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a b s t r a c t

Telbivudine, a nucleoside analog inhibitor of the viral polymerase of hepatitis B virus (HBV), has been
approved for the treatment of chronic HBV infection, along with the nucleoside inhibitors lamivudine
and entecavir, and the nucleotide inhibitors adefovir and tenofovir. The resistance profiles of these agents
were investigated via drug treatment of HepG2 cells stably transfected with wild-type or mutant HBV
genomes bearing known resistance mutations. Telbivudine was not active against HBV strains bearing
lamivudine mutations L180M/M204V/I but remained active against the M204V single mutant in vitro,
potentially explaining the difference in resistance profiles between telbivudine and lamivudine. Against
HBV genomes with known telbivudine-resistance mutations, M204I and L80I/M204I, telbivudine, lamivu-
defovir
enofovir

dine and entecavir lost 353- to >1000-fold activity whereas adefovir and tenofovir exhibited no more
than 3–5-fold change. Conversely, against HBV cell lines expressing adefovir resistance mutations N236T
and A181V, or the A194T mutant associated with resistance to tenofovir, telbivudine remained active as
shown by respective fold-changes of 0.5 (N236T) and 1.0 (A181V and A194T). These in vitro results indicate
that nucleoside and nucleotide drugs have different cross-resistance profiles. The addition of telbivudine
to ongoing adefovir therapy could provide effective antiviral therapy to patients who develop adefovir
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resistance.

. Introduction

Hepatitis B virus (HBV) is a DNA virus that can infect the liver of
umans. More than 350 million people world-wide are chronically

nfected with HBV, and chronic HBV infection is the leading cause
f cirrhosis and hepatocellular carcinoma. The risk of developing
rogressive liver disease has been linked to HBV DNA level in chron-

cally infected individuals (Chen et al., 2006). In the past decade, the
rognosis of chronic hepatitis B has been significantly improved by
he emergence of a number of nucleoside and nucleotide analogs
hat effectively suppress the HBV virus by specifically inhibiting
he activity of HBV polymerase (Zoulim, 2004). The oral nucleoside
nd nucleotide analogs approved for the treatment of chronic HBV
nfection include the nucleoside analogs lamivudine, telbivudine,

ntecavir, and the nucleotide analogs adefovir and, most recently,
enofovir (Marcellin et al., 2007; Heathcote et al., 2007a; Locarnini
t al., 2004).

∗ Corresponding author. Tel.: +1 617 995 9800; fax: +1 617 995 9801.
E-mail address: standring.david@idenix.com (D.N. Standring).
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As with all small molecule antiviral drugs, the development of
esistance to these anti-HBV compounds during monotherapy is
xpected. To date, a number of mutations in the HBV polymerase
ave been identified to be responsible for resistance to specific
ucleoside or nucleotide analogs. Most of these occur within con-
erved motifs that are responsible for the enzymatic function of
he polymerase (Zoulim, 2004). For example, the primary muta-
ions responsible for lamivudine resistance, M204V and M204I, are
ocated in the YMDD catalytic motif in the C domain at the poly-

erase active site (Lai et al., 2003). These primary mutations are
ften accompanied by secondary changes at codon L180 and/or L80
in domain B and A, respectively, of the polymerase). Genotypic
esistance to telbivudine is associated with the M204I mutation,
ut not the M204V mutation. The M204I mutation is accompanied
y a secondary L80I mutation in more than half of telbivudine-
esistance cases (unpublished results from the telbivudine GLOBE
egistration trial). M204V/I mutations also provide the basis for

ntecavir resistance, but one or more additional mutations (I169,
173, T184, S202, and/or M250) appear to be required to produce
igh-level resistance (Jardi et al., 2007).

In contrast, HBV polymerase nucleotide analog inhibitors are
ssociated with different resistance mutations. In the clinic,

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:standring.david@idenix.com
dx.doi.org/10.1016/j.antiviral.2008.10.008
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Table 1
HBV polymerase site-directed mutagenesis primer pairs (5′ to 3′).

L80I
Forward: CAACTTGTCCTGGATATCGCTGGATGTGTC
Reverse: GACACATCCAGCGATATCCAGGACAAGTTG

L180M
Forward: CAGCCCGTTTCTCATGGCTCAGTTTACGAGTGCCATTTGTTCT
Reverse: AGAACAAATGGCACTCGTAAACTGAGCCATGAGAAACGGGCTG

A181V
Forward: CCGTTTCTCCTGGTTCAGTTTACTAGTGC
Reverse: GCACTAGTAAACTGAACCAGGAGAAACGG

A194T
Forward: GTGGTTCGTAGGACTTTCCCC
Reverse: GGGGAAAGTCCTACGAACCAC

M204I
Forward: GCTTTCAGTTATATCGATGATGTGGTATTGGG
Reverse: CCCAATACCACATCATCGATATAACTGAAAGCC

M204V
Forward: GGCTTTCAGTTATGTGGATGATGTGGTATTGGG
Reverse: CCCAATACCACATCATCCACATAACTGAAAGCC

N236T
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defovir resistance is caused primarily by the N236T mutant
Angus et al., 2003) and/or the A181V mutant (Hadziyannis et
l., 2005). By 5 years, 29% of HBeAg negative- (Hadziyannis et
l., 2005) and as high as 42% of HBeAg positive-(HEPSERA pack-
ge insert. Gilead Sciences Inc., Foster City, CA, USA) patients
reated with adefovir have developed adefovir-induced N236T
nd A181V resistance, and in those who have greater than
log10 copies/ml after 48 weeks of therapy, the resistance rate is
reater than 66% (Locarnini et al., 2005). In a small number of
atients, an A194T mutation has been associated with resistance
o tenofovir (Sheldon et al., 2005). In addition, the presence of
defovir mutations (N236T and/or A181V) at baseline in patients
reated with tenofovir led to a suboptimal virologic response
o this nucleotide analog (Tan et al., 2008), and some patients
equired rescue therapy with tenofovir combined with emtric-
tabine.

To date, only a limited number of studies have been con-
ucted to characterize the cross-resistance profiles of these HBV
rugs (Brunelle et al., 2005; Qi et al., 2007; van Bomme et
l., 2004; Yang et al., 2005). The scarcity of information has
mpeded development of effective salvage or combination ther-
py. This study aims at providing an extensive characterization
f the cross-resistance profile of telbivudine. Using an in vitro
ystem in which cell lines were stably transfected with mutant
r wild-type HBV virus, we assessed the anti-HBV activity of
elbivudine against mutant lines of HBV that have been impli-
ated in resistance to other nucleoside or nucleotide inhibitors.
dditionally, we evaluated the antiviral efficacy of other nucle-
side or nucleotide inhibitors against telbivudine-resistant HBV
utants. Our data demonstrate that telbivudine has a different

ross-resistance profile than nucleotide analogs, and specifically,
hat telbivudine remained fully active against lines of HBV carry-
ng clinically reported nucleotide analogues resistance mutations,
ncluding N236T and A181V to adefovir, as well against A194T
o tenofovir. Conversely, both nucleotide analogs remained active
gainst lines of HBV carrying the telbivudine signature resistance
utations L80I/M204I.

. Materials and methods

.1. Generation of mutant and wild-type plasmids

All constructs were made using an overlength HBV genome,
enotype D (subtype ayw), cloned under the control of a CMV
romoter element. HBV plasmids containing point-mutated poly-
erase genes were derived by site-directed mutagenesis using

CMVhbv as a parent (kindly provided by Dr. C. Seeger, Fox Chase
ancer Institute) and the QuikChange mutagenesis kit (Stratagene,
a Jolla, CA) as described previously (Allen et al., 1998) using
he primers listed in Table 1. The following HBV plasmids were
enerated: pCMV-wt, pCMV-A194T, pCMV-N236T, pCMV-M204V,
CMV-M204I, pCMV-L180M/M204V, pCMV-L180M/M204I, pCMV-
80I/M204I, and pCMV-A181V. The plasmid pCMVneo confers
esistance to the G-418 antibiotic (neomycin) and was used to
elect transfected cells. This plasmid contains the backbone of
EGFP-N1 (Clontech, Mountain View, CA) with the SV40-driven
anr/Neor expression cassette but without the EGFP expression
assette.
.2. Generation and selection of stable cell lines

Human hepatoma HepG2 cells (ATCC, Manassas, VA) were
lated in 6-well plates in HepG2 growth media (1X EMEM, sup-
lemented with 10% fetal bovine serum, L-glutamine, sodium

a
d
s
f
p

Forward: TCTTTGGGTATACATTTAACCCCTAACAAAACAAAGAGATG
Reverse: CATCTCTTTGTTTTGTTAGGGGTTAAATGTATACCCAAAGA

yruvate, non-essential amino acids, 1.5% sodium bicarbonate,
enicillin, and streptomycin) and incubated overnight at 37 ◦C.
ells were transfected with either a wild-type or mutant HBV
lasmid along with a neomycin resistance plasmid using Fugene
Roche, Indianapolis, IN) according to the manufacturer’s sug-
ested protocol. The plates were incubated overnight at 37 ◦C,
nd HepG2 growth/selection media (HepG2 growth media with
eneticin) was added the following day. Transfected cells were
ed twice a week for 2.5 weeks until distinct G418-resistant
olonies had formed. Colonies that appeared to be clonal were
icked off the 6-well plate and transferred to a 96-well plate con-
aining HepG2 growth/selection media. HBV-expressing colonies
ere identified by testing the culture supernatant for pres-

nce of HBeAg via ELISA (see below). Positive colonies were
ubcloned by limiting dilution in 96-well plates and culture
upernatant was screened by ELISA 2 weeks later (media was
hanged every 3–4 days). Positive wells were expanded, and
rozen stocks were produced. Each cell line was then subjected
o at least two rounds of subcloning via limiting dilutions. Cell
ines that produced high levels of HBeAg were then tested for
he production of functional, replication-competent nucleocap-
ids from cell lysates as well as secreted virus particles in cell
upernatants using the endogenous polymerase assay (EPA) (see
elow).

.3. HBeAg ELISA

The capture antibody, a mouse monoclonal anti-HBeAg anti-
ody (Fitzgerald, Concord, MA) was used at 10 �g/ml in 50 mM
odium carbonate buffer (100 �l/well) and incubated on a 96-well
late overnight at 4 ◦C, then washed 3X with phosphate buffered
aline containing 0.1% Tween 20 (PBS-0.1% Tween 20). 100 �l/well
f culture supernatant was transferred from the 96-well cell cul-
ure plate to the ELISA plate and incubated at 37 ◦C for 1 h, then
ashed three times. Detection antibody was a polyclonal (rabbit)
nti-HBcAg-IgG antibody (Dako, Glostrup, Denmark) at a 1:3000
ilution in tris-sodium chloride-EDTA buffer with 10% fetal calf
erum (10% FCS/TNE; 100 �l/well). Plates were incubated at 37 ◦C
or 1 h and washed 3X as above. 100 �l/well peroxidase-conjugated
olyclonal (goat) anti-rabbit-IgG antibody (Zymed, San Francisco,
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merase remaining after drug treatment; in contrast, the PCR-based
and Southern blotting methodologies used in most HBV resistance
studies to date measure overall HBV DNA species that potentially
includes non-replicative molecules such as chain-terminated HBV
DNA.
M. Seifer et al. / Antivira

A) at a 1:10,000 dilution in 10% FCS/TNE was used for colori-
etric detection, incubated at 37 ◦C for 1 h and washed 3X as

bove. The substrate was 13 mg of o-phenylenediamine dissolved
n 12 ml citrate/phosphate buffer (100 �l/well). Color development
as stopped with 2N H2SO4 prior to absorbance reading at A490 in
Fusion plate reader (PerkinElmer, Waltham, MA).

.4. Endogenous polymerase assay

Cells were grown in 12-well plates to confluency for 3–4 days,
nd nucleocapsid-containing lysates and supernatants containing
ecreted virions were collected following drug treatment. Cytoplas-
ic lysates were prepared in detergent containing lysis buffer and

nalyzed by endogenous polymerase assays as reported previously
Seifer et al., 1998). Intracellular HBV nucleocapsids were immuno-
recipitated from the cytoplasmic lysates overnight at 4 ◦C with a
olyclonal rabbit anti-HBcAg antibody (Dako, Glostrup, Denmark)
nd immobilized on protein A sepharose CL-4B beads. Secreted viri-
ns were immunoprecipitated from clarified cell media overnight
t 4 ◦C with a monoclonal mouse anti-LS antibody (MA18/7, a gift
rom Dr. W.H. Gerlich, Germany) in the absence of detergent. EPA
eactions were then performed on the HBV coated immunobeads
s described below.

.5. Drug susceptibility assays

Lamivudine and adefovir were obtained from Moravek Bio-
hemicals (Brea, CA), telbivudine was obtained from Idenix
harmaceuticals (Cambridge, MA), entecavir was obtained from
ristol-Myers Squibb (Princeton, NJ), and tenofovir was obtained

rom the NIH AIDS Research & Reference Reagent Program (Ger-
antown, MD).
Drug stock solutions were made up freshly in 100% DMSO as

00X stocks, and five additional 4-fold dilutions were prepared
rom these stocks. 12-well plates were seeded with cells expressing
ild-type or mutant virus at a density of 0.5–1 × 106 cells per well

n 2 ml media. Once cells reached confluency (1 day after cells were
eeded), drug treatment was initiated by adding 10 �l of drug dilu-
ion into 2 ml of fresh media. The no-drug control wells received
nly 10 �l of DMSO in fresh media. Cells were treated every-other-
ay with 2 ml of fresh drug/medium for a total of 8 days. Cell lysates
ere then collected on day 10 and subjected to EPA analysis.

Cells were lysed in 1 ml of lysis buffer (50 mM Tris–HCl pH
.4, 150 mM NaCl, 5 mM MgCl2, 0.2% NP-40) for 30 min on ice.
ysates were spun for 5 min at 16,000 × g and room tempera-
ure to remove cellular debris. 500 �l of clarified lysate was then

ixed with anti-HBcAg-coated protein A sepharose CL-4B beads
nd incubated overnight at 4 ◦C. Unbound protein was removed
y 3 washes with EPA wash buffer. EPA reactions were assem-
led by adding 50 �l of EPA cocktail (50 mM Tris–HCl pH7.4,
5 mM NH4Cl, 1 mM EDTA, 20 mM MgCl2, 0.1 mM �-ME, 0.5% NP-
0, 100 �M cold dGTP, TTP, dCTP, and 50 nM 33P-dATP) to the
elleted beads and incubated overnight at 37 ◦C. Nucleic acids
ere deproteinized by incubation in 100 mM Tris–HCl (pH 7.6),

50 mM NaCl, 12.5 mM EDTA, 1% sodium dodecyl sulfate and 1 mg
f proteinase K per ml for 1 h at 37 ◦C followed by two extrac-
ions with phenol/chloroform and ethanol precipitation in the
resence of 4 �l of GlycoBlueTM (Applied Biosystems). Pelleted
ucleic acids were air dried, dissolved in 10 �l of TE (10 mM
ris–HCl pH 8, 1 mM EDTA) and electrophoresed through 1%

garose gel in tris-borate buffer. Gels were blotted onto posi-
ively charged nylon membrane overnight at room temperature
ia capillary transfer in 0.4 N NaOH. Dried membranes were
xposed to a PhosphorImager screen (GE Healthcare, Piscataway,
J) overnight at room temperature, then scanned (Storm 860, GE

F
e
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a
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ealthcare) and visualized with ImageQuant software (GE Health-
are).

.6. Fold change calculations

The 50% effective concentration (EC50) values and R2 values were
alculated from the resulting best-fit equations determined by XLfit
.1 software (IDBS, Guildford, UK). Fold-resistance values were first
alculated for each individual experiment by dividing the mutant
BV EC50 by the EC50 for the wild-type HBV. Then the mean fold

hange values and standard deviation were determined using all
he individual values from a particular experimental series.

. Results

We generated an extensive series of mutant HBV cell lines, each
arrying one or two point mutations in the viral polymerase gene
orresponding to mutations that have been associated with resis-
ance to lamivudine, telbivudine, adefovir, or tenofovir in the clinic:

204V, M204I, L180M/M204V, L180M/M204I, L80I/M204I, A181V,
236T and A194T. Each HBV mutant was transfected into human
epatoma HepG2 cells, and HepG2 lines that stably expressed the
irus were identified using ELISA and EPA.

To determine the susceptibility of each mutant line to drugs,
etween three and five independent EPA experiments were per-
ormed. In brief, confluent cells were treated for 10 days with a
rug, and HBV wild-type or mutant nucleocapsids were harvested
nd subjected to an endogenous HBV polymerase assay (EPA). Radi-
labeled HBV DNA was recovered from nucleocapsids, separated
n agarose gels, and then visualized and quantified via Phospho-
Imaging (Fig. 1). The bands for three different full-length HBV DNA
pecies (relaxed circular, double-stranded and single-stranded HBV
NA) were collectively used for quantitation and determination of
C50 values. The EPA strictly measures the residual active HBV poly-
ig. 1. Visualization of HBV DNA. HBV wild-type nucleocapsids were subjected to
ndogenous HBV polymerase reactions, and radiolabeled HBV DNA was recovered
nd separated on agarose gels. Full-length HBV replication species are indicated by
rrows (RC = relaxed circular, DS = double-stranded, SS = single-stranded).
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.1. Lamivudine-resistance mutants

In a first series of experiments, the drugs telbivudine, lamivu-
ine, and adefovir were tested against wild-type HBV virus and
utant HBV viruses carrying the M204V, M204I, L180M/M204V,

r L180M/M204I mutations that are widely reported to be lamivu-
ine signature resistance mutations (Locarnini et al., 2004). The
hosphorImage seen in Fig. 2 depicts the HBV replication lev-
ls and primary drug titration data typically obtained with the
PA and the mutants included in this study; the quality of the
ata fit and the resultant EC50 values can be judged from the
2 values of ≥0.91. Most mutant HBV genomes were found to
eplicate 3–5-fold less well than the wild-type genomes (data not
hown).

The mean EC50 values (in �M) obtained from three such exper-
ments for telbivudine, lamivudine and adefovir against wild-type
BV virus were 0.65 ± 0.28 (telbivudine), 0.05 ± 0.03 (lamivudine)
nd 0.33 ± 0.17 (adefovir). Importantly, it is our experience that
he antiviral activity of telbivudine in cell culture can vary widely
mong different experiments, and particularly among different cell
ines (Seifer et al., unpublished results). Therefore the EC50 values
f each drug determined against wild-type and mutant HBV viruses
hould only be compared in parallel experiments and should not be
ompared across the different experimental series.

Table 2 summarizes the EC50 values obtained for all mutants
ested in this report as well as the range of EC50 values seen
or wild-type HBV over all the experiments. Against the M204I
ingle mutant, telbivudine and lamivudine were essentially inac-
ive (EC50 > 1000 �M). Against the M204V single mutant virus the

ean EC50 values (in �M) were 0.96 ± 0.36 for lamivudine and
.85 ± 0.48 for telbivudine. The replication of the L180M/M204V
nd L180M/M204I mutant viruses was not measurably inhibited
y either telbivudine or lamivudine, as indicated by EC50 values
anging from >823 �M to >1000 �M (Table 2). In contrast, adefovir
etained significant activity against all of the lamivudine-resistant
utants, in agreement with prior reports (Delaney et al., 2001).

he mean EC50 values (�M) seen for adefovir against individual
utations were 1.02 ± 0.22 (M204V), 1.6 ± 1.12 (M204I), 0.62 ± 0.3

L180M/M204V), and 1.49 ± 0.3 (L180M/M204I) (Table 2). These
alues are in accord with other independent studies (Lada et al.,
004).

The impact of the lamivudine-resistant mutants on the observed
fficacy of the drugs can best be seen from the corresponding fold-
esistance values derived from the EC50 data (EC50 mutant virus
ivided by EC50 wild-type virus) as summarized in Table 3. Tel-
ivudine and lamivudine were found to exhibit substantial fold
esistance, ranging from >1049 to >22,922, when tested against the
180M/M204V and L180M/M204I double mutants, or against the
204I single mutant. However, in the case of the single M204V
utant, telbivudine exhibited essentially unchanged antiviral

ctivity with a 1.2-fold change in susceptibility, whereas lamivu-
ine showed a 24.8-fold change. A 153-fold shift was reported for
he M204V mutant versus lamivudine in a previous study (Sheldon
t al., 2005).

Adefovir was found to exhibit a moderate decrease in antiviral
ctivity against the four lamivudine-resistant viruses as indicated
y fold changes ranging from 3.3 ± 2.9 (L180M/M204V) to 4.6 ± 3.0
M204I). It should be noted that changes of this magnitude should
ot necessarily be taken to imply drug-associated resistance as they
robably lie within the inherent variability of the complex cell cul-

ure assay used in this study. In any case, the significance of such
mall in vitro changes with regards to the clinical antiviral effects
f the drugs is unclear and adefovir is reported to retain activity
gainst lamivudine-resistant HBV in the clinic (Perrillo et al., 2000;
eters et al., 2003).

0
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0
p
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.2. Telbivudine-resistance mutants

Next, the drugs telbivudine, entecavir, adefovir, and tenofovir
ere tested against wild-type HBV and mutant HBV strains car-

ying the telbivudine signature resistance mutations (M204I or
80I/M204I) that were defined by the telbivudine GLOBE trial (Lai
t al., 2007). In this series of experiments, mean EC50 values (in
M) against wild-type HBV virus were 0.75 ± 0.16 (telbivudine),
.33 ± 0.08 (adefovir), 0.40 ± 0.12 (tenofovir), and 0.004 ± 0.002
entecavir).

As seen in Table 2, against the M204I single mutant telbivudine
as inactive (EC50 > 1000 �M) and entecavir exhibited a profound

oss of antiviral efficacy against the M204I mutant virus as indi-
ated by the mean EC50 value of 3.10 ± 1.41 �M. On the other hand,
defovir and tenofovir exhibited only a mild loss of antiviral in
itro activity as seen by the mean EC50 values of 1.71 ± 0.72 �M
nd 1.95 ± 0.74 �M, respectively. A similar pattern emerged when
he four drugs were evaluated against the L80I/M204I double

utant. Again, the mean EC50 value of telbivudine was greater
han 1000 �M. For the other drugs, the mean EC50 values (in �M)
ere: 1.08 ± 0.20 (adefovir), 1.27 ± 1.01 (tenofovir), and 1.04 ± 0.56

entecavir) (Table 2).
With respect to fold-resistance (Table 3), telbivudine was inac-

ive against the M204I and L80I/M204I viruses as shown by
old-resistance values of >1379, while entecavir exhibited similar
old-resistance values of 1032 (M204I) and 353 (L80I/M204I). On
he other hand, we found that both adefovir and tenofovir retained
ear-wild-type in vitro activity against the M204I or L80I/M204I
utant viruses, as indicated by moderate fold changes in drug sen-

itivity ranging from 3.1 to 5.4.

.3. Tenofovir-associated mutant

The drugs telbivudine and tenofovir were next tested against
ild-type HBV virus and a mutant HBV line carrying the clini-

ally reported A194T tenofovir resistance mutation (Locarnini et
l., 2005). In this experiment, the mean EC50 values for telbivudine
nd tenofovir against wild-type HBV virus were 0.61 ± 0.21 �M and
.32 ± 0.23 �M, respectively. Tenofovir was found to be approxi-
ately 3 times more potent against wild-type HBV in this cell line

han in HepG2.2.15 cells (Delaney et al., 2006). Against the A194T
utant virus, the EC50 values were similar to those obtained with

oth drugs against wild-type virus (0.56 ± 0.04 �M for telbivudine,
nd 0.30 ± 0.24 �M for tenofovir) (Table 2). Thus, both wild-type
nd A194T mutant HBV polymerases were effectively suppressed
y telbivudine and tenofovir as indicated by the mean fold resis-
ance values of 1.0 ± 0.3 and 1.8 ± 2.2, respectively (Table 3). These
esults are in accord with a previous in vitro study, in which A194T
utant virus was found not to be resistant to tenofovir (Delaney et

l., 2006).

.4. Adefovir resistance mutants

The drugs telbivudine, lamivudine, and adefovir were tested
gainst wild-type HBV virus and a mutant HBV line carrying the
236T adefovir resistance mutation. The PhosphorImage seen in
ig. 3 shows representative primary data and inhibition bar graphs
btained with the N236T HBV cell line. In this experimental series,
he mean EC50 values (in �M) for the three drugs against wild-type
BV virus were 0.03 ± 0.01 (lamivudine), 0.46 ± 0.22 (adefovir), and

.43 ± 0.19 (telbivudine).

Against the N236T mutant virus the mean EC50 values (in
M) were 0.04 ± 0.01 (lamivudine), 1.76 ± 0.60 (adefovir), and
.26 ± 0.29 (telbivudine) (Table 2). These numbers accord well with
reviously reported values (Yang et al., 2004). The corresponding
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ig. 2. Antiviral assessment of telbivudine (LdT), adefovir (PMEA), and lamivudine (
ucleocapsids using endogenous polymerase assay. The primary data are derived f

or quantitation and curve fitting. EC50 values are shown below each PhosphorImag

old change values (Table 3) showed that adefovir was 3.9 ± 2.2-
old less effective in inhibiting replication of N236T virus while

amivudine gave a fold shift of only 1.5 ± 0.5. Among the three drugs,
elbivudine exhibited the best activity against the N236T mutant as
ndicated by the fold change value of 0.5 ± 0.4 (Table 3).

In this study the fold resistance of the N236T mutant cell line to
defovir ranged from 2- to 6-fold, with a mean of 3.9 ± 2.2. These

v
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e
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n vitro sensitivities of wild-type (WT) and mutant HBV viruses to telbivudine, lamivudin

elected by Virus (WT) Telbivudine (0.43–1.45) Lamivudine (0.03–0

amivudine M204V 0.85 ± 0.48 0.96 ± 0.36
M204I ≥1000 ≥1000
L180M/M204V ≥1000 ≥1000
L180M/M204I ≥823 ± 307 ≥1000

elbivudine M204I >1000 ND
L80I/M204I >1000 ND

defovir N236T 0.26 ± 0.29 0.04 ± 0.01
A181V 1.46 ± 0.56 ND

enofovir A194T 0.56 ± 0.04 ND

ntiviral data were generated by endogenous HBV polymerase assays and PhosphorImage
etermined by XLfit and represent the mean and standard deviation of three to five indep
D = not determined.
against cell lines expressing HBV wild-type (WT) and lamivudine-resistant mutant
ne out of three experiments. In each lane, full-length HBV DNA species were used
el. R2 values are given in parenthesis where applicable.

esults accorded with other published values. Angus et al., 2003
escribed a 7.3-fold resistance to adefovir using serum-derived

irus from a patient exhibiting clinical adefovir resistance, and a
3-fold resistance to adefovir using a molecular clone/transfection-
ased approach. Others observed 7.5- and 15-fold resistance to
defovir using similar molecular clone/transfection assays (Yang
t al., 2004; Bartholomeusz et al., 2004). The slight differences in

e, entecavir, adefovir or tenofovir.

.05) Entecavir (0.004) Adefovir (0.33–0.46) Tenofovir (0.32–0.40)

ND 1.02 ± 0.22 ND
ND 1.60 ± 1.12 ND
ND 0.62 ± 0.30 ND
ND 1.49 ± 0.30 ND

3.10 ± 1.41 1.71 ± 0.72 1.95 ± 0.74
1.04 ± 0.56 1.08 ± 0.20 1.27 ± 1.01

ND 1.76 ± 0.60 ND
0.002 ± 0.001 0.13 ± 0.40 0.37 ± 0.15

ND ND 0.30 ± 0.24

r analysis. EC50 values (in �M) were calculated from the resulting best-fit equations
endent experimental data sets.



152 M. Seifer et al. / Antiviral Research 81 (2009) 147–155

Table 3
Fold changes in drug susceptibilities.

Selected by Virus (WT) Telbivudine (1) Lamivudine (1) Entecavir (1) Adefovir (1) Tenofovir (1)

Lamivudine M204V 1.2 ± 0.4 24.8 ± 17.8 ND 3.8 ± 2.3 ND
M204I >1360 ± 363 >22,922 ± 9063 ND 4.6 ± 3.0 ND
L180M/M204V >1360 ± 363 >22,922 ± 9063 ND 3.3 ± 2.9 ND
L180M/M204I >1049 ± 226 >22,922 ± 9063 ND 3.6 ± 1.1 ND

Telbivudine M204I >1379 ± 298 ND 1032 ± 588 5.4 ± 2.1 5.2 ± 1.9
L80I/M204I >1379 ± 298 ND 353 ± 265 3.4 ± 0.4 3.1 ± 1.7

Adefovir N236T 0.5 ± 0.4 1.5 ± 0.5 ND 3.9 ± 2.2 ND
A181V 1.0 ± 0.4 ND 0.6 ± 0.2 0.5 ± 0.2 1.3 ± 1.1
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enofovir A194T 1.0 ± 0.3 ND

old changes were first calculated as the ratio of mutant EC50 to the corresponding wi
ere determined for the entire experimental data set.
D = not determined.

xperimental values may also reflect experimental variations, such
s the use of different HBV genomes, different transfection systems
e.g., transient versus stable), and different cell types (HepG2 cells
n our studies versus Huh7 cells used by Angus et al. (2003)).

Additionally, we tested the drugs telbivudine, entecavir, ade-
ovir and tenofovir against wild-type HBV and a mutant HBV line
arrying the A181V adefovir resistance mutation. In this series of
xperiments mean EC50 values (in �M) against wild-type HBV virus
ere as follows: 1.45 ± 0.07 (telbivudine), 0.34 ± 0.22 (adefovir),
.40 ± 0.20 (tenofovir) and 0.004 ± 0.002 (entecavir). Surprisingly,

181V HBV nucleocapsids expressed by this particular cell line

argely displayed wild-type susceptibility to all drugs tested in
his study, including adefovir. Mean EC50 values ranged from
.002 ± 0.001 �M (entecavir) to 1.46 ± 0.56 �M (telbivudine). The
orresponding fold changes ranged from 0.5 to 1.3 (Table 3). These
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ig. 3. Antiviral assessment of telbivudine (LdT), lamivudine (Lam) and adefovir (PMEA)
utant nucleocapsids using endogenous polymerase assay. The primary data are derived

sed for EC50 calculations.
ND ND 1.8 ± 2.2

e EC50 for that particular set of experiment. Then, the mean and standard deviations

esults appear somewhat different from the results of Qi et al.
2007) which suggested that the A181V mutant gave a 4.3-fold shift
ith adefovir and a >27-fold shift with telbivudine. As noted above,
variety of factors might account for these differences, in particu-

ar the use of different cell lines among different investigators and
he use of divergent assay systems with very different readouts. In
upport of our findings, we note that no resistance due to A181V
utants has been seen through 2 years of therapy in the GLOBE

rial (Lai et al., 2007; Standring et al., 2007). For adefovir, the fold
hifts seen in this report and by Qi et al. (2007) are quite small and

robably lie within the experimental variation inherent in the com-
lex in vitro assays used. These small effects are not readily related
o the emergence of resistance in the clinic. Adefovir has exhib-
ted more limited antiviral potency than telbivudine in the clinic
Hadziyannis et al., 2005; Lampertico et al., 2005), so it is possible

against cell lines expressing HBV wild-type (WT) and adefovir resistant (N236T)
from one out of four experiments. In each lane, full-length HBV DNA species were



l Resea

t
a
t
c
b

g
s

4

t
(
s
H
I
w
(
M
h
i
t
p
l
m
a
i
i
d

fi
v
t
w
m
t

b
t
r
d
M
a
a
b

r
t
d
a
o
t
M
i
y
t
a
t
G
l
t
a
b
2

h
a
n
o
v

M
d
p
o
s
(
s
s
2
n
e
L
d
p

t
o
(
e
c
8
e
P
3
i
a
s
F
a
e
a
c
w
v
n
t
t
e
1
2
a
M
a

p
n
d
p
m
o
v
b
(
r

M. Seifer et al. / Antivira

hat even a small loss of activity for adefovir may compromise its
ntiviral efficacy in vivo. Moreover, variations between the replica-
ion of the wild-type and A181V mutant HBV genomes in vivo may
ontribute to the emergence of resistance; such variations may not
e readily detected in in vitro systems.

In summary, telbivudine, adefovir, tenofovir, and entecavir were
enerally active against the A181V viruses in this in vitro assay
ystem.

. Discussion

Telbivudine is a nucleoside analog that suppresses HBV replica-
ion by preferentially inhibiting second strand HBV DNA synthesis
Seifer et al., 2005). The results of the pivotal GLOBE trial demon-
trated potent antiviral efficacy of telbivudine against HBV in both
BeAg-positive and HBeAg-negative patients (Lai et al., 2007).

mportantly, compared to lamivudine, significantly less resistance
as observed with telbivudine at year 1 (Lai et al., 2007) and year 2

Zeuzem et al., 2007). Telbivudine effectively suppresses the robust
204V resistance pathway seen with lamivudine; this leads to the

alving of the resistance rate and denotes that the M204I mutation
s the signature telbivudine-resistance mutation. The M204I muta-
ion was accompanied in more than half of telbivudine-resistant
atients (patients with a 1 log10 above nadir rebound in HBV viral

oad) by an L80I change and only a single case (0.1%) of the M204V
utation (as the L180M/M204V double mutant) was seen to be

ssociated with viral breakthrough among 680 telbivudine patients
n the pivotal trial after 2 years (Seifer et al., 2007). Therefore, M204I
s the primary causative genotypic change associated with telbivu-
ine resistance in the clinic.

In this study we investigated the in vitro cross-resistance pro-
le of telbivudine by testing for telbivudine susceptibility in HBV
iruses bearing mutations reported to confer resistance to adefovir,
enofovir, or lamivudine in the clinic. Conversely, we examined
hether adefovir, tenofovir, or entecavir were active against the
utations responsible for resistance to telbivudine in vitro and in

he clinic.
Telbivudine remained active in vitro against HBV genomes

earing the signature N236T and A181V adefovir resistance muta-
ions. In addition, telbivudine was active against the clinically
eported A194T tenofovir-associated HBV mutant. When other
rugs were tested against the telbivudine-resistance mutations
204I or L80I/M204I in vitro, adefovir and tenofovir remained

ctive. Interestingly, entecavir showed substantially diminished
ctivity against these mutants; this point is discussed further
elow.

The most important finding from this study is that the cross-
esistance profile for the nucleotide analog drugs (adefovir and
enofovir) differs from the nucleoside analog drugs (telbivu-
ine, entecavir, and lamivudine). Resistance to nucleoside analogs
ppears to arise through mutation of residue 204 in the YMDD motif
f the HBV polymerase, as nearly all HBV mutants that show resis-
ance to a nucleoside analog appear to harbor mutations at codon

204. In the pivotal GLOBE trial, the M204V/I mutations emerged
n 83.7% of lamivudine patients with viral breakthrough through 2
ears of treatment. Although significantly less frequent, viral break-
hrough in telbivudine patients was also predominately (86.8%)
ssociated with a YMDD mutation, specifically M204I in response
o telbivudine (Li et al., manuscript in preparation). To date in the
LOBE trial, no other genotypic changes have been unequivocally
inked to telbivudine resistance in the absence of the M204I muta-
ion within the YMDD motif. In contrast, resistance to nucleotide
nalogs appears to arise through a different mechanism. As showed
y the present study and other reports (Xiong et al., 1998; Chin et al.,
001; Lada et al., 2004; Yang et al., 2004), the M204V/I mutations
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ave little impact on the antiviral efficacy of nucleotide analogs
defovir and tenofovir in vitro, and the M204V/I mutations have
ot been selected by nucleotide analogs in the clinic to date. More-
ver, adefovir has been shown to be effective against M204 HBV
ariants in the clinical setting.

The finding that telbivudine retains full activity against the
204V single mutation presumably explains the ability of telbivu-

ine to suppress the emergence of the L180M/M204V resistance
athway in the clinic. The M204V mutation is critical for the devel-
pment of lamivudine resistance, as it is thought to be the first
tep in the pathway that leads to the M180L/M204V double mutant
Gauthier et al., 1999; Nafa et al., 2000). The L180M mutation was
uggested to evolve shortly after the M204V mutation as a compen-
atory change to help restore viral replicative capacity (Ono et al.,
001; Warner et al., 2007). The in vitro data are consistent with the
otion that the robust suppression of the M204V mutant effectively
liminates the L180M/M204V resistance pathway. Interestingly, the
180M/M204V double mutant remains highly resistant to telbivu-
ine when tested in vitro. This suggests that the L180M mutant
lays more than a compensatory role in this setting.

Of note, it has been previously reported that HBV genomes with
he M204V or M204I mutations remain sensitive to the nucle-
side analog entecavir in vitro as well as in the clinical setting
Levine et al., 2002; Langley et al., 2007; Chang et al., 2005). For
xample, Langley et al. (2007) found only partial (8-fold) in vitro
ross-resistance of the M204I mutant to entecavir and changes of
–30-fold in activity against M204 variants are reported in the
ntecavir label (BARACLUDE package insert. Bristol-Myers Squibb,
rinceton, NJ, USA). However, in our study entecavir was about
53–1000-fold less active against the M204I HBV viruses. Our find-
ngs support results reported by Qi et al. (2007), who described

471-fold-resistance to entecavir for M204I mutant. The clinical
ignificance of such large fold increases remains to be determined.
or potent drugs such as entecavir and telbivudine, it may be that
substantial fold reduction in susceptibility is required for the

mergence of resistance mutants. For drugs such as adefovir which
chieve a lower viral load reduction, a lesser fold change in sus-
eptibility may lead to development of resistance. While caution is
arranted when translating in vitro data into clinical efficacy, our in

itro results and those of Qi et al. (2007) suggest that entecavir may
ot be the best option to treat patients with the M204I mutation in
he clinical setting. Although entecavir appears to be initially effec-
ive against HBV bearing M204 mutations, resistance to entecavir
merges more readily in this context and was seen in more than
0% of lamivudine-refractory patients after 2 years (Tenney et al.,
007). As noted above, despite a modest loss (3–5-fold) of in vitro
ctivity, adefovir appears to be as active or even more active against
204 HBV mutants in patients (Perrillo et al., 2000; Westland et

l., 2005).
When thinking about the optimal therapies for HBV-infected

atients, the distinct in vitro cross-resistance profiles between
ucleotide analogs and nucleoside analogs support the use of these
rugs in combination therapy. Recent studies have indeed sup-
orted the notion that adefovir is active in patients with M204
utations. This idea is further supported by recent clinical data

n telbivudine and adefovir (Heathcote et al., 2007b). Adefovir sal-
age therapy resulted in improved viral suppression as measured
y viral DNA levels load drop when combined with telbivudine
Heathcote et al., 2007b). Recent clinical evidence of the need for
escue combination therapy (tenofovir plus emtricitabine) in some

ndividuals who have a sub-optimal response to adefovir and have
defovir-associated mutations N236T and/or A181V suggests that
ny switch from adefovir to tenofovir monotherapy should be pre-
eded with mutational genotypic sequencing (Tan et al., 2008), and
hat tenofovir should only be used in combination with another
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gent in some adefovir experienced patients. The available clini-
al data also indicate that adding-on drugs is superior to switching
rugs (sequential monotherapies) in patients (Benhamou, 2004;
ampertico et al., 2007). A number of trials evaluating combina-
ion HBV therapy have been completed and have demonstrated

ore potent HBV DNA suppression compared to monotherapies
Hui et al., 2008; Sung et al., 2008). More trials are needed to provide
dditional information on antiviral efficacy and emergence of geno-
ypic resistance during combination therapy. Pending these results,
ur in vitro data suggests that adding-on the nucleoside analog
elbivudine in patients already being treated with the nucleotide
nalog adefovir may provide a therapeutic benefit in term of viral
oad reduction and suppressing the emergence of resistance muta-
ions. Moreover, telbivudine is particularly likely to provide benefit
n patients with adefovir resistance mutations, such as N236T or
181V.

In conclusion, the present results support combining HBV nucle-
side and nucleotide inhibitors with different resistance profile to
rovide an effective clinical strategy for treating HBV in the clinic.
urther studies are warranted to determine the best combination
o use and the optimal time to start combination therapy.
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