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To design new strategies of antiviral therapy for chronic hepatitis B, we have evaluated the antiviral activity
of the combination of amdoxovir (DAPD), emtricitabine [(—)FTC], and clevudine (L-FMAU) in the duck
hepatitis B virus (DHBV) model. Using their triphosphate (TP) derivatives in a cell-free system expressing a
wild-type active DHBYV reverse transcriptase (RT), the three dual combinations exhibited a greater additive
inhibitory effect on viral minus-strand DNA synthesis than the single drugs, according to the Bliss indepen-
dence model. Both dual combinations with DAPD TP were the most efficient while the triple combination
increased the inhibitory effect on the DHBV RT activity in comparison with the dual association, however,
without additive effect. Postinoculation treatment of experimentally infected primary duck hepatocytes showed
that dual and triple combinations potently inhibited viral DNA synthesis during treatment but did not inhibit
the reinitiation of viral DNA synthesis after treatment cessation. Preinoculation treatment with the same
combinations exhibited antiviral effects on intracellular viral DNA replication, but it was unable to prevent the
initial covalently closed circular DNA (cccDNA) formation. Short-term in vivo treatment in acutely infected
ducklings showed that the dual combinations were more-potent inhibitors of virus production than the single
treatments, with the L-FMAU and FTC combination being the most potent. A longer administration of L-FMAU
and FTC for 4 weeks efficiently suppressed viremia and viral replication. However, no viral clearance from the
liver was observed, suggesting that the enhanced antiviral effect of this combination was not sufficient for
cccDNA suppression and HBV eradication from infected cells.

Despite the existence of efficient vaccines, hepatitis B virus
(HBV) infection remains a major public health problem world-
wide with 400 million chronic carriers, who are exposed to a
risk of developing liver cirrhosis and hepatocellular carcino-
ma (24). To date, alpha interferon and lamivudine (2’,3'-dide-
oxy-3'-thiacytidine, or 3TC) are the only approved drugs for
chronic HBV infection. Alpha interferon therapy is only par-
tially effective and is frequently limited by adverse effects (16).
3TC, a cytidine analog, is a very efficient inhibitor of HBV
replication (23). Although 3TC efficiently inhibits HBV repli-
cation, the slow kinetics of viral elimination during 3TC ther-
apy (33) and the spontaneous viral genome variability lead to
the emergence of drug-resistant mutants which carry mutations
affecting the reverse transcriptase (RT) domain (30, 32, 31,
36). Approximately 50% of treated patients develop viral re-
sistance after 3 years of treatment with 3TC (26). Resistance to
nucleoside analogs is associated with substitutions in the nu-
cleic acid sequence of the polymerase gene causing changes
in the amino acid sequence of the HBV RT, notably in the
YMDD motif within the catalytic site. The most common poly-
merase variant is the rtL180M-plus-M204V change (according
to the recent genotype-independent nomenclature for HBV
drug-resistant variants) (39) that associates a mutation in the
catalytic site (rtM204V) with a compensatory mutation in the
B domain of the RT (rtL180M) which provides a higher rep-
lication capacity to the catalytic site variant (2, 4, 31, 34, 35).
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Consequently, the anti-HBV activity of new analogs, such
as PMEA (also called adefovir) and entecavir (also called
BMS200-475) is under evaluation in experimental models and
in clinical trials (12, 28, 40). The potent antiviral activity of cle-
vudine (L-FMAU) and emtricitabine (FTC) has been previ-
ously demonstrated in in vitro and in vivo experimental studies
(1,9, 13, 20, 37). Furthermore, the duck model of HBV (DHBYV)
infection represents a suitable system for the study of in vitro
and in vivo activity of anti-HBV agents as well as their toxicity.
It provides relevant tools for detailed molecular studies of hep-
adnavirus replication and its inhibition (3, 11, 35, 37). Moreover,
a previous study of the antiviral activity of five nucleoside an-
alogues, 2R-cis-4-(2,6-diamino-9H-purin-9-yl)-1,3-dioxolane-
2-methanol (DAPD, amdoxovir), 2R-cis-2-amino-1,9-dihydro-
9-(2-[hydroxymethyl]-1,3-dioxolan-4-yl)-6H-purin-6-one,
4-amino-5-fluoro-1-[2-(hydroxymethyl)-1,3-oxothiolan-5-y1]2
(1H)-pyrimidinone (2R-cis) [(—)FTC], 3TC, and 1-(2-fluoro-
5-methyl-B-L-arabinosyl) uracil (L-FMAU) showed that they
inhibit HBV replication and exhibit different mechanisms of
action (37). DAPD, a dioxolane nucleoside analog inhibits the
priming and the elongation of viral minus-strand DNA in vitro
(37). FTC, which is closely related to 3TC, inhibits the elon-
gation of the viral minus-strand DNA, whereas L-FMAU, a
thymidine analog, mainly inhibits DNA-dependent viral posi-
tive-strand DNA synthesis. While DAPD is also active against
the rtL180M plus M204V mutant polymerase, FTC and L-
FMAU showed minimal activity against 3TC-resistant mutants
(5, 37).

In order to better control viral replication and delay the
emergence of virus-resistant mutants, it is critical to develop
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new antiviral strategies based on combinations (42) that may
also prevent the selection of cross-resistant mutants, as was
shown with human immunodeficiency virus (6, 38, 41). Few
studies focused on examination of the antiviral effect of the
combination of polymerase inhibitors for the therapy of chron-
ic hepadnavirus infection and used different experimental
models (7, 8, 19). As DAPD, FTC, and L.-FMAU are potent
antiviral compounds that inhibit different steps of the HBV
replication cycle, they represent potential candidates for such
combinations. Therefore, we examined the inhibitory effect of
DAPD, FTC, and L-FMAU associated with dual or triple com-
binations in comparison with single-drug administration in the
DHBYV model. We studied in vitro the effect of the combina-
tions on reverse transcription by using the cell-free expression
system of the DHBYV polymerase and on DHBV genome rep-
lication by using experimentally infected primary duck hepa-
tocytes. In addition, we analyzed in vivo the antiviral effect of
the combination of L-FMAU and FTC in experimentally in-
fected ducklings.

MATERIALS AND METHODS

Antiviral drugs. DAPD, (—)FTC, and L.-FMAU and their triphosphate (TP)
forms, used for the cell-free assay, were provided by Triangle Pharmaceuticals,
Inc. (Durham, N.C.).

Evaluation of inhibitory activity of compounds on DHBV RT activity. Expres-
sion of the wild-type polymerase and the L489M-plus-M512V DHBV double
mutant (corresponding to the rtL.180M-plus-M204V double mutant in HBV) and
analysis of viral minus-strand DNA chain extension, i.e., reverse transcription,
were performed as previously described in detail (35, 37, 43). As this work
focused on evaluation of the effect of drug combinations on viral minus-strand
elongation, modifications were made to the reaction mixtures. They included
dATP and dGTP (100 pM each) and 0.165 uM (each) [a-*?P]dCTP and
[«-*?P]dTTP (3,000 Ci/mmol) for combinations of (—)FTC TP and L-FMAU TP,
dGTP and dTTP (100 uM each), and 0.165 uM (each) [a->*P]dCTP and [a->?P]
dATP (3,000 Ci/mmol) for combinations of (—)FTC TP and DAPD TP, and
dGTP and dCTP (100 pM each) and 0.165 uM (each) [a-*?P]dATP and [a->?P]
dTTP (3,000 Ci/mmol) for combinations of DAPD TP and L-FMAU TP. The
study of the combination of the 3 nucleoside analogues required dGTP (100 nM)
and 0.165 uM (each) [«-*?P]dATP, [«-*?P]dCTP, and [a-*?P]dTTP (3,000 Ci/
mmol each).

Primary fetal duck hepatocyte cultures: evaluation of the anti-DHBYV activity
and cytotoxicity of the combinations. Cell cultures and inoculations were per-
formed as previously described (3, 11). Preinoculation and postinoculation treat-
ment protocols used single, dual, or triple combinations. DAPD, FTC, and
L-FMAU have been tested at low (1, 0.5, and 0.1 uM, respectively) and high (2,
1, and 0.5 pM, respectively) concentrations that were determined according to
previous results (37). In the preinoculation protocol, the addition of an inoculum
containing 30 DHBV genome equivalents per cell for 2 h at 37°C was performed
2 days after cell plating. Treatment started 1 day before inoculation for 7 con-
secutive days. For each experiment, cell cultures were performed in duplicate. At
the end of treatment (day 8), one set of hepatocyte cultures was harvested and
cells were lysed for the extraction of intracellular viral DNA, whereas the second
set was maintained for 5 more days after cessation of the treatment (day 13). In
the postinoculation protocol, cells were inoculated before plating with the same
inoculum as described above. Hepatocytes were maintained for 9 to 13 days
postinoculation. The addition of nucleoside analogs started 3 days postinocula-
tion for 6 consecutive days. For each experiment, cell cultures were performed in
duplicate. At the end of treatment (day 9), one culture set was harvested, cells
were lysed, and intracellular viral DNA was extracted, whereas the second
culture set was maintained for 4 additional days (day 13).

Cellular cytotoxicity was analyzed daily by light microscope examination.
Briefly, cells were seeded in 24-well tissue culture plates and cultured in medium
containing increasing concentrations of the different drugs for 7 consecutive
days, with daily change of medium. Cell viability was estimated by neutral red
assay as described by Hantz et al. (15). After incubation in medium containing
5 mg of neutral red dye (Sigma, L'Isle d’Abeau, France)/100 ml for 3 h at 37°C,
the cells were fixed in a 4% formaldehyde-1% calcium chloride solution and
finally lysed in an acetic acid-ethanol mixture as described earlier (37).
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Experimental inoculations of ducklings. Ducklings were maintained under
normal daylight, fed with a standard commercial diet and water ad libitum, in
accordance with the guidelines for animal care at the facilities of the Ecole
Nationale Vétérinaire of Lyon, France. Five-day-old Pekin ducklings were inoc-
ulated intravenously with a DHBV-positive serum containing 4.3 X 10® viral
genome equivalents (vge), following a protocol previously described (1, 11, 25,
43). Ducklings received nucleoside analogs (FTC, L.-FMAU, or DAPD) in
mono-, bi-, or tritherapy by daily intraperitoneal administration for 3 days post-
viral inoculation for a duration of 7 days (short-term study, studies 1 and 2) or 28
days (long-term study, study 3) according to the protocols described in Results.
All three studies were performed consecutively. Viremia, animal weight, and
lactic acid levels (Lactate PAP; Biomerieux, Marcy I’Etoile, France) were mon-
itored throughout the study period. Animals were monitored for 2 additional
weeks after drug withdrawal for short-term studies. Serum samples were col-
lected every other day for DHBV DNA quantification. In the long-term study,
ducklings received nucleoside analogs (FTC plus L-FMAU) by daily intraperi-
toneal administration for 3 days postinoculation for a duration of 28 days at
doses of 100 and 40 mg/kg of body weight/day, respectively. Blood samples were
collected 6 days per week during the first 3 weeks, twice per week during the next
2 weeks, every day after treatment cessation for 2 weeks, and every week until the
end of the study (day 223) for analysis of viral markers and drug tolerance. All
animals alive at the end of the treatment (day 7 in short-term study 2) and at the
end of follow-up (in short-term study 1 and long-term study 3) were euthanized
by lethal injection of pentobarbital (Doléthal; Vétoquinol, Lure, France). Liver
samples were snap-frozen in liquid nitrogen and subsequently stored at —80°C
for viral DNA analyses.

Viral DNA extraction and radiolabeled detection. Primary duck hepatocytes
were lysed at day 8 or 9 and day 13 for intracellular viral DNA analysis, depend-
ing on the experimental protocol. Cells were rinsed with phosphate-buffered
saline and stored at —80°C for DNA isolation. Total viral DNA was extracted
and then subjected to agarose gel electrophoresis and Southern blotting as
described earlier (17, 25). Samples containing 0.5 wg of cellular DNA were
analyzed after electrophoresis through 1.2% agarose gels, transferred by South-
ern blotting to nylon membranes (Byodine B membrane; Merk Eurolab), and
hybridized with an «-3?P-labeled full-length DHBV genomic DNA probe as
already described (44). Autoradiography of the Southern blot was quantitated by
ImageQuant after PhosphorImager scanning (Amersham Pharmacia Biotech) as
previously described (37).

For the in vivo study, viremia was assessed throughout the protocol period by
a semiquantitative detection of DHBV DNA by a specific dot blot hybridization
assay. Fifty microliters of serum was spotted directly onto nylon filters (Byodine
B membrane; Merk Eurolab) with the Hybri-Dot Manifold apparatus (Life
Technologies, Cergy Pontoise, France). After denaturation (0.2 M NaOH, 1 M
NaCl), neutralization (0.5 M Tris-HCI [pH 8] with 1 M NaCl followed by 2 SSC
[1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate]), and fixation (80°C for
2 h), filters were hybridized with a full-length DHBV genomic DNA probe and
analyzed by the ImageQuant software. (25).

Isolation of DHBV DNA and quantification of viral load by real-time PCR.
Isolation of viral DNA for quantitative amplification was extracted from 50 .l of
serum by using the High Pure viral nucleic acid kit according to the manufac-
turer’s instructions (Roche Diagnostics, Meylan, France). Elution was carried
out in 40 pl of elution buffer. Quantitative analysis of viral load was carried out
by real-time PCR (Roche Diagnostics). Primers were designed with Oligo 5
software (MedProbe, Olso, Norway) for conserved nucleic acid sequences within
the DHBV POL gene. Amplification of a 159-bp product was detected by using
hybridization probes designed by TibMolBiol (Berlin, Germany). Amplifications
were performed in a 20-pl reaction mixture containing 4 pl of extracted DNA
from serum (50 pl) or liver samples (0.2 g), Fast Start Tag DNA polymerase,
reaction buffer ANTP mix (Roche Molecular Biochemicals), 3 mM MgCl,, 0.5
mM concentrations of forward primer PA2 (nucleotides [nt] 1569 to 1588, 5’
CTG ACG GAC AAC GGG TCT AC 3') and reverse primer PAS1 (nt 1728 to
1710, 5 GGG TGG CAG AGG AGG AAG TA 3'), and 0.2 and 0.4 pM
concentrations, respectively, of 3'-labeled fluorescein probe DHBV FL (nt 1633
to 1658, 5" CCT CCA TCT CTT CAC TAC TGC CCT CG X 3') and 5'-labeled
Red 640 DHBV LC (nt 1661 to 1685, 5" Red 640 TCC GAA ATC TCT CGT
CGC TTT AAC Gp 3'). The EcoRI site was referred to as nt 1. Amplification
occurred after denaturation at 95°C for 10 min, followed by 45 cycles of dena-
turation at 95°C for 10 s, fluorescence acquisition at 58°C for 3 s, annealing for
10 s at 61°C, and extension at 72°C for 15 s. The sensitivity limit of this real-time
PCR has been evaluated at 100 copies of DHBV DNA per ml of serum after
extraction of serial dilutions of cloned DHBV genome in DHBV-negative serum.
For quantification of intrahepatic viral DNA, viral DNA was extracted at the
time of animal autopsy according to a procedure described elsewhere (25). After
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TABLE 1. In vitro inhibitory activity of dual and triple combinations of DAPD TP, FTC TP, and L-FMAU TP on
the RT activity of the wild-type DHBV polymerase

2 radiolabeled nucleosides
Combination and

3 radiolabeled nucleosides

concn (pM) Experimental Theoretical Bliss Experimental Theoretical Bliss
inhibition (%) additivity independence inhibition (%) additivity independence

DAPD-L-FMAU

1, 10 29 =5 35+11 >Single

1,25 33+x4 36 £ 16 >Single/ADD 387 51+7 >Single

1, 50 344 39 =13 >Single/ADD 50 =11 54+9 >Single/ADD

1, 100 43+6 45 £ 13 >Single/ADD 51 =16 60 = 10 >Single
DAPD-FTC

1,1 42 =12 45 = 11 >Single/ADD

1,5 576 56 £8 ADD

1, 10 56 =13 45 = 16 SYN 44 =5 56 =5 >Single

1, 50 46 = 10 65+9 >Single

1, 100 66 =9 79 = 10 >Single 50 =12 68 =7 >Single
FTC-L-FMAU

1, 10 12 =10 246 >L-FMAU Single

1, 50 34 =18 39+1 >Single/ADD

1, 100 44 =8 49 =4 >Single/ADD

10, 10 37+4 45 =0 >Single

10, 25 3314 44 £ 5 >Single

10, 50 43+ 8 56 =4 >Single 36 =4 47+ 6 >Single

10, 100 53+x4 63+6 >Single 51 =13 54 +8 >Single/ADD

50, 25 40 =7 55 =11 >1L-FMAU Single

50, 50 49 =8 57+9 >Single

50, 100 49 =9 63 = 11 >Single

100, 10 65*5 74 €2 >Single

100, 25 44 = 8 59 =7 >L-FMAU Single

100, 50 72+3 79 =4 >Single 50+4 61 =6 >Single

100, 100 71x2 82+ 4 >Single 66 = 4 66 =8 ADD
DAPD-FTC-L-FMAU

1, 10, 25 48 = 11 65 =7 >Double

1, 10, 50 47 + 8 67 =7 >Double

1, 10, 100 585 716 >Double

1, 50, 25 48 = 4 72+8 >Double

1, 50, 50 518 749 >Double

1, 50, 100 56 =4 77+9 >Double

1, 100, 25 45+6 756 <FTC Single

1, 100, 50 50x7 76 = 6 >Double

1, 100, 100 61 £13 79 =7 <L-FMAU + FTC

“ Results are expressed as percentages of inhibition of viral minus-strand DNA elongation and correspond to the mean values of 4 experiments. Abbreviations: ADD,
additivity; SYN, synergy; >Single or double, effect superior to single or double drug combination.

homogenization in 10 mM Tris-HCI (pH 7.5) and 10 mM EDTA, the liver
samples were processed for isolation of total viral DNA. After proteinase K
digestion, phenol-chloroform extraction was followed by ethanol precipitation.
GAPDH amplification was used for normalization of liver samples. Sequence
primers were chosen from Clustal alignment of chicken cDNA (CHKGAPDH-
K0145) with forward primer S2 (nt 387 to 419, 5" AAG GGT GGG GTG CTA
AGC GTG 3') and reverse primer AS2 (nt 505 to 485, 5" GCC AGG CAG TTG
GTG GTG C 3'), producing a 118-bp fragment amplification after denaturation
at 95°C for 10 min, followed by 45 cycles of denaturation at 95°C for 15 s,
annealing for 10 s at 55°C, and extension at 72°C for 6 s.

Statistical analysis and modeling of antiviral effects. The use of several drugs
in a same trial requires a detailed definition of the different observed effects: (i)
additive (effect expected when two drugs are associated = product of the frac-
tional effect of each drug), (ii) synergistic (observed effect in combination >
additive effect), or (iii) antagonistic (effect of combination < additive effect). The
Bliss independence model was used in this study to determine the effect of tested
combinations. This approach defines the theoretical additive effect (Exy or Exyz)
of 2 or 3 drugs (x, y, and z) used as Exy = Ex X Ey or Exyz = Ex X Ey X Ez,
with E corresponding to the percentage of active viral replication. The observed
experimental effect E is compared to the theoretical additive effect Exy: if E =
Exy, the combination is additive; if E > Exy, the combination is synergistic; if
E < Exy, the combination is antagonistic (14). Mann-Whitney tests were used to

compare the inhibitory activities of drug combinations on viremia and intrahe-
patic viral DNA replication in experimentally infected ducklings. Differences
were considered statistically significant when P values were below 0.05.

RESULTS

Inhibitory effect of dual and triple combinations on DHBV
RT activity. We have evaluated the effect of the dual and triple
combinations of the TP forms of DAPD (DAPD TP), FTC
(FTC TP), and L.-FMAU (L-FMAU TP) on the wild-type RT
and the L489M-plus-M512V mutant expressed in a cell-free
system. Combinations were evaluated by using different con-
centrations of each nucleoside analog, which were determined
in a previous assay (37).

As reported in Table 1 (corresponding to 4 assays), a study
of viral minus-strand DNA elongation showed that all combi-
nations inhibited the RT activity more effectively than single
drugs. Inhibition was dose dependent for all dual combina-



VoL. 47, 2003

INHIBITION OF DHBV REPLICATION BY DRUG COMBINATIONS

1845

DAPD + L-FMAU COMBINATION
L-FMAU-TP

DAPD + FTC COMBINATION

DAPD-TP
l (-FTC-TP
_—-—"'—_—-—:j.
5 10 100

0 1

POL —»

DAPD-TP DAPD-TP (1 pM)
+
L-FMAU-TP
S kel |

10 25 S50 75_100

i

DAPD-TP (1 pM)
(9FTC-TP
.-ij.
0 5

10 100

L-FMAU + FTC COMBINATION

(-)FTC-TP L-FMAU-TP

__.---""""'-—-—T __,_...---"'""-—'T
0 1 10 100 10 50 100

(-)FTC-TP
1'u.M 1o'p.M 100|p.M
+ + +

L-FMAU-TP L-FMAU-TP L-FMAU-T

0 10 50 100 10 50 100 10 50 100

FIG. 1. Qualitative analysis of the inhibitory activity of dual and triple combinations with DAPD TP, FTC TP and L-FMAU TP on wild-type
RT activity. The result of one typical experiment for one of the tested combinations with two radiolabeled deoxynucleoside TPs is presented.
Autoradiograms of electrophoresis show the inhibition of viral minus-strand DNA synthesis by a single drug or a dual combination. Drug

concentrations are indicated at the tops of the autoradiograms.

tions. DAPD TP-L-FMAU TP and DAPD TP-FTC TP com-
binations had an additive inhibitory effect for almost all the
tested concentrations, according to the Bliss independence
model. In contrast, the observed effect of the dual combination
FTC TP-L-FMAU TP was greater than the effect of the single
drugs, but only two of nine drug ratios tested showed an ad-
ditive effect (Table 1; Fig. 1). Furthermore, the triple combi-
nation, which was evaluated with three radiolabeled nucle-

otides and compared to the three dual combinations tested
under similar conditions, effectively inhibited viral minus-
strand DNA synthesis (Table 1). Most of the triple combina-
tions exhibited a greater inhibition than that observed with
single drugs and the dual combinations, but the triple combi-
nation showed no additivity according to the Bliss indepen-
dence model (Table 1).

As a greater effect of the dual combination with DAPD TP
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TABLE 2. Inhibition of total viral DNA synthesis at the end of treatment with dual and triple combinations in
the postinoculation and preventive protocols®

Low concn” results

High concn® results

Treatment Experimental Bliss independence Experimental Bliss independence
result Value Additivity result Value Additivity

Postinoculation

DAPD 33+3 62 £ 22

FTC 23 =32 81 + 26

L-FMAU 32 £ 46 67 £ 34

DAPD-L-FMAU 66 =2 54 =33 SYN 73 = 38 84 + 20 >Single

DAPD-FTC 62 = 30 48 =24 SYN 76 = 18 90 = 14 >Single

FTC-L-FMAU 70 =12 40 = 57 SYN 82 + 26 89 + 15 >Single

DAPD-FTC-L-FMAU 76 =2 59 =40 SYN 97 £5 94 + 8 SYN
Preinoculation

DAPD 42 =33 42+0

FTC 45+3 64 £9

L-FMAU 48 =13 68 =16

DAPD-L-FMAU 60 =8 68 = 24 >Single 78 = 4 819 ADD

DAPD-FTC 587 69 = 16 >Single 83 +4 79 x5 ADD

FTC-L-FMAU 565 71=5 >Single 80 * 26 87 =15 ADD

DAPD-FTC-L-FMAU 67 = 14 8312 >Double 91 +2 94 +2 ADD

“ Results are expressed as percentages of inhibition of viral replication and correspond to the mean values of 3 independent experiments. Abbreviations: ADD,

additivity; SYN, synergy; = or >Single, effect equivalent or superior to single drugs.

? Low concentrations of DAPD, FTC, and L-FMAU are, respectively, 1, 0.5, and 0.1 M.
¢ High concentrations of DAPD, FTC, and L-FMAU are, respectively, 2, 1, and 0.5 pM.

on the wild-type DHBV polymerase activity was observed, it
was important to determine whether the addition of FTC TP
or L-FMAU TP to DAPD TP (in dual or triple combination)
could enhance the inhibitory activity of these compounds on
the L489M-plus-M512V mutant polymerase which was resis-
tant to the inhibitory effect of FTC TP and L-FMAU TP but
sensitive to the action of DAPD TP (37). The results showed
that the inhibitory activity of DAPD TP on the mutant DHBV
polymerase was not significantly increased by the addition of
FTC TP or .L-FMAU TP (data not shown).

Antiviral activity of DAPD, FTC, and L-FMAU administered
alone or in combination after DHBYV inoculation of primary
duck hepatocytes. Primary duck hepatocytes received dual or
triple combinations 3 days after inoculation for 7 consecutive
days. Two concentrations, defined as efficient in a previous
study (37), were tested for each compound. Cultures were
maintained for 4 days after treatment cessation to analyze the
influence of compound combinations on the reinitiation of
viral DNA synthesis.

Analysis of intracellular viral DNA at the end of treatment
showed that the inhibition of viral DNA synthesis by combi-
nations of nucleoside analogs was dose dependent and more
efficient than the observed inhibition with single drugs (Table
2, results corresponding to 3 assays). Combinations with low drug
concentrations efficiently inhibited the synthesis of total viral
DNA. The experimental effect of combinations was equivalent
or greater than the theoretical additive effect according to the
Bliss independence model (Table 2; Fig. 2A). Combinations
with high drug concentrations potently inhibited total viral
DNA synthesis. However, the observed effect was not additive
for dual combinations according to the Bliss independence
model (Table 2), whereas a synergistic effect was observed with
the triple combination. In our experimental conditions, none
of the combinations completely inhibit viral DNA synthesis.

After cessation of treatment, the observed effect of combi-
nations was equivalent to that of the single drugs (Fig. 2A). In
these experimental conditions, no delay in viral DNA synthesis
rebound was observed after drug withdrawal.

Antiviral activity of DAPD, L-FMAU, and FTC alone or in
combination administered prior to virus inoculation of pri-
mary duck hepatocytes. To determine whether combinations
are able to inhibit the initiation of infection, and especially the
initial formation of covalently closed circular DNA (cccDNA),
drugs were administered for 7 consecutive days beginning 1
day before inoculation. Cell cultures were maintained for 5
days after the cessation of treatment.

Intracellular DNA analysis at the end of treatment showed
that compound combinations at low concentrations inhibited
total DNA synthesis, with equivalent to greater effects than
single drugs (Table 2, with results corresponding to 3 assays;
Fig. 2B). However, at the end of treatment, only combinations
with high concentrations had an additive inhibitory effect on
the total DNA synthesis.

Interestingly, analysis of intracellular viral DNA showed that
some combinations could delay the reinitiation of viral DNA
synthesis (Fig. 2B). At low concentrations, dual and triple
combinations seemed to have an equivalent to greater inhibi-
tory effect on total DNA synthesis than single drugs. A syner-
gistic effect of the dual combination of DAPD and FTC and
the triple combination was observed at the end of follow-up.
Moreover, at high concentrations, all compound combinations
maintained a significant inhibitory effect on total viral DNA
synthesis after drug withdrawal. This effect was synergistic ac-
cording to the Bliss independence model (Fig. 2B) but was
insufficiently potent to prevent the initial cccDNA formation.

Analysis of cellular toxicity. An analysis of cell toxicity was
performed in infected primary duck hepatocytes treated with
2.5, 5, 10, and 20 M concentrations of each drug. Analysis
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FIG. 2. Inhibitory effect of dual and triple combinations on intracellular DHBV DNA synthesis during drug administration and after treatment
cessation in a postinoculation (A) or preinoculation (B) administration. Autoradiograms of Southern blot hybridizations of intracellular viral DNA
are shown. The low concentrations of DAPD, FTC, and L-FMAU are 1, 0.5, and 0.1 uM, respectively; the high concentrations of DAPD, FTC,
and L-FMAU are 2, 1, and 0.5 pM, respectively. Replication intermediates are represented as single strand (SS), linear (L), and relaxed circular
(RC). Lanes: 1, no treatment; 2 and 9, DAPD; 3 and 10, FTC; 4 and 11, L-FMAU; 5 and 12, DAPD and L-FMAU; 6 and 13, DAPD and FTC;

7 and 14, FTC and L-FMAU; 8 and 15, DAPD, FTC, and L-FMAU.

based on the neutral red assay showed no toxicity for the
concentrations used for the determination of the antiviral ef-
fect of the drugs and their combinations. A significant cellular
toxicity was observed only with higher drug concentrations: 22
to 27% cell death was observed with concentrations of 10 and
20 pM (data not shown). These results suggest that the de-
crease of viral DNA synthesis observed in primary duck hepa-
tocytes was not due to a deleterious effect of drug combina-
tions on cellular viability.

Short-term administration of dual and triple drug combi-
nations transiently inhibits viral replication in vivo in exper-
imentally infected ducklings. We used experimentally infected
ducklings to determine whether a short-term administration of
a combination of these nucleoside analogs may exhibit an en-
hanced antiviral effect. We first performed a dose-finding study
(study 1) with FTC, .L-FMAU, and DAPD administered as
single drugs at two different doses and as dual combinations at
the lower dose for each drug. We then compared the three
dual therapies with the triple combination (study 2).

The results of the first dose-finding study (study 1) showed
that all single and dual treatments inhibited DHBYV replication
but to different extents (Fig. 3A; Table 3). However, after drug
withdrawal, a relapse of viral replication occurred in all groups.
Comparison between untreated controls and monotherapies or

dual therapies showed that the more-potent protocol was the
administration of FTC at 100 mg/kg as well as the combination
of FTC (50 mg/kg) and L-FMAU (40 mg/kg) (P < 0.05). More-
over, dual combination of DAPD (20 mg/kg) with FTC (50
mg/kg) or L-FMAU (40 mg/kg) exhibited a greater antiviral
effect than DAPD, FTC, or L.-FMAU monotherapies at the
same dosage (P < 0.05). Using a quantitative real-time PCR
assay for the detection of DHBV DNA, the results showed
that, among the 3 dual combinations, L-FMAU plus FTC in-
hibited viral replication more effectively and significantly de-
creased virus production as calculated by the area under the
curve (AUC) of viremia for each duck during drug adminis-
tration (Table 3).

In the second short-term study (study 2), the impacts of the
three dual and the triple combination protocols were analyzed
by using FTC at 50 or 100 mg/kg, L-FMAU at 40 mg/kg, and
DAPD at 20 mg/kg (Fig. 3B; Table 3). The results showed that
the triple combination and the dual combinations of FTC plus
L-FMAU and FTC plus DAPD, with the high dose of FTC,
inhibited viral production by more than 85% compared with
the control duck groups (P < 0.05). However, the suppression
of viremia in treated animals was not long lasting and a relapse
of viral replication occured in all animal groups after drug
withdrawal (Fig. 3B).
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FIG. 3. Dual and triple combination therapy decreased viremia in chronically infected ducks. Experimental protocols of the two short-term
studies (studies 1 [A] and 2 [B]) and the long-term study (study 3 [C]) are described in detail in Materials and Methods and in Tables 3 and 4.
Viremia (in picograms/milliliter) was monitored by DHBV DNA quantification by using a dot blot assay and/or real-time PCR. The mean viremia
levels for each group from studies 1, 2, and 3 are plotted on the graphs shown in panels A, B, and C, respectively; the first two are displayed on
a log y axis. The black bar indicates the antiviral treatment period. The limit of detection of DHBV DNA was 200 pg/ml for dot blot analysis and

100 copies/ml for the real-time PCR assay. In studies 1 and 3, all ducks were sacrificed at the end of study while in study 2 only half of the ducks
were sacrificed at the end of treatment.
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TABLE 3. Short-term administration of double and triple combinations (DAPD, FTC, and L-FMAU) in experimentally infected ducklings

Group No. of ducks Dose” DMSO” Viremia® Viral production” Intrahepatic® viral
. (mg/kg) (nl/g) (day 10) (AUC) DNA (day 10)
Study 1
Controls 6 Oor8 4.10 = 0.81 541 0.7
L-FMAU 40 6 40 1 3.90 = 0.76 4.80 = 0.39
L-FMAU 80 7 80 2 4.08 = 0.78 492 *+ 0.44
FTC 50 7 50 1 411 *+04 4.69 = 0.25
FTC 100 7 100 2 3.18 = 1.47 3.14 = 1.01
DAPD 20 6 20 4 3.81 = 0.64 4.92 = 0.75
DAPD 40 6 40 8 3.25 +0.57 391 = 1.08
FTC + DAPD 6 50 + 20 5 3.39 =093 3.80 = 1.24
FTC + L-FMAU 7 50 + 40 5 3.09 = 1.15 3.56 = 0.98
DAPD + L-FMAU 7 20 + 40 5 333+ 1.12 4.59 = 0.89
Study 2
Controls 10 4 3.80 = 0.50 5.10 = 0.41 617 =519
FTC 50 + DAPD 9 50 + 20 4 3.45 = 0.61 454 0.5 150 = 57
FTC 100 + DAPD 10 100 + 20 4 3.32 =043 431 =049 204 = 112
FTC 50 + L.-FMAU 9 50 + 40 4 3.37 £ 0.85 437+ 0.73 280 + 194
FTC 100 + L.-FMAU 10 100 + 40 4 3.12 = 0.50 410 = 0.54 214 + 33
DAPD + L-FMAU 7 20 + 40 4 3.41 = 0.62 4.45 = 0.61 340 = 217
FTC 50 + L.-FMAU + DAPD 10 50 +40 + 20 4 3.49 = 0.51 4.52 = 0.44 324 + 174
FTC 100 + L.-FMAU + DAPD 9 100 + 40 + 20 4 3.08 = 0.78 4.02 = 0.54 285 + 202

¢ In study 1, two doses for each drug were tested (40 or 80 mg/kg for L-FMAU, 50 or 100 mg/kg for FTC, and 20 or 40 mg/kg for DAPD) while only the lowest doses
were chosen for combination. In study 2, dual and triple combinations were composed of DAPD at 20 mg/kg, L-FMAU at 40 mg/kg, and FTC at 50 or 100 mg/kg.
® DAPD, FTC, and L.-FMAU to be administered daily to Pekin ducklings by intraperitoneal injection were dissolved in dimethyl sulfoxide (DMSO) (expressed as

microliters of DMSO per gram of duck).

¢ Viremia at day 10 (treatment cessation) was determined by real-time PCR (values reported in log 10 picograms per milliliter). Results are means * standard

deviations.

@ Bstimation of viral production was determined by the area under the curve (AUC) of viremia during the 7 days of treatment (AUC reported in log, values). Results

are means * standard deviations.

¢ In study 2, half of the ducklings were sacrificed at the end of treatment (day 10) in order to quantitate the amount of intrahepatic viral DNA (copies per vge of

liver cell DNA). Results are means * standard deviations.

At the end of treatment, examination of intrahepatic viral
DNA showed that the inhibition of viral production (>1 log,
P < 0.05) by the FTC (100 mg/kg) plus L-FMAU combination
with or without DAPD was associated with a moderate inhi-
bition of intrahepatic DHBV replication (>65.3 and >53.8%
for dual and triple therapy, respectively). These results are due
to wide variations in liver DHBV DNA levels of two animals
from the triple combination group with FTC at 100 mg/kg and
two others from the group treated with 50 mg of FTC/kg plus
L-FMAU which exhibited DHBV DNA levels equivalent to
controls (Table 3).

As combination of FTC and L.-FMAU exhibited the greatest
antiviral effect, the antiviral effect of this combination was
studied during a longer administration period.

A 4-week combination of FTC and L-FMAU transiently in-
hibits viral replication in vivo in experimentally infected duck-
lings. The combination of FTC and L.-FMAU was determined
to be potent in short-term protocols. Therefore, we examined
the antiviral activity of this combination in a 4-week adminis-
tration period (long-term study, study 3). Acutely infected
ducks received a combination of 100 mg of FT'C/kg and 40 mg
of L-FMAU/kg for 4 weeks and were monitored for 192 days.
As illustrated in Fig. 3C, the combination of L-FMAU plus
FTC decreased the peak level of viremia by >80% (P < 0.05)
during the week following DHBYV inoculation as well as dur-
ing the rest of the treatment. The suppression of viremia was
maintained during the entire treatment period. After drug
withdrawal, mean viremia levels of treated ducks remained
lower than those of controls (Fig. 3C; Table 4). At the end of

follow-up (day 223), serum DHBV DNA was undetectable by
dot blot analysis in 3 ducks (1 control [no. 326] and 2 treated
[no. 337 and 340] ducks). This was confirmed by the real-time
PCR quantification which showed viral DNA detection of <0.1
pg/ml in the serum and <0.09 vge in the liver. Moreover, a
four- to fivefold reduction of the mean total DHBV DNA in
the livers of treated ducks was observed in comparison with
that of the control group (Table 4).

DISCUSSION

Little information is available on the combination of poly-
merase inhibitors for the therapy of chronic hepadnavirus in-
fection. Previous studies examined the antiviral effect of the
combination of 3TC with penciclovir and/or PMEA in DHBV-
infected primary duck hepatocytes (7, 8), while Korba et al.
examined the antiviral benefit of combination therapy with
3TC and famciclovir in the 2.2.15 cells transfected with HBV
(18) and in woodchuck hepatitis virus-infected woodchucks
(19). Our results show that dual and triple combinations of
purine and pyrimidine analogs exhibit a potent inhibitory effect
on DHBYV replication both in vitro and in vivo. The originality
of our study relied on the association of compounds that in-
hibit different steps of viral DHBV DNA synthesis, i.e., prim-
ing of reverse transcription, viral minus-strand DNA elonga-
tion, and viral positive-strand DNA synthesis, and on their
evaluation in a complete set of experimental systems with a
viral RT assay, a real-time PCR, a primary hepatocyte culture
system, and in vivo studies in infected ducklings.



1850 SEIGNERES ET AL.

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 4. Four-week administration of a combination of FTC (100 mg/kg) and L-FMAU (40 mg/kg) in experimentally infected ducklings

Viremia (pg/ml)*

Group and Viral production” Intrahepatic® viral
duck no. Day 10 Day 31 Day 223 (AUC) (day 3-31) DNA (day 223)

Controls

321 4.7 4.5 33 52 339

322 4.3 3.4 4.9

323 42 42 3.1 5.0 80

324 4.2 4.1 3.7 4.8 1,894

325 42 3.1 3.5 4.9 1,693

326 4.2 2.7 0.1 4.8 0.14

327 3.7 1.1 4.5

328 4.1 35 3.7 4.7 345

329 4.1 3.1 4.5

330 4.2 3.6 32 4.8 196
Mean 42+0.3 34=*1 29+13 48 0.2 649.5 = 793.5
L-FMAU + FTC

331 2.1 0 2.7

332 3.7 29 32 43 127

333 1.6

334 3.6 29 4.7

335 3.5 3.4 3.4 4.4 160

336 2.9 0.3 31

337 3.1 1.7 0.1 4 0.86

338 3.6 34 42

339 3.4 32 32 4 425

340 3.8 2.7 0.1 4.1 0.18
Mean 3.1x08 23+13 2*x19 37+0.7 142 = 173.7

¢ Viremia was determined after 7 (day 10) and 28 days of treatment (day 31, treatment cessation) and at the end of follow-up (day 223) by real-time PCR as described

in Materials and Methods (log,, values are reported).

b Estimation of viral production was determined by calculation of the area under the curve (AUC) during the 28 days of treatment (from day 3 to 31) and reported

as log;, AUC values.

¢ Quantitation of intrahepatic viral DNA in copies per vge of liver cell DNA by real-time PCR was performed on the remaining ducklings that were sacrificed at the

end of the study (day 223).

The study with a cell-free system for the expression of an
enzymatically active DHBV polymerase showed that the dual
or triple association of the three nucleoside analog TPs, i.e.,
DAPD TP, FTC TP, and L-FMAU TP has a greater effect on
the wild-type RT activity than single drugs that may be additive
under some experimental conditions. However, the combina-
tion of DAPD TP with FTC and/or L-FMAU did not enhance
the sensitivity of the mutant polymerase to the FTC or L-
FMAU (37). Previous studies showed the importance of the
conformation of the RT catalytic site for its enzymatic activity
and susceptibility to nucleoside analogs (2, 10). One could have
hypothesized that the incorporation of an active compound,
such as DAPD, could modify the interaction of the replication
complex, including the catalytic site of the RT, the RNA tem-
plate, and the substrate, to promote the antiviral activity of
FTC and/or L-FMAU against this mutant polymerase. How-
ever, our experimental results showed that this was not the
case.

A detailed investigation of the effect of these combinations
on intracellular viral DNA synthesis in experimentally infected
primary duck hepatocytes provided additional information on
the efficiency of these combinations. In postinoculation proto-
cols, dual and triple combinations with low drug concentra-
tions had an additive-to-synergistic inhibitory effect on viral
DNA replication at the end of drug administration. Notewor-
thy, combinations administered at the highest concentrations

did not exhibit an additive or synergistic effect except for the
triple combination. This could be due to a maximum inhibitory
effect of the single molecules that could not be exceeded.
Nevertheless, the additive-to-synergistic effect that was ob-
served at low concentrations during drug administration was
not maintained after treatment cessation, suggesting that these
combinations were not able to eradicate the DHBV genome
from infected cells. Interestingly, the dual and triple combina-
tions administered in preinoculation treatment delayed the
relapse of viral DNA synthesis after treatment cessation, most
likely by decreasing the amplification of viral cccDNA during
administration. This lasting antiviral effect may be due to a
relatively long half-life of the active metabolites of these com-
pounds. Moreover, the persistence of viral cccDNA at low
levels indicated that these combinations of nucleoside analogs
were not sufficient to inhibit the initial formation of cccDNA
and also to eradicate the pool of already established viral
cccDNA, as this was already shown with single drugs such as
3TC or PMEA (11, 29, 30).

The greater effects observed at the end of administration of
these combinations could be due to a complex mechanism
including a combination of different inhibitory activities on the
viral RT as well as allosteric effects on enzymes of nucleotide
metabolism leading to the depletion of competing intracellular
deoxynucleoside TPs. In the case of the combination of FTC
plus L-FMAU, the synergistic effect may be surprising because
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a previous study showed that the metabolism of L-FMAU to its
active TP form depends on cellular thymidine and deoxycyti-
dine kinases, which may predict a competition of both com-
pounds (27). Nevertheless, our results show that this phenom-
enon did not prevent this combination from being synergistic
under our experimental conditions. However, two recent pub-
lications reported that in the last step, L-deoxynucleoside an-
alog diphosphates (such as L-FMAU) are phosphorylated by
3-phosphoglycerate kinase preferentially to the p-form deoxy-
nucleosides or nucleoside analogs (21, 22). Such relevant re-
sults allowing the prediction of competition for activating en-
zymes should help to design further combination regimens.

Short-term in vivo treatment in acutely infected ducklings
showed that single-drug administration significantly inhibited
viremia, especially the high dose of FTC. The dual combina-
tions more potently inhibited viral production than did single
drugs at the same concentrations (P < 0.05), the more potent
being the combination of L-FMAU and FTC. The addition of
DAPD to this latter combination induced a greater inhibition
of virus production in serum. However, none of these combi-
nations allowed the clearance of viral infection or prevented
the chronicity of viral infection. Furthermore, a longer admin-
istration of L-FMAU and FTC for 4 weeks allowed the sup-
pression of viremia and viral replication. However, this was not
sufficient to clear viral cccDNA and viral infection from the
livers of infected animals, although viral eradication assessed
by a sensitive PCR assay was observed in 2 of 5 treated ducks
versus 1 of 7 untreated animals. These in vivo results together
with those obtained in preinoculation protocols in primary
hepatocyte cultures may indicate that a longer duration of
combination therapy may allow the intrahepatic viral load to
decrease progressively by delaying the infection of new cells as
well as the amplification of cccDNA in already infected cells.

Taken together, these results showed that single-drug ad-
ministration in the DHBV duckling model required higher
drug concentrations than drugs in combinations to obtain a
similar inhibitory effect; this is important when considering the
risk of drug toxicity versus antiviral efficacy. The use of these
combinations of compounds with different mechanisms of ac-
tion and resistance profiles (such FTC and DAPD) together
with an enhanced antiviral effect may be of particular interest
to prevent or delay the emergence of drug-resistant mutants.
However, while the combination of FTC and DAPD exhibited
the most potent effect on DHBV RT activity, this combination
was equivalent in action to the two other dual combinations on
DHBY replication in primary duck hepatocyte cultures while
the most potent was the triple combination. Nevertheless, in
vivo this marked benefit of the triple combination was not
observed, rather pointing out a better efficacy of the L-FMAU-
FTC combination. These results may suggest that drug metab-
olism and the half-life of their active metabolites in the liver
are key determinants in the establishment of an optimized
therapy and therefore warrant further pharmacological and
pharmacodynamical studies on the combination of L-FMAU
and FTC. As our study also underlined the lack of clearance of
viral cccDNA from infected hepatocytes, the association of
nucleoside analogs with immunotherapeutic approaches may
be considered in the future to eradicate residual infected hepa-
tocytes (42).
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