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Abstract

Chronic Hepatitis B virus (HBV) infections remain a major problem public health problem worldwide, as well as a therapeutic challenge
for clinicians. This review focuses on the main viral and host determinants involved in HBV persistence in infected cells. The mechanism of
HBV resistance to nucleoside analogs are described as well as the concept for multiple drug therapy and combination with immunostimulatory
approaches.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Despite the availability of an efficient vaccine, chronic
Hepatitis B virus (HBV) infection remains a major public

∗ Tel.: +33 4 72 68 19 70; fax: +33 4 72 68 19 71.
E-mail address:zoulim@lyon.inserm.fr.

health problem worlwide. Indeed, according to the World
Health Organization, more than 400 million people are
chronic carriers of the virus, and more than one billion have
been in contact with HBV (Lee, 1997). Chronic carriers are
exposed to the complications of the disease which include the
development of chronic hepatitis, liver cirrhosis, and hepa-
tocellular carcinoma (Ganem and Prince, 2004). The latter,
usually develops after several decades of infection, but rep-
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resents a major clinical problem in geographical areas where
HBV is transmitted vertically.

To combat or prevent these complications, several strate-
gies are available. With respect to prophylaxis, HBV vaccine
is safe and efficient. In endemic areas, it was shown that mass
vaccination targeting not only adults but also infants was able
to decrease the prevalence of HBV infection and the incidence
of hepatocellular carcinoma (Chang et al., 1997). In patients
who are already chronic carriers, the goals of antiviral ther-
apy are to control viral replication and decrease liver damage
to prevent the development of liver cirrhosis and subsequent
hepatocellular carcinoma. In clinical practice, treatment re-
lies mainly on the use of IFN alpha, or nucleoside analogs
(Hoofnagle and Di Bisceglie, 1997), such as lamivudine or
adefovir dipivoxil. However, results of meta-analysis of IFN
clinical trials showed that only a minority of patients are long-
term responders (approximately 20%) (Wong et al., 1993). Its
antiviral effect is also limited by the numerous side effects
of this treatment. On the other hand, nucleoside analogs are
well tolerated and exhibit an early and potent antiviral effect
which is limited by the selection of resistant mutants during
long-term therapy (Villeneuve et al., 2003; Zoulim, 2002).
Therefore, antiviral therapy of chronic hepatitis B remains a
clinical challenge.
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1995). Furthermore, this model allowed to study in detail the
immunopathology of the disease and the influence of non-
cytolytic TH1 response in the clearance of HBV infection.
However, a complete replication cycle does not occur in this
model as mouse hepatocytes are not susceptible to HBV
infection. Furthermore, cells harboring the HBV transgene
and supporting HBV replication are not competent for
cccDNA formation. Thus, only post-transcriptional events
can be studied in this model. More recently, a model of
humanized SCID mice that are deficient for the uPa gene and
transplanted by human hepatocytes to allow animal survival
has been developed. Upon repopulation of the mouse liver
by transplanted hepatocytes, HBV infection can be initiated
(Petersen et al., 1998). However, due to the complex nature
of this model, only specific questions can be addressed.

Beside these models, other viruses belonging to the same
family have been used to study the virological and host deter-
minants involved in viral persistence during the natural his-
tory of the disease as well as during antiviral therapy. The two
most used animal models have been the woodchuck infected
with WHV and the Pekin duck infected with DHBV. They al-
lowed to study the mechanism of viral clearance and viral per-
sistence during antiviral therapy. Moreover, the woodchuck
represents a unique model for the study of the mechanism of
virus induced carcinogenesis through the integration of viral
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As HBV replication does not lead by itself to a cytopa
ffect, chronic hepatitis B is the result of the ongoing l

njury mediated by the T cell immune response tar
ng hepatocytes supporting a persistent HBV replica
Bertoletti and Naoumov, 2003; Ganem and Prince, 20).
ur knowledge of the pathobiology of HBV infecti
as come from clinical studies and from experime

nvestigations performed in animal models. HBV belo
o the hepadnaviridae family that include animal viru
haring the same replication strategy, i.e. woolly mon
epatitis virus (WMHV) (Lanford et al., 1998), woodchuck
epatitis virus (WHV) (Summers et al., 1978), ground squire
epatitis virus (GSHV) (Marion et al., 1980), artic squire
epatitis virus (ASHV) (Testut et al., 1996), duck Hepatitis
virus (DHBV) (Mason et al., 1980), heron hepatitis viru

HHV) (Sprengel et al., 1988), snow goose hepatitis vir
SGHV) (Sprengel et al., 1988), and crane hepatitis viru
Prassolov et al., 2003). Due to a narrow host range of t
irus, the human HBV can only infect chimpanzee
everal higher primates (Guidotti et al., 1999a; Lanford
t al., 2000) as well astupaia belengeri, a small primat
hich however does not support chronic infection (Walter
t al., 1996). Other models have been developed to s
uman HBV biology. Transgenic mice harboring a gi
BV transgene or a complete HBV genome have b
ery useful to study the in vivo effect of HBV proteins a
heir role in the development of hepatocellular carcino
.e. the large envelope protein and the X protein (Chisari,
enome sequences in the host genome and particularly
icinity of the c-Myc and N-myc oncogenes (Fourel et al.
990; Moroy et al., 1986). Recent studies showed that mol
lar changes observed in the tumors of chronically W

nfected woodchucks suggest a progression of genetic
tions, including N-myc rearrangement, providing eith
ignificant proliferative stimulation and/or a growth adv
age in hepatocarcinogenesis of woodchucks with ch

HV infection. These genetic alterations may be invol
n the promotion of these tumors, i.e. late stage growth
ascularization of the tumors (Jacob et al., 2004).

These models have also contributed to the develop
f in vitro systems for the study of HBV genome replicati
or a long time, it has been impossible to infect cell lines
BV. In vitro studies relied on the analysis of HBV replic

ion after transfection of hepatoma cell lines with appro
te vectors harboring replication competent HBV geno
hese systems allowed to perform genetic and funct
tudies to determine the role of HBV genes and protein
he viral life cycle as well as to study the phenotype of H
utants selected in vivo (Fallows and Goff, 1995; Seeger
l., 1986; Seeger and Maragos, 1990; Seigneres et al., 2).
ermanent cell lines expressing continuously wild type H
r drug resistant HBV genomes were generated to scree
ntivirals (Fu and Cheng, 2000; Ladner et al., 1998; Lad
t al., 1997; Sells et al., 1987; Sureau et al., 1987). However

hese systems allowed to study mainly post-transcript
vents, as the early steps of viral infection, i.e. viral entry
ccDNA formation, could not be analyzed. More recent
ell line derived from human hepatocellular carcinoma
ound to be susceptible for HBV infection and to suppo
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full replication cycle including cccDNA formation (Gripon et
al., 2002). This model may represent a major breakthrough
for the understanding of viral entry, cccDNA and the biol-
ogy of X protein as well as some aspects of cell curing in a
chronically infected cells. Other approaches have been used
to bypass the narrow cell range of HBV (limiting steps of cell
infection) by using recombinant baculovirus or adenovirus
vectors to infect hepatoma cell lines or primary hepatocytes
(Delaney and Isom, 1998; Ren and Nassal, 2001).

Beside these cellular systems, several assays have been
used to express an enzymatically active viral polymerase and
study the cellular and virological components required for
reverse transcription (Lanford et al., 1995; Wang and Seeger,
1992). Furthermore, these acellular assays were used to de-
termine the mechanism of action of nucleoside analogs on
wild type and drug resistant polymerases (Seigneres et al.,
2002; Zoulim et al., 1996).

3. Viral replication and persistence

HBV mainly infects hepatocytes, but other cell types in-
cluding biliary epithelial cells, pancreas, kidney, skin, spleen,
bone marrow, peripheral blood mononuclear cells, have been
shown to harbor viral genome sequences and to support HBV
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After its interaction with a cellular receptor on the hepato-
cyte membrane, the HBV particle fuses with the membrane,
and releases its nucleocapsid into the cytoplasm. The viral
envelope proteins are shed during this process and the nucle-
ocapsid migrates to the nucleus of the host cell. Viral DNA
enters the nucleus where it is transformed into a supercoiled
covalently closed circular proviral DNA molecule (cccDNA)
(Tuttleman et al., 1986). This process requires the cleaving
of the covalently attached viral polymerase from the nega-
tive strand and of the oligoribonucleotide sequence from the
positive strand, completion of the positive strand, ligation of
both strand extremities to form a covalently closed circular
molecule, and then supercoiling of the viral DNA in the host
chromatin. The exact enzymatic processes involved have not
been elucidated so far. It was shown that the initial formation
of cccDNA from incoming virions cannot be prevented us-
ing potent nucleoside analogs inhibiting the viral polymerase
and plus strand DNA synthesis (Delmas et al., 2002; Fourel
et al., 1994; Kock et al., 2003; Le Guerhier et al., 2000). This
observation suggest that in patients receiving long-term an-
tiviral therapy, residual virions in the blood stream may still
infect new cells despite the presence of the drug.

Interestingly, viral genome integration is not required for
the viral life cycle. Indeed, unlike the proviral DNA of retro-
viruses, the hepatitis B cccDNA is not incorporated into the
h s, is
t y is
s the
p nts
w uno-
c tc.).
xpression to some extents. Whether these cells repres
xtrahepatic reservoir for infectious HBV particle prod
ion remains controversial. The HBV replication cycle
een reviewed in detail (for further references, seeGanem
nd Prince, 2004; Seeger and Mason, 2000), and is presente

n Fig. 1.

ig. 1. The HBV replication cycle and site of action of nucleoside a
ucleoside(tide) analogs mainly inhibit the viral minus strand DNA sy
olymerase activity) within viral nucleocapsids. These drugs do not af
equiring long-term treatment for a sustained control of viral replicatio
. The figure shows all the major steps required in the viral replica
s (reverse transcription), and plus strand DNA synthesis (DNA depent DNA
ectly viral cccDNA which is maintained in the nucleus of infected cells, therefore

ost genome. Its long half-life within infected hepatocyte
he source of new infective virions when antiviral therap
topped. Reactivation of viral replication from cccDNA is
rincipal source of recurrence of clinical hepatitis in patie
ho have stopped using antiviral drugs or have been imm
ompromised (organ transplantation, HIV co-infection, e
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The transcription of the viral pregenomic RNA from cc-
cDNA by host RNA polymerase is driven by the HBV core
promoter, in the nucleus of the host cell. The pregenomic
RNA is encapsidated together with the viral polymerase.
Within the newly formed nucleocapsid, the negative DNA
strand is synthesized by the viral reverse transcriptase using
the pregenomic RNA as a template. The first step involves
covalent attachment of dGTP to the Tyr65 residue in the ter-
minal protein domain of the polymerase after the interaction
of the viral polymerase with theε encapsidation signal on the
pregenomic mRNA which is also used as a template for the
addition of the first nucleotides (Hu et al., 1997; Wang et al.,
1994; Wang and Seeger, 1992; Zoulim and Seeger, 1994).
Following strand transfer, synthesis of minus strand DNA
proceeds, and the viral pregenomic RNA is progressively de-
graded by the RnaseH domain of the polymerase. The positive
DNA strand is then synthesised by the viral polymerase using
the negative strand as a template.

The maturation of the capsid involves the dephosphory-
lation of the core proteins increasing its binding affinity for
the recently formed double stranded DNA. At this stage, the
capsid is mature and can be assembled with the viral en-
velope proteins present in the endoplasmic reticulum into a
complete virion which can be released from infected cells
into the circulation (Barrasa et al., 2001; Yu and Summers,
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for future replication cycles of the virus. In addition, the viral
DNA can be directly integrated into the host DNA mainly via
double stranded linear DNA and illegitimate recombination
(Yang and Summers, 1995). Viral DNA thus integrated into
the mammalian genome does not serve as a template for the
production of pregenomic viral RNA. However, the presence
of foreign viral DNA in the host genome may trigger the
subsequent development of hepatocellular carcinoma.

In addition to the fact that wild type HBV replication usu-
ally does not lead to cell lysis, and that viral cccDNA has a
long half-life, HBV genome variability is another major fac-
tor involved in viral persistence (Günther et al., 1999). Indeed,
the viral polymerase lacks a 3′,5′-exonuclease that permits
the excision of incorrectly inserted nucleotides. It has been
estimated that in an individual infected with hepatitis B, 1010

incorrect nucleotides are incorporated into viral particles ev-
ery day, providing a potential reservoir of genetic variants.
This viral genome diversity leads to the classification of viral
strains in genotypes, but some variants may also be selected
depending on the selective pressure (i.e. replication fitness,
sensitivity to antiviral drugs, escape from immune response,
etc.). Therefore, the virus circulates as a complex mixture
of variants called quasi-species that evolves over time de-
pending on the selective pressure (Fig. 2). The selection of
HBV mutants is limited by the fact that HBV open reading
f ping;
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m r in-
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994). An excess of the large envelope protein with res
o the other envelope proteins leads to the accumulati
iral particles within the lumen of the endoplasmic reti
um as it prevents trafficking through the Golgi and disr
ormal shedding of viral particles (Lenhoff and Summer
994a; Lenhoff and Summers, 1994b). This may lead to
ytopathic effect such as the ground glass hepatocyte
nduce oxidative stress in infected cells. Alternatively,

ature capsid can be recycled to the nucleus where it c
ransformed into further copies of cccDNA molecules. In
ly infected hepatocytes, the nucleus may contain bet

hirty and fifty copies of cccDNA. This serves as the reser

ig. 2. Mechanism of selection of drug resistant mutants. The main f
epatocytes and viral cccDNA; (ii) the HBV genome variability; (iii) the
involved in the selection of escape mutants are indicated: (i) the long-life of
tive pressure.

rames and regulatory sequences are partially overlap
utants in a given gene confering a replicative advan
ay induce a lethal effect on the overlapping gene. Fo

tance, some HBV polymerase mutants confering resis
o lamivudine may induce a stop codon in the overlaping
ace gene leading to premature termination of the enve
rotein translation.

Eight viral genotypes have been identified, known
enotypes A to H. From an epidemiological point of vi

hese genotypes are found in different geographical p
ations. Treatment responses to interferon-alpha appa
ary according to the viral genotype; infections with stra
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of genotypes A and B responding better than those with
genotypes C or D, respectively (Kao et al., 2000; Zhang
et al., 1996). In contrast, most reports showed no obvious
differences in treatment responses to nucleoside analogs
between viral genotypes (Nafa et al., 2000; Pichoud et al.,
1999; Seigneres et al., 2000; Westland et al., 2003).

4. Mechanisms of spontaneous or antiviral induced
viral clearance

The mechanisms of viral clearance have been studied in
detail by clinical studies as well as by the use of experimen-
tal models. Viral clearance requires the coordinated action of
several components of the immune response (Bertoletti and
Naoumov, 2003): (1) a cytotoxic TH1 response by CD8 pos-
itive cells recognizing infected hepatocytes expressing viral
antigens; (2) a non-cytolytic TH1 response whereby the CD8
positive cells produce TH1 cytokines such as IFN gamma,
TNF alpha, Interleukin 12 that exhibit a direct antiviral effect
in the infected liver; (3) the innate immune response medi-
ated by NK and NKT cells; (4) the production of neutralizing
antibodies by B cells to prevent the infection of new hepato-
cytes; (5) cell lysis and turn-over to generate new uninfected
cells that will repopulate the liver.
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Untill recently, the exact kinetics of viral cccDNA clear-
ance has not been studied in detail in chronically infected
patients. Indeed, due to the small size of liver biopsy samples
and the relatively poor sensitivity of the Southern blot analy-
sis of viral DNA, detailed studies on large number of patients
were not possible. However, the persistence of cccDNA in the
liver of infected individuals was demonstrated in untreated
as well as in patients who received IFN alpha (Miller and
Robinson, 1984; Yokosuka et al., 1985). More recently, PCR
methodologies allowed to gain new insight in the persistence
of this form of viral DNA. Results suggested that viral cc-
cDNA may persist over decades even after the serological
clearance of viral infection and that resolution of infection
may not occur via sterilizing immunity but by the continuous
control of viral infection over time. With the use of a real
time PCR assay it was possible to demonstrate that levels of
intrahepatic cccDNA decline during the sequential phases of
the natural history of the disease but persist even in patients
who lost serological markers of infection, consistent with the
previous observations (Werle-Lapostolle et al., 2004). These
data suggest that the reservoir of cccDNA may be the source
of renewed viral replication and clinical reactivation in case
of loss of immunological control, i.e. immunosuppression,
organ transplantation, HIV co-infection.
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While there is a concensus on the role of these differen
ectors, the order of these events is still debated. In trans
ice and acutely infected chimpanzees, several studies

hown a major role of non-cytolytic processes in the imm
ediated clearance of viral infection (Cavanaugh et al., 199
uidotti et al., 1999b; Thimme et al., 2003). By contrast, in

he woodchuck and duck models of acute infection, evid
as been obtained that cell lysis and hepatocyte turn-ov
equired to clear infection (Guo et al., 2000; Kajino et a
994; Summers et al., 2003).

The role of antivirals in the setting of chronic infecti
s to decrease viral production to prevent a new roun
nfection, but also to restore the specific CD4 and CD8
iated immune response following the decrease in viral

n the infected host (Boni et al., 1998, 2001). An HBV load
f 107 copies/mL appears to be a threshold below which
ulating multispecific HBV specific CD8+ Tcells are co
istently detected (Webster et al., 2004). It is also possibl
hat prolonged antiviral treatment may induce cell curing
nhibiting the intracellular recycling of cccDNA. It was al
hown that viral persistence during long-term antiviral t
py in the duck and woodchuck models is linked to a l
alf-life of viral cccDNA (Fourel et al., 1994; Mason et a
998; Moraleda et al., 1997). Interestingly, several inves
ators have looked at the potential role of IFN gamm

he clearance of viral infection in chronically infected wo
hucks in whom viral load had been decreased by nucle
nalog administration. By contrast to the observations m

n transgenic mice, IFN gamma delivered via adenovirus
ors had no added benefit in terms of viral clearance (Jacquard
t al., 2004; Lu et al., 2002).
. Antiviral therapy with nucleoside analogs

The primary mechanism of action of nucleoside ana
s to inhibit viral polymerase activity. The structure of
ompounds and their molecular mechanism of action
een reviewed recently (De Clercq, 1999, 2001).Fig. 3shows

heir site of action during the viral genome synthesis proc
Lamivudine inhibits viral reverse transcriptase activity,

longation of viral minus strand DNA, as it is a competi
nhibitor of its natural substrate, dCTP. Furthermore, a
ts incorporation in nascent viral DNA strand, it was sho
o inhibit the addition of the next nucleotide and act a
NA chain terminator (Severini et al., 1995; Zoulim et a
996). Adefovir inhibits the priming of reverse transcripti
y preventing the incorporation of dATP in the viral prim
nd inhibits viral minus strand DNA elongation (Seignere
t al., 2001; Xiong et al., 1998). Entecavir was also show

o inhibit both the priming and elongation of viral min
trand DNA (Seifer et al., 1998). Emtricitabine exhibits
omparable inhibitory effect as lamivudine on the viral
erse transcriptase (Condreay et al., 1996, 1994; Seigne
t al., 2002). Clevudine was shown to mainly inhibits vi
lus strand DNA synthesis, i.e. DNA dependent DNA p
erase activity (Seigneres et al., 2002). Elvucitabine is a po

ent inhibitor of the reverse transcriptase activity and a D
hain terminator (Le Guerhier et al., 2000). Few informa
ion is currently available regarding the mechanism of
Telbivudine) (Standring et al., 2001) and 2′,3′-dideoxy-3′-
uoroguanosine activity on HBV replication (Schroder et al
998).
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Fig. 3. Mechanism of action of the main nucleoside analogs that inhibit viral polymerase activity. Nucleoside analogs may inhibit viral polymerase activity
by interfering with the priming of reverse transcription, elongation of viral minus strand DNA, elongation of plus strand DNA. PMEA: adefovir; DAPD:
amdoxovir; 3TC: lamivudine; FTC: emtricitabine; LFd4C: elvucitabine; L-FMAU: clevudine.

The potency of the antiviral effect may depend on phar-
macokinetics properties including, intestinal absorption, dis-
tribution into the infected liver, cellular uptake, efficiency
of intracellular phosphorylation, half-life of the triphosphate
form, excision from newly synthesized viral DNA, as well as
on the selectivity index of the drug that may prevent the use of
optimal doses to reach a more potent antiviral effect (Bridges
and Cheng, 1995; Colacino, 1996; Lee and Chu, 2001; Urban
et al., 2001). In the clinical setting, host determinants such
as compliance, severity of the liver disease and associated
disorders may also influence antiviral efficacy.

New insight in the kinetics of viral clearance has been
obtained from phase II/III trials. Several studies performed
in the setting of clinical trials of lamivudine (Nowak et al.,
1996), adefovir dipivoxil (Tsiang et al., 1999) and entecavir
(Wolters et al., 2002), have shown that schematically, viral
clearance follows a biphasic decay. The first drop of viremia
corresponds to the direct inhibitory effect of the nucleoside
analogs on viral DNA synthesis and viral production. This is
followed by a slower decline of viral load corresponding to
the progressive clearance of infected cells and intrahepatic
cccDNA. Other studies suggested a more complex pattern
with a third phase, which may be linked to the activation of
the specific anti-HBV immune response (Lewin et al., 2001).
Interestingly, it was shown by several groups, that the drop
i or
a ra-
t BV
e ,
2 rela-
t and

the subsequent appearance of HBe seroconversion induced
by lamivudine or adefovir dipivoxil (Gauthier et al., 1999;
Werle et al., 2004).

A major issue in the treatment of chronic hepatitis B is to
better understand the kinetics of loss of intrahepatic cccDNA
as this may reflect the slower slope of the second or third
phase. In this setting, a recent study performed in patients en-
rolled in a phase III trials of adefovir dipivoxil showed that a
48-week administration allowed to decrease serum viral load
by approximately 4 log10, total intrahepatic viral DNA by ap-
proximately 2 log10, and intrahepatic cccDNA by 0.8 log10
(Werle-Lapostolle et al., 2004). Mathematical modeling as-
suming that the decrease of cccDNA levels in the liver is linear
after the first year of therapy suggest that 14 years of therapy
would be required to clear completely cccDNA from the liver.
However, this does not take into account the specific immune
response that would be able to control low levels of HBV
infection prior to complete clearance (Webster et al., 2004).
Furthermore, it was shown that the decline of HBsAg titer
in serum paralleled that of intrahepatic cccDNA but that the
number of cells did not decline significantly. In addition, the
decrease of cccDNA was not associated with baseline mark-
ers of cell lysis and turnover (ALT levels, histology activity
index). Altogether, these results suggest that the decrease of
intrahepatic cccDNA occured primarily via a non-cytolytic
p ra-
c
F hep-
a tor
a g of
s NA.
n viral load induced by the administration of lamivudine
defovir dipivoxil may be followed by the sequential resto

ion of the CD4 and CD8 immune response against H
pitopes and then HBe seroconversion (Boni et al., 1998
001). It is noteworthy that several studies showed a cor

ion between the magnitude of the initial drop of viremia
athway, i.e. the inhibition of viral DNA synthesis and int
ellular recycling of cccDNA (Werle-Lapostolle et al., 2004).
urther studies are ongoing to determine whether intra
tic cccDNA may be a clinically useful marker to moni
ntiviral therapy as well as to see if quantitative monitorin
erum viral antigens may be a surrogate marker for cccD
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6. Mechanism of viral drug resistance

The selection of drug resistant mutants depends on sev-
eral factors (Fig. 2). Viral persistence is the result of both the
long half-life of hepatocytes because of a defective immune
response against infected cells, and the persistence of viral
cccDNA in infected cells. As the viral polymerase is sub-
jected to a spontaneous error rate, viral mutants are gener-
ated and accumulate during the natural history of the disease.
The more viable variants in the context of the environmen-
tal pressure dominate. When an antiviral pressure is applied,
the mutants exhibiting the best replication capacity in the
presence of the drug are selected. The kinetics of emergence
of these drug resistant mutants is usually slow. Indeed, sev-
eral studies performed in animal models have shown that the
time required to observe the emergence of a mutant, i.e. the
increase in viral load associated with the dominance of the
mutant, is linked to the need of a free liver space available
for the mutants to spread in the liver (Zhou et al., 1999). The
mutant spread depends also on its level of intrinsic resistance
and on its replicative fitness. This may explain at least in part
the difference of drug resistance rate observed with lamivu-
dine (approximately 20% at one year and up to 66% at 4
years) (Lai et al., 2003) and with adefovir dipivoxil (approx-
imately 2% at two year, and 3.9% at 3 years) (Xiong et al.,
E tion
o says
m viral
l

elec-
t -
s hown

F resist ymeras
i logs a

that mutations in the YMDD motif within the catalytic site
in the C domain of the reverse transcriptase, i.e. M204V and
M204I, are conferring a high level of resistance to lamivu-
dine (>1000 folds) both in vitro, in enzymatic and cellular
assays, and in vivo (Allen et al., 1998; Fu et al., 1999). In-
terestingly it was shown that these mutants have a decreased
enzymatic activity and replication capacity. Later, associated
mutations were described in the neighboring B domain, i.e.
V173L and L180M, and were shown to be compensatory mu-
tations that restore partially the replication capacity of the C
domain mutants (Delaney et al., 2003; Fu and Cheng, 1998;
Seigneres et al., 2002). Modeling of the interaction between
lamivudine triphosphate and the viral polymerase based on
predicted tridimensional structure and homologies with the
HIV reverse transcriptase indicated that the C domain mu-
tations may prevent the correct interaction with lamivudine
triphosphate, mainly by steric hindrance (Das et al., 2001;
Lee and Chu, 2001).

Adefovir may select polymerase resistant mutants in an-
other viral polymerase domain, i.e. the D domain. The N236T
mutant confers a 5–10-fold resistance to adefovir in vitro.
This weak resistance profile may explain the delayed emer-
gence of this mutant. Furthermore, modeling of the interac-
tion with the viral polymerase suggests that the flexibility
of the chemical structure of adefovir and its close homology
w ence
o may
i rse
t ,
t has
b itro,
b

ASL, Berlin, 2004). This also explains why the detec
f resistant mutants using highly sensitive genotypic as
ay allow to diagnose drug resistance prior to the rise in

oad (Nafa et al., 2000).
The mechanism of resistance mainly relies on the s

ion of viral polymerase mutants (Fig. 4). Lamivudine re
istance has been extensively studied. It was clearly s

ig. 4. Map of the viral polymerase gene and position of the main drug
ndicated. The main mutations confering resistance to nucleoside ana
ant mutants. The main genetic and functional domains of the viral pole are
re indicated.

ith its natural substrate may also explain the slow emerg
f the mutant. It was also suggested that this mutant

nterfere with the nucleotide binding pocket of the reve
ranscriptase (Bartholomeusz et al., 2004). Another mutant
he A181V located in the B domain of the polymerase
een described to confer a similar level of resistance in v
ut its clinical significance remains unclear.
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Based on available data, resistance to entecavir seems to
follow a more complex pattern. Preliminary results suggest
that entecavir resistance occurs in patients who previously
failed lamivudine treatment and that the resistance mutations
occur on viral genomes already harbouring the lamivudine
resistance mutations (Colonno et al., EASL, Berlin, 2004).
Further longitudinal studies with a longer follow up are re-
quired to see whether drug resistance may also occur in pa-
tients who were not previously experienced with nucleoside
analogs.

Emtricitabine was shown to select for the same drug re-
sistant mutants as lamivudine, although at a lower rate in
phase II and III trials (9% at one year, and 18% at two years)
(Gish et al., 2002). Preliminary data obtained in phase II trials
with Telbivudine show the same trend with the selection of
a M204I mutation in less than 10% of the patients after one
year of treatment. No data are available yet with clevudine,
but experiments performed in the woodchuck models seem to
suggest that resistance to clevudine follow the same pattern
as lamivudine (Yamamoto et al., 2002).

It is also important to note, that the definition of resistance
used in these different reports varies from a study to another.
In some studies, viral polymerase gene sequence was ana-
lyzed in all patients in whom HBV DNA was detectable by
PCR, while in other studies the viral polymerase sequence
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7. Phenotypic analysis of HBV clinical isolates

In the case of HIV therapy, drug resistance testing is now
recommended to guide the choice of new drug regimens after
the first or multiple treatment failures. In addition to geno-
typic assays, several phenotypic assays have been developed
for HIV and are currently used in clinical practice to monitor
drug resistance.

Until recently, no phenotypic drug susceptibility assay had
been developed for HBV because of the small number of
drug used in clinic, that rendered such assays unnecessary
yet and the technical challenge associated with the molecular
biology of the virus. However, with the current and future
development of new anti-HBV molecules, phenotypic drug
susceptibility testing may become an important tool for the
management of patients infected with resistant HBV isolates
and for the evaluation of the effect of new antivirals on clin-
ical isolates circulating in the population. Until recently, the
analysis of the phenotype of naturally occurring or drug in-
duced HBV mutants has relied either on PCR-mediated trans-
fer of HBV genome cassettes or on site directed mutagenesis
within a well established replication-competent laboratory
strain (Zoulim, 2001). This allowed for instance to confirm
that the M204V/I± L180M mutants selected in vivo in pa-
tients during antiviral therapy were indeed conferring resis-
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p t to
f ts,
b fter
t

iso-
l f the
fi sus-
c ing
v
p rize
r nts,
a mu-
t ther
d t
a is of
m ting
i

logs
w ion
o stant
m ically
r g of
n

8

fol-
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as analyzed only in patients who showed a significan
rease of viral load during therapy (at least one log1
omparison with the nadir value).

With famciclovir, the prodrug of penciclovir, drug res
ance followed two patterns. One was a primary non-resp
hich was not associated with pre-existing resistant mu
r less susceptible viral genotypes, but most likely to
oor phosphorylation levels in infected cells, in vivo. T
econd, was the selection of famciclovir resistant mut
ith mutations located in the B domain, i.e. L18OM,

he C domain, i.e. V206I (Bartholomeusz and Locarnin
997; Pichoud et al., 1999). The selection of the L180M
utant by famciclovir was also shown to predispose
ore rapid selection of lamivudine resistance when pat
ere switched from famciclovir to lamivudine after failu
f the former drug (Mutimer et al., 2000; Seigneres et
000).

The resistance phenomenon to clevudine (L-FMAU)
een mainly studied in the woodchuck model (Yamamoto e
l., 2002). In this model, resistance of WHV to lamivudin
nd possibly L-FMAU, is associated primarily with mu

ions in the B region. This contrasts with HBV, where re
ance to lamivudine results primarily from mutations of
MDD motif in the C region. These data also suggested

he WHV mutants resistant to lamivudine are also resis
o clevudine, as also oberved with HBV (Seigneres et a
002), and vice versa. It appears that the pattern of W
olymerase mutations is not a perfect match to mutation
eloping in HBV patients, although the woodchuck rem
useful model for characterizing the biology of emerge

f drug-resistant variants.
ance to lamivudine (Allen et al., 1998). Moreover, Gunthe
t al. described an original and efficient method for PCR
lification of full-length HBV genomes that was mean

acilitate the analysis of naturally occurring HBV varian
ut actually led to low levels of intracellular replication a
ransfection of hepatoma cell lines (Günther et al., 1995).

New strategies for the rapid cloning of HBV genomes
ated from patients into plasmidic vectors and the basis o
rst phenotypic assays capable of assessing HBV drug
eptibility in vitro and evaluate new antivirals on circulat
iral strains have been recently described (Durantel et al., in
ress; Yang et al., 2004). These assays allowed to characte
esistance to adefovir dipivoxil in liver transplanted patie
nd to shown that this viral strain harboring the N236T

ation remained susceptible to lamivudine which was fur
emonstrated in vivo in the clinical situation (Villeneuve e
l., 2003). One assay also allows the phenotypic analys
ultiple clones mimicking the viral quasi-species circula

n vivo in the patient (Durantel et al., in press).
With the rapid development of new nucleoside ana

ith anti-HBV activity and the anticipation of the select
f new drug resistant mutants and/or multiple drug resi
utants, these phenotypic assays may prove to be clin

elevant either for treatment monitoring, or for screenin
ew antivirals targeting the resistant strains

. Prevention of and combating drug resistance

The rationale for combination therapy relies on the
owing evidence that are based on experimental findin
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the hepadnavirus models and on HIV therapy experience
(Richman, 2000): (1) simple mutants pre-exist as shown
by longitudinal studies of viral polymerase gene sequence,
(2) genetic variants harboring multiple mutations have less
chance to pre-exist or to occur, (3) re-treatment leads to a
rapid re-emergence of resistant mutants although wild type
virus re-emerges after first treatment interruption ; the same
applies to sequential treatment selecting for partially cross re-
sistant strains, i.e. famciclovir and lamivudine, (4) cccDNA
represents a genetic archive for a more rapid re-selection of
resistance.

The optimal antiviral regimen may combine drugs with a
different mechanism of action on viral replication, lacking
cross-resistance and exhibiting antiviral synergy. This theo-
retical type of combinations should reduce the risk of selec-
tion of drug resistant mutants because of the inhibition of viral
replication and the selective pressure exerted on the different
viral strains that compose the quasi-species (Fig. 5). For in-
stance, it was shown that the combination of lamivudine and
famciclovir hastens the kinetics of viral clearance although
no long term follow up was available to determine its effect
on the prevention of drug resistance (Lau et al., 2000).

F
v
t
o
a
p

With the development and evaluation of newer drugs
acting at different steps of the viral genome replication, it
will be easier to choose the best combination relying on
drugs with different mechanism of action, for instance drugs
with potent anti-priming activity, drugs inhibiting viral
minus strand DNA and others inhibiting plus strand DNA
synthesis. The combination of such compounds was found to
be either additive and more rarely synergistic in polymerase
assays (reverse transcriptase activity) (Seigneres et al.,
2003) as well as in tissue culture experiments (viral DNA
synthesis) or in chronically infected woodchucks (Colledge
et al., 2000, 1997; Korba, 1996; Korba et al., 2000; Seigneres
et al., 2003). Although some of the combinations based on
the inhibition of all three steps of viral genome replication
inhibited more potently viral DNA synthesis than the single
drugs, none were able to completely prevent the initial
formation of viral cccDNA following de novo infection of
hepatocytes, or to clear cccDNA once chronic infection of
hepatocytes has been established in tissue culture (Seigneres
et al., 2003). However, such combinations by inhibiting more
potently viral DNA synthesis may delay the onset of viral
resistance by limiting the chance of a given mutation to occur.
ig. 5. The concept of combination therapy and antiviral pressure on HBV q
irus is predominant, while lamivudine and adefovir resistant strains are fou
herefore lead to the selection of a drug resistant mutant. Combination of the t
f these variants. The only possibility is the selection of a multiple drug resista
complex pattern of mutations on the same viral genome. The same concep
rofile.
uasi-species. HBV circulates as a viral quasi-species. In this scheme, wildtype
nd as minor variants. Monotherapy with one or the other nucleoside analog may
wo antiviral agents which do not show cross-resistance should preventthe selection
nt strain which should be much less frequent as this would require the presence of
t applies to any other polymerase inhibitors which do not share the same resistance
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Table 1
Summary of cross-resistance testing

Drugs Wild type L180M+M204V
Lam-R

N236T
ADF-R

Pyrimidine analogs
Cytidine analogs

Lamivudine + − +
Emtricitabine + − +
Elvucitabine + − +

Thymidine analogs
Clevudine + − ?
Telbivudine + − +

Purine analogs
Nucleoside analogs

Entecavir + Intermediate +
Famciclovir + − ?
FLG + + +

Nucleotide analogs
Adefovir + + −
Tenofovir + + +

The table shows the nucleoside analogs that are active (+) or inactive (−) on
wild type, lamivudine resistant, or adefovir resistant strains. Adapted from
Zoulim, 2003.

Furthermore, results of cross-resistance studies on the
main lamivudine and adefovir resistant strains are now be-
coming available (Table 1). Interestingly, it was shown that
lamivudine resistant mutants are not sensitive tol-pyrimidine
analogs such as emtricitabine, clevudine, elvucitabine, tel-
bivudine while they remain susceptible to purine analogs
such as adefovir, tenofovir, and to some extent to entecavir
(Delaney et al., 2001; Fu and Cheng, 2000; Levine et al.,
2002; Menne et al., 2002; Seigneres et al., 2002). The ade-
fovir resistant strains are also sensitive to lamivudine, emtric-
itabine, and entecavir, and to some extent to tenofovir (Angus
et al., 2003; Villeneuve et al., 2003). This may be due to the
fact the lamivudine and the adefovir resistance mutations are
not located in the same viral polymerase domains.

This should allow the evaluation of rational combinations
taking into account the mechanism of action of the drugs as
well as their antiviral activity and cross resistance profile,
to better suppress viral replication and prevent the selection
of resistant mutants within the viral quasi-species (Zoulim,
2003).

Another approach is to decrease viral load by a combina-
tion of nucleoside analogs and then to break immune toler-
ance using an immunomodulatory approach to enhance the
restoration of the immune response associated with the de-
crease in viral load. Such strategy has not proven beneficial
w pha
o ched-
u ation
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w ur-
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duck model using adefovir and a surface gene DNA vaccine
showed a trend for an enhanced clearance of viral infection
in the combination arms (Le Guerhier et al., 2003). How-
ever, other studies using different protocols did not show an
added benefit of the immunomodulatory approach. Other ap-
proaches rely on the induction of a non-specific TH1 response
in the infected liver using viruses targeting the liver (Zhou et
al., 2000) or on the delivery of TH1 cytokines (Jacquard,
2004), once suppression of viral DNA synthesis has been
obtained with antivirals. However, these approaches did not
show an enhanced antiviral effect. Thus, more knowledge on
the molecular and cellular events associated with viral clear-
ance is required to design better trials combining nucleoside
analogs and immune modulators.

9. Perspective

The better knowledge of viral replication should allow
the development of new therapeutic concepts (Fig. 1). In this
view, novel inhibitors of viral replication are being evaluated
in experimental systems. These includes myristilated pre-S1
peptides to compete with the interaction of the virion enve-
lope proteins and the hepatocyte receptor (Urban and Gripon,
2002), peptides or recombinant core proteins exhibiting a
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hen a combination of lamivudine with standard IFN al
r pegylated IFN alpha was assessed using different s
les. Several studies are ongoing to evaluate the combin
f adefovir dipivoxil and pegylated IFN alpha. The use
pecific hepadnavirus vaccine has been evaluated in
ion to nucleoside analog administration. One study in
oodchuck model using clevudine followed by WHV s

ace protein vaccine (Menne et al., 2002), and another in th
rans dominant negative effect on nucleocapsid asse
von Weizsacker et al., 1999), non-nucleosides inhibitors th
nhibit the correct assembly and packaging of pregen
NA, iminosugars to inhibit the correct glycosylation p
ess of viral envelope proteins and the maturation of viri
or instance, phenylpropenamide derivatives were sh

o inhibit HBV replication independently of an interferen
ith the viral polymerase activity (Delaney et al., 2002; Kin
t al., 1998). It was suggested that these compounds

nhibit the packaging of pregenomic RNA, which in tu
ay explain their antiviral activity on both wild type a

amivudine resistant strains. Other compounds belon
o a different family of heteroaryldihydropyrimidines we
hown to be non-nucleosidic inhibitors of HBV replicati
y a mechanism inhibiting viral capsid formation and
reased degradation of the core protein (Deres et al., 2003).
t was also recently suggested that APOBEC3G, a ce
ytidine deaminase, might interfere with the packagin
regenomic RNA (Turelli et al., 2004). Stability of viral
ucleocapsid may also be affected by cytokines suc

FN alpha (Schultz and Chisari, 1999; Schultz et al., 199),
ut also by phosphorylation of cdc2 kinase like recogn
otif (Barrasa et al., 2001). Other approaches also ga

nteresting results with the use of small molecules, s
s peptides to block the interaction of core protein

he large envelope protein (Böttcher et al., 1998). Another
amily of compounds, the iminosugars, that inhibit cellu
lpha glucosidase, were shown to interfere with enve
rotein glycosylation and folding, and therefore to inh
iral particle secretion (Block and Jordan, 2001; Block et a
998).
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All these approaches have the advantage of targeting steps
that are not dependent on the reverse transcriptase and should
therefore become relevant for the treatment of resistance
to nucleoside analog and/or to prevent the development of
resistance when administered in association with nucleo-
side analogs. Other approaches based on the use of anti-
sense approaches to target regions of the HBV genome that
are essential for replication, i.e. antisense oligonucleotides
(Offensperger et al., 1993; Robaczewska et al., 2001), pep-
tide nucleic acids (PNAs) (Robaczewska et al., in press),
and short interfering RNAs (siRNAs) (Klein et al., 2003;
McManus and Sharp, 2002; Shlomai and Shaul, 2003), are
also being evaluated in cell culture systems, although one
drawback/limitation could be the delivery of such nucleic
acids to infected cells in vivo (von Weizs̈acker et al., 1997).
Together with the newer immuno-modulatory interventions
relying on vaccine therapy, these new experimental concepts
will need to be evaluated in the relevant animal models prior
to clinical trials. This should pave the way of new anti-HBV
treatments relying on combination of agents which are less
likely to trigger viral resistance.
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