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Combination therapies may be required for long-term management of some patients chronically infected
with hepatitis B virus (HBV). Adefovir is a nucleotide analog that has similar activity against wild-type and
lamivudine-resistant HBV. In contrast to lamivudine, clinical resistance to the prodrug adefovir dipivoxil
emerges infrequently. Based on its clinical efficacy and low frequency of resistance, adefovir dipivoxil may form
an important component of combination regimens. We therefore investigated the in vitro antiviral efficacy of
combinations of adefovir with other nucleoside analogs (lamivudine, entecavir, emtricitabine [FTC],and
telbivudine [L-dT]) and the nucleotide analog tenofovir. Using a novel stable cell line that expresses high levels
of wild-type HBV, we assayed the antiviral activity of each drug alone and in combination with adefovir. All
two-drug combinations resulted in greater antiviral effects than treatments with single agents and could be
characterized as additive by the Bliss independence model. Analysis using the Loewe additivity model indicated
that adefovir exerted additive antiviral effects when combined with lamivudine, FTC, or L-dT and moderately
synergistic effects when combined with entecavir or tenofovir. There was no evidence of cytotoxicity with any of

the drugs when used alone or in combination at the tested doses.

Hepatitis B virus (HBV) is a small hepatotropic DNA virus
that is able to establish chronic infection in humans. Chronic
HBYV infection can last a lifetime, causing persistent hepatitis
that frequently progresses to more-severe liver disease. Cur-
rently, three agents are approved for the treatment of chronic
hepatitis B: alpha interferon (IFN-«), lamivudine, and adefovir
dipivoxil. IFN-a, a cytokine with immunomodulatory and an-
tiviral activity, is effective in only one third of indicated patients
and is associated with significant side effects. Lamivudine, a
cytosine analog in the unnatural levorotary (L) conformation,
produces potent reductions in viremia (9) but is hampered by
the emergence of viral resistance in approximately 20% of
patients per year (23).

Adefovir dipivoxil, an oral prodrug of the AMP analog ad-
efovir, is the most recently approved anti-HBV therapeutic.
Adefovir dipivoxil therapy produces a rapid decline in viremia
in patients infected with wild-type or lamivudine-resistant HBV
(2, 17, 24). Unlike lamivudine, resistance to adefovir dipivoxil
emerges infrequently. During clinical trials, the adefovir resis-
tance mutations rtN236T and A181V were observed in samples
from <2% of patients who received 96 weeks of therapy and in
<4% of patients after 144 weeks of therapy (1, 39; X. Qi, A.
Snow, V. Thibault, Y. Zhu, M. Curtis, S. Hadziyannis, C. Bros-
gart, G. Currie, S. Arterburn, C. Gibbs, M. Miller, and S. Xiong,
Abstr. 39th Annu. Meet. Eur. Assoc. Study Liver Dis., abstr.
57, 2004). Importantly, in vitro and limited clinical data indi-
cate that adefovir-resistant HBV remains sensitive to lamivu-
dine and other developmental nucleosides (39; H. Yang, X. Qi,
K. Das, E. Arnold, C. Westland, W. Delaney IV, C. Brosgart,
C. Gibbs, M. Miller, and S. Xiong, Abstr. 39th Annu. Meet.
Eur. Assoc. Study Liver Dis., abstr. 383, 2004).
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Several other nucleoside and nucleotide analogs are cur-
rently in clinical development for the treatment of chronic
hepatitis B. The most advanced of these are entecavir (BMS-
200,475), emtricitabine (FTC), and telbivudine (L-dT). Ente-
cavir, currently in phase III development, is a deoxyguanosine
analog with in vitro activity against both the priming and DNA
synthetic activities of HBV polymerase (34). Entecavir appears
to have reduced efficacy against lamivudine-resistant HBV in
vitro (29); however, preliminary clinical data indicate that high
doses of the compound maintain viral suppression in vivo (R.
Colonno and R. Rose, Abstr. 53rd Annu. Meet. Am. Assoc.
Study Liver Dis., abstr. 1925, 2002). FTC is an L-nucleoside
with structural similarity to lamivudine that was recently ap-
proved for the treatment of human immunodeficiency virus
(HIV) and is in phase III development for chronic hepatitis B.
In vitro and clinical studies have indicated that FTC has anti-
viral activity and a resistance profile similar to that of lamivu-
dine (13, 14); however, preliminary clinical results suggest that
resistance to FTC may occur less frequently than with lamivu-
dine (R. Gish, N. Leung, C. Wang, L. Corey, S. Sacks, M.
Fried, T. Wright, T. Huy, F. Chan, F. Rousseau, M. Herve, A.
Snow, J. Anderson, A. Rigney, and E. Mondou, Abstr. 53rd
Annu. Meet. Am. Assoc. Study Liver Dis., abstr. 838, 2002).
L-dT is an L-nucleoside analog of thymidine that is in phase III
studies. Recent clinical data suggest that L-dT is more effica-
cious than lamivudine at reducing viremia in patients with
wild-type HBV infection (C. Lai, N. Leung, E. Teo, M. Tong,
F. Wong, H. Hann, S. Han, T. Poynard, M. Myers, G. Zhao, D.
Lloyd, and N. Brown, Abstr. 53rd Annu. Meet. Am. Assoc.
Study Liver Dis. 2002, abstr. 554, 2002). The clinical efficacy of
L-dT against lamivudine-resistant HBV has not been tested;
however, in vitro data suggest that all L-nucleosides, including
L-dT and FTC, have decreased efficacy against YMDD mutant
HBV (7; W. Delaney IV, H. Yang, M. Miller, C. Gibbs, and S.
Xiong, 37th Annu. Meet. Eur. Assoc. Study Liver Dis., abstr.
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309, 2002). Tenofovir disoproxil fumarate, a prodrug of the
AMP analog tenofovir, has activity against both HBV and HIV
and is approved for treatment of HIV. Although tenofovir
disoproxil fumarate is not approved for use against HBV, it
has been used to effectively treat lamivudine-resistant HBV
in HIV-coinfected patients (28, 31, 38). Several other com-
pounds, including MCC-478, L-FMAU [1-(2-fluoro-5-methyl-
B-L-arabinofuranosyl)uracil], and Val-B-L-2'-deoxycytidine (a
valyl prodrug of B-L-2'-deoxycytidine), are also in earlier stages
of clinical development for the treatment of chronic hepatitis B
(19, 20, 37).

Clinical experience with lamivudine and adefovir dipivoxil
indicates that most patients will require long-term therapy to
maintain suppression of viral replication and remission of liver
disease. Patients who do not achieve adequate viral suppres-
sion during monotherapy, due either to resistance or to sub-
optimal primary response, may benefit from regimens contain-
ing two or more agents. Indeed, clinical experience from the
HIV field indicates that combination therapy is superior to
monotherapy in maintaining viral suppression and elevating
CD4™" cell counts (11, 12). It is unclear if similar benefits will
be realized during combination treatment of chronic hepatitis
B, since the investigation of such treatments has only recently
been explored in controlled clinical trials. Based on its clinical
efficacy against wild-type and lamivudine-resistant HBV, ad-
efovir dipivoxil may form an important component of combi-
nation regimens. Accordingly, we have investigated the in vitro
antiviral efficacy of combinations of adefovir with other nucle-
oside and nucleotide analogs.

MATERIALS AND METHODS

Cell culture. HepG2 cells were obtained from the American Type Culture
Collection (Manassas, Va.) and maintained in humidified incubators at 5% CO,
and 37°C. HepG2 cells were grown in minimal essential medium (ATCC) sup-
plemented with 100 U of penicillin/ml, 10 pg of streptomycin/ml, and 10%
heat-inactivated fetal bovine serum (Irvine Scientific, Santa Ana, Calif.). The
novel HepG2 49-29 cell line (described below) and the HepG2 2.2.15 cell line
were maintained under conditions identical to those used for HepG?2 cells.

Generation of the HepG2 49-29 cell line. HepG2 cells were transfected with a
plasmid construct encoding two 1.1-unit length HBV genomes (genotype A;
GenBank accession no. AF305422) and a neomycin resistance gene. Each HBV
genome was under the transcriptional control of a cytomegalovirus promoter,
while the neomycin resistance gene was under the control of transcriptional
simian virus 40 promoter. Three days after transfection, cells were selected in
medium supplemented with 800 pg of G418 (Sigma, St. Louis, Mo.)/ml for
approximately 2 weeks. G418-resistant colonies were transferred to 48-well
plates and subsequently screened for hepatitis B e antigen (HBeAg) secretion
with the colormetric ETI-EBK+ immunoassay kit (DiaSorin, Stillwater, Minn.).
HBeAg-positive colonies were further expanded and screened for other markers
of HBV replication, including the production of HBsAg (by DiaSorin ETI-
MAK-2 immunoassay), extracellular HBV DNA (by PCR analysis of conditioned
medium), and intracellular viral replicative intermediates (as described below).
To compare HBV expression levels of novel cell lines to that of the reference cell
line HepG2 2.2.15, 2 X 10° cells were seeded in 60-mm dishes and cultured for
7 days, at which point all cell lines had reached confluence. Intracellular viral
replicative intermediates were then extracted, and all extracts were quantified as
described below. Expression levels of HBV DNA for the novel cell lines were
then calculated relative to observed replication in HepG2 2.2.15.

Compounds. Adefovir, tenofovir, FTC, and entecavir were synthesized by
Gilead Sciences (Foster City, Calif.). Lamivudine and L-dT were purchased from
Moravek Biochemicals (Brea, Calif.).

Determination of ICsqs for individual drugs. HepG2 49-29 cells were seeded
at a density of 10° cells/well in 48-well plates and allowed to attach overnight. The
following day, cells were treated with medium containing antiviral compounds.
Five concentrations of each drug were tested based on antiviral activity data
available in the literature (4, 13, 18). Cells were treated every other day for 1
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week, after which they were lysed in 200 l of 0.33% Igepal C-630 in phosphate-
buffered saline for 5 min. Cell lysates were transferred to microfuge tubes and
spun for 5 min to pellet nuclei. The resulting supernatants were extracted using
the Masterpure Total nucleic acid extraction kit (Epicentre, Madison, Wis.), with
the modification that proteinase K digestion was extended to 1 h. Purified nucleic
acids were resuspended in 20 pl of TE buffer and digested with 5 U of DNase-
free RNase. All 20 pl of viral DNA was then fractionated by electrophoresis
through 1% agarose gels and transferred to nylon membranes by standard South-
ern blotting procedures (32). Viral DNA was detected by nucleic acid hybrid-
ization with a 3*P-labeled HBV probe, and mature forms of the viral genome
(relaxed circular and double-stranded replicative intermediates) were quantified
with a Storm 860 PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.).
Regression analyses of antivirus data were performed with TableCurve2D soft-
ware (SPSS Scientific, Chicago, Ill.), and 50% inhibitory concentration (ICs)
values were calculated from the resulting best-fit equations as previously de-
scribed (8).

Design of combination experiments. Each combination experiment included
24 samples, 13 of which were controls (five doses of each drug alone plus three
doses in three untreated wells) and 11 of which were drug combinations. Of the
five concentrations tested for each drug, the middle dose was approximately
equal to the ICs; two higher doses (corresponding to approximately three and
six times the ICs,) and two lower doses (corresponding to approximately 0.16
and 0.33 times the IC5,) were also tested. Figure 1 depicts which doses were used
in combination for each drug pair. With this assay format, all samples for a single
experiment could be contained in the inner 24 wells of a 48-well plate and
processed in parallel at the end of the treatment period. Drug treatment, DNA
extraction, and viral DNA quantification were performed as described above; all
samples from each combination experiment were analyzed on single gels.

Analysis of combination data. Antivirus data were analyzed using both the
Loewe additivity and Bliss independence drug interaction models (15, 16). The
Loewe additivity model is defined by the equation d,/D, + d,/D, = 1, where D,
and D, are the doses of individual drugs required to exert the same effect as doses
dy and d, used in combination. If the experimental product of this equation
(termed the Loewe combination index) is equal to 1, the data are considered
additive; indices of <1 or >1 indicate synergy or antagonism, respectively. The
CombiTool program (version 2.001) was used to quantify differences between
observed effects and those predicted by the Loewe additivity equation as well as
to calculate combination indices (10). Single-drug control data from each trip-
licate experiment were first fit to the equation z = 100 X{1/[I+(x/a)’]} X
{1/[1+(y/c)!]}, which defines a three-dimensional surface as the product of two
logistic dose equations (one derived from each drug), using the TableCurve3D
program (SPSS Science). x and y are the concentrations of drugs A and B,
respectively; z is the antiviral response. Parameters a and b are the dose response
of drug A, while parameters ¢ and d are the dose responses of drug B. Antiviral
parameters for each drug were then entered into the logistic function of Combi-
Tool to generate the expected effect of drug combinations, based on an additive
Loewe interaction. Three-dimensional plots depicting the differences between
the experimental (observed) and predicted data were generated using Sigmaplot
8.0 (SPSS Science).

The Bliss independence model is defined by the equation E,, = E, + E, —
(ELE,), where (E,,) is the additive effect of drugs x and y as predicted by their
individual effects (E, and E,). The MacSynergy II program, version 1.0 (M. N.
Prichard, K. R. Aseltine, and C. Shipman, Jr., University of Michigan) was used
to evaluate antivirus data according to the Bliss independence model MacSyn-
ergy II uses a nonparametric three-dimensional approach to quantify areas
where observed effects are significantly greater (synergy) or less (antagonism)
than those predicted from single-drug control data. As suggested by Prichard et
al., triplicate data sets were assessed at the 95% confidence level and should be
interpreted as follows: volumes of synergy or antagonism at values of <25 uM?
are considered insignificant, those at values of >25 but <50 pM? are considered
minor but significant, those at values of >50 but <100 wM? are considered
moderate and potentially important in vivo, and those at values of >100 pM? are
considered strong and likely to be important in vivo.

Cytotoxicity testing. To assess cytostatic or cytotoxic effects of drug combina-
tions, HepG2 49-29 cells were seeded into 96-well plates at a density of 2 X 10*
cells/well and exposed to compounds for 1 week with a treatment schedule
identical to that described above for the antivirus assays. Each drug was tested
alone and in combination with adefovir at the highest doses used for antiviral
combination testing. Following the drug treatment, cell viability was assessed by
sodium 3’-[1-(phenylamino-carbonyl)-3,4-tetrazolium]-bis (4-methoxy-6-nitro)
benzene sulfonic acid hydrate (XTT) cleavage with a commercially available
assay (Roche). One-way analysis of variance (ANOVA) was used to compare cell
viability among the treated and untreated cultures with GraphPad Prism (version
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FIG. 1. Matrix of drug concentrations used during two-drug antiviral combination experiments. During each two-drug combination assay,
individual drugs (A and B) were tested alone at five concentrations that spanned the linear region of their experimentally determined dose
responses (data not shown). For drugs A and B, dose 1 was 0.16 times the ICs,, dose 2 was 0.33 times the ICs, dose 3 equaled the ICy,, dose 4
was 3 times the ICs, and dose 5 was 6 times the 1Cs, (dose numbers are indicated by subscripts). To test the combination activity of drugs A and
B, 11 combination doses were administered to cells, as indicated by the matrix.

3.03; GraphPad Software, San Diego, Calif.). P values of <0.05 were considered
significant.

RESULTS

Generation of a novel cell line expressing high levels of
HBYV. Previous combination studies have utilized the HepG2
2.2.15 cell line, which expresses modest amounts of HBV (21).
To facilitate combination experiments, a novel stably trans-
fected cell line (HepG2 49-29) that expresses high levels of
HBYV replicative intermediates was generated. HepG2 cells
were transfected with a plasmid construct encoding two 1.1-
unit length HBV genomes (genotype A) and a neomycin re-
sistance gene. After selection in G418, clones that tested pos-
itive for HBeAg, HBsAg, and extracellular HBV DNA were
further expanded and screened for intracellular replicating
HBV. Several positive clones were obtained; however, clone
49-29 was selected for further studies, since it produced ap-
proximately 25-fold-more intracellular replicative intermedi-
ates than the reference cell line HepG2 2.2.15 (Fig. 2).

Dose selection for antiviral combination assays. Five clini-
cally relevant compounds were chosen to test in combination
with adefovir: lamivudine, FTC, entecavir, L-dT, and tenofovir.
To select appropriate doses for combination testing, the ICs,
of each drug against wild-type HBV in HepG2 49-29 cells was
determined (Table 1). ICs, data obtained with the HepG2
49-29 cell line agreed well with previously reported data gen-
erated with other stable or transient HBV expression systems

(4, 13, 18, 40). In addition to the ICs,s, two higher doses (ap-
proximately three and six times the ICs,) and two lower doses
(approximately 0.16 and 0.33 times the ICs,) were chosen for
combination testing, since these concentrations spanned the
linear region of the dose-response curves.

Antiviral efficacy of drug combinations. For each drug pair,
two independent combination experiments were run in tripli-
cate, and viral replication was quantified by Southern blotting
and nucleic acid hybridization. Sample results for an individual
combination experiment are presented in Fig. 3. The resulting
antivirus data were then analyzed with the two predominant
models for defining drug interaction: Loewe additivity and
Bliss independence. For analysis with the Loewe additivity
model, the single-drug and untreated-control data from each
experiment were first fit to a three-dimensional dose-response
surface; the resulting parameters were then used to calculate
expected additive values and Loewe combination indices with
the CombiTool program. During these analyses, the ICs,s de-
rived from single-drug controls were in close agreement with
the initial data generated (Tables 1 and 2). The average Loewe
combination index of the combination data points was calcu-
lated for each drug (Table 2). Combinations of adefovir with
lamivudine and L-dT produced combination indices of approx-
imately 1, indicating an additive antiviral interaction. The com-
binations of adefovir with entecavir, FTC, or tenofovir pro-
duced average combination indices of <1, which suggests
antiviral synergy. With respect to the combination of adefovir
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FIG. 2. Intracellular HBV replication levels in novel stably transfected cell lines. Several novel HBV-expressing cell lines were generated by the
stable transfection of HepG2 cells with a plasmid encoding two 1.1-unit length HBV genomes. (A) Three HBsAg- and HBeAg-positive cell lines
(48-1, 49-29, and 49-37) and the reference cell line HepG2 2.2.15 were each seeded at a density of 2 X 10° cells in 60-mm dishes and were allowed
to grow to confluence over 1 week. Southern blot analysis was used to quantify the total amount of intracellular HBV replication present in each
culture. Relaxed circular (RC), double-stranded (DS), and single-stranded (SS) forms of the HBV genome are shown. (B) The relative amount
of double-stranded replicative intermediates present in the three cell lines compared to that of HepG2 2.2.15 is presented (values are the mean

of two experiments; error bars indicate standard deviation).

and FTC, the average combination index of 0.87 = 0.08 is not
significantly outside the 0.9-to-1.1 range, which is considered to
be nearly additive (T. C. Chou and M. P. Hayball, CalcuSyn:
Windows software for dose effect analysis program manual,
Biosoft, Ferguson, Mo.). Combinations of adefovir with either
entecavir or tenofovir produced average combination indices
of approximately 0.7, which can be interpreted as moderate
synergy according to the Loewe additivity model.

Residual plots, depicting the difference between the ob-
served and the expected antiviral effects (based on the Loewe
additivity equation), are presented in Fig. 4. For the adefovir
plus lamivudine, L-dT, or FTC combinations, most residuals
were within 1 standard deviation of the zero-interaction plane
and were distributed approximately evenly above and below
the plane, consistent with an interpretation of Loewe additiv-
ity. Combinations of adefovir with either entecavir or tenofovir
tended to produce residuals that were distributed above the
zero interaction surface. For these combinations, a greater
number of combination points lay beyond 1 standard deviation
but within 2 standard deviations of the zero-interaction sur-
face, suggesting a moderate synergistic drug interaction.

For analysis with the Bliss independence model, antiviral
combination data were analyzed with the MacSynergy II pro-
gram. Volumes of statistically significant antiviral synergy and
antagonism quantified by MacSynergy II for each pair of com-
pounds are presented in Fig. 5. Results of this analysis indi-
cated that minor regions of synergy and antagonism were iden-
tified for all compounds tested in combination with adefovir.
The interaction volumes identified by MacSynergy II were <25
wM? for all drugs and are predicted to be insignificant in vivo.
Thus, the antiviral interaction between adefovir and the other
tested compounds did not appear to deviate significantly from
additivity as defined by the Bliss independence model.

Cytotoxic and cytostatic effects of drug treatment. Since the
doses used for all antiviral compounds were at least 100-fold
less than their respective 50% cytotoxic concentrations, cellu-
lar toxicity was not expected, based on additive interactions.
However, to ensure that unpredicted synergistic toxicities did
not contribute to the antiviral effects observed during combi-
nation assays, we assayed the cytotoxic and cytostatic effects of
each drug combination. Three independent assays were per-
formed in triplicate with each drug tested alone and in com-
bination with adefovir at the highest doses used for the anti-
virus assays (Fig. 6) No significant cytotoxic effects were
observed for any of the cultures treated with one or two drugs
(P = 0.67; one-way ANOVA).

DISCUSSION

Combination therapy is crucial to the management of HIV
infection. Although there are important viral and pathogenic
differences between HBV and HIV infections, it is hoped that
combination therapy will provide similar benefits for patients
with chronic hepatitis B infection. Ideally, combination therapy

TABLE 1. Antiviral activity of compounds in HepG2 49-29 cells

Compound IG5
AdETOVIT ...t 0.215 = 0.003
LamivVudine ....oceveeeveveeenieeieieieeniereessseeeeseeseeseeseeeesens 0.023 = 0.008
Entecavir 0.0013 = 0.0003
FTC ettt anne 0.033 = 0.007
LodT ettt 0.335 = 0.042
Tenofovir 0.172 = 0.059

“50% inhibitory concentration. All values are micromolar concentrations and
represent the average of two or more experiments * the standard deviation.
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FIG. 3. Sample primary data for an antiviral combination experiment. Following drug treatment, HBV replicative intermediates were extracted
from HepG2 49-29 cells and analyzed by Southern blotting with a **P-labeled HBV probe. (A) The results of a combination experiment assaying
the antiviral effects of adefovir plus lamivudine are presented. The micromolar doses of adefovir and lamivudine are indicated above each lane
(=, no treatment was given). Relaxed circular (RC), double-stranded (DS), and single-stranded (SS) forms of the HBV genome are shown.
(B) Quantification of double-stranded viral replicative intermediates (DS) obtained by PhosphorImager analysis.

for chronic hepatitis B would significantly enhance HBeAg
seroconversion rates. Unfortunately, seroconversion may not
be an achievable endpoint for all chronic hepatitis B patients,
particularly those who lack significant immune activity against
the virus. However, even in the absence of seroconversion,
antiviral therapy could aim to achieve long-term suppression of
viral load, which has proven to translate into a remission of
liver disease. Thus, for patients that do not undergo HBeAg
seroconversion, the combination of two or more antiviral
agents with additive and/or synergistic antiviral activity and
distinct resistance profiles may represent the best option for
long-term suppression of viral load and disease management.

Few data on the in vitro activity of drug combinations
against HBV are currently available. Korba et al. previously
showed that combinations of lamivudine and penciclovir had
synergistic activity against HBV in HepG2 2.2.15 cells (21) and
that the combination of lamivudine and famciclovir produced
additive to synergistic effects against woodchuck hepatitis virus
in vivo (22). Colledge et al. reported additive or synergistic

effects of adefovir, lamivudine, and penciclovir when used in
combination against the duck HBV in primary duck hepato-
cytes (5, 6). Seigneres et al. provided enzymatic, cell culture,
and in vivo data indicating that combinations of emtricitabine,
amdoxovir, and clevudine (L-FMAU) provided efficacy supe-
rior to treatment with any of the drugs as a single agent (36).

Our results, which were generated with a novel stable cell
line expressing high levels of HBV, indicate that combinations
of adefovir with other anti-HBV drugs produce greater in vitro
antiviral effects than any of the agents used alone. We did not
observe any evidence of cytotoxicity during these assays at the
highest tested combination doses. Our observations are in
agreement with the reported 50% cytotoxic concentrations for
all compounds, which are orders of magnitude higher than the
antiviral doses used here. Further experiments will be needed
to determine whether additive, synergistic, or antagonistic in
vitro cytotoxicity is observed when cells are treated with high
doses of these drugs.

Interpretation of the antiviral results with the Bliss indepen-

TABLE 2. ICs, and R? values derived from three-dimensional surface plots and average Loewe combination indices.

I1C5y”
Drug pair R?* Loewe CI¢
Drug 1 (adefovir) Drug 2
Adefovir + lamivudine 0.27 £ 0.04 0.023 = 0.001 0.92 =0.03 1.03 = 0.24
Adefovir + entecavir 0.22 = 0.06 0.001 = 0.0001 0.93 = 0.04 0.72 £0.25
Adefovir + FTC 0.28 = 0.01 0.049 = 0.006 0.95 = 0.01 0.87 = 0.08
Adefovir + L-dT 0.19 £ 0.01 0.35 £ 0.04 0.96 = 0.01 1.00 = 0.04
Adefovir + tenofovir 0.23 = 0.01 0.20 = 0.07 0.89 = 0.06 0.72 £ 0.03

“ All values are micromolar concentrations and represent the average of two experiments performed in triplicate * standard deviation.
b R? refers to dose-response fit of both drugs on a three-dimensional surface plot (mean = standard deviation).
¢ Average Loewe combination indices (CI) for all combination data points are shown * standard deviations.
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FIG. 4. Three-dimensional residual plots comparing experimental
(observed) and predicted levels of HBV replication for antiviral com-
bination data. The results of each antiviral combination experiment
were analyzed by graphing the difference between observed antiviral
effects and effects predicted from the single drug controls based on the
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dence model indicated that none of the tested combinations
deviated significantly from additivity. Analysis using the Loewe
additivity model indicated that the activity of adefovir in com-
bination with L-nucleosides (lamivudine, FTC, and L-dT) was
additive while combinations of adefovir with entecavir or te-
nofovir were synergistic. As noted previously, it is not uncom-
mon for the Bliss independence and Loewe additivity models
to disagree (10). The underlying basis for the discrepancy be-
tween these two models is generally due to the shape of the
individual drugs dose-response curves. When both drugs have
identical exponential dose responses, both models will be in
agreement (3). However, for compounds with steeper dose
responses, greater combination effects may be observed with
the Loewe additivity model. For compounds with flatter dose
responses, greater combination effects may be observed with
the Bliss model (10).

It is unclear why combinations of adefovir with entecavir or
tenofovir resulted in Loewe synergy, while the L-nucleoside
combinations produced Loewe additivity. Interestingly, adefo-
vir, tenofovir, and entecavir are purine analogs, whereas all of
the tested L-nucleosides are pyrimidines. One explanation is
that combinations of adefovir with entecavir or tenofovir affect
purine metabolism in a way that enhances the anabolic and
antiviral efficacy of these drugs. Alternatively, tenofovir and
entecavir may have better in vitro activity in a subpopulation of
cells (e.g., those in a distinct stage of the cell cycle and with
differential nucleoside and/or nucleotide kinase expression)
than the tested Lnucleosides. It should be noted that differen-
tial activation of nucleoside and nucleotide analogs in distinct
cell types has previously been observed in vivo with the duck
HBYV model (26, 27). Activity of different agents in distinct cell
compartments provides another theoretical argument in favor
of using combination therapy in a clinical setting.

The observed Loewe synergy could also theoretically result
from combining multiple agents that act as inhibitors of the
HBV-priming reaction. Indeed, previous in vitro studies have
demonstrated that entecavir inhibits HBV priming in addition
to DNA synthesis (34); similar studies performed with the duck
HBYV system have indicated that adefovir can also inhibit he-
padnaviral priming (35). In contrast, deoxycytidine analogs
(including lamivudine and FTC) are theoretically unable to act
as substrates for the HBV priming reaction, since the priming
sequence (UUC or UUCA) does not allow for base pairing
with these nucleotides (25). It is currently unclear if L-dT can
act as an inhibitor of HBV priming. Base pairing with adeno-
sine does not appear to be required, and there are no in vitro
studies addressing L-dT’s ability to inhibit the hepadnaviral
priming reaction.

Loewe additivity model (see Materials and Methods). The antiviral
effect is presented in the z plane as a fraction of total viral replication
(derived from untreated controls). The concentration of adefovir (in
micromoles) is indicated on the y axes, and concentrations of the
second drugs (in micromoles) are graphed on the x axes. Points that
fall above the additive zero-interaction plane (z = 0) can be considered
synergistic, since the observed antiviral effect was greater than pre-
dicted; conversely, points falling below the zero-interaction plane can
be considered antagonistic. Each graph presents the results of one
triplicate experiment where adefovir was assayed in combination with
lamivudine (A), entecavir (B), FTC (C), L-dT (D), or tenofovir (E).
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FIG. 5. MacSynergy II analysis of antiviral combination data. Primary data from Southern blot analyses were analyzed according to the Bliss
independence model of drug interaction with MacSynergy II. Volumes of statistically significant synergy and antagonism quantified at the 95%
confidence level are indicated. Volumes shown are the means of two independent experiments performed in triplicate (error bars indicate standard
deviation). Per Prichard et al., volumes of <25 uM? are considered insignificant, while those of >25 wM? are considered significant (see Materials

and Methods).

To date, there are relatively few controlled clinical studies
that have examined the use of two drugs to treat chronic
hepatitis B. The majority of these have been combinations of
IFN-a and lamivudine (reviewed by Schalm) (33); however,
the use of adefovir in combination with lamivudine and other
agents is now being explored. Preliminary clinical studies using

IFN-a plus lamivudine have provided evidence of greater an-
tiviral effect and a delay in lamivudine resistance; however,
these studies have not demonstrated a conclusive improvement
in serocoversion. Furthermore, the drawbacks of IFN-« ther-
apy (side effects, the difficulties of parenteral administration,
and contraindications to using the drug with several patient

1 Alone
1751 I + Adefovir
£ 150
©6 125 I
5 ™ 1 [ I
ﬁ o 75-
>t
: 50'
X 254
0
& &
A B A R )
\)(\ v Q& O éo ‘\;\ «0
V A (06‘

FIG. 6. Cytotoxic and cytostatic effects of drug combinations on HepG2 49-29 cells. HepG2 49-29 cells were seeded into 96-well plates at a
density of 2 X 10* cells/well and exposed to the indicated compounds for 1 week. Cell viability was subsequently assayed by XTT cleavage. Three
independent assays were performed in triplicate with each drug tested alone and in combination with adefovir at the highest doses used for the
antivirus assays (1.5 uM adefovir, 0.12 pM lamivudine, 0.009 uM entecavir, 2.04 pM L-dT, 0.24 pM FTC, and 1.5 pwM tenofovir). The mean
number of viable cells for each treatment condition (as a percentage of the untreated controls) is shown; error bars indicate standard deviations.
No significant cytotoxicity was observed for any of the cultures treated with one or two drugs (P = 0.67; one-way ANOVA).
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populations) limit its utility as a combination agent, especially
for long-term patient management. The treatment of lamivu-
dine-resistant HBV with the combination of lamivudine and
adefovir dipivoxil was shown to suppress viremia in patients
but more than with adefovir dipivoxil alone (30). Preliminary
results from a study comparing the combination of adefovir
dipivoxil plus lamivudine versus lamivudine monotherapy in
naive patients have recently been presented (J. Sung, Lai, J. S.
Zeuzem, W. Chow, E. Heathcote, R. Perrillo, C. Brosgart, M.
Woessner, S. Scott, and E. Campbell, Abstr. 38th Annu. Meet.
Eur. Assoc. Study Liver Dis. 2003, abstr. 69, 2003). These re-
sults indicated that the two therapies produced similar initial
viral load reductions, but the combination reduced the emer-
gence of lamivudine resistance and produced better virologic
response late in the study. Seroconversion rates were not sig-
nificantly different between patients receiving combination
therapy and those receiving lamivudine monotherapy. Analy-
ses from the second year of this study are ongoing and may
reveal a greater difference between the monotherapy and com-
bination arms; these data will have strong implications for the
treatment of chronic infection.

In conclusion, we used a novel HBV-expressing cell line to
investigate the antiviral activity of activity of adefovir in com-
bination with other approved or phase III investigational anti-
HBYV drugs. Our results indicated that two-drug combinations
that included adefovir produced greater in vitro antiviral ef-
fects than those of single agents. The observed antiviral com-
bination effects were characterized as additive with the Bliss
independence model or additive to synergistic with the Loewe
additivity model. Importantly, there was no evidence of in vitro
cytotoxicity and no evidence of antiviral antagonism with any
of the drug combinations at the tested doses. Combination
therapy should be explored further clinically, especially for
patients who are unable to achieve full serum HBV DNA
suppression during monotherapy. The activity of adefovir
against lamivudine-resistant HBV, the infrequent emergence
of adefovir resistance, and the data provided here suggest that
adefovir dipivoxil may form an important component of future
combination regimens.
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