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Summary

A human hepatoblastoma cell line was stably transfected with a head-to-tail
dimer of the Hepatitis B virus (HBV), subtype adw, genome to generate a cell line
which produces HBV. FIAU [1-(2’-deoxy-2'-fluoro-1-f-D-arabinofuranosyl-5-
iodo)uracil] inhibited viral replication in these cells with an 1Cs, of 0.90 uM, as
determined by PCR analysis of extracellular Dane particle DNA, and displayed
a 50% cytotoxic concentration (TCsg) of 344.3 uM, as determined using the
MTT assay. The selectivity index of FIAU (TCsy/ICsp) was 382.6. In cells
incubated for 10 days with FIAU (100 M) and then incubated with drug-free
media with daily media changes for 7 days, viral DNA replication was markedly
inhibited but resumed within 24 h after drug removal, demonstrating that the in
vitro anti-HBV activity of FIAU is reversible. Both the antiviral activity and
cytotoxicity of FIAU were reversed by the addition of equimolar to 10-fold
excess molar concentrations of thymidine. The de-iodinated metabolite of
FIAU, FAU, had only marginal anti-HBV activity at 100 gM, indicating that
this metabolite does not contribute significantly to the activity of FIAU. The
examination of intracellular viral DNA replicative intermediates revealed that
FIAU was 2000-fold more active against duck HBV DNA replication in human
hepatoma cells (ICso= 0.075 uM) than against this same virus in chicken liver
cells (IC50= 156 uM). FIAU was anabolized to a 25-fold greater extent in human
hepatoma cells than in chicken cells, indicating that the anti-HBV activity of this
nucleoside analog is dependent, in part, on its phosphorylation by the host cell.
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Introduction

Human hepatitis B virus (HBV) is a small, partially double stranded, DNA
virus belonging to the hepadenaviridae, which includes woodchuck hepatitis
virus (Summers et al., 1987), ground squirrel hepatitis virus (Marion, et al.,
1980; Seeger et al., 1984) and duck hepatitis B virus (DHBV; Mason et al.,
1980). These viruses have the unique feature of replicating their DNA genome
by reverse transcription of an RNA intermediate (Summers and Mason, 1982).
HBYV is a causative agent of both acute and chronic hepatitis (Hoofnagle et al.,
1987) and is causally related to the development of hepatocellular carcinoma
(Gerber et al., 1983). Despite the development of vaccines, which effectively
eliminate infection by HBV (Purcell and Gerin, 1978), hepatitis B virus
infections remain a world-wide health problem, infecting approximately 5% of
the world’s population (Gerin, 1991; Szmuness, 1978).

The development of useful therapies for treating HBV infections has been
hindered due to the lack of an in vitro tissue culture system which allows the
direct isolation and propagation of hepatitis B virus. Recently, major advances
have been made in this area, whereby cloned HBV DNA co-transfected with a
selectable marker (antibiotic resistance) into established cell lines enables the
constitutive production of both replication intermediates and infectious virus
(Sureau et al., 1986; Tsurimoto et al., 1987; Yaginuma et al., 1987; 1988; Sells et
al., 1987, 1988; Acs et al., 1987). A cell line designated 2.2.15, derived by co-
transfection of HBV genomes into human hepatoblastoma HepG2 cells,
continuously produces mature Dane particles (virions), replicative DNA
intermediates, and large amounts of all structural viral polypeptides (Sells et
al., 1987). Cell lines which constitutively replicate HBV are useful for the
demonstration of the inhibition of HBV DNA replication by potential anti-
HBYV therapeutic agents (Ueda et al., 1989; Matthes et al., 1990; Korba and
Milman, 1991; Lampertico et al., 1991; Korba and Gerin, 1992).

Several classes of nucleoside analogs have shown promise as selective
inhibitors of HBV replication. Some examples include 2’,3’-dideoxycytidine
(Kassianides et al., 1989; Ueda et al., 1989; Yokota et al., 1991), the 2',3'"-
dideoxy-3'-halogenated pyrimidine nucleosides (Matthes et al., 1990; Matthes
et al., 1992), the diaminopurine nucleosides, 9-(2-phosphonylmethoxyethyl)-
2,6-diaminopurine and 9-(phosphonylmethoxyethyl)adenine (Yokota et al.,
1991), carbocyclic nucleosides such as the carbocyclic analog of 2'-
deoxyguanosine (Price et al., 1989), and the oxathiolane nucleosides such as
2',3’-dideoxy-3'-thiacytidine (3TC; Doong et al., 1991) and 5-fluoro-2’,3'-
thiacytidine (FTC; Furman et al., 1992).

The 2'-fluoro-substituted arabinosylpyrimidine nucleosides, have been
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shown to possess potent in vitro and in vivo activity against medically
important herpes viruses (Lopez et al., 1980; Colacino and Lopez, 1983; Lin et
al., 1983; Chiou and Cheng, 1985; Schinazi et al., 1986; Chou et al., 1987; Fox
et al., 1988). FIAC [1-(2’-deoxy-2'-fluoro-fS-D-arabinofuranosyl)-5-iodocyto-
sing] and FIAU [1-(2'-deoxy-2'-fluoro-f-D-arabinofuranosyl)-5-iodouracil] are
preferentially phosphorylated in herpes simplex type 1 infected cells via the
virus encoded thymidine kinase (Kreis et al., 1982; Colacino and Lopez, 1983).
Consequently, these compounds are more effective as inhibitors of herpes
viruses which are TK * than against viruses which are deficient in TK activity
(Lopez et al., 1980). Furthermore, resistance to FIAC is correlated by an
impaired ability of the virus to phosphorylate this nucleoside analog (Colacino
et al., 1986).

The analogs, FIAC, FMAU [1-(2"-deoxy-2'-fluoro-f§-D-arabinofuranosyl)-5-
methyluracil] and FEAU [1-(2"-deoxy-2'-fluoro-fi-D-arabinofuranosyl)-5-ethy-
luracil] have been shown to inhibit woodchuck hepatitis virus replication in the
chronically infected woodchuck (Fourel et al., 1990). To a lesser extent, FMAU
and FIAC demonstrated activity against DHBV in chronically infected ducks
(Fourel et al., 1992). Recently, FIAU has been shown to decrease the levels of
HBV DNA in patients with chronic hepatitis B (Fried et al., 1992). The
mechanism of action underlying the anti-HBV activity of these compounds is
not well characterized, since HBV does not appear to encode a pyrimidine
nucleoside kinase. However, the triphosphate of FIAC has been shown to
inhibit endogenous HBV DNA polymerase activity (Hantz et al., 1984; Fourel
et al., 1987). This observation suggests that the anti-HBV activity of this class
of compounds may be mediated, in part, at the level of viral DNA polymerase.

In this report we describe the tissue culture activity of FIAU using a PCR-
based assay to monitor the replication of human hepatitis B virus. Also, we
show that the differential activity of this nucleoside analog against duck
hepatitis B virus in human hepatoma cells versus the same virus in chicken liver
cells can be explained, in part, by an increased phosphorylation of FIAU in the
human cells. Additionally, we show that thymidine is able to reverse the anti-
HBYV activity and cytotoxicity of FIAU.

Materials and Methods

Plasmid construction

Plasmids were constructed using standard recombinant DNA techniques
(Sambrook et al., 1989). Plasmid pTHBV (obtained from C.-H. Lee, Indiana
University School of Medicine, Indianapolis, IN) contains a head-to-tail dimer
of the human hepatitis B virus genome, subtype adw, cloned into the EcoRI site
of pUCY. Plasmid pTHBVneo was constructed by first excising the neomycin
resistance gene under the control of the SV40 early promoter with BamHI from
LTR-CAT-neo (obtained from S. Richard Jaskunas, Lilly Research Labora-
tories, Indianapolis, IN) and subcloned into the Sall site of pTHBYV after a
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two-base fill-in reaction with Klenow enzyme.

Cells and transfections

HepG?2 cells (human hepatoblastoma) were obtained from the American
Type Tissue Collection (HB 8065) and were routinely passaged in growth
medium consisting of Earle’s minimal essential media supplemented with
sodium pyruvate, 10% fetal bovine serum, 100 units/ml penicillin, and 100 ug/
ml streptomycin. Hep10A cells were derived from HepG?2 cells. Briefly, HepG2
cells were seeded into 60-mm culture dishes in growth medium, and when
approximately 50% confluent, were transfected with pTHBVneo using the
calcium phosphate precipitation method of Graham and van der Eb (1973). 4 h
post-transfection, the cells were shocked with 10% DMSO and 20% glucose
for 5 min, after which they were allowed to recover for 24 h. The transfected
cells were passaged and reseeded in the presence of growth medium containing
800 ug/ml geneticin (Sigma Chemical Co., St. Louis, MO). The cells were
monitored for the appearance of geneticin-resistant cells. A geneticin-resistant
cell line which produces HBV was identified by PCR analysis of cell culture
fluid and routinely passaged in growth medium containing 400 ug/ml geneticin.
This cell line will be referred to as Hepl0A.

HeplOA cells and HepG2/G3, a human hepatoma cell line which
constitutively replicates duck hepatitis B virus (Galle et al., 1988; obtained
from W.S. Mason, Fox Chase Cancer Center, Philadelphia, PA) were routinely
passaged in growth medium consisting of Earle’s minimal essential media
supplemented with sodium pyruvate, 10% fetal bovine serum, 100 units/ml
penicillin, 100 ug/ml streptomycin, and 400 pug/ml geneticin (Sigma). D2 cells, a
chicken liver cell line which constitutively replicates duck hepatitis B virus
(Condreay et al., 1990) were obtained from W.S. Mason and were maintained
in growth medium consisting of Dulbecco’s Modified Eagle Medium/F-12
Nutrient Mixture (50:50) supplemented with 10% fetal bovine serum, 100
units/ml penicillin, 100 pg/ml streptomycin, and 200 ug/ml geneticin (Sigma).

Antiviral compounds

FIAU was obtained from Oclassen Pharmaceuticals, Inc., San Rafael, CA.
[2-"“CIJFIAU (53.3 uCi/mg, 99.4% radiochemical purity) was prepared by
Amersham Corporation, Arlington Heights, IL from FIAU supplied by us.
Bromovinyldeoxyuridine (BVdU), the monophosphate of adenine arabinoside
(vidarabine monophosphate; ara-AMP), and acyclovir (9-(2-hydroxyethoxy-
methyl)guanine; ACV) were obtained from Sigma.

Synthesis of FAU

The de-iodinated metabolite of FIAU [1-(2'-deoxy-2'-fluoro-1--D-arabino-
furanosyl)uracil}(FAU) was synthesized for evaluation of its anti-HBV activity.
To eliminate the possibility that trace quantities of active FIAU would
influence the biological assay results, FAU was prepared by coupling
bis(trimethylsilyl)uracil and 2-deoxy-2-fluoro-3,5-di-O-benzoyl-a-d-arabinofur-
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anosyl bromide (Tann et al., 1985) in dichloroethane at 70°C. The S-anomer
was purified by recrystallization (EtoAc) and deprotected with sodium
methoxide in methanol to give FAU. The compound displayed identical
physical properties to those described previously (Sterzycki et al., 1990).

Polymerase chain reaction (PCR) analysis

A 10 ul aliquot of cell culture supernatant was spotted onto a Whatman GF/
A filter and boiled in 50 ul of water for 10 min. A 10 ul sample of this was then
used as template for PCR amplification. PCR analysis was carried out using
the thermostable DNA polymerase from Thermus aquaticus (Perkin Elmer
Cetus, Norwalk, CT). Oligonucleotides were synthesized on an Applied
Biosystems 391 PCR-Mate DNA synthesizer. The oligonucleotide primers
used in the PCR reaction were derived from Kaneko et al. (1989), and are as
follows:

S238L: 5-ATACCACAGAGTCTAGACTCGTGGTGGACT-3'
S714R: 5-AAGCCCTACGAACCACTGAACAAATGGCAC-¥

PCR reactions were carried out in a total volume of 50 ul containing 50 mM
KCI; 10 mM Tris-HCI, pH 8.3; 1.5 mM MgCl,; 0.001% gelatin; 200 uM each
of dATP, dCTP, dGTP, dTTP; 1.0 uM primers; 10 ul template, and 1.25 units
of Taq pol%fmerase. Samples were subjected to 30 cycles of amplification in the
GeneAmp ™ PCR System 9600 as follows:

Cycle 1-29: 15 s at 94°C, 15 s at 60°C, 30 s at 72°C
Cycle 30: 15 s at 94°C, 15 s at 60°C, 2 min at 72°C
End: Storage at 4°C until used

The 477 base-pair PCR amplified product was electrophoresed through 1.2%
agarose, stained with ethidium bromide, and visualized under ultraviolet
illumination.

In vitro antiviral treatments and Southern blot analysis

HeplOA cells were seeded into 96-well microtiter plates at a density of
approximately 50000 cells per well, allowed to grow to confluence, and
maintained at confluence for 2-4 days to allow HBV DNA levels to stabilize.
Similar to 2.2.15 cells (Sells et al., 1987, Korba and Milman, 1991), virus
production in this cell line increases after the cells have reached confluence
(data not shown). At this time, cells were treated with FIAU, FAU, acyclovir,
BVdU, or ara-AMP for 10 days, with daily changes of media containing fresh
drug. On day 10, culture supernatant samples were collected and stored at 4°C
until needed. PCR analysis was performed on supernatant samples as described
above. Following electrophoresis through agarose gels, the DNA was
transferred to nylon membranes (Optiblot, IBI, New Haven, CT) by capillary
action (Southern, 1975) using 1 x SSC (1 x SSC=0.15 M NaCl, 0015 M
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sodium citrate). After baking in vacuo for 30 min, the blots were hybridized for
15-18 hto I x 10° cpm/ml of **P-labeled HBV specific probes. Hybridization
probes were labeled by the method of random priming (Feinberg and
Vogelstein, 1983). Hybridization was carried out at 42°C using 50%
formamide, 6 x SSPE, 10 x Denhardt’s solution, 0.5% SDS, and 50 pug/ml
salmon sperm DNA (1 x SSPE=0.18 M NaCl; 10 mM NaH,PO,, pH 7.4; 1
mM EDTA; 1 x Denhardt’s solution=0.02% Ficoll; 0.02% PVP-360; 0.02%
BSA). The hybridized blots were washed as follows: twice in 2 x SSC/0.1%
SDS at room temperature for 1 h, once in 0.1 x SSC/0.1% SDS at room
temperature for 30 min, and once in 0.1 x SSC/0.1% SDS at 65°C for 15 min.
The filters were exposed to X-ray film and quantified by laser densitometry.

Cytotoxicity assay

Hepl0A cells were seeded into 96-well microtiter plates at a concentration of
approximately 12—15000 cells per well and incubated for 24 h at 37°C. At this
time, cells were treated with FIAU for 5 days with daily changes of media
containing fresh drug. On day 5, the FIAU containing media was aspirated,
100 ul of growth media containing 500 ug/ml [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] (MTT; Sigma) was added, and the cells were
incubated at 37 °C for 34 h (Mosmann, 1983). The formazan product was
solubilized and the cells lysed by the addition of 100 yul of acidified DMSO
containing 1% Triton X-100. Cell viability was quantified by reading the plates
in a Dynatech MR7000 plate reader at 550 nm.

Intact cell electrophoresis (ICE)

Intact duck hepatitis B virus (DHBYV) producing cells were lysed, digested,
and electrophoresed in situ following the protocol of Gardella et al. (1984) with
modifications. A two-part gel was used for electrophoresis. The first part of the
gel consisted of 0.75% agarose which was poured into a gel tray without a well-
forming comb. The gel was allowed to solidify and a 5-cm section was cut out.
The well-forming comb was placed into the gel tray and 0.8% agarose
containing 1% SDS and 100 mg of proteinase K per ml was poured into the
remaining area of the trough, forming the top part of the gel. The gel was kept
at room temperature until solid, after which time the comb was carefully
removed.

DHBV-producing cells were prepared by washing the monolayer with
phosphate buffered saline (PBS) and trypsinizing using 0.25% trypsin. The cells
were collected by centrifugation, resuspended in PBS, and counted using a
Coulter counter. Between 100000 and 200000 cells were centrifuged in a
microcentrifuge for 3 min at room temperature. The cells were then
resuspended in 20 ul of 15% Ficoll in electrophoresis buffer and added
directly to a well of the two-part gel described above. A gel-loading/lysis buffer,
consisting of bromophenol blue, xylene cyanol, 15% Ficoll, 1% SDS, and 1 mg
of proteinase K per ml, was carefully layered on top of the cells.
Electrophoresis (3 h at 0.8 V/cm and 24 h at 4.5 V/cm) at room temperature



51

was started immediately to avoid SDS diffusion. After electrophoresis, the gel
was washed three times for 30 min in 500 ml of 10 mM sodium phosphate (pH
7.0) with gentle rocking. The gel was then stained with ethidium bromide (1 ug/
ml) prior to photography, blotting, and hybridization.

Using the above electrophoretic system, the virus-producing cells are lysed
and protein is digested away from the released intracellular DNA within the
agarose gel (Gardella et al., 1984). High-molecular-weight chromosomal DNA
remains in the top portion of the gel while DHBV DNA replicative
intermediates are resolved in the bottom portion of the gel. Viral DNA
replicative intermediates are detectable by Southern blot analysis using DHBV-
specific probes.

Anabolism of FIAU

Chicken liver cells producing DHBV (D2 cells) and human hepatoma cells
producing the same virus (HepG2/G3 cells) were evaluated for their ability to
phosphorylate FIAU. Cells were seeded into 24-well tissue culture plates at an
initial density of 300000 cells per well and allowed to incubate overnight. The
media was removed and replaced with fresh media containing 2 pg of
["*C]FIAU (53.3 uCi/mg) per ml. At 0, 2, 6, 24, 48, and 72 h, the cells were
washed three times with PBS, and once with 0.25% trypsin and incubated for
30 min at 37°C after which time the cells were dispersed in 1 ml of media and
counted using a Coulter counter. The cells were then centrifuged and the pellet
was washed once more with PBS, centrifuged, and lysed by resuspending them
in 400 pu! of distilled water and keeping on ice for at least 5 min. Extraction of
nucleotides from cell lysates was done with perchloric acid (PCA; Kreis et al.,
1977; Uchida and Kreis, 1969). PCA-soluble extracts of these cells were
prepared as previously described (Colacino et al., 1993). PCA (600 ul of 7 N)
was added to the cells in distilled water and the lysates were kept on ice for at
least 5 min. The PCA insoluble material was removed by centrifugation,
resuspended in 500 ul of distilled water and evaluated for radioactive content
by liquid scintillation counting using 10 ml of Aquassure (NEN Dupont). KOH
(80 ul of 10 N) was added to the PCA-soluble fraction which was then kept on
ice for at least S min. The insoluble potassium perchlorate was removed by
centrifugation and 500 ul of the soluble extract was assayed for radioactivity by
liquid scintillation counting using 10 ml of Aquassure (NEN Dupont). Counts
per min in the PCA-soluble fraction were converted to picomoles of FIAU
phosphorylated per 1 x 10° cells at the indicated times of incubation.

Results

FIAU selectively inhibits the replication of HBV in human hepatoma cells

A representative experiment in which HBV-producing human hepatoma
cells were incubated in various concentrations of FIAU and the cell
supernatant medium was examined for the presence of HBV virion DNA by
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PCR analysis, as described in Materials and Methods, is shown in Fig. 1.
Between the concentrations of 0.01 and 10 ug of FIAU per ml, a concentration-
dependent inhibition of HBV replication was observed. FIAU inhibited the
replication of HBV in these cells with a 50% inhibitory concentration (ICsq) of
0.90 uM and a 50% toxic concentration (TCsy) of 382.6 uM, as determined by
linear regression analysis. The selective index (TCso/ICsq) was 382.6.
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Fig. 1. Antiviral activity and toxicity of FIAU. (A) Structure of 1-(2'-deoxy-2'-fluoro-g-p-
arabinofuranosyl)-5-iodouracil (FIAU). (B) PCR and Southern blot analysis of HeplOA culture
supernatants following 10 days of treatment with FIAU as described in the Materials and Methods. A
reduction in the level of the expected 477 bp PCR product is indicative of a decline in HBV replication.
(C) The autoradiogram in B was scanned by laser densitometry, the percent inhibition of PCR product
formation calculated and plotted versus drug concentration. For comparison, FIAU induced toxicity to
cycling HeplOA cells as determined by MTT assay is also shown in C. The 1Csy and TDsq values were
determined by linear regression analysis. By dividing the TDs, by the ICsg, a selective index of 382.6 was
obtained.
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FIAU is active against DHBYV in human cells but not in chicken cells

The ability of FIAU to inhibit the formation of DHBV relaxed circular (RC)
DNA intermediates in chicken liver (D2) and in human hepatoma cells
(HepG2/G3) was evaluated by Southern blot analysis of intracellular DNA
electrophoresed as described in Materials and Methods. In HepG2/G3 cells,
FIAU was potent against DHBYV replication with an 1Cs, of 0.028 ug/ml (0.075
uM) (Fig. 2). In contrast, FIAU was relatively inactive against DHBV
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Fig. 2. Anti-DHBY activity of FIAU in HepG2/G3 and D2 cells. The DHBV-producing cells, HepG2/G3
(human) and D2 (chicken), were seeded into 24-well plates and allowed to grow to confluence. The cells
were then incubated for 8 days without or with the indicated concentrations of FIAU with daily changes
of medium. Equivalent numbers of cells were analyzed by intact cell electrophoresis (ICE) as described in
Materials and Methods. Southern blot analysis was conducted using a DHBV-specific DNA probe
labeled with **P by random priming according to standard protocols. (A) ICE and Southern blot analysis
of HepG2/G3 cells (100 000 cells per lane). (B) ICE and Southern blot analysis of D2 cells (200000 cells
per lane). (C) The autoradiograms in A and B were scanned by laser densitometry, the percent inhibition
calculated and plotted versus FIAU concentration.
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replication in D2 cells with an ICsqg of approximately 58 pg/ml (156 uM), ie.,
FIAU was 2000-fold less active in chicken cells than in human cells. These data
indicate that the anti-HBV activity of FIAU is mediated, in part, by host-cell
activation (most likely phosphorylation to the mononucleotide form). There-
fore, it was of interest to study the anabolism of FIAU in HepG2/G3 versus D2
cells.

Anabolism in HepG2/G3 cells and in D2 cells

PCA-soluble fractions of HepG2/G3 and D2 cells which were incubated in
['*CJFIAU were prepared for the quantification of phosphorylated cellular
anabolites of FIAU. As shown in Fig. 3, phosphorylation of FIAU in HepG2/
G3 cells over background levels was detectable at 24 h of incubation and
increased with time of incubation reaching a level of approximately 160 pmol
of FIAU phosphorylated per 1x 10® cells at 72 h. In contrast, FIAU was
phosphorylated to a much lesser extent in D2 cells and at 72 h was
approximately 6.3 pmol per 1 x 10° cells. Phosphorylation of FIAU in D2
celis was detectable but, on a per cell basis, did not increase with time of
incubation. Radioactivity was not present at a level greater than background in
PCA insoluble fractions of either D2 or HepG2/G3 cells (data not shown).

The cytotoxicity and anti-HBV activity of FIAU are reversed by thymidine
Subconfluent Hepl10A cells were treated with 50 ug of FIAU per m! and/or
deoxycytidine or thymidine at 0-, 0.1-, 1.0-, or 10-fold molar concentrations
and cell viability was determined using the MTT assay as described in Materials
and Methods. Thymidine reversed the cytotoxicity of FIAU in a dose-
dependent manner; at an equimolar concentration of thymidine, cytotoxicity
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Fig. 3. Anabolism of FIAU. HepG2/G3 or D2 cells were seeded in 24-well plates at an initial density of

300 000 cells and incubated for 24 h. The media was removed and replaced with fresh media containing

["*CIFIAU (2 pg/ml, 53.3 uCi/mg). At the indicated times of incubation, cells were counted and PCA-

soluble fractions were prepared from duplicate cultures as described in Materials and Methods and
assayed for radioactivity representing pmol of phosphorylated FIAU.
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was reduced by approximately 70% (Fig. 4A). With a 10-fold excess of
thymidine (1.34 mM), FIAU displayed a greater cytotoxicity than with an
equimolar amount of the natural nucleoside. This may be attributable to the
relative insolubility of thymidine at high concentrations in aqueous media. In
contrast to thymidine, an equimolar concentration of deoxycytidine reversed
the cytotoxicity of FIAU by less than 10% (data not shown).

HBV-producing human hepatoma cells were incubated in 10 ug of FIAU per
ml (26.9 uM) and a 0-, 0.1-, 1-, or 10-fold molar concentration of thymidine or
deoxycytidine (Fig. 4B). Thymidine reversed the anti-HBV activity of FIAU in
a concentration-dependent manner. At a 10-fold molar excess of thymidine, the
anti-HBYV activity of FIAU was reversed by approximately 70%. Deoxycyti-
dine was also able to reverse the anti-HBV activity of FIAU, but at a 10-fold
molar excess, it was much less effective than thymidine (data not shown). This
observation indicates that the anti-HBV activity of FIAU is due, at least in
part, to its ability to act as an analog of thymidine.

The antiviral activity of FIAU is reversible in culture

To test whether the antiviral acttvity of FIAU is irreversible in culture, HBV-
producing cells were incubated with FIAU (100 uM) for 10 days with daily
changes of medium. On day 10, an aliquot of the cell supernatant was obtained
to determine antiviral effect by PCR analysis. The media containing FIAU was
then removed and replaced with fresh medium containing no FIAU. Prior to
each daily change of cell culture medium, an aliquot of culture fluid was taken
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Fig. 4. (A) Reversal of FIAU-induced toxicity. Subconfluent Hepl0A cells were treated with 50 ug/ml
(134.5 uM) FIAU and thymidine at the indicated molar concentrations for 5 days. Cell growth was then
monitored by MTT assay as described in Materials and Methods. The percent inhibition of cellular
replication at each FIAU and thymidine concentration was determined. (B) Reversal of Anti-HBV
activity of FIAU. HeplOA cells were treated with 10 pg/ml (26.9 uM) FIAU and thymidine at the
indicated molar concentration for 10 days. Following PCR and Southern blot analysis of cell culture
supernatants and laser densitometry of the autoradiogram as described in Materials and Methods, the
percent inhibition of HBV replication at each FIAU and thymidine concentration was determined.
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for PCR analysis of released virion DNA. For comparative purposes, the same
experiment was done with acyclovir (500 uM) or ara-AMP (vidarabine
monophosphate; 100 uM). At a concentration of 100 uM FIAU, inhibition of
HBY replication was nearly complete after 10 days of incubation. However, the
resumption of viral DNA replication could be detected 24 h after the removal
of FIAU and by 4 days after the removal of compound, viral replication was
equivalent to that in cells incubated for 10-17 days in medium alone. Similar
results were obtained for acyclovir (500 uM) and ara-AMP (100 uM).

The antiviral activity of FAU

The principal metabolite of FIAU identified in plasma and urine of mice,
rats, dogs, and man is FAU (Feinberg et al., 1985; Philips et al., 1983).
Therefore, it was of interest to determine whether FAU itself had anti-HBV
activity. This compound was synthesized by a route which rigorously excludes
any FIAU and the absence of FIAU was confirmed by assay using HPLC (data
not shown). The antiviral activity of FAU was evaluated as described for FIAU
using concentrations of 100, 10, 1, and 0.1 uM. At 100 uM, FAU displayed a
slight but reproducible inhibition of HBV replication. No inhibition was
observed at the lesser concentrations.

Discussion

FIAU was originally developed for the treatment of infections caused by
medically important herpesviruses (Lopez et al., 1980; Colacino and Lopez,
1983; Chiou and Cheng, 1985; Schinazi et al., 1986; Chou et al., 1987; Fox et
al., 1988). This nucleoside analog is more active against herpes simplex viruses
encoding an active thymidine kinase than against viruses deficient in thymidine
kinase (Lopez et al., 1980). Furthermore, FIAU is phosphorylated efficiently
by herpes simplex virus thymidine kinase (Colacino and Lopez, 1983).

Recently, FIAC, FMAU, and FEAU have shown in vivo anti-HBV activity
in the woodchuck (Fourel et al., 1990) and duck (Fourel et al., 1992) models of
hepatitis B virus infection. FIAU has demonstrated activity against hepatitis B
virus replication in vitro and in HBV-infected patients (Oclassen Pharmaceu-
ticals, Inc., San Rafael, CA, data on file). FIAC and FIAU have been shown to
inhibit HBV replication in 2.2.15 cells by 90% at concentrations of 34 + 7 uM
and 24 + 4 uM, respectively, as determined by blot hybridization (Korba and
Gerin, 1992). In this report, FIAU was shown to be a selective inhibitor of
HBV DNA replication in vitro, using a PCR-based assay. In an HBV-
producing hepatoblastoma cell line, FIAU inhibited the replication of HBV by
50% (ICso) at a concentration of 0.9 uM and displayed a 50% cytotoxic
concentration (TCsg) of 344.3 uM, yielding a selective index (T'Cso/ICs0) of
382.6. However, we have observed that the TCs, of FIAU decreases with
decreasing initial cell plating density (data not shown). This observation is
consistent with the notion that FIAU and similar nucleoside analogs are more
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toxic to rapidly dividing cells. Furthermore, in this report, the evaluation of
FIAU toxicitiy was limited to hepatoma cells and the results obtained here may
not be representative of the toxicity of FIAU in normal or HBV-infected
hepatocytes.

The anti-HBV activity of FIAU (10 uM) was reversed 62% by a 10-fold
molar excess of thymidine and the cytotoxicity of FIAU was reversed 70% by
an equimolar amount of thymidine, suggesting that FIAU behaves as an
analog of thymidine. FIAU was 2000-fold more active against duck hepatitis B
virus in human hepatoblastoma cells than against this virus in chicken liver
cells. This observation indicates that the anti-HBV activity of FIAU is
determined, at least in part, by the host cell. Indeed, our results show that the
anti-HBYV activity of FIAU is dependent, in part, on its phosphorylation by the
host cell. Phosphorylation of FIAU was time-dependent and was 25-fold
greater in extent in human cells than in chicken cells. These results do not
preclude the possibilities that FIAU is inefficiently transported into chicken
liver cells or that phosphorylated anabolites of FIAU are not able to
accumulate in these cells. Non-hepatic mouse L cells which are deficient in
thymidine kinase (LTK 7) have been transfected with a dimer of hepatitis B
virus and cloned LTK ™ cells which secrete HBsAg, HBeAg, and HBV DNA
have been described (Seifer et al., 1990). It would be of interest to extend the
results reported here by determining whether FIAU is able to inhibit the
replication of HBV in LTK ™ cells.

In culture, the resumption of viral DNA replication could be detected 24 h
after the removal of FIAU (100 uM) and by 4 days after the removal of
compound, viral replication was equivalent to that in cells incubated for 10 to
17 days in medium alone. Similar results were obtained for vidarabine
monophosphate. These results must be interpreted carefully, however, since
unlike an in vitro infection where virus is added to an uninfected culture and
not every cell is infected, stably transfected cells contain integrated copies of the
HBV genome which are passed to daughter cells during cell replication.
Therefore it would be necessary to clear each cell of the integrated viral DNA
to achieve a permanent in vitro antiviral effect. A nucleoside analog such as
FIAU would not be expected to act in this manner.

The principal metabolite of FIAU identified in plasma and urine of mice,
rats, dogs, and man is FAU (Feinberg et al., 1985; Philips et al., 1983). This
compound was synthesized, checked for purity by HPLC, and evaluated for
activity against hepatitis B virus. At 100 uM, FAU displayed a slight but
reproducible inhibition of HBV replication. No inhibition of HBV replication
was observed at the lesser concentrations of FAU. FAU may not be able to
enter cells as efficiently as FIAU or, alternatively, FAU may be a poor
substrate for cellular pyrimidine nucleoside kinase. Furthermore, the possibility
exists that the triphosphate of FAU, generated subsequent to the reductive de-
iodination of FIAU-monophosphate by thymidylate synthetase (Garrett et al.,
1979; Braun et al., 1982) accounts for all or part of the anti-HBV activity of
FIAU.
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The mechanism of action underlying the selective anti-HBV activity of FIAU
is not completely understood, since HBV does not appear to encode a
pyrimidine nucleoside kinase. The antiviral and cytotoxic activities of FIAU
could be reversed by the addition of exogenous thymidine, indicating that
FIAU acts as a thymidine analog against HBV replication. The triphosphate of
FIAC, the aminated metabolic precursor of FIAU, has been synthesized and
has been shown to inhibit endogenous HBV DNA polymerase activity (Hantz
et al., 1984). Considered together with the results described here, these
observations indicate that the anti-HBV activity of FIAU may be the result of
its intracellular anabolism, as a thymidine analog, to the mono-, di- and tri-
phosphate nucleotides. Accordingly, experiments are underway to assess the
ability of FIAU-triphosphate to inhibit endogenous HBV DNA polymerase.
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