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Current treatment of chronic hepatitis B virus (HBV) infection mainly targets viral replication in hepato-
cytes and leads to curing only in exceptional cases. Despite their potential to improve therapeutic suc-
cess, no drugs interfering with early infection steps of the hepatotropic pathogen HBV are available to
date. Recently, entry of the hepatitis C virus (HCV) has been shown to occur along hepatic cholesterol
uptake pathways and ezetimibe, a drug which blocks this lipid transport, has been shown to inhibit
HCV infection. We here investigated the effect of ezetimibe on HBV infection using differentiated HepaRG
cells as a cell-culture infection model. Treatment with ezetimibe inhibited establishment of intrahepatic
cccDNA and expression of viral replication markers when cells were infected with HBV virions, while we
observed no effect when the HBV viral genome was transduced via an adenoviral vector. Our data suggest
that modulating hepatic cholesterol uptake by ezetimibe inhibits early HBV infection and that ezetimibe
sensitive lipid transport pathways represent new targets for antiviral therapy in HBV infection.

� 2012 Published by Elsevier B.V.
Despite the existence of a prophylactic vaccine, hepatitis B virus
(HBV) remains a major health issue with more than 350 million
people chronically infected having higher risks to develop severe
liver diseases such as cirrhosis and hepatocellular carcinoma (Lai
et al., 2012). Two antiviral strategies against chronic HBV infection
are currently approved. Pegylated IFN-a is used as an antiviral as
well as to enhance the host’s immune defense system. However,
it has a poor side-effect profile and only 30–40% of PEG-IFN-a-trea-
ted patients achieve a sustained antiviral response (Zoulim, 2011).
Alternatively, administration of nucleos(t)ide analogs (NUC),
which specifically inhibit viral polymerase activity significantly
improve the clinical outcomes of the disease. But, NUCs do neither
prevent establishment of the so-called circular covalently closed
DNA (cccDNA), nor its activity as a transcription template. Since
cccDNA, which forms a mini-chromosome, has a long half-life,
long-term treatments with NUC are necessary to control HBV,
but also lead to the selection of HBV drug-resistant strains (Zoulim,
2011). New therapeutic approaches are needed to prevent estab-
lishment of HBV, decrease viral drug resistance and improve treat-
ment against HBV. In particular molecules affecting virus entry
into hepatocytes are very promising new antiviral strategies be-
cause they prevent the initial establishment of HBV cccDNA and
can also be used to treat hepatitis delta virus (Lutgehetmann
et al., 2012) for which no specific treatment is available yet.
Ezetimibe, a FDA-approved selective inhibitor of intestinal cho-
lesterol absorption, is mostly used in combination with statins
across various patient populations. Beside its well-documented ef-
fect in treating hypercholesterolemia (Lioudaki et al., 2011), eze-
timibe was recently proposed to also have antiviral activity since
it was shown to block entry of HCV into hepatocytes, an effect
caused by inhibition of hepatic cholesterol uptake (Sainz et al.,
2012). Since the liver plays an important role in cholesterol
homeostasis and hepatocytes are cells specialized for cholesterol
uptake (Ikonen, 2008), it seems likely that hepatotropic pathogens
highjack this pathway to enter their host cell. As HBV and HCV tar-
get the same host cell and compounds inhibiting entry of both
viruses have already been described (Krepstakies et al., 2012), we
tested the effect of ezetimibe on HBV infection. Differentiated He-
paRG cells that support a full HBV replication cycle in vitro (Gripon
et al., 2002) were cultured and infected as previously described
(Lucifora et al., 2011) and used for this purpose.

We first tested the effect of ezetimibe on HBV uptake into hepa-
tocytes. Differentiated HepaRG cells were treated with ezetimibe
2 h before and during infection with HBV at 37 �C. Twenty hours
later, when the HBV inoculum was removed, cells were extensively
washed and the amount of intracellular HBV DNA, reflecting the
virus that has been taken up, was assessed by qPCR (Protzer
et al., 2007; Untergasser et al., 2006). This time point was chosen
to ensure sufficient time for particle uptake, but before cccDNA
establishment is expected (Hantz et al., 2009). Compared to cells
incubated with heparin (data not shown) or at 4 �C, we observed
only a slight decrease of HBV uptake compared to controls when
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cells were treated with ezetimibe (Fig. 1A), suggesting a minor ef-
fect on binding and uptake of viral particles. To investigate the ef-
fect of ezetimibe on subsequent steps of the HBV life cycle,
differentiated HepaRG cells were treated again with ezetimibe
2 h before and during infection with HBV, but the amount of
cccDNA and viral antigen expression were analyzed at a late time
point (10 days post-infection). cccDNA as well as hepatitis B sur-
face (HBsAg) and e (HBeAg) antigens were strongly (up to 90%) re-
duced upon treatment with ezetimibe (Fig. 1B, left panel).

As in HepaRG cells, cccDNA is mostly formed after HBV infec-
tion from the incoming virus and not from the recycling toward
the nucleus of newly formed nucleocapsids (Hantz et al., 2009),
our data suggested that ezetimibe targeted a post-entry step(s)
in the HBV life cycle. The inhibitory effect of ezetimibe was shown
to be dose dependent (Fig. 1B, right panel) with an effective con-
centration (EC50) calculated at 18 lM. The effect was still present
even if ezetimibe was preincubated with cells 24 h and removed
before the infection (Fig. 1B, right panel). Taken together, our data
indicate that ezetimibe is not directly targeting the HBV particle
Fig. 1. Ezetimibe blocks HBV infection after virus uptake into HepaRG cells. Differentiate
ezetimibe (100 lM unless otherwise indicated) was started 2 h before the infection and
before infection) cells were treated 24 h with ezetimibe (100 lM) and washed before
extracted and HBV DNA was detected by qPCR performed using the LightCycler™ syste
normalization to the reference gene (PrnP) and correction for primer efficiency (Roche
infection was also performed at 4 �C. (B) 10 days post-infection, cells were lyzed, tot
Supernatants were collected 10 days post-infection and analyzed for their content in HB
Abbott Laboratories, Wiesbaden, Germany, respectively). (D) Differentiated HepaRG cells
further cultured. After 10 days, toxicity was assessed by XTT test using the ‘‘cell prolif
expressed in% of untreated cells (mock). Data for each group have been analyzed and co
means p < 0.001.
uptake but rather interferes with a cellular factor important either
for viral intracellular transport after initial entry or for a viral–host
cell membrane fusion event following endocytosis. To confirm this
assumption, we used a recombinant adenovirus transferring and
expressing the HBV genome (AdHBV) (Sprinzl et al., 2001; Unterg-
asser et al., 2006) and we did observe neither a decrease of HBV
gene expression nor of HBV cccDNA establishing in the AdHBV
model within the transduced cell (Fig. 1C). Since transduction of
cells with AdHBV only allows the late steps of HBV replication
including transcription, replication and secretion of newly formed
HBV, we concluded that ezetimibe was not affecting any of these
steps but rather earlier post-entry step(s). Finally, no toxicity was
observed with ezetimibe neither in infected (data not shown) nor
in non-infected cells (Fig. 1D).

In the case of HCV, disruption of NPC1L1 (Niemann-Pick C1 Like
1) function by ezetimibe blocked viral uptake and subsequent
hepatocyte infection (Sainz et al., 2012). Interestingly, knock down
of neither NPC1L1, nor of Annexin A2 or Caveolin-1 also known to
be targeted by ezetimibe (Garcia-Calvo et al., 2005; Smart et al.,
d HepaRG cells were infected by (A and B) HBV or (C) AdHBV. (A–C) Treatment with
kept during the incubation period of the virus with the cells. In (B), (right panel,
infection. (A) 20 h post-infection, cells were extensively washed, total DNA was

m and analyzed using the second derivative maximum method that includes both
Diagnostics, Mannheim, Germany). As a positive control for inhibition of uptake,

al DNA extracted and HBV cccDNA amounts were analyzed by qPCR. (B and C)
eAg and HBsAg by commercial ELISA (Siemens Molecular Diagnostics, Marburg and
were treated with the indicated concentrations of ezetimibe during 24 h, wash and

eration kit II’’ (Roche Diagnostics GmbH, Mannheim, Germany). (A–D) Results are
mpared to the mock group using t-test. ⁄ Means p < 0.05, ⁄⁄ means p < 0.01 and ⁄⁄⁄
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2004) had an effect on HBV infection (data not shown) suggesting
an alternative antiviral pathway. Since all known targets of ezetim-
ibe share cholesterol-binding properties, we assume that the tar-
geted molecule also binds cholesterol. A direct interaction of
ezetimibe with the relatively high amount of cholesterol in the vir-
al envelope (Gavilanes et al., 1982) is unlikely since pretreatment
of cells and treatment during infection showed comparable inhibi-
tion (Fig. 1B). It is however well possible that the ezetimibe target
directly interacts with the viral envelope since HBV infection is
dependent on cholesterol in the viral envelope (Bremer et al.,
2009).

Taken together, we discovered a potential new therapeutic
agent targeting HBV infection at a post-entry step, i.e. a step after
the initial virion uptake into the host cell but before the establish-
ment of cccDNA as a nuclear persistence from. Our data indicate
that ezetimibe rather targets a host factor than the virus itself. This
is particularly interesting in the context of therapy-resistant HBV
infection, because targeting host cellular factors likely yields more
broad spectrum antivirals with minimal or no risk of resistance
development. The danger of higher toxicity of such compounds
has not been verified for ezetimibe, which it is already in clinical
use with minimal if any adverse effects. Of note, ezetimibe might
be more potent to inhibit HCV than HBV since we calculated its
EC50 in vitro to be 3–6 times higher than that estimated for HCV
(Sainz et al., 2012). In vivo experiments are needed to determine
if ezetimibe will be efficient against HBV at 10–20 mg per day,
the dose usually recommended. Finally, as ezetimibe modulates
cellular lipid transport, our data also suggest that HBV – as HCV
– might hijack lipid transport pathways for establishing itself in
the hepatocyte but in an NPC1L1-independent way. This hypothe-
sis is currently under investigation and might lead to a better
understanding of early steps of the HBV life cycle.
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