot blot assay, and the results of the inhibition of
[a-32P]dCMP incorporation in viral DNA (mean of five experiments) are plotted
on the graph in panel B (logarithmic scale). Competitive inhibition of the incor-
poration of dCTP by b-L-Fd4C-TP was performed as described in Materials and
Methods. Results plotted in panel C for 0.165 mM of [a-32P]dCTP (plot 1) and
0.825 mM of [a-32P]dCTP (plot 2). Standard deviations are indicated.
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activity of b-L-Fd4C on DHBV replication was then analyzed
in experimentally infected primary duck hepatocyte cultures.
In the first set of experiments, we investigated the inhibitory
effect of b-L-Fd4C on DHBV DNA synthesis. Different con-
centrations of b-L-Fd4C or 3TC were studied in parallel. Six
days after virus inoculation of the hepatocyte cultures, drugs
were added to the culture medium for 6 consecutive days with
a daily medium change. The supernatant of each culture well
was collected daily for virion DNA analysis, and intracellular
viral DNA was analyzed prior to therapy, at the end of treat-
ment, and 4 days posttreatment. Dot blot analysis of viral DNA
in the culture supernatants indicated that virion release by
hepatocytes in the culture medium was reproducibly inhibited
by b-L-Fd4C in a concentration-dependent fashion (data not
shown). The antiviral effect of b-L-Fd4C seemed to last up to

4 days after cessation of treatment. Southern blot analysis of
the intracellular viral DNAs showed a more pronounced inhi-
bition of the synthesis of viral replicative intermediates (re-
laxed circular (RC) DNA, single strand (SS) DNA, and linear
(L) DNA) and viral CCC DNA by b-L-Fd4C compared to 3TC
(Fig. 3A). However, viral CCC DNA was still detected at the
end of the treatment, indicating the absence of viral clearance
from infected hepatocytes. No particular sign of cellular tox-
icity was detected by the daily light microscope examination
and by the incorporation of neutral red (IC50 . 100 mM).
Quantification of lactic acid in cell culture supernatants
showed no significant increase, and examination of cellular
DNA on agarose gels did not show any DNA ladder (5).

In the second set of experiments, we examined whether
b-L-Fd4C could inhibit the initial steps of viral infection in-

FIG. 2. b-L-Fd4C-TP acts as a viral DNA chain terminator. A mutated pHP plasmid encoding the viral polymerase with the natural TTAC sequence in the bulge
of epsilon replaced by site-directed mutagenesis by a TGAC sequence was used. With this construct, the priming of reverse transcription leads to the synthesis of a short
DNA primer whose sequence is modified from GTAA (wild type) to GTCA (mutant). The viral polymerase expressed in the reticulocyte lysate system was incubated
with or without cold deoxynucleotides (dGTP, dTTP, and dCTP at 0.165 mM each), in the presence or absence of b-L-Fd4C-TP (10 mM) or 3TC-TP (100 mM), and
with [a-32P]dATP (0.165 mM). Kinetics of incorporation of [a-32P]dAMP in the viral primer covalently attached to the viral polymerase were analyzed after
electrophoresis through 0.1% SDS–10% polyacrylamide gels and autoradiography (panel C) as well as by a dot blot assay as described in Materials and Methods. Results
of kinetics were plotted on the graphs: panel A, b-L-Fd4C-TP experiment; panel B, 3TC-TP experiment. Plot 1, viral polymerase incubated with cold dNTPs and
[a-32P]dATP; plot 2, viral polymerase incubated with cold dNTPs, [a-32P]dATP, and a reverse transcriptase inhibitor; plot 3, no polymerase with cold dNTPs and
[a-32P]dATP; plot 4, viral polymerase incubated with [a-32P]dATP and a reverse transcriptase inhibitor, but without cold dNTPs; plot 5, viral polymerase incubated
with [a-32P]dATP, but without cold dNTPs or reverse transcriptase inhibitor. The level of [a-32P]dAMP incorporation without drug (plot 1), after an incubation of 30
min, was arbitrarily chosen as 100%.

114 LE GUERHIER ET AL. ANTIMICROB. AGENTS CHEMOTHER.



cluding CCC DNA formation and its amplification in experi-
mentally infected primary hepatocytes. To answer this ques-
tion, primary hepatocytes were treated by b-L-Fd4C or 3TC 1
day before the infection, the day of inoculation, and for the
next 4 days. Southern blot analysis of the viral replicative
intermediates and CCC DNA was performed at the end of
treatment and at 3 and 8 days posttreatment (Fig. 3B). The
results showed that both drugs inhibited the synthesis of viral
DNA replicative intermediates and the synthesis of CCC
DNA, resulting in a delay in the initiation of viral replication in
tissue culture (Fig. 3B). Eight days after 3TC withdrawal, CCC
DNA synthesis as well as replicative intermediates became
detectable. Administration of b-L-Fd4C at 10 or 100 mM was

associated with the more pronounced suppression of the syn-
thesis of all forms of viral DNA, and this inhibitory effect was
sustained even 8 days posttreatment. Interestingly, in cells
treated with b-L-Fd4C, only faint bands of RC DNA and CCC
DNA could be detected, suggesting that b-L-Fd4C had blocked
the viral replication cycle after the transformation of viral RC
DNA in CCC DNA form (Fig. 3B). These results were con-
firmed by the analysis of virion DNA release in cell culture
supernatants (data not shown). This delay in the initiation of
DHBV infection suggested that b-L-Fd4C or its active metab-
olite had a long half-life in primary duck hepatocytes.

Short-term administration of b-L-Fd4C transiently inhibits
viral replication in vivo in experimentally infected ducklings.

FIG. 3. b-L-Fd4C inhibits viral DNA synthesis in primary duck hepatocyte cultures. (A) Primary duck hepatocyte cultures were inoculated with an infectious serum
on day 1 postseeding, and intracellular viral DNA was analyzed after Southern blotting and specific hybridization at the indicated time points during cell culture.
b-L-Fd4C and 3TC were added 6 days postinoculation (day 7), at the indicated concentrations, for 6 consecutive days with a daily medium change in the curative
protocol. In this experiment, viral DNA was analyzed at the end of treatment (day 13) and 4 days posttreatment (day 17). (B) In the preventive treatment, cultures
were inoculated with an infectious serum 2 days postplating. Drugs (b-L-Fd4C and 3TC) were added 1 day prior to the inoculation and were maintained at the indicated
concentrations for 4 days postinoculation. In this experiment, viral DNA was analyzed at the end of treatment (day 6), and 3 and 8 days posttreatment (days 9 and 14,
respectively). The viral replicative intermediates are indicated.
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The previous results, indicating a strong inhibitory effect on the
DHBV reverse transcriptase activity and a potent antiviral
effect in primary hepatocyte cultures, led us to evaluate the
therapeutic potential of b-L-Fd4C in vivo. Experimentally in-
fected ducklings underwent short-term administration of b-L-
Fd4C in comparison with 3TC, b-L-FddC, or ddC at different
doses. One hundred twenty-five animals were included in these
experiments for the dose-finding study. Three days after inoc-
ulation of virus, drugs were administered intraperitoneally at
0.2 mg/kg/day (five animals in each treatment group), 2 mg/kg/
day (five animals in each treatment group), 5 mg/kg/day (six
animals in each treatment group), 20 mg/kg/day (five animals
in the b-L-Fd4C treatment group), and 25 mg/kg/day (eight
animals in each treatment group) for 5 days. Twenty-four an-
imals did not receive any treatment and served as controls.
Analysis of viral replication showed that b-L-Fd4C was the
most potent antiviral compound at each tested dosage. Results
of the administration of the antivirals at 25 mg/kg/day are
presented (Fig. 4). Eight animals were included in each treat-
ment group. Four animals in each group were sacrificed at the
end of treatment for analysis of intrahepatic viral DNA, pre-S
protein expression, and liver histology. The other animals were
observed for 2 additional weeks. b-L-Fd4C was the most active
drug since the inhibition of the peak of viremia reached 52%
for ddC, 82% for 3TC, 87% for b-L-FddC, and 97% for b-L-
Fd4C (Fig. 4). Southern blot analysis of intrahepatic viral DNA
at the end of the therapy demonstrated that b-L-Fd4C exhib-
ited a very potent inhibitory effect on viral DNA synthesis since
the DHBV replicative intermediates and CCC DNA were al-
most completely suppressed. The inhibition of viral DNA syn-
thesis within the liver was only moderate in animals treated
with 3TC, b-L-FddC, or ddC (data not shown). Immunostain-
ing of liver sections for viral pre-S proteins showed that 3% to
50% of the liver cells expressed these viral proteins in the

b-L-Fd4C group, while .95% of cells were positive for pre-S
proteins in the control and 3TC-treated group (Fig. 7). How-
ever, after drug withdrawal, a relapse of viral replication oc-
cured in all b-L-Fd4C-treated animals, as indicated by the
delayed onset of viremia (Fig. 4) and by the detection of viral
DNA synthesis by Southern blot analysis of liver DNA (data
not shown). At this dose, no significant variation of lactate
levels or in animal weight was observed in b-L-Fd4C-treated
animals as compared with control animals. Histological exam-
ination showed no sign of liver toxicity at the end of b-L-Fd4C
administration. However, microvesicular steatosis was ob-
served in all animals treated with ddC at the end of follow-up
(data not shown).

A 4-week administration of b-L-Fd4C suppresses viral DNA
synthesis and viral protein expression in vivo in infected duck-
lings. Then we investigated whether a more prolonged admin-
istration of b-L-Fd4C beginning early after the inoculation of
an infectious serum would be successful in eradicating or con-
trolling viral infection. Animals received b-L-Fd4C or 3TC by
intraperitoneal administration at day 3 postinoculation as an
induction therapy with b-L-Fd4C or 3TC at a dose of 25 mg/
kg/day for 5 consecutive days (day 3 to day 7 postinoculation),
followed by a maintenance therapy with b-L-Fd4C or 3TC at a
dose of 25 mg/kg three times weekly for 3 additional weeks.
Nine animals received b-L-Fd4C, nine received 3TC, and nine
served as controls. Four animals in the control and the 3TC
groups and five animals in the b-L-Fd4C group were sacrificed
at the end of the maintenance therapy to study liver histology
and intrahepatic viral DNA and viral protein expression in the
liver. The other animals were observed for 3 additional weeks
and were then also sacrificed for the same studies. Viremia was
analyzed throughout the study. During the induction phase of
therapy, the inhibition of the peak of viremia reached 80% for
3TC and 97% for b-L-Fd4C by comparison with that observed

FIG. 4. Short-term administration of b-L-Fd4C transiently inhibits viral replication in experimentally infected ducklings. Animals were inoculated with an infectious
serum at 3 days of age, and antiviral treatment was started 3 days postinoculation. Animals received intraperitoneal injection of either b-L-Fd4C or 3TC or b-L-FddC
or ddC at a dose of 25 mg/kg/day for 5 days. Eight animals were included in each of the treatment groups as well as in a control group. Viremia was quantitatively
analyzed by dot blot hybridization. The mean serum viral DNA levels in each group of animals is plotted on the graph. The arrow indicates the time of virus inoculation.
The white bar indicates the antiviral treatment period. Standard deviations are indicated by the error bars.

116 LE GUERHIER ET AL. ANTIMICROB. AGENTS CHEMOTHER.



in control animals, confirming the results obtained in the short-
term experiment (Fig. 5). During the maintenance phase of
therapy, suppression of viremia was sustained in all b-L-Fd4C-
treated animals. In 3TC-treated animals, viremia was not com-
pletely suppressed and declined progressively, leading to a
broader peak of viremia (16 days) as compared to the control
group (5 days). Then a low-level viremia was detected as also
observed in the control group.

Analysis of intrahepatic viral DNA by Southern blot was
performed at the end of therapy. The results showed a dra-
matic suppression of all viral DNA replicative intermediates
and CCC DNA in all b-L-Fd4C-treated animals (Fig. 6A). In
contrast, intrahepatic synthesis of viral DNA in 3TC-treated
animals was not decreased compared to that of controls. Fur-
thermore, to examine the effect of b-L-Fd4C on viral spread,
we studied at the end of treatment the number of hepatocytes
expressing viral pre-S envelope proteins by immunostaining of
liver sections using a monoclonal anti-pre-S antibody. 3TC
administration had no effect on the number of hepatocytes
expressing the pre-S proteins, which was estimated to be
.95% and similar to the number observed in the control
animals (Fig. 7). In contrast, in b-L-Fd4C-treated animals, a
careful examination of liver slides failed to detect a single
hepatocyte or biliary cell expressing the viral pre-S proteins.
Therefore, these results indicated that a 4-week administration
of b-L-Fd4C in acutely infected ducklings not only suppresses
viral DNA synthesis but also inhibits viral antigen expression in
the liver.

Suppression of viral replication by a 4-week course of b-L-
Fd4C is not sufficient to clear viral infection in vivo in acutely
infected ducklings. In the 3TC group, a low-level viremia was
detected by dot blot hybridization after drug withdrawal and
was comparable with that observed in the control group (range
of DHBV DNA levels, ,100 to 2,361 pg/ml). After cessation of
b-L-Fd4C therapy, three out of four animals exhibited a re-
lapse of viremia on day 5 (two animals) and on day 14 (one
animal) posttreatment. One animal did not show viremia dur-
ing the 3-week follow-up period. In these animals, the level of
DHBV DNA in serum ranged from ,100 to 16,272 pg/ml,
suggesting that prolonged administration of b-L-Fd4C had de-
layed the occurrence of the onset of viremia (Fig. 5).

Southern blot analysis of intrahepatic viral DNA performed
3 weeks after drug withdrawal showed the presence of all viral
DNA replicative intermediates as well as CCC DNA, indicat-
ing that in the b-L-Fd4C group, viral DNA replication had
been initiated in all previously treated animals (Fig. 6B). The
occurrence of viral DNA replication in the b-L-Fd4C group
was associated with viral spread as determined by the number
of infected cells expressing the viral pre-S proteins, which was
.95% and similar in all 3 groups of animals (Fig. 7). These
data suggest that a 4-week administration of b-L-Fd4C in
acutely infected animals suppressed viral replication but is not
able to clear viral infection, even when therapy is started early
after the virus inoculation.

These results also suggest that during b-L-Fd4C therapy,
persistence of trace amounts of virus as recalcitrant genomes
(CCC DNA) within a number of infected cells may have ex-
plained this phenomenon. To answer this question, a PCR
assay specific for CCC DNA detection was performed on pro-
tein-free liver DNA extracted from b-L-Fd4C-treated animals
to determine whether viral CCC DNA was still present in the
liver at the end of therapy. The results showed the absence of
detectable CCC DNA by ethidium bromide staining of PCR
products electrophoresed through agarose gels in this group of
animals. Southern blot hybridization of the PCR products al-
lowed to detect trace amounts of CCC DNA in the liver at the

FIG. 5. A 4-week course of b-L-Fd4C suppresses viremia but does not clear
viral infection in infected ducks. Animals were inoculated with an infectious
serum at 3 days of age, and antiviral treatment was started 3 days postinocula-
tion. Animals received intraperitoneal injection of either b-L-Fd4C or 3TC at a
dose of 25 mg/kg/day for 5 days, followed by a maintenance therapy of 25 mg/kg
three times weekly for 3 additional weeks. Nine animals were included in each of
the treatment groups as well as in a control group. Four animals in the 3TC and
control groups and five animals in the b-L-Fd4C group were sacrificed at the end
of treatment, and the other animals were observed after cessation of therapy.
Viremia was quantitatively analyzed by dot blot hybridization. Results of serum
viral DNA levels in individual animals are plotted on the graph. The arrow
indicates the time of virus inoculation. The white bar indicates the antiviral
treatment period.
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end of b-L-Fd4C treatment (Fig. 8), suggesting that the recal-
citrant viral CCC DNA had not been cleared from infected
hepatocytes by b-L-Fd4C administration in vivo.

A 4-week course of b-L-Fd4C in experimentally infected
ducklings is not associated with liver cell damage. The poten-
tial side effects of b-L-Fd4C were monitored throughout the in
vivo studies. Animal weight and lactic acid levels were carefully
evaluated during the therapy and after the cessation of treat-
ment. The results showed a similar evolution of these markers
in the three groups of animals (controls, 3TC, and b-L-Fd4C),

suggesting that a 4-week administration of b-L-Fd4C was not
associated with a significant clinical toxicity. Moreover, analysis
of liver histology performed at the end of the maintenance
therapy and at the end of follow-up revealed the absence of
liver toxicity of b-L-Fd4C at the studied time points (Table 1).
Indeed, by comparison with the control group, there was no
difference in terms of cellular necrosis or micro- or macrove-
sicular steatosis. Interestingly, at the end of b-L-Fd4C therapy,
analysis of liver histology showed a decrease in the inflamma-
tory infiltrates in portal tracts compared to the controls and

FIG. 6. b-L-Fd4C therapy suppresses viral DNA synthesis in the liver of infected animals but is not sufficient to eradicate viral infection. We extracted total viral
DNA, including the replicative intermediates as well as viral CCC DNA, from the livers of all animals that received a 4-week course of b-L-Fd4C, as well as from animals
in the lamivudine and control groups and analyzed the samples by Southern blotting and specific hybridization. Panel A shows the end of treatment analysis and panel
B shows the analysis 3 weeks after cessation of therapy. The liver sample of duck number 357 was not available for DHBV DNA analysis. In animal number 374, the
absence of detectable DHBV DNA may be due to spontaneous viral clearance or due to postmortem analysis (accidental death).
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FIG. 7. Inhibition of viral spread in the liver of infected animals by a 4-week b-L-Fd4C treatment regimen. Liver sections were analyzed for DHBV pre-S antigen
by immunostaining with an anti-pre-S monoclonal antibody (magnification, 3660). Representative results obtained in the different groups of animals are depicted. (1a) Liver
section of control animal at day 5 of the protocol (duck number 130), .95% positive cells. (1b) Liver section of control animal at day 28 of the protocol (duck number 341),
.95% positive cells. (1c) Liver section of control animal at day 49 of the protocol (duck number 347), .95% positive cells. (2a) Liver section at day 5 of b-L-Fd4C treatment
(duck number 118), ,30% positive cells. (2b) Liver section at day 28 of b-L-Fd4C therapy (duck number 356), ,1% positive cells. (2c) Liver section at end of follow-up (day
49), 21 days post-b-L-Fd4C treatment (duck number 365), .95% positive cells. (3a) Liver section at day 5 of 3TC treatment (duck number 111), .95% positive cells. (3b) Liver
section at day 28 of 3TC therapy (duck number 366), .95% positive cells. (3c) Liver section at end of follow-up (day 49), 21 days post-3TC treatment (duck number 373),
.95% positive cells. Differences in staining intensities from animal to animal were related to the degree of liver steatosis.
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3TC-treated animals, which could be related to the suppres-
sion of viral antigen expression within the liver. At the end of
follow-up, when viral replication occured in b-L-Fd4C-treated
animals, inflammatory infiltrates were comparable in the b-L-
Fd4C group and in the 3TC and control groups.

DISCUSSION

In this work, the anti-HBV activity of b-L-Fd4C was evalu-
ated in the DHBV infection model. Using an in vitro assay for

the expression of an enzymatically active DHBV reverse tran-
scriptase, we could demonstrate that the triphosphate form of
b-L-Fd4C is an inhibitor of viral minus-strand DNA synthesis.
It was shown to be 30 times more potent than 3TC triphos-
phate, while ddC triphosphate and b-L-FddC triphosphate
were much less active inhibitors. The IC50 of b-L-Fd4C triphos-
phate on nucleotide incorporation in viral minus-strand DNA
is one of the lowest that has been observed so far using this
assay (1, 4, 30, 33, 42). Furthermore, we gained new informa-
tion on its mechanism of action and showed that b-L-Fd4C
triphosphate is likely to be a competitive inhibitor of dCTP
incorporation in nascent viral minus-strand DNA and that
b-L-Fd4C triphosphate and 3TC triphosphate may terminate
viral DNA chain synthesis, as was also shown with 3TC triphos-
phate in a nucleocapsid-based polymerase assay (31). Further
experiments using radiolabelled compounds are warranted to
demonstrate whether b-L-Fd4C-triphosphate is indeed incor-
porated in viral minus-strand DNA. Altogether, these results
indicate that b-L-Fd4C-triphosphate is one of the most potent
inhibitors of hepadnavirus reverse transcriptase and are con-
sistent with the dramatic antiviral effect of b-L-Fd4C observed
in the 2.2.15 cell line (41).

In primary duck hepatocyte cultures that were infected in
vitro, b-L-Fd4C administration induced a dose-dependent in-
hibition of viral DNA synthesis accompanied with a significant

FIG. 8. Persistence of low levels of viral CCC DNA in the liver despite a
dramatic suppression of viral DNA synthesis during b-L-Fd4C therapy. At the
end of the 4-week treatment with b-L-Fd4C, CCC DNA in the liver was analyzed
after amplification by a specific PCR assay followed by hybridization of 25% of
the PCR products with a full-length DHBV genome probe. CCC DNA was
amplified with primers P1 and P3 (see Materials and Methods). The result of
DHBV DNA detection by the same PCR assay in the liver of a control animal is
also shown (duck number 341; 1% of PCR products were loaded on the gel). The
results demonstrate viral persistence at the end of b-L-Fd4C treatment in ducks
numbers 356, 358, 359, and 360.

TABLE 1. Analysis of liver histology in experimentally infected ducklings undergoing b-L-Fd4C therapy

Test period Treatment protocol Duck no.

Cells presenting:

Hepatocyte
necrosis

Portal
inflammation

Microsteatosisa

(%)
Macrosteatosis

(%)

End of treatment Control 341 2 111 2 2
342 2 111 5 5
343 6 111 10 40
344 6 111 30 40

b-L-Fd4C 356 2 1 2 2
357 2 1 2 2
358 6 11 2 30
359 6 1 2 2
360 2 1 2 2

3TC 366 2 11 2 ,5
367 6 111 2 ,5
369 2 11 2 2
370 2 111 2 2

3-Wk posttreatment Control 345 2 111 2 2
346 2 111 2 2
347 2 111 2 2
348 2 111 2 2
350 6 1 2 2

b-L-Fd4C 362 2 111 2 2
363 2 111 2 2
364 2 1 2 2
365 2 11 2 2

3TC 371 2 111 2 2
372 2 111 2 2
373 2 111 60 20
374b 2 111 100 2
375 2 1 2 2

a Percentages indicate the proportion of cells presenting a given lesion (micro- or macrosteatosis). For portal inflammation and cell necrosis, 2 indicates a negative
result, 6 indicates a rare event, and 1 indicates a minimal degree, 11 indicates a mild degree, and 111 indicates a moderate degree of the given histological lesion.

b Postmortem analysis of liver histology was carried out for duck number 374.
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decrease in viral DNA replicative intermediates. However, the
persistence of the recalcitrant viral CCC DNA was demon-
strated at the end of therapy, indicating that short-term treat-
ment is not able to eradicate the viral genome from infected
cells. The same phenomenon was also observed with other
nucleoside analogs (1, 9, 26, 32, 41, 42). Interestingly, we ob-
served that the antiviral effect was maintained 4 days posttreat-
ment, which suggests that b-L-Fd4C and/or its triphosphate
derivative has a long half-life in infected hepatocytes. This is
consistent with the observation made in HepG2 cells showing
that the apparent half-life of b-L-Fd4C triphosphate was 20 h,
compared with 4 h in the case of lamivudine triphosphate (41).
This long-lasting antiviral effect may, therefore, be helpful in
designing protocols of maintenance therapy with a spacing of
dose in vivo. Moreover, when the drugs were administered
prior to the inoculation of virus, neither b-L-Fd4C nor 3TC
could prevent the initiation of viral infection, suggesting their
lack of effect on the initial formation of CCC DNA. As it was
described with carbocyclic 29-deoxyguanosine (9), another po-
tent inhibitor of the hepadnavirus reverse transcriptase (4, 9),
our data strongly emphasize that prevention of CCC DNA
formation will be a difficult task to achieve with nucleoside
analogs.

The antiviral activity of b-L-Fd4C was also studied in vivo in
experimentally infected ducklings, in comparison with other
cytidine analogs (3TC, b-L-FddC, and ddC). Analysis of viral
replication showed that, at each dose, b-L-Fd4C was the most
potent antiviral, followed by b-L-FddC, 3TC, and ddC, respec-
tively (Fig. 4). While no signs of toxicity were observed with
b-L-Fd4C, the delayed appearance of microvesicular steatosis
was observed in the liver of ddC-treated animals as already
described (1). The dose of 25 mg/kg/day was found to induce
the best antiviral effect and was therefore selected for the
evaluation of longer administration in animals. Interestingly,
the greater the antiviral effect during therapy, the higher was
the rebound of viral replication after drug withdrawal, as pre-
viously observed with b-L-FddC (42). This may suggest that the
suppression of viral replication in acutely infected animals is
not associated with a strong specific antiviral response, leading
to a delayed peak of viral replication after drug withdrawal
whose intensity is comparable to control animals. We then
asked whether therapy with b-L-Fd4C, when started as soon as
3 days postinoculation and maintained for 4 weeks, would be
able to eradicate viral infection. Monitoring of viremia showed
that b-L-Fd4C administration dramatically suppressed viral
replication, while lamivudine treatment was less potent (Fig.
5). Sequence analysis of the viral polymerase gene during the
peak of viremia showed the absence of mutations in 3TC-
treated birds (data not shown), suggesting that the less-potent
antiviral effect may have been due to a lesser transformation in
its triphosphate derivative and to a less potent inhibitory ac-
tivity on the viral reverse transcriptase. Specific studies of the
in vivo metabolism of 3TC and b-L-Fd4C are required to iden-
tify the differences in deoxycytidine analog metabolism in
duck, woodchuck, and humans. The strong antiviral effect of
b-L-Fd4C was associated with a profound suppression of viral
DNA synthesis and CCC DNA in the liver of infected animals.
However, a specific PCR assay detected the persistence of
trace amounts of viral CCC DNA, which was sufficient to
initiate viral replication when b-L-Fd4C administration was
stopped. b-L-Fd4C treatment was also capable of reducing
intrahepatic viral protein expression, which may reflect an in-
hibition of viral spread within the liver (Fig. 7). Another hy-
pothesis that remains to be proven is that a significant number
of cells were infected but harbored a very-low copy number of
CCC DNA, resulting in the observed lack of viral antigen

expression. In contrast, 3TC administration had little effect on
the number of infected cells expressing viral antigens, as was
recently shown in the woodchuck model of woodchuck hepa-
titis virus infection (24). However, within 3 weeks of b-L-Fd4C
withdrawal, the initiation of viral replication was associated
with viral spread in almost all hepatocytes (Fig. 7). These
results therefore suggest that the clearance of infected cells
during antiviral therapy with a potent reverse transcriptase
inhibitor is a long process which requires the maintenance of
antiviral pressure for prolonged durations to control viral in-
fection, as has been described with carbocyclic 29-deox-
yguanosine and penciclovir in the duck model (8, 20) and with
deoxycytidine or deoxyguanosine analogs in the woodchuck
model (10, 24). Noteworthy is the degree to which liver inflam-
mation was decreased during b-L-Fd4C therapy, which may be
beneficial in patients with chronic hepatitis, as was recently
reported in clinical trials with lamivudine (16). During the
4-week administration protocol, no sign of toxicity was ob-
served, but careful studies, including examination of hepato-
cyte mitochondria by electron microscopy, are required in sev-
eral animal models (18).

In conclusion, the results of our study have shown that b-L-
Fd4C is a potent inhibitor of the DHBV reverse transcriptase,
inhibits DHBV DNA synthesis in hepatocyte cultures, and
suppresses both viral DNA replication and viral antigen ex-
pression in the liver of infected animals in vivo, without signif-
icant signs of toxicity. However, even when administered
shortly after experimental inoculation, b-L-Fd4C treatment
was not sufficient to eradicate DHBV infection. In view of its
development as a potential anti-HBV agent in humans, eval-
uation of long-term administration of b-L-Fd4C in the wood-
chuck mammalian model (25) is warranted to characterize its
antiviral activity and capacity to eradicate viral infection as well
as its toxic effect.
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