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Although there has been much research into the pathogenesis and treatment of hepatitis B virus (HBV) and
hepatitis D virus (HDV) infections, we still do not
completely understand how these pathogens enter hepatocytes. This is because in vitro infection studies have only
been performed in primary human hepatocytes. Development of a polarizable, HBV-susceptible human hepatoma
cell line and studies of primary hepatocytes from Tupaia
belangeri have provided important insights into the viral
and cellular factors involved in virus binding and infection.
The large envelope (L) protein on the surface of HBV and
HDV particles has many different functions and is required
for virus entry. The L protein mediates attachment of virions to heparan sulfate proteoglycans on the surface of
hepatocytes. The myristoylated N-terminal preS1 domain
of the L protein subsequently binds to the sodium taurocholate cotransporting polypeptide (NTCP, encoded by
SLC10A1), the recently identiﬁed bona ﬁde receptor for
HBV and HDV. The receptor functions of NTCP and virus
entry are blocked, in vitro and in vivo, by Myrcludex B, a
synthetic N-acylated preS1 lipopeptide. Currently, the only
agents available to treat chronic HBV infection target the
viral polymerase, and no selective therapies are available
for HDV infection. It is therefore important to study the
therapeutic potential of virus entry inhibitors, especially
when combined with strategies to induce immune-mediated killing of infected hepatocytes.

in most patients. However, long-term therapy is required;
even then, virus elimination is rare.4
Eradication of HBV and HDV is a challenge. New drugs
that target different steps of the viral replication process are
required.5 Patients coinfected with HBV and HDV are treated
with IFN-a; however, as for HBV monoinfection, sustained
virologic response is rarely achieved. Patients have been
treated with a combination of IFN-a and a nucleos(t)ide
analogue, but rates of success are disappointing2; the addition of a potent nucleos(t)ide analogue to pegylated IFN-a
therapy did not increase the rate of HDV clearance.6
Cell culture and animal models of HBV and HDV infection
are required to study the replication cycles of these viruses,
disease pathogenesis, and the mechanisms of antiviral
agents.7,8 The recent identiﬁcation of sodium taurocholate
cotransporting polypeptide (NTCP, encoded by SLC10A1) as a
receptor for HBV infection9 should help researchers overcome their dependence on primary hepatocytes and differentiated HepaRG cells and facilitate studies of viral
pathogenesis and new antiviral agents. We summarize our
knowledge of HBV and HDV entry into hepatocytes and
present current in vitro and in vivo infection systems. We also
discuss potential directions of research following the discovery of the HBV and HDV receptor as well as the concept of
entry inhibition for the treatment of HBV and HDV infections.
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Keywords: Hepatitis B Virus Receptor; Sodium Taurocholate
Cotransporting Polypeptide; SCL10A1.

C

hronic hepatitis B virus (HBV) infection is a major
public health problem worldwide. Persistently
infected people are at high risk for development of cirrhosis
and hepatocellular carcinoma.1 Coinfection or superinfection
with hepatitis D virus (HDV), a satellite virus that requires the
HBV envelope proteins for dissemination, accelerates and
worsens the disease.2 Chronic HBV infection is treated with
interferon (IFN)-a (or pegylated form) and/or nucleos(t)ide
analogues.3 IFN drugs induce a sustained virologic response,
in which serum levels of HBV DNA remain <2000 IU/mL
after cessation of treatment, in approximately one-third of
patients. Nucleos(t)ide analogues suppress viral replication

Systems for culturing primary human hepatocytes
(PHH)10 and hepatocytes from Tupaia belangeri (PTH),11,12
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as well as the hepatic cell line HepaRG,13 are used to study
infection. These systems support the complete replication
cycles of HBV and HDV under conditions that induce and
maintain a differentiated state of the cells. The hepatoma
cell lines HepG2 and HuH7 are not susceptible to HBV
infection but support replication of the viral genome and
assembly of infectious virions after transfection of morethan-genome-length plasmids.13 Moreover, cell lines with
stable integration of HBV (HepG2.2.15 or HepAd38) are
useful for studying the late replication steps and in drug
screening.14,15
Early attempts to infect PHH revealed donor-dependent
differences in infection efﬁciency.9 The medium additives
dimethyl sulfoxide (DMSO), hydrocortisone, and polyethylene glycol increase the efﬁcacy and reproducibility of
infection.9,16 Infection of HepaRG cells, which occurs only
when these cells are differentiated, also requires these
substances. Incubation of cells with 2% DMSO for 2 weeks
renders a subpopulation susceptible to infection with HBV
and HDV.12,17 It is unclear how DMSO stimulates infection.
One effect is induction and sustained expression of NTCP
during HepaRG cell differentiation18 and PHH cultivation.12
DMSO also increases HBV replication when added to HepG2
cells stably transfected with HBV,19 indicating that multiple
mechanisms are involved. Polyethylene glycol increases
binding of HBV and HDV to cells, which is mediated by
increased association of virus particles with glycosaminoglycans.20 Constitutive expression of human NTCP (hNTCP)
in HepG2 or HuH7 cells makes them susceptible to HBV or
HDV infection, extending the repertoire of cell culture systems,21 and will allow for high-content screening for antiviral agents or host cell factors that promote or restrict viral
replication. However, as for PHH, PTH, and HepaRG cells,
efﬁcient infection is only achieved in the presence of DMSO
and polyethylene glycol.22

Animal Models
Chimpanzees are the only immune-competent animal
model for HBV infection or HBV and HDV coinfection. They
have been used to study viral infectivity and the natural
course of HBV infections, especially the immune processes of
viral clearance.23 These studies, along with those performed
in woodchucks using woodchuck HBV, have led to complementary concepts of how infected cells are eliminated during
acute infection. One pathway involves cytolytic T cell–mediated killing of hepatocytes,24 whereas the other, which is less
understood, involves clearance by noncytolytic cells, tumor
necrosis factor (TNF)-a, and IFN-g.23 Studies of infected
chimpanzees were essential for understanding virus-induced
immune response and pathogenesis. However, ethical considerations limit detailed analyses. Therefore, immunecompetent small animal models are urgently needed.
Although attempts to infect mice and rats with HBV and
HDV failed, researchers made the surprising observation
that HBV infects tree shrews (Tupaia belangeri), resulting in
transient viremia, virus clearance, and hepatitis B surface
antigen (HBsAg) seroconversion.10 HBV infection of Tupaia
belangeri persists when the animals are inoculated soon
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after birth25 and progresses via a similar course as in
humans. Although Tupaia belangeri can be bred in captivity,
the lack of immunologic tools for their study is a serious
limitation.
It has been possible to study virus replication in an
immune-deﬁcient host using chimeric mice. Several models
have been developed.26 The most frequently used system
takes advantage of immune-deﬁcient urokinase plasminogen
activator (uPA-SCID) transgenic mice with xenografts of PHH
or PTH cells.27,28 Another model takes advantage of mice
lacking the gene encoding fumaryl acetoacetate hydrolase
(Fah), the recombination activating gene 2 (Rag2), and the
gene encoding the g chain of interleukin 2 receptor (Il2rg).29
In mice with PHH or PTH cell xenografts, >50% of PHH form
clonal islands with accurate cell architecture. HBV infection
kinetics in these animals is slow but ﬁnally results in up to
100% of infected transplanted cells. HBV titers, as well as
HBsAg and hepatitis B e antigen (HBeAg) levels in serum,
compare with those of infected patients. uPA-SCID mice with
PHH xenografts have been used to study the dynamics of
hepatocyte turnover, including the stability of covalently
closed circular DNA (cccDNA),30 and the mechanisms of action of drugs.31 These mice were used to show the ability of
the NTCP inhibitor Myrcludex B to block HBV and HDV
entry.32–34
Transfection of hepatoma cells with HBV-encoding plasmids resulted in transcription of viral RNAs, HBV genome
replication, and virus production. Likewise, HBV transgenic
mice produce virions and have been used to study the immune response to and pathogenesis of HBV infection. However, these mice are immune tolerant and are therefore not
an ideal model of infected patients. Moreover, hepatocytes of
these mice do not support de novo entry of virions or produce
detectable amounts of cccDNA, the template for transcription
of viral messenger RNA (mRNA).35 These animals are
therefore inappropriate for studying early infection events,
the dynamics of virus spread, or mechanisms that affect the
regulation and transcriptional activity of cccDNA. One alternative to overcome these limitations is hydrodynamic injection of HBV DNA into mice.36 This results in long-term in vivo
transfection of hepatocytes, resulting in viral gene expression
and replication. The technique is used to simulate acute
infection for investigation of immune responses and evaluation of antiviral drugs.36,37 An alternative to hydrodynamic
transfer of HBV-encoding plasmids involves transfer of HBV
genomes via adenoviral vectors. This simulates acute infection and, when low levels of adenovirus vector are transferred, persistent HBV infection.38,39

Host Factors and Methods to
Determine Viral Entry
No high-throughput approaches have been undertaken
to identify host factors required for HBV or HDV infections.
Host pattern recognition factors recognize HBV, as
described in a recent review.40 Factors that regulate transcription have been identiﬁed and characterized through
analyses of speciﬁc DNA motifs within the viral cccDNA.41
Additionally, cellular factors have been identiﬁed that
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participate in the maturation, assembly, and egress of virions and subviral particles (SVPs).42 Until recently, almost
nothing was known about host factors involved in early
infection events, including the speciﬁc receptor(s) or proteins involved in transport of nucleocapsids to the nucleus
or enzymes that convert (repair) relaxed circular DNA to
cccDNA (for a comprehensive illustration of the HBV replication cycle, see Urban et al43). Identiﬁcation of these factors is crucial for our understanding of viral replication, the
development of small animal models, and the identiﬁcation
of drug targets. Recently developed cell culture systems
(notably HepG2hNTCP cells) might be used to identify these
factors.22
The identical envelope protein composition of the
genetically dissimilar HBV and HDV particles allows for
discrimination between host factors involved in prefusion

Figure 1. HBV, HDV, and empty SVPs. (A) HBV virion with a
DNA-containing nucleocapsid, which is enclosed in the
compactly packed protein envelope comprising the L, M, and
S surface protein. The preS1, preS2, and S domains are
indicated. The nucleocapsid incorporates the viral polymerase which is covalently attached to the partially doublestranded DNA genome. The capsid is built of 240 core
protein dimers in an icosahedral arrangement. (B) Spherical
22 nm SVP consisting of mostly S and M protein. (C) Filamentous SVP comprising L, M, and S proteins. SVPs are
produced in 1000-fold to 10,000-fold excess during viral
replication. (D) Infectious HDV particle that includes the L, M,
and S proteins of the HBV envelope, which enclose the HDV
RNP. (E) A noninfectious HDV particle that contains only the S
protein in its envelope.
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and postfusion events of each virus (Figure 1). It is assumed
that both viruses enter hepatocytes by similar or even
identical mechanisms.44 This assumption is based on the
ﬁnding that HBV and HDV use the same receptor21,22 and
are sensitive to peptide entry inhibitors, suramin, or
neutralizing antibodies.45 However, on release into
the cytoplasm, HBV nucleocapsids or the HDVribonucleoprotein complex (RNP) follow different paths
and require different host factors. HDV is less restricted by
liver-speciﬁc postentry factors than HBV and even replicates
in nonhepatoma cells from nonhuman species.46 Therefore,
during early stages of infection, both viruses use the same
host factors,20,47–49 whereas in later events, viruses use
different host factors.

Viral Determinants of Cell Entry
HBV is a small enveloped virus. It contains a partially
double-stranded DNA genome of approximately 3.2 kilobases, which is packaged into an icosahedral nucleocapsid.50 In contrast to large enveloped viruses, the mature
nucleocapsid of HBV induces an ordered arrangement of
the envelope proteins through deﬁned interactions among
proteins during envelopment (Figure 1A).51 The in-frame
coded proteins incorporated into the virus shell are
called the large (L), middle (M), and small (S) envelope
proteins (Figure 2B).
One peculiarity of HBV is the ability of the envelope
proteins to form noninfectious, spherical and ﬁlamentous
SVPs with a diameter of 22 nm; these are the major constituents of the clinically relevant HBsAg (Figure 1B and C).
In the presence of nucleocapsids, speciﬁc interaction with
the L protein results in envelopment and release of mature
virions.52 Virions and SVPs contain different ratios of L, M,
and S proteins, with the highest L protein content found in
the virus particle. L, M, and S proteins share the C-terminal S
domain, which contains 4 putative membrane-spanning
helices. The 2 N-terminal extensions (preS2 and preS1/2)
of M and L proteins have diverse functions, most importantly binding of the nucleocapsid during envelopment52
and receptor binding during entry.53–59 The L protein is
not synthesized with a signal sequence but is inserted into
the membrane via the transmembrane (TM)-1 domain.
Thus, the preS1 domain initially faces the cytoplasm and
resides in the interior of the virus particle. The very N-terminus of the preS1 domain is modiﬁed by myristic acid.60
Subsequently, the preS1 domain undergoes a complex
posttranslational translocation process,61 resulting in its
exposure on the virion surface.52
The envelope of HDV is structurally related to that of
HBV, as HDV exploits the HBV surface proteins for RNP
envelopment and particle release.46 In contrast to HBV,
the RNP complex of HDV contacts the cytosolic loop of the
S domain62 and not the capsid binding site within preS
(Figure 2). This results in weaker contacts between the
envelope and the RNP and can allow for the formation of
infectious (L protein containing) and noninfectious (only
S protein containing) HDV particles (Figure 1D and E).
Productive HDV propagation therefore requires synthesis
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Figure 2. Determinants of infectivity and domain structure of HBV surface proteins. (A) Localization of the infectivity
determinants in the HBV envelope proteins. N-terminal myristoylation of L protein is required for plasma membrane
association (PM-interaction). The preS1 sequence (2–48) speciﬁcally interacts with NTCP. Within this sequence, a highly
conserved motif (9-NPLGF(F/L)P-15) is crucial for binding. Furthermore, aa 49–75 are also required for infection. The
precise function of this sequence is not known but may also target NTCP. C-terminal to the NTCP binding site is a spacer
region that contains the nucleocapsid binding sequence required for envelopment of HBV. The ﬁrst TM helix of the S
domain contains 3 short hydrophobic (4) clusters, which are presumably involved in membrane fusion. A complex
disulﬁde-bridged conformation in the AGL of the S domain is required for HBV and HDV infection. This part probably
contributes to HSPG binding and membrane fusion. (B) The 3 HBV envelope proteins (L, M, and S protein) share the S
domain with 4 putative TM domains (I–IV). The M protein contains, in addition to -domain S, a hydrophilic N-terminal
extension of 55 aa called the preS2 domain. The L protein contains an additional 107 aa (preS1) that becomes myristoylated at the N-terminus, at glycine 2. A peptide that mimics the myristoylated N-terminal 47 aa of the HBV L protein
(Myrcludex B) inhibits HBV by inactivating the receptor function of NTCP. (C) Proposed topology of the HBV L protein in
infectious HBV and HDV particles with the preS domain facing outside the virion. Note that the myristoylated receptor
binding site within the preS1 domain is presumably buried in the viral membrane. The disulﬁde-linked cysteine moieties,
as a part of the AGL, are required for infectivity.

of HBV surface protein in the same cell. HDV can enter
hepatocytes de novo in the absence of HBV and initiate
efﬁcient HDV RNA replication and expression of dAg.
However, no secretion of infectious particles occurs. The
self-complementary rod-like HDV genome replicates via a
rolling circle mechanism using the host DNA-dependent
RNA polymerase II.46 Accordingly, none of the clinically
approved polymerase inhibitors interfere with HDV
genome replication in vitro, which is reﬂected in the
ineffectiveness of treating HDV-infected patients with
nucleoside analogues.6,63,64 Considering the similarities
and differences between the 2 viruses, therapeutic strategies for HDV and HBV coinfected patients should aim at
common early infection events, such as receptor
interference.

Determinants of Infectivity in Envelope Proteins
Using PHHs, 2 groups showed that N-terminal myristoylation of the HBV L protein is essential for virus
infectivity.65,66 Because myristoylation also occurs in the L
proteins of woodchuck HBV and duck HBV,67 this modiﬁcation has a general role in hepadnaviral infection, presumably by increasing receptor binding.68 In a systematic
approach, LeSeyec et al69 mapped functionally important
sites in the preS1 and preS2 domains of the L protein using
HBV genotype D. Consecutive deletions of 5 amino acids
(aa) within the N-terminal 77 aa of the L protein (genotype
D) blocked infectivity. Conversely, deletions within the Cterminal of this region (aa 78–87)58 and within the preS2
domain (aa 114–163) did not affect infectivity.69 Mutations
affecting aa 88–108 of preS1 and the ﬁrst 5 aa of preS2 are
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involved in capsid binding (Figure 2) and interfere with
HBV assembly, so functional characterization of this
sequence for HBV infectivity is impossible. The use of HDV
as a surrogate model veriﬁed the importance of the Nterminal 75 aa of preS1 and ruled out a contribution of the
nucleocapsid binding site and a proposed translocation
motif70 within the preS2 domain for infection.71–73 Finally,
it was shown that M protein–deﬁcient HBV with a randomized preS2 sequence within the L protein is infectious.74 The failure to functionally separate myristoylation
from the required preS1 sequences provides evidence that
that these infectivity determinants act in a concerted
manner.75
A second determinant of infectivity is located in the
antigenic loop (AGL) of the S domain between TM-II and
TM-III. Mutation analysis revealed that Gly-119, Pro-120,
Cys-121, Arg-122, and Cys-124 are required for infectivity.76
Moreover, Cys-121 and Cys-149 are involved in the formation of a disulﬁde network, which upholds a distinct AGL
conformation.77 Interestingly, incubation of HDV particles
with membrane-impermeable reducing agents resulted in a
loss of infectivity. This indicates that reduction of disulﬁde
bridges during viral entry might be important for triggering
a postbinding step. A plausible hypothesis is that the disulﬁde bridge keeps the S domain in a spring-loaded, prefusion state. Such a mechanism has been proposed for duck
HBV.78 Within the AGL, a second region (aa 137–148) is
crucial for protective neutralization by vaccine-induced
antibodies. Recent reports indicate vaccine escape mutation within that part of the S domain.79–81 A third region
comprising 3 hydrophobic (4) clusters located in the TM1
domain of the L protein has been identiﬁed.82 Its role for
infectivity is restricted to the L protein (Figure 2A). The
same domain is essential for duck HBV, which is involved in
membrane fusion.83 It is not clear how fusion of the viral
and cellular membranes occurs.
Besides these envelope protein determinants, the lipid
composition of the viral membrane is crucial for infectivity.
Although depletion of cholesterol from cellular membranes
with methyl-b-cyclodextrin has little effect on infection,
depletion from the virus membrane strongly reduces
infectivity in a reversible manner.84 This indicates a raftindependent localization of the virus receptor and suggests that a deﬁned membrane association of HBV envelope
proteins is required for productive entry.
The importance of the preS1 domain and the AGL for
virus entry into hepatocytes is also reﬂected by the
neutralizing activity of antibodies against epitopes within
the preS1 domain and the AGL of the S domain.55,85,86 In
contrast, most antibodies directed against the preS2 domain
are not neutralizing. Consistent with the requirement of a
highly structured arrangement of the AGL, only conformational S antibodies have neutralizing activity.85 Antibodies
against epitopes within the preS1 domain also display
strong neutralizing activity because they bind the virionenriched L protein, thereby preventing receptor interaction. AGL-speciﬁc antibodies are used in hepatitis B immune
globulin (HBIG) to prevent HBV infection in scenarios such
as during liver transplantation.
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HBV preS-Derived Peptides Block Infection by
Receptor Interference
Evidence that the preS1 domain of the L protein is
involved in recognition of a hepatocyte-speciﬁc receptor
came from the observation that a myristoylated peptide, the
preS1 infectivity determinant, comprising aa 2–78 (LeSeyec
et al58), inhibited HBV infection of HepaRG cells and PHH.12
Consistent with this observation, L protein–containing SVP
bound speciﬁcally to PTH.55 Because the synthetic lipopeptides inhibit HBV and HDV infection when administered to cells before virus inoculation, direct inactivation of
a receptor was proposed.57 Fatty acid moiety analyses of
PHH and HepaRG cells revealed that myristic acid at the Nterminus of the HBV preS1 peptide can be replaced by other
fatty acids or even cholesterol.56,57
Mutational sequence analyses revealed the requirement
for aa 9-NPLGF(F/L)P-15.53,54,56,87 This motif, located at
slightly variable positions within the N-terminus of the
preS1 domain of the 7 HBV genotypes (Glebe et al56), is
conserved among human and primate hepadnaviruses,
which infect woolly monkeys, orangutans, gorillas, chimpanzees,88,89 and even bats,90 the only variation being a
Phe-Leu polymorphism at position 14. Accordingly, preS
lipopeptides derived from woolly monkey HBV57 and bat
HBV L protein90 interfere with infection by HBV and HDV, so
hepadnaviruses that encode this motif must target homologous receptors. Remarkably, the aa that are C-terminal and
N-terminal to this essential receptor binding site contribute,
in a complex manner, to the inhibitory activity, with 2 parts
increasing (aa 2–8 and 18–48) and 1 part decreasing (aa
49–78) inhibitory activities.56,57 The most powerful inhibitor (aa 2–48) was derived from a consensus sequence
(Figure 2B) and has a median inhibitory concentration of
w80 pmol/L. This peptide, called Myrcludex B, is being
tested in phase 2 trials.

Preclinical Studies
Interference with virus entry protects naive hepatocytes
against the initiation of infection and the spreading virus
during infection. In persistent infections, long-term inhibition of viral entry may result in clearance of virus during
natural or immune-mediated turnover of infected cells.
Entry inhibition is clinically important for the prevention of
infection in the course of postexposure prophylaxis, organ
transplantation, reactivation after therapeutic immunosuppression, or perinatal transfer of virus from infected
mothers to children.
HBIGs have been shown to prevent infection by HBV and
HDV. In patients undergoing liver transplantation, administration of HBIGs during and after organ transplantation
reduces reinfection of grafts from 100% to 20%–30%.91
HBIGs are also effective in patients with HBV and HDV coinfection.92 Combined administration with nucleos(t)ide
analogues in HBV-infected patients reduces the proportion
of reinfected organs to <5%. Moreover, the use of nucleos(t)ide analogues with a high barrier to resistance allows
for a reduced duration of HBIG treatment after transplantation for HBV-infected patients.93 HBIGs can also

prevent vertical transmission (from infected mothers to
newborn infants) together with the HBV vaccine. However,
prophylaxis is not effective for neonates of highly viremic
mothers, indicating that protective neutralization depends
on the virus dose. Therapy with nucleos(t)ide analogues
during the last trimester of pregnancy reduces viral load,
improving prophylaxis with the combination of HBIGs and
the vaccine.94,95 However, these approaches are not effective against variants of virus with mutations in the AGL of
the S domain, which escape HBIG recognition.96,97 These
mutants can infect liver grafts and neonates despite prophylaxis.98 Clinical trials of monoclonal antibodies against
the S protein reported increased rates of virus suppression
and HBsAg clearance. However, these trials were conducted
at a time when the most potent nucleos(t)ide analogues
were not yet available and were not continued.99,100
Myrcludex B and other related HBV preS-derived lipopeptides were tested in uPA-SCID mice carrying PHH or
PTH cells before infection.34 Myrcludex B was also administered after infection and found to block virus spread in the
liver.33 These ﬁndings indicate that HBV spreads throughout
the liver by an HBV receptor–dependent, Myrcludex
B–sensitive pathway. Myrcludex B also blocked HDV infection in mice, making it the ﬁrst selective drug against HDV.32
Pharmacokinetic studies of Myrcludex B in different
species showed its speciﬁc accumulation in the liver of even
non–HBV-susceptible animals, such as mice, rats, and
dogs.101 Peptides with mutations in the essential receptor
binding site (9-NPLGF(F/L)P-15) do not accumulate in the
liver, indicating the presence of a binding-competent HBV
preS receptor in these animals. Surprisingly, Myrcludex B
disperses to multiple organs in cynomolgus monkeys.
Although they are more closely related to humans than
other models, livers of cynomolgus monkeys do not have
binding-competent HBV preS receptors.101 Researchers
recently reported low-level HBV infection of macaques from
Mauritius Island.102 These monkeys are closely related to
cynomolgus monkeys, so it will be interesting to investigate
receptor use in these animals. In vitro studies of primary
hepatocytes from these different species conﬁrmed the
in vivo results.59 Furthermore, the studies showed a selective binding of Myrcludex B to a basolaterally sorted receptor of only differentiated primary hepatocytes and
HepaRG cells but not HepG2 and HuH7 cells. The receptor–Myrcludex B complex undergoes slow endocytosis, is
linked to the actin cytoskeleton, and shows little lateral
movement within the membrane. Myrcludex B binding requires myristoylation and the integrity of the NPLGF(F/L)P
motif.59 Remarkably, binding saturates at concentrations
higher than those required to inhibit infection, indicating a
dominant inhibitory effect. Myrcludex B did not produce any
adverse effects in short-term and long-term toxicity studies
of rats and dogs. Pharmacokinetic studies in 3 chimpanzees
veriﬁed the hepatotropism of the peptide and the tolerability in a species closely related to humans (S. Urban, unpublished data, February 2012).
Researchers previously attempted to inhibit viral entry
with suramin, which inhibits binding to heparan sulfate
proteoglycans (HSPGs) on the membrane of hepatocytes and
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blocks entry of HBV or HDV in vitro.20,47,48,103 Moreover,
binding of synthetic antilipopolysaccharide peptides to
heparin sulfate moieties inhibits infection with a variety of
enveloped viruses, including human immunodeﬁciency virus, herpes simplex virus, hepatitis C virus, and HBV.104

Host Determinants of Viral Entry
Researchers searched for the HBV receptor through
biochemical analyses using the virus itself, SVPs, and recombinant surface protein fragments and peptides. PHH and
hepatic cell lines were used as sources for receptor identiﬁcation. More than 20 candidates that interact with L, M, or
S protein have been described.105 However, none of them
fulﬁlled the criteria for a functional receptor, which mediates speciﬁc binding of virus and makes cells susceptible to
HBV infection.
Studies of HepaRG cells, PHH, and PTH found that heparin and highly sulfated polysaccharides interfere with
HBV20,48 and HDV infection.47,49 HBV and HDV infection are
sensitive to heparinases or sodium chlorate, indicating that
the viruses use HSPGs as attachment sites. Arg-122 and Lys141 of the AGL are involved in HDV particle binding to
HSPGs.49 In addition, the preS1 domain has an important
role and mediates selectivity for virions.20 HSPGs, which are
enriched in the space of Disse, are apparently required for
close approximation of the virus before speciﬁc receptor
engagement.
In identifying NTCP as the receptor for HBV and HDV,
Yan et al21 took advantage of HBV preS-derived lipopeptides, cross-linking membrane proteins from PTH to
the HBV preS receptor binding site106 deﬁned in infection
inhibition assays.87 They showed that expression of hNTCP
in HEK293T cells allowed them to bind a Myrcludex
B–derived peptide but not a mutant with an Asn-9-Lys exchange within the 9-NPLGF(F/L)P-15 motif. Knockdown of
hNTCP with small hairpin RNAs signiﬁcantly reduced
infection of HepaRG cells by HBV and HDV, whereas
constitutive expression of hNTCP in HepG2 and HuH7 cells
made them susceptible to infection by these viruses. The
investigators showed that NTCP from cynomolgus monkeys
(cyNTCP) does not bind preS-derived lipopeptides, and its
expression in HepG2 cells does not allow them to become
infected. This is due to a sequence difference at aa 157–165
of cyNTCP. Schieck et al101 and Meier et al59 showed that
Myrcludex B cannot bind to hepatocytes from cynomolgus
monkeys and is not targeted to the liver of this species.
Using a different approach, Ni et al22 took advantage of
the observation that DMSO induces HepaRG cell differentiation and expression of the HBV receptor.59 Comparing the
expression proﬁles of undifferentiated and differentiated
HepaRG cells and using stringent selection criteria (exclusive basolateral expression, slow endocytosis, and no lateral
movement), they found hNTCP to be the most strongly
induced membrane protein. They conﬁrmed the ﬁndings of
Yan et al,21 showing that hNTCP-expressing HepG2 and
HuH7 cells support high-level infection by HBV and HDV
when cultured in the presence of DMSO. A further increase
of DMSO to 2.5% to 3.0% increased the proportion of
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infected HepG2hNTCP cells to more than 80%, a prerequisite
for analyses based on bulk measurements.22 This effect was
veriﬁed by another research group.107
The identiﬁcation of a sequence in cyNTCP that was
required for HBV and HDV binding led to studies to determine whether other sequences in hNTCP versus mouse
NTCP are required for infection. Mouse and human chimeric
NTCPs were generated and analyzed for their ability to bind
HBV and HDV and promote infection.22,108 As expected from
in vitro and in vivo binding data,59,101 mouse NTCP bound
HBV preS lipopeptides but did not make cells susceptible to
infection with HDV or HBV. Analysis of mouse NTCP/hNTCP
chimeras revealed that replacement of aa 84–87 of mouse
NTCP with the human sequence allowed for HBV entry.
Remarkably, expression of this chimera in CHO cells (nonhepatocytes) allowed for HDV infection.108
These ﬁndings indicate that the species speciﬁcity of
HBV is determined primarily by recognition of the NTCP
receptor. At least 2 different sites are involved: one required
for HBV preS binding (aa 157–165) and one involved in a
postbinding event (aa 84–87). hNTCP allows for even nonhepatic, nonhuman cells to be infected with HDV, so it is
unlikely that host- and liver-speciﬁc coreceptors are
required for entry by this virus. However, HBV does not
infect these cells, indicating that additional factors are
required for infection of human cells with this virus.

NTCP
NTCP participates in the enterohepatic circulation of
bile salts (Figure 3) and localizes to the sinusoidal/basolateral membrane of hepatocytes. Its expression is
approximately 50% lower in female than male rats,109
possibly due to transcriptional regulation by estrogens.
No sex differences in expression have been observed in
humans.110 The higher incidence of HBV in men is probably
not a result of sex differences in expression of NTCP. Major
substrates of NTCP are conjugated bile salts such as taurocholate, which is transported with a Km of w6 mmol/L.111
Substances such as cyclosporin A, ouabain, vecuronium,
pregnenolone sulfates, bumetanide, irbesartan, and
ezetimibe112–114 inhibit NTCP-mediated transport of bile
salts, whereas statins and the antimycotic drug micafungin115,116 are transported by NTCP. Bupivacaine, lidocaine, and quinidine increase the activity of NTCP without
being transported.117 Etezimib118 and cyclosporin A119,120
interfere with HBV entry, possibly by blocking NTCP receptor function. Asp-115, Glu-257, and Cys-266 in NTCP
are conserved and required for its transport activity121;
they are proposed binding sites for sodium ions and bile
salts, which are presumably transported in a 2:1 stoichiometry.122 A recent investigation indicates that aa residues, which are crucial for HBV and HDV entry, overlap
with that for bile salt uptake by NTCP.123

Regulation of NTCP Expression
Regulation of NTCP expression has mainly been studied
in rodents, although mechanisms of transcriptional regulation in humans differ considerably. In human liver
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sections, down-regulation of NTCP correlated with
increased levels of TNF-a and interleukin 1b after exposure to lipopolysaccharide.124 In line with this observation,
interleukin b125 or TNF-a and interleukin 6126 reduced
expression of NTCP in PHH. However, neither hepatocyte
nuclear factor 1a nor the retinoid X receptor–retinoic acid
receptor heterodimer or small heterodimer partner 1
(SHP1, encoded by PTPN6) activated the promoter region
of human SLC10A1127 (which encodes NTCP), as expected
from rat studies. Instead, a glucocorticoid response
element was identiﬁed in the SLC10A1 promoter,128 which
may contribute to the reactivation of HBV in
glucocorticoid-treated patients.
Uptake of bile salts by NTCP increases their intracellular
concentrations and leads to activation of the farnesoid X
receptor. Farnesoid X receptor activates expression of SHP1,
which reduces levels of SLC10A1 mRNA and interferes with
the glucocorticoid response element. These receptors have
also been shown to be involved in HBV biosysnthesis.129 On
the other hand, the peroxisome proliferator-activated receptor g coactivator 1a, an important integrator of external
stimuli such as oxidative stress, low temperature, or exercise endurance, increases the effect of glucocorticoids on the
SLC10A1 promoter.128 In healthy human liver, levels of
SLC10A1 mRNA vary approximately 40-fold.117 Livers of
human fetuses at 14 to 20 weeks of gestation have <2% of
the relative level of SLC10A1 mRNA compared with adult
liver.130
Levels of NTCP in fetal liver might determine the risk of
mother-to-infant transmission of HBV; vertical transmission
accounts for almost 50% of new HBV infections. Livers of
patients with inﬂammation-induced cholestasis, advanced
primary biliary cirrhosis,131 progressive familial intrahepatic cholestasis,132 or biliary atresia133 have reduced
levels of NTCP,124,134 whereas livers of obese patients with
nonalcoholic fatty liver disease or nonalcoholic steatohepatitis have up-regulated NTCP.135 It is not clear how
changes in NTCP expression under these conditions affect
the course of HBV infection. Compared with healthy liver
tissue, human hepatocellular carcinoma cells have signiﬁcant reductions of SLC10A1 mRNA and NTCP protein. NTCP
was not detected on the membranes of hepatocellular carcinoma cells,136 so it cannot be used as a direct therapeutic
target molecule to address transformed hepatocytes. However, the exclusive expression in differentiated hepatocytes
makes it a promising candidate for liver-speciﬁc drug targeting and liver imaging using HBV preS-derived
peptides.101,137

Intracellular Trafﬁcking of NTCP
Understanding the intracellular trafﬁcking pathways of
NTCP will provide important insights into the cellular processes of HBV entry. NTCP is sorted in the basolateral
membrane of hepatocytes. Its retrieval from intracellular
pools regulates plasma membrane levels, a process that is
inhibited by nocodazole and involves microtubules. In
addition, insertion of NTCP into the plasma membrane is
cytochalasin D sensitive, indicating the requirement of
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Figure 3. Enterohepatic circulation of bile acids. Primary bile acids are synthesized within hepatocytes and conjugated to
glycine or taurine. They are secreted into bile canaliculi by the BSEP or the multi-drug resistance associated protein 2 (MRP2).
Bile acids reach the small bowel via the bile duct. More than 90% of bile acids are reabsorbed within the terminal ileum by the
apical sodium-dependent bile acid transporter (ASBT). At the basolateral membrane of ileocytes, bile acids are secreted into
the circulation by the organic solute transporters (OST) a and b. On the way back to the liver via the portal vein, bile acids are
partially bound to albumin. Bile acids reenter the hepatocytes mainly via NTCP and organic anion-transporting polypeptides
(OATPs). As part of an overﬂow mechanism, bile acids may be resecreted from hepatocytes into the blood by the multi-drug
resistance associated proteins 3 and 4 (MRP3 and 4). Bile acids that have not been reabsorbed by the terminal ileum enter the
colon, where they are dehydroxylated and deconjugated by intestinal bacteria. Unconjugated bile acid may be reabsorbed via
diffusion and enter the portal circulation.

microﬁlaments.138,139 On exposure to adenosine 30 ,50 -cyclic
monophosphate, NTCP in the plasma membrane is
dephosphorylated at Ser-226,140 which requires phosphatidylinositol 3-kinase141 and protein kinase C (PKC)-z.142
NTCP is found in early and recycling endosomes and
colocalizes with Rab4, Rab11, and transferrin receptor.
These endosomes move along microtubules, driven by
kinesin 1 and dynein.143 NTCP was detected in early but not
in late endosomes.143 However, when PKC isoforms are
activated with a phorbol ester, NTCP becomes degraded

within lysosomes,144 so it must pass the late endosome
compartment. Stimulation of Ca2þ-dependent PKC-a induces endocytosis of NTCP.145 Likewise, taurochenodeoxycholate, but not taurocholate, induces NTCP retrieval
in vivo in a PKC- and protein phosphatase 2B–dependent
manner.146 In rats, endocytosis depends on a dileucine motif
at position 221 and 222, which is in close vicinity to Ser226. Alanine substitution of Ser-226 or Thr-225 reduces
PKC-dependent endocytosis and trafﬁcking from the Golgi
to the plasma membrane, indicating combined effects with
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the dileucine motif.144 In hNTCP, the corresponding region
comprises 2 leucines followed by an isoleucine. In black
subjects, a genetic variant (p.I223T) was detected with an
allele frequency of 5.5%,147 resulting in reduced surface
expression and a defect in bile salt transport. Other NTCP
single nucleotide polymorphisms such as p.S267F
(c.800C>T), p.I279T (c.836T>C), and p.K314E (c.940A>G)
have been identiﬁed.147,148 In American subjects of Chinese
descent and Vietnamese subjects, the p.S267F variant was
found at an allele frequency of approximately 7.5% and 9.2
%, respectively.148 This single nucleotide polymorphism has
reduced ability for bile salt transport and is defective in HBV
receptor function123 (Yi Ni and Stephan Urban, unpublished
data, February 2013). It will be interesting to analyze this
and other single nucleotide polymorphisms and relate their
prevalence with HBV infection.

NTCP Structure and Interaction With the HBV
Surface Protein
Structural information on NTCP is based on topological analyses with antibodies, the localization of N- and
C-terminal fusion tags, and model predictions based on
comparison with other bile salt transporters. Using the
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9-TM NTCP model predicted from the ASBT homologue
from Neisseria meningitidis crystalized in an inward
bound state (Figure 4), the crucial preS-binding region (aa
157–165, green) locates within helix 5 in the outer leaﬂet
of the membrane at one side of the NTCP molecule. The
second site, which is important for discrimination between mouse and NTCP, maps to the loop between TM-II
and TM-III (red). The interaction between NTCP and HBV
is complex and involves several contact sides within the
receptor molecule. HBV preS lipopeptides of varying
length differ substantially in both their median inhibitory
concentrations and their binding afﬁnity to NTCP, so it is
likely that all N-terminal 75 aa of the preS1 domain
participate in NTCP interactions to form a complex that
tightly connects the viral and cellular membranes. Interestingly, it has been shown previously that NTCP forms
oligomers.149 Because enveloped viruses generally
depend on the formation of trimeric fusion complexes, it
will be interesting to see whether oligomerization of
NTCP is required to promote HBV/HDV entry. Recently,
the crystal structures of ASBT from Yersinia frederiksenii
in the inward and outward oriented state were solved.
These structures indicate that bile salt transport is
coupled to a conformational change in the transporter

Figure 4. NTCP and NTCP-mediated bile salt transport and HBV preS binding sites. NTCP is a multi-pass TM protein. (A)
Sodium-dependent transport of bile acids through the plasma membrane. In the outward-facing conformation, 2 sodium ions
and 1 conjugate bile salt molecule bind an accessible pocket in the active sites of NTCP. The sodium ion promotes a
conformational change that induces transmembrane transport and cytoplasmic release of the bile salt substrate. (B) 9TM-3D
model of NTCP based on the crystal structure of ASBT from Neisseria meningitides. Side view (left panel), front view (middle
panel), and top view (right panel) of NTCP. The localization of the essential site for Myrcludex B binding (aa 157–165) is in green
and locates within helix 5 at the side of the molecule. The region that differs between mouse and human NTCP (aa 84–87),
allowing human but not mouse NTCP to serve as an HBV receptor, is in red and is in a loop between TM-II and TM-III at the
outward (sinusoidal) side of the molecule.

promoted by the rotation of 2 intramembranous a-helices.150 Because it is likely that NTCP-mediated bile salt
transport proceeds by a similar mechanism, it will be
interesting to study whether this conformational change,
driven by the sodium gradient across the membranes, is
required to promote infection.

Clinical Implications
Although there are many potential clinical applications
of entry inhibitors and/or NTCP blockers, the following
considerations are only concepts, which require preclinical
and clinical studies. Inhibition of HBV and HDV entry with
molecules that target NTCP could be a new prophylactic and
therapeutic strategy, as summarized in Figure 5. These inhibitors could be an important alternative to HBIGs for
prevention of viral recurrence during immunosuppressive
therapies or after liver transplantation, in cases of accidental
nosocomial infection, or to stop vertical transmission. They
would be especially useful in highly endemic areas, where

Figure 5. (A) Prophylactic
and (B) therapeutic strategies for possible future
combination strategies of
entry inhibitors in combination
with
approved
drugs.
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effective and cheap prophylaxis is needed most. For patients
with chronic viral infection, entry inhibitors could speed
HBsAg clearance and provide the opportunity for treatment
with a ﬁnite duration. Current treatments for chronic HDV
infection provide low rates of HDV clearance, so new options are necessary.

Preventing Transmission
Entry inhibitors might replace HBIGs, which are expensive and not regularly supplied to some parts of the world,
or could be administered with the HBV vaccine for people
exposed to HBV-infected ﬂuids. To prevent vertical transmission, entry inhibitors might be administered to neonates
soon after birth together with the HBV vaccine; in mothers
with high levels of HBV viremia, administration of nucleos(t)
ide analogues might still be necessary during the third
trimester of pregnancy. New strategies to prevent viral
recurrence in transplanted organs might be tested with the
administration of nucleos(t)ide analogues, before and
transplantation, and entry inhibitors instead of HBIG right
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after transplantation. In livers transplanted in patients with
HBV and HDV coinfection, HDV was shown to establish
latent, asymptomatic infections without the apparent
assistance of active HBV replication. Entry inhibitors might
therefore prevent recurrence of HBV infection in the
graft.151

Treatment of Chronic Infection
As discussed earlier, current treatments for chronic HBV
infection suppress viral replication but rarely result in viral
clearance, loss of HBsAg, or even HBsAg seroconversion.
New, more effective strategies are required, which might
involve combinations of approved drugs or the development
of novel agents that target thus far unaddressed steps of
viral replication.
The mechanisms involved in viral clearance during natural infection include T cell–mediated killing of infected
hepatocytes, noncytolytic clearance of cccDNA by unknown
mechanisms, and hepatocyte turnover and replacement by
noninfected cells. Blocking the spread of HBV to naïve cells
could accelerate the process of virus elimination. Along with
nucleos(t)ide analogue–based therapy, entry inhibitors
might neutralize residual viruses that are still produced,
sometimes below the detection limit of polymerase chain
reaction–based assays.
In chronically infected patients, entry inhibition will
terminate de novo infections of naïve hepatocytes and those
that arise during hepatocyte turnover. The degree of virus
elimination by entry inhibition will therefore depend on the
grade of inﬂammation and accordingly the rate of cell killing
or natural hepatocyte turnover. The half-life of infected
hepatocytes in the liver of chronic HBV carriers is not
known but is presumably shorter than that of healthy
hepatocytes.
Although the latest generation of nucleos(t)ide analogues suppress viral replication, it is likely that hepatocytes can still become infected. Because these drugs
cannot prevent the formation of new cccDNA during de
novo virus entry into cells,152 the combination of nucleos(t)ide analogues and entry inhibitors might speed up
elimination of infected cells. Because removal of nucleos(t)ide analogues in chronically infected patients results
in virological and biochemical relapse but provokes a
marked percentage of viral clearance,153 the addition of
an entry inhibitor that prevents reformation of cccDNA
could increase this therapeutic effect. The immune
modulator IFN-a might also be combined with an entry
inhibitor. IFN-a, which decreases HDV replication, might
be combined with an entry inhibitor to block the spread of
HDV; this interesting approach requires testing in clinical
trials.

Inactivation of NTCP
Prolonged inactivation of the receptor function of NTCP
with antibodies, cyclosporin A, ezetimibe, or Myrcludex B
presumably affects bile transport by the molecule. This
might increase serum levels of conjugated bile salts, which
are primarily transported by NTCP. In the long-term, these
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changes could affect expression levels of compensating
transporters such as organic anion-transporting polypeptides and other pathways that change with intrahepatic
levels of bile salts and are controlled by farnesoid X receptor
or other nuclear receptors.
Thus, the clinical consequences of NTCP inhibition
are unclear. However, subjects who are homozygous for
the single nucleotide polymorphism c.800C>T, which
almost completely disrupts NTCP-mediated transport of
bile salts, have been described.148 Myrcludex B inactivates NTCP function at concentrations far below
those required to block bile salt transport. Thus, a
therapeutic window exists that allows only partial inactivation of NTCP bile salt transport but complete block of
HBV or HDV entry.119 NTCP also transports substrates
other than bile salts, so blockade of NTCP could affect the
pharmacokinetics and effectiveness of certain drugs.
These aspects need to be considered when Myrcludex B
or other NTCP inhibitors are used in the clinic. Interestingly, inhibitors of NTCP-mediated bile salt transport
might be used to treat certain forms of cholestasis. Preventing reimport of bile salts into hepatocytes that do
not secrete them into canaliculi might be used to treat
acute biliary cholestasis.

Future Directions
The identiﬁcation of NTCP as the bona ﬁde HBV and HDV
receptor was a major breakthrough. Basic researchers now
have an improved system for studying HBV entry (Figure 6)
and can establish cell lines that are easily infectable and
support efﬁcient replication of HBV and HDV. These systems
will be instrumental for studying the early steps of HBV and
HDV replication and identifying other cell components
required for productive infection. These could include factors involved in intracellular trafﬁcking of virus particles,
nuclear import of HBV nucleocapsids, and formation of
cccDNA. The identiﬁcation of this receptor can also be used
to establish immune-competent transgenic mice that can be
infected with either virus. Although mouse cells support
HBV assembly and secretion after artiﬁcial delivery of the
HBV genome, it remains to be determined which other
factors besides NTCP (eg, factors required for nucleocapsid
delivery to the nucleus or DNA repair) codetermine species
speciﬁcity.
Robust infection systems are urgently needed to establish assays to characterize clinical isolates and increase our
knowledge about viral determinants of host range and
pathogenesis. Moreover, it is now possible to develop
screening assays to identify cellular factors that promote or
restrict HBV and HDV replication cycles. These assays could
use RNA interference or transgenic overexpression approaches, like those conducted in HIV-1154 or hepatitis C
virus research.155,156 These types of high-throughput
screening formats are also suitable to search for agents
that inhibit HBV replication in a more general way, such as
cell factors that are exploited by the viruses for their own
replication. This approach was used to identify cyclophilin A
as a target for anti–hepatitis C virus therapy157 and the
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Figure 6. Model of HBV
entry into hepatocytes.
Enveloped HBV and HDV
particles circulating in the
sinusoidal blood enter the
space of Disse, probably by
passage through the fenestrae
of
sinusoidal
endothelial cells. Through
reversible attachment to
HSPGs, L protein–enriched
virions are concentrated at
the surface of hepatocytes,
allowing them to contact
the integral membrane
protein receptor NTCP. In a
slow transition process, the
N-terminus of the HBV L
protein is subsequently
released from its intramembranous state and
forms an irreversible receptor complex with NTCP.
After endocytosis by an
unknown mechanism, the
viral and cellular membranes fuse. Formation of a
fusion-active NTCP virus
complex can be inhibited
by Myrcludex B.

human immunodeﬁciency virus coreceptor CCR5, which is
targeted by Maraviroc.158 The ability of Myrcludex B to
target the NTCP provides hope that new antiviral strategies
will become available in the near future.

References
1. Kwon H, Lok AS. Hepatitis B therapy. Nat Rev Gastroenterol Hepatol 2011;8:275–284.
2. Rizzetto M. Current management of delta hepatitis. Liver
Int 2013;33(suppl 1):195–197.
3. Zoulim F, Locarnini S. Hepatitis B virus resistance to
nucleos(t)ide analogues. Gastroenterology 2009;
137:1593–1608.
4. Gish R, Jia JD, Locarnini S, et al. Selection of chronic
hepatitis B therapy with high barrier to resistance. Lancet
Infect Dis 2012;12:341–353.
5. Zoulim F. Are novel combination therapies needed for
chronic hepatitis B? Antiviral Res 2012;96:256–259.

6. Heidrich B, Manns MP, Wedemeyer H. Treatment options for hepatitis delta virus infection. Curr Infect Dis
Rep 2013;15:31–38.
7. Dandri M, Lutgehetmann M, Petersen J. Experimental
models and therapeutic approaches for HBV. Semin
Immunopathol 2013;35:7–21.
8. Dandri M, Locarnini S. New insight in the pathobiology of
hepatitis B virus infection. Gut 2012;61(suppl 1):i6–i17.
9. Yan H, Zhong G, Xu G, et al. Sodium taurocholate
cotransporting polypeptide is a functional receptor for
human hepatitis B and D virus. elife 2012;1:e00049.
10.Gripon P, Diot C, Theze N, et al. Hepatitis B virus infection
of adult human hepatocytes cultured in the presence of
dimethyl sulfoxide. J Virol 1988;62:4136–4143.
11.Walter E, Keist R, Niederost B, et al. Hepatitis B virus
infection of tupaia hepatocytes in vitro and in vivo.
Hepatology 1996;24:1–5.
12.Yan RQ, Su JJ, Huang DR, et al. Human hepatitis B virus
and hepatocellular carcinoma. I. Experimental infection

60

Urban et al

REVIEWS AND
PERSPECTIVES

of tree shrews with hepatitis B virus. J Cancer Res Clin
Oncol 1996;122:283–288.
13.Gripon P, Rumin S, Urban S, et al. Infection of a human
hepatoma cell line by hepatitis B virus. Proc Natl Acad
Sci U S A 2002;99:15655–15660.
14.Chang CM, Jeng KS, Hu CP, et al. Production of hepatitis B virus in vitro by transient expression of cloned HBV
DNA in a hepatoma cell line. EMBO J 1987;6:675–680.
15.Zhou T, Guo H, Guo JT, et al. Hepatitis B virus e antigen
production is dependent upon covalently closed circular
(ccc) DNA in HepAD38 cell cultures and may serve as a
cccDNA surrogate in antiviral screening assays. Antiviral
Res 2006;72:116–124.
16.Acs G, Sells MA, Purcell RH, et al. Hepatitis B virus
produced by transfected Hep G2 cells causes hepatitis in
chimpanzees. Proc Natl Acad Sci U S A 1987;84:
4641–4644.
17.Gripon P, Diot C, Guguen-Guillouzo C. Reproducible
high level infection of cultured adult human hepatocytes by hepatitis B virus: effect of polyethylene glycol
on adsorption and penetration. Virology 1993;192:
534–540.
18.Schulze A, Mills K, Weiss TS, et al. Hepatocyte polarization is essential for the productive entry of the hepatitis
B virus. Hepatology 2011;55:373–383.
19.Kotani N, Maeda K, Debori Y, et al. Expression and
transport function of drug uptake transporters in differentiated HepaRG cells. Mol Pharm 2012;9:3434–3441.
20.Gripon P, Diot C, Corlu A, et al. Regulation by dimethylsulfoxide, insulin, and corticosteroids of hepatitis B
virus replication in a transfected human hepatoma cell
line. J Med Virol 1989;28:193–199.
21.Schulze A, Gripon P, Urban S. Hepatitis B virus infection
initiates with a large surface protein-dependent binding
to heparan sulfate proteoglycans. Hepatology 2007;
46:1759–1768.
22.Ni Y, Lempp FA, Mehrle S, et al. Hepatitis B and D viruses exploit sodium taurocholate co-transporting polypeptide for species-speciﬁc entry into hepatocytes.
Gastroenterology 2014;146:1070–1083.
23.Guidotti LG, Rochford R, Chung J, et al. Viral clearance
without destruction of infected cells during acute HBV
infection. Science 1999;284:825–829.
24.Mason WS, Litwin S, Xu C, et al. Hepatocyte turnover in
transient and chronic hepadnavirus infections. J Viral
Hepat 2007;14(suppl 1):22–28.
25.Wang Q, Schwarzenberger P, Yang F, et al. Experimental
chronic hepatitis B infection of neonatal tree shrews
(Tupaia belangeri chinensis): a model to study molecular
causes for susceptibility and disease progression to
chronic hepatitis in humans. Virol J 2012;9:170.
26.Dandri M, Lutgehetmann M, Volz T, et al. Small animal
model systems for studying hepatitis B virus replication
and pathogenesis. Semin Liver Dis 2006;26:181–191.
27.Meuleman P, Leroux-Roels G. The human liver-uPASCID mouse: a model for the evaluation of antiviral
compounds against HBV and HCV. Antiviral Res 2008;
80:231–238.
28.Dandri M, Petersen J. Chimeric mouse model of hepatitis
B virus infection. J Hepatol 2012;56:493–495.

Gastroenterology Vol. 147, No. 1
29.Bissig KD, Wieland SF, Tran P, et al. Human liver
chimeric mice provide a model for hepatitis B and C
virus infection and treatment. J Clin Invest 2010;
120:924–930.
30.Lutgehetmann M, Volz T, Kopke A, et al. In vivo proliferation of hepadnavirus-infected hepatocytes induces
loss of covalently closed circular DNA in mice. Hepatology 2010;52:16–24.
31.Lutgehetmann M, Bornscheuer T, Volz T, et al. Hepatitis B virus limits response of human hepatocytes to
interferon-alpha in chimeric mice. Gastroenterology
2011;140:2074–2083.
32.Lutgehetmann M, Mancke LV, Volz T, et al. Humanized
chimeric uPA mouse model for the study of hepatitis B
and D virus interactions and preclinical drug evaluation.
Hepatology 2012;55:685–694.
33.Volz T, Allweiss L, Ben MBarek M, et al. The entry inhibitor Myrcludex-B efﬁciently blocks intrahepatic virus
spreading in humanized mice previously infected with
hepatitis B virus. J Hepatol 2013;58:861–867.
34.Petersen J, Dandri M, Mier W, et al. Prevention of
hepatitis B virus infection in vivo by entry inhibitors
derived from the large envelope protein. Nat Biotechnol
2008;26:335–341.
35.Chisari FV. Hepatitis B virus transgenic mice: models of
viral immunobiology and pathogenesis. Curr Top Microbiol Immunol 1996;206:149–173.
36.Yang PL, Althage A, Chung J, et al. Hydrodynamic injection of viral DNA: a mouse model of acute hepatitis B
virus infection. Proc Natl Acad Sci U S A 2002;
99:13825–13830.
37.Ketzinel-Gilad M, Zauberman A, Nussbaum O, et al. The
use of the hydrodynamic HBV animal model to study
HBV biology and anti-viral therapy. Hepatol Res 2006;
34:228–237.
38.Huang LR, Gabel YA, Graf S, et al. Transfer of HBV genomes using low doses of adenovirus vectors leads to
persistent infection in immune competent mice. Gastroenterology 2012;142:1447–1450.
39.Sprinzl MF, Oberwinkler H, Schaller H, et al. Transfer of
hepatitis B virus genome by adenovirus vectors into
cultured cells and mice: crossing the species barrier.
J Virol 2001;75:5108–5118.
40.Chang J, Block TM, Guo JT. The innate immune
response to hepatitis B virus infection: implications for
pathogenesis and therapy. Antiviral Res 2012;
96:405–413.
41.Quasdorff M, Protzer U. Control of hepatitis B virus at the
level of transcription. J Viral Hepat 2010;17:527–536.
42.Prange R. Host factors involved in hepatitis B virus
maturation, assembly, and egress. Med Microbiol
Immunol 2012;201:449–461.
43.Urban S, Schulze A, Dandri M, et al. The replication cycle
of hepatitis B virus. J Hepatol 2010;52:282–284.
44.Sureau C. The use of hepatocytes to investigate HDV
infection: the HDV/HepaRG model. Methods Mol Biol
2010;640:463–473.
45.Taylor JM. Virus entry mediated by hepatitis B virus
envelope proteins. World J Gastroenterol 2013;19:
6730–6734.

46.Taylor JM. Hepatitis delta virus. Virology 2006;
344:71–76.
47.Lamas LO, Schmidt TT, Schoneweis K, et al. Proteoglycans act as cellular hepatitis delta virus attachment
receptors. PLoS One 2013;8:e58340.
48.Leistner CM, Gruen-Bernhard S, Glebe D. Role of glycosaminoglycans for binding and infection of hepatitis B
virus. Cell Microbiol 2008;10:122–133.
49.Sureau C, Salisse J. A conformational heparan sulfatebinding site essential to infectivity overlaps with the
conserved hepatitis B virus a-determinant. Hepatology
2013;57:985–994.
50.Seeger C, Mason WS. Hepatitis B virus biology. Microbiol Mol Biol Rev 2000;64:51–68.
51.Seitz S, Urban S, Antoni C, et al. Cryo-electron microscopy of hepatitis B virions reveals variability in envelope
capsid interactions. EMBO J 2007;26:4160–4167.
52.Bruss V. Hepatitis B virus morphogenesis. World J
Gastroenterol 2007;13:65–73.
53.Barrera A, Guerra B, Notvall L, et al. Mapping of the
hepatitis B virus pre-S1 domain involved in receptor
recognition. J Virol 2005;79:9786–9798.
54.Engelke M, Mills K, Seitz S, et al. Characterization of a
hepatitis B and hepatitis delta virus receptor binding site.
Hepatology 2006;43:750–760.
55.Glebe D, Aliakbari M, Krass P, et al. Pre-s1 antigendependent infection of Tupaia hepatocyte cultures
with human hepatitis B virus. J Virol 2003;77:
9511–9521.
56.Glebe D, Urban S, Knoop EV, et al. Mapping of the
hepatitis B virus attachment site by use of infectioninhibiting preS1 lipopeptides and tupaia hepatocytes.
Gastroenterology 2005;129:234–245.
57.Gripon P, Cannie I, Urban S. Efﬁcient inhibition of hepatitis B virus infection by acylated peptides derived from
the large viral surface protein. J Virol 2005;
79:1613–1622.
58.LeSeyec J, Chouteau P, Cannie I, et al. Infection process
of the hepatitis B virus depends on the presence of a
deﬁned sequence in the pre-S1 domain. J Virol 1999;
73:2052–2057.
59.Meier A, Mehrle S, Weiss TS, et al. The myristoylated
preS1-domain of the hepatitis B virus L-protein mediates
speciﬁc binding to differentiated hepatocytes. Hepatology 2013;58:31–42.
60.Persing DH, Varmus HE, Ganem D. The preS1 protein of
hepatitis B virus is acylated at its amino terminus with
myristic acid. J Virol 1987;61:1672–1677.
61.Lambert C, Prange R. Dual topology of the hepatitis B
virus large envelope protein: determinants inﬂuencing
post-translational pre-S translocation. J Biol Chem 2001;
276:22265–22272.
62.Komla-Soukha I, Sureau C. A tryptophan-rich motif in the
carboxyl terminus of the small envelope protein of hepatitis B virus is central to the assembly of hepatitis delta
virus particles. J Virol 2006;80:4648–4655.
63.Boyd A, Miailhes P, Brichler S, et al. Effect of tenofovir
with and without interferon on HDV replication in HIVHBV-HDV infected patients. AIDS Res Hum Retroviruses 2013;29:1535–1540.

Inhibited Entry of HBV and HDV in Hepatocytes

61

64.Kabacam G, Onder FO, Yakut M, et al. Entecavir treatment of chronic hepatitis D. Clin Infect Dis 2012;
55:645–650.
65.Bruss V, Hagelstein J, Gerhardt E, et al. Myristylation of
the large surface protein is required for hepatitis B virus
in vitro infectivity. Virology 1996;218:396–399.
66.Gripon P, LeSeyec J, Rumin S, et al. Myristylation of the
hepatitis B virus large surface protein is essential for viral
infectivity. Virology 1995;213:292–299.
67.Macrae DR, Bruss V, Ganem D. Myristylation of a duck
hepatitis B virus envelope protein is essential for infectivity but not for virus assembly. Virology 1991;181:
359–363.
68.De Falco S, Ruvo M, Verdoliva A, et al. N-terminal myristylation of HBV preS1 domain enhances receptor
recognition. J Pept Res 2001;57:390–400.
69.LeSeyec J, Chouteau P, Cannie I, et al. Role of the preS2 domain of the large envelope protein in hepatitis B
virus assembly and infectivity. J Virol 1998;72:
5573–5578.
70.Stoeckl L, Funk A, Kopitzki A, et al. Identiﬁcation of a
structural motif crucial for infectivity of hepatitis B viruses. Proc Natl Acad Sci U S A 2006;103:6730–6734.
71.Gudima S, Meier A, Dunbrack R, et al. Two potentially
important elements of the hepatitis B virus large envelope protein are dispensable for the infectivity of hepatitis
delta virus. J Virol 2007;81:4343–4347.
72.Blanchet M, Sureau C. Infectivity determinants of the
hepatitis B virus pre-S domain are conﬁned to the Nterminal 75 amino acid residues. J Virol 2007;
81:5841–5849.
73.Lepere C, Regeard M, Le SJ, et al. The translocation
motif of hepatitis B virus envelope proteins is dispensable for infectivity. J Virol 2007;81:7816–7818.
74.Ni Y, Sonnabend J, Seitz S, et al. The pre-s2 domain of
the hepatitis B virus is dispensable for infectivity but
serves a spacer function for L-protein-connected virus
assembly. J Virol 2010;84:3879–3888.
75.LeDuff Y, Blanchet M, Sureau C. The pre-S1 and antigenic loop infectivity determinants of the hepatitis B virus
envelope proteins are functionally independent. J Virol
2009;83:12443–12451.
76.Abou-Jaoude G, Sureau C. Role of the antigenic
loop of the hepatitis B virus envelope proteins in
infectivity of hepatitis delta virus. J Virol 2005;79:
10460–10466.
77.Abou-Jaoude G, Sureau C. Entry of hepatitis delta virus
requires the conserved cysteine residues of the hepatitis
B virus envelope protein antigenic loop and is blocked by
inhibitors of thiol-disulﬁde exchange. J Virol 2007;
81:13057–13066.
78.Grgacic EV, Schaller H. A metastable form of the large
envelope protein of duck hepatitis B virus: low-pH
release results in a transition to a hydrophobic, potentially
fusogenic
conformation.
J
Virol
2000;
74:5116–5122.
79.Bian T, Yan H, Shen L, et al. Change in hepatitis B virus
large surface antigen variant prevalence 13 years after
implementation of a universal vaccination program in
China. J Virol 2013;87:12196–12206.

REVIEWS AND
PERSPECTIVES

July 2014

62

Urban et al

REVIEWS AND
PERSPECTIVES

80.Lai MW, Lin TY, Tsao KC, et al. Increased seroprevalence
of HBV DNA with mutations in the s gene among individuals greater than 18 years old after complete
vaccination. Gastroenterology 2012;143:400–407.
81.Shouval D, Locarnini S. Increased prevalence of HBV
envelope mutants in Taiwan: an emerging public health
risk or a false alarm? Gastroenterology 2012;143:
290–293.
82.Lepere-Douard C, Trotard M, Le SJ, et al. The ﬁrst
transmembrane domain of the hepatitis B virus large
envelope protein is crucial for infectivity. J Virol 2009;
83:11819–11829.
83.Chojnacki J, Anderson DA, Grgacic EV. A hydrophobic
domain in the large envelope protein is essential for
fusion of duck hepatitis B virus at the late endosome.
J Virol 2005;79:14945–14955.
84.Bremer CM, Bung C, Kott N, et al. Hepatitis B virus
infection is dependent on cholesterol in the viral envelope. Cell Microbiol 2009;11:249–260.
85.Glebe D. Attachment sites and neutralising epitopes of
hepatitis B virus. Minerva Gastroenterol Dietol 2006;
52:3–21.
86.Ryu CJ, Gripon P, Park HR, et al. In vitro neutralization of
hepatitis B virus by monoclonal antibodies against the
viral surface antigen. J Med Virol 1997;52:226–233.
87.Schulze A, Schieck A, Ni Y, et al. Fine mapping of pre-S
sequence requirements for hepatitis B virus large envelope protein-mediated receptor interaction. J Virol 2010;
84:1989–2000.
88.Bartholomeusz A, Schaefer S. Hepatitis B virus genotypes: comparison of genotyping methods. Rev Med
Virol 2004;14:3–16.
89.Schaefer S. Hepatitis B virus taxonomy and hepatitis B
virus genotypes. World J Gastroenterol 2007;13:14–21.
90.Drexler JF, Geipel A, Konig A, et al. Bats carry
pathogenic hepadnaviruses antigenically related to
hepatitis B virus and capable of infecting human hepatocytes. Proc Natl Acad Sci U S A 2013;110:
16151–16156.
91.Samuel D, Muller R, Alexander G, et al. Liver transplantation in European patients with the hepatitis B surface antigen. N Engl J Med 1993;329:1842–1847.
92.Alvarado-Mora MV, Locarnini S, Rizzetto M, et al. An
update on HDV: virology, pathogenesis and treatment.
Antivir Ther 2013;18:541–548.
93.Fox AN, Terrault NA. The option of HBIG-free prophylaxis
against recurrent HBV. J Hepatol 2012;56:1189–1197.
94.Xu WM, Cui YT, Wang L, et al. Lamivudine in late pregnancy to prevent perinatal transmission of hepatitis B
virus infection: a multicentre, randomized, double-blind,
placebo-controlled study. J Viral Hepat 2009;16:94–103.
95.Han GR, Cao MK, Zhao W, et al. A prospective and
open-label study for the efﬁcacy and safety of telbivudine
in pregnancy for the prevention of perinatal transmission
of hepatitis B virus infection. J Hepatol 2011;
55:1215–1221.
96.Villet S, Pichoud C, Villeneuve JP, et al. Selection of a
multiple drug-resistant hepatitis B virus strain in a livertransplanted patient. Gastroenterology 2006;131:
1253–1261.

Gastroenterology Vol. 147, No. 1
97.Villet S, Billioud G, Pichoud C, et al. In vitro characterization of viral ﬁtness of therapy-resistant hepatitis B
variants. Gastroenterology 2009;136:168–176.
98.Teo CG, Locarnini SA. Potential threat of drug-resistant
and vaccine-escape HBV mutants to public health.
Antivir Ther 2010;15:445–449.
99.Eren R, Ilan E, Nussbaum O, et al. Preclinical evaluation
of two human anti-hepatitis B virus (HBV) monoclonal
antibodies in the HBV-trimera mouse model and in HBV
chronic carrier chimpanzees. Hepatology 2000;
32:588–596.
100.Galun E, Eren R, Safadi R, et al. Clinical evaluation (phase
I) of a combination of two human monoclonal antibodies
to HBV: safety and antiviral properties. Hepatology 2002;
35:673–679.
101.Schieck A, Schulze A, Gahler C, et al. Hepatitis B virus
hepatotropism is mediated by speciﬁc receptor recognition in the liver and not restricted to susceptible hosts.
Hepatology 2013;58:43–53.
102.Dupinay T, Gheit T, Roques P, et al. Discovery of
naturally occurring transmissible chronic hepatitis B virus
infection among Macaca fascicularis from Mauritius Island. Hepatology 2013;58:1610–1620.
103.Petcu DJ, Aldrich CE, Coates L, et al. Suramin inhibits
in vitro infection by duck hepatitis B virus, Rous sarcoma
virus, and hepatitis delta virus. Virology 1988;
167:385–392.
104.Krepstakies M, Lucifora J, Nagel CH, et al. A new class of
synthetic peptide inhibitors blocks attachment and entry
of human pathogenic viruses. J Infect Dis 2012;
205:1654–1664.
105.Glebe D, Urban S. Viral and cellular determinants
involved in hepadnaviral entry. World J Gastroenterol
2007;13:22–38.
106.Suchanek M, Radzikowska A, Thiele C. Photo-leucine
and photo-methionine allow identiﬁcation of proteinprotein interactions in living cells. Nat Methods 2005;
2:261–267.
107.Iwamoto M, Watashi K, Tsukuda S, et al. Evaluation and
identiﬁcation of hepatitis B virus entry inhibitors using
HepG2 cells overexpressing a membrane transporter
NTCP. Biochem Biophys Res Commun 2014;
443:808–813.
108.Yan H, Peng B, He W, et al. Molecular determinants
restricting mouse sodium taurocholate cotransporting
polypeptide for viral entry of Hepatitis B and D virus.
J Virol 2013;87:7977–7991.
109.Simon FR, Fortune J, Iwahashi M, et al. Characterization
of the mechanisms involved in the gender differences in
hepatic taurocholate uptake. Am J Physiol 1999;
276:G556–G565.
110.Cheng X, Buckley D, Klaassen CD. Regulation of hepatic
bile acid transporters Ntcp and Bsep expression. Biochem Pharmacol 2007;74:1665–1676.
111.Hagenbuch B, Meier PJ. Molecular cloning, chromosomal localization, and functional characterization of a
human liver Naþ/bile acid cotransporter. J Clin Invest
1994;93:1326–1331.
112.Dong Z, Ekins S, Polli JE. Structure activity relationship
for FDA approved drugs as inhibitors of the human

sodium taurocholate co-transporting polypeptide
(NTCP). Mol Pharm 2013;10:1008–1019.
113.Doring B, Lutteke T, Geyer J, et al. The SLC10 carrier
family: transport functions and molecular structure. Curr
Top Membr 2012;70:105–168.
114.Anwer MS, Stieger B. Sodium-dependent bile salt
transporters of the SLC10A transporter family: more than
solute transporters. Pﬂugers Arch 2013;466:77–89.
115.Greupink R, Dillen L, Monshouwer M, et al. Interaction of
ﬂuvastatin with the liver-speciﬁc Naþ -dependent taurocholate cotransporting polypeptide (NTCP). Eur J
Pharm Sci 2011;44:487–496.
116.Yanni SB, Augustijns PF, Benjamin DK Jr, et al. In vitro
investigation of the hepatobiliary disposition mechanisms of the antifungal agent micafungin in humans and
rats. Drug Metab Dispos 2010;38:1848–1856.
117.Kim RB, Leake B, Cvetkovic M, et al. Modulation by
drugs of human hepatic sodium-dependent bile acid
transporter (sodium taurocholate cotransporting polypeptide) activity. J Pharmacol Exp Ther 1999;
291:1204–1209.
118.Lucifora J, Esser K, Protzer U. Ezetimibe blocks hepatitis B virus infection after virus uptake into hepatocytes.
Antiviral Res 2013;97:195–197.
119.Nkongolo S, Ni Y, Lempp FA, et al. Cyclosporin A inhibits hepatitis B and hepatitis D virus entry by
cyclophilin-independent interference with the NTCP receptor. J Hepatol 2014;60:723–731.
120.Watashi K, Sluder A, Daito T, et al. Cyclosporin A and its
analogs inhibit hepatitis B virus entry into cultured hepatocytes through targeting a membrane transporter
NTCP. Hepatology 2014;59:1726–1737.
121.Zahner D, Eckhardt U, Petzinger E. Transport of taurocholate by mutants of negatively charged amino acids,
cysteines, and threonines of the rat liver sodiumdependent taurocholate cotransporting polypeptide
Ntcp. Eur J Biochem 2003;270:1117–1127.
122.Weinman SA. Electrogenicity of Na(þ)-coupled bile acid
transporters. Yale J Biol Med 1997;70:331–340.
123.Yan H, Peng B, Liu Y, et al. Viral entry of hepatitis B and
D viruses and bile salts transportation share common
molecular determinants on sodium taurocholate
cotransporting polypeptide. J Virol 2014;88:3273–3284.
124.Elferink MG, Olinga P, Draaisma AL, et al. LPS-induced
down-regulation of MRP2 and BSEP in human liver is
due to a posttranscriptional process. Am J Physiol
Gastrointest Liver Physiol 2004;287:G1008–G1016.
125.Le Vee M, Gripon P, Stieger B, et al. Down-regulation of
organic anion transporter expression in human hepatocytes exposed to the proinﬂammatory cytokine
interleukin 1beta. Drug Metab Dispos 2008;36:
217–222.
126.Le VM, Lecureur V, Moreau A, et al. Differential regulation
of drug transporter expression by hepatocyte growth
factor in primary human hepatocytes. Drug Metab Dispos 2009;37:2228–2235.
127.Jung D, Hagenbuch B, Fried M, et al. Role of liverenriched transcription factors and nuclear receptors in
regulating the human, mouse, and rat NTCP gene. Am J
Physiol Gastrointest Liver Physiol 2004;286:G752–G761.

Inhibited Entry of HBV and HDV in Hepatocytes

63

128.Eloranta JJ, Jung D, Kullak-Ublick GA. The human Naþtaurocholate cotransporting polypeptide gene is activated by glucocorticoid receptor and peroxisome
proliferator-activated
receptor-gamma
coactivator1alpha, and suppressed by bile acids via a small heterodimer partner-dependent mechanism. Mol Endocrinol
2006;20:65–79.
129.Reese VC, Moore DD, McLachlan A. Limited effects of
bile acids and small heterodimer partner on hepatitis b
virus biosynthesis in vivo. J Virol 2012;86:2760–2768.
130.Chen HL, Chen HL, Liu YJ, et al. Developmental
expression of canalicular transporter genes in human
liver. J Hepatol 2005;43:472–477.
131.Kojima H, Nies AT, König J, et al. Changes in the
expression and localization of hepatocellular transporters
and radixin in primary biliary cirrhosis. J Hepatol 2003;
39:693–702.
132.Keitel V, Burdelski M, Warskulat U, et al. Expression and
localization of hepatobiliary transport proteins in progressive familial intrahepatic cholestasis. Hepatology
2005;41:1160–1172.
133.Shneider BL, Fox VL, Schwarz KB, et al. Hepatic basolateral sodium-dependent-bile acid transporter expression in two unusual cases of hypercholanemia and in
extrahepatic
biliary
atresia.
Hepatology
1997;
25:1176–1183.
134.Zollner G, Fickert P, Zenz R, et al. Hepatobiliary transporter expression in percutaneous liver biopsies of patients with cholestatic liver diseases. Hepatology 2001;
33:633–646.
135.Bechmann LP, Kocabayoglu P, Sowa JP, et al. Free fatty
acids repress small heterodimer partner (SHP) activation
and adiponectin counteracts bile acid-induced liver injury
in superobese patients with nonalcoholic steatohepatitis.
Hepatology 2013;57:1394–1406.
136.Zollner G, Wagner M, Fickert P, et al. Hepatobiliary
transporter expression in human hepatocellular carcinoma. Liver Int 2005;25:367–379.
137.Muller T, Mehrle S, Schieck A, et al. Liver imaging with a
novel hepatitis B surface protein derived SPECT-tracer.
Mol Pharm 2013;10:2230–2236.
138.Dranoff JA, McClure M, Burgstahler AD, et al. Short-term
regulation of bile acid uptake by microﬁlamentdependent translocation of rat ntcp to the plasma
membrane. Hepatology 1999;30:223–229.
139.Sun AQ, Swaby I, Xu S, et al. Cell-speciﬁc basolateral
membrane sorting of the human liver Na(þ)-dependent
bile acid cotransporter. Am J Physiol Gastrointest Liver
Physiol 2001;280:G1305–G1313.
140.Anwer MS, Gillin H, Mukhopadhyay S, et al. Dephosphorylation of S226 facilitates plasma membrane retention of Ntcp. J Biol Chem 2005;280:33687–33692.
141.Webster CR, Anwer MS. Role of the PI3K/PKB signaling
pathway in cAMP-mediated translocation of rat liver
Ntcp. Am J Physiol 1999;277:G1165–G1172.
142.McConkey M, Gillin H, Webster CR, et al. Cross-talk
between protein kinases Czeta and B in cyclic AMPmediated sodium taurocholate co-transporting polypeptide translocation in hepatocytes. J Biol Chem 2004;
279:20882–20888.

REVIEWS AND
PERSPECTIVES

July 2014

64

Urban et al

REVIEWS AND
PERSPECTIVES

143.Sarkar S, Bananis E, Nath S, et al. PKCzeta is required
for microtubule-based motility of vesicles containing the
ntcp transporter. Trafﬁc 2006;7:1078–1091.
144.Stross C, Kluge S, Weissenberger K, et al. A dileucine
motif is involved in plasma membrane expression and
endocytosis of rat sodium taurocholate cotransporting
polypeptide (Ntcp). Am J Physiol Gastrointest Liver
Physiol 2013;305:G722–G730.
145.Stross C, Helmer A, Weissenberger K, et al. Protein
kinase C induces endocytosis of the sodium taurocholate cotransporting polypeptide. Am J Physiol
Gastrointest Liver Physiol 2010;299:G320–G328.
146.Mühlfeld S, Domanova O, Berlage T, et al. Short-term
feedback regulation of bile salt uptake by bile salts in rat
liver. Hepatology 2012;56:2387–2397.
147.Ho RH, Leake BF, Roberts RL, et al. Ethnicity-dependent
polymorphism in Naþ-taurocholate cotransporting
polypeptide (SLC10A1) reveals a domain critical for bile
acid substrate recognition. J Biol Chem 2004;
279:7213–7222.
148.Pan W, Song IS, Shin HJ, et al. Genetic polymorphisms
in Naþ-taurocholate co-transporting polypeptide (NTCP)
and ileal apical sodium-dependent bile acid transporter
(ASBT) and ethnic comparisons of functional variants of
NTCP among Asian populations. Xenobiotica 2011;
41:501–510.
149.Bijsmans IT, Bouwmeester RA, Geyer J, et al. Homo- and
hetero-dimeric architecture of the human liver Na(þ)dependent taurocholate co-transporting protein. Biochem J 2012;441:1007–1015.
150.Zhou X, Levin EJ, Pan Y, et al. Structural basis of the
alternating-access mechanism in a bile acid transporter.
Nature 2014;505:569–573.
151.Rizzetto M. Hepatitis delta: the virus and the disease.
J Hepatol 1990;11(suppl 1):S145–S148.
152.Le GF, Pichoud C, Guerret S, et al. Characterization of
the antiviral effect of 20 ,30 -dideoxy-20 , 30 -didehydrobeta-L-5-ﬂuorocytidine in the duck hepatitis B virus

Gastroenterology Vol. 147, No. 1
infection model. Antimicrob Agents Chemother 2000;
44:111–122.
153.Hadziyannis SJ, Sevastianos V, Rapti I, et al. Sustained
responses and loss of HBsAg in HBeAg-negative patients with chronic hepatitis B who stop long-term
treatment with adefovir. Gastroenterology 2012;
143:629–636.
154.Brass AL, Dykxhoorn DM, Benita Y, et al. Identiﬁcation
of host proteins required for HIV infection through a
functional genomic screen. Science 2008;319:
921–926.
155.Li Q, Brass AL, Ng A, et al. A genome-wide genetic
screen for host factors required for hepatitis C virus
propagation. Proc Natl Acad Sci U S A 2009;
106:16410–16415.
156.Schoggins JW, Wilson SJ, Panis M, et al. A diverse range
of gene products are effectors of the type I interferon
antiviral response. Nature 2011;472:481–485.
157.Bartenschlager R, Lohmann V, Penin F. The molecular
and structural basis of advanced antiviral therapy for
hepatitis C virus infection. Nat Rev Microbiol 2013;
11:482–496.
158.Haqqani AA, Tilton JC. Entry inhibitors and their use in
the treatment of HIV-1 infection. Antiviral Res 2013;
98:158–170.

Author names in bold designate shared co-ﬁrst authorship.
Received November 22, 2013. Accepted April 21, 2014.
Reprint requests
Address requests for reprints to: Prof Dr Stephan Urban, Department of Infectious
Diseases, Molecular Virology, University Hospital Heidelberg, Im Neuenheimer
Feld 345, 69120 Heidelberg, Germany. e-mail: stephan.urban@med.uniheidelberg.de; fax: (49) 6221-561946.
Conﬂicts of interest
Stephan Urban is co-applicant and co-inventor on patents protecting
HBVpreSderived lipopetides (Myrcludex B) for the use of HBV/HDV entry
inhibitors. The remaining authors disclose no conﬂicts.

