JOURNAL OF VIROLOGY, Jan. 2010, p. 243-253
0022-538X/10/$12.00 doi:10.1128/JVI1.01207-09

Vol. 84, No. 1

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Hepatitis B Virus Requires Intact Caveolin-1 Function for
Productive Infection in HepaRG Cells"

Alina Macovei,' Cristina Radulescu,' Catalin Lazar,' Stefana Petrescu,' David Durantel,”
Raymond A. Dwek,” Nicole Zitzmann,”> and Norica Branza Nichita'*

Institute of Biochemistry, Splaiul Independentei, 296, Sector 6, Bucharest 77700, Romania'; Université de Lyon, IFR62 Lyon Est,

Hospices Civils de Lyon, and INSERM, U871, 151 Cours Albert Thomas, 69003 Lyon, France?; and Oxford Glycobiology Institute,

Department of Biochemistry, University of Oxford, Oxford OX1 3QU, United Kingdom®

Received 12 June 2009/Accepted 13 October 2009

Investigation of the entry pathways of hepatitis B virus (HBV), a member of the family Hepadnaviridae, has
been hampered by the lack of versatile in vitro infectivity models. Most concepts of hepadnaviral infection come
from the more robust duck HBV system; however, whether the two viruses use the same mechanisms to invade
target cells is still a matter of controversy. In this study, we investigate the role of an important plasma
membrane component, caveolin-1 (Cav-1), in HBV infection. Caveolins are the main structural components of
caveolae, plasma membrane microdomains enriched in cholesterol and sphingolipids, which are involved in the
endocytosis of numerous ligands and complex signaling pathways within the cell. We used the HepaRG cell line
permissive for HBV infection to stably express dominant-negative Cav-1 and dynamin-2, a GTPase involved in
vesicle formation at the plasma membrane and other organelles. The endocytic properties of the newly
established cell lines, designated HepaRG<**-!, HepaRG*"-141-81 HepaRGP¥"2, and HepaRGPY"-2K44A yere
validated using specific markers for different entry routes. The cells maintained their properties during cell
culture, supported differentiation, and were permissive for HBV infection. The levels of both HBV transcripts
and antigens were significantly decreased in cells expressing the mutant proteins, while viral replication was
not directly affected. Chemical inhibitors that specifically inhibit clathrin-mediated endocytosis had no effect
on HBV infection. We concluded that HBV requires a Cav-1-mediated entry pathway to initiate productive

infection in HepaRG cells.

Hepatitis B virus (HBV) is a small enveloped DNA virus and
a member of the family Hepadnaviridae. The viral envelope
surrounding the partially double-stranded DNA genome con-
sists of multiple copies of the viral surface transmembrane
proteins inserted into a lipid bilayer derived from the host cells
(24).

The first steps of the virus life cycle involve receptor recog-
nition and attachment to the cell surface, followed by internal-
ization of the virion or its components in the cytoplasm
through either the plasma membrane or the membrane of an
endocytic vesicle. Therefore, for many viruses, the lipid com-
positions of both viral and cellular target membranes are im-
portant factors in the infection process (4, 26, 34).

For HBVs, there is evidence suggesting that receptor-medi-
ated endocytosis is the mechanism of entry into the target cells;
however, the molecular details of this process are largely un-
known (14). Recent studies have brought insights into the role
of cholesterol in hepadnaviral infection. Using chemical com-
pounds that either extract or interfere with the biosynthesis of
this lipid, it was shown that cholesterol depletion from host
membranes does not affect the internalization of duck HBV
(DHBYV), the avian member of the hepadnaviruses. In con-
trast, cholesterol extraction from the envelopes of both DHBV
and human HBV strongly reduces virus infectivity, possibly
interfering with its release from endosomes (6, 13).
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A variety of potential cellular binding partners involved in
viral entry have also been reported in the last years for HBV
and DHBYV (14). Of the initial candidates, only carboxypepti-
dase D could be confirmed to be essential for DHBYV infection,
but intriguingly, not for HBV. This and other discrepancies
observed between the two viral models, such as the different
responses to bafilomycin Al (Baf), an inhibitor of vacuolar
proton ATPases often used to dissect intracellular trafficking,
raise the important question as to whether HBV and DHBV
use the same entry pathway to infect hepatocytes (7).

In this study, we addressed the role of another important
plasma membrane component, caveolin-1 (Cav-1), in HBV
entry. Caveolins are the major components of caveolae, highly
structured membrane microdomains enriched in cholesterol
and sphingolipids, with a flask-shaped morphology (22). Mul-
tiple binding partners have been reported for Cav-1, leading to
the assumption that the protein acts as a scaffolding molecule,
determining the cargo for caveola-dependent endocytosis. In
addition to endocytosis, caveolins are involved in numerous
other cellular processes, including transcytosis of macromole-
cules, cholesterol homeostasis, and signal transduction; how-
ever, their specific functions strictly depend on the host cells
(10, 32).

To investigate the implication of caveolae in HBV internal-
ization, we used the HepaRG cell line, which is permissive for
HBYV infection, to stably express mutant variants with domi-
nant-negative functions of Cav-1 and dynamin-2 (Dyn-2) as
controls. Dyn-2 is a mechanochemical GTPase involved in
vesicle formation at the plasma membrane, the trans-Golgi
network, and various other intracellular organelles (30). The



244 MACOVEI ET AL.

GTPase activity is crucial in the final stage of vesicle scission in
both caveola- and clathrin-mediated entry pathways and ex-
pression of mutant variants that have no enzymatic function,
resulting in impaired cell endocytosis (16).

The newly established cell lines, designated HepaRG“*",
HepaRGS*14181 " HepaRG™"2, and HepaRGPY"-2K44A,
were successfully maintained in cell culture and differentiated
to allow infection with HBV. Since this process requires a long
time in tissue culture, the endocytic properties of the cells were
periodically confirmed using specific markers. The levels of
HBV transcripts and antigens were significantly reduced in
cells expressing the mutant proteins, while chemical inhibitors
that specifically inhibit clathrin-mediated endocytosis had no
effect on HBV infection. In addition, overexpression of the
Cav-1 and Dyn-2 dominant-negative proteins in HepG2.2.2.15
cells, stably transfected with the whole HBV genome, had no
effect on HBV replication. We therefore concluded that Cav-1
function is essential for HBV to initiate productive infection in
HepaRG cells.

MATERIALS AND METHODS

DNA plasmids and cloning. Plasmids pEGFP-N1Dyn-2 and pEGFP-N1Dyn-
2K44A, expressing the wild-type Dyn-2 and a GTPase-defective mutant of Dyn-2
with lysine 44 changed to alanine, respectively, were a kind gift from Mark
McNieven, Mayo Clinic. Both dynamins are expressed as fusion proteins with
enhanced green fluorescent protein (EGFP), as described previously (9). The
bicistronic plasmids pCINeo/IRES-GFP/Cav-1 and pCINeo/IRES-GFP/Cav-
1A1-81, expressing the wild-type Cav-1 and a truncated form of Cav-1 with
dominant-negative function, were kind gifts from Jan Eggermont, Catholic Uni-
versity of Leuven, Leuven, Belgium. Both plasmids also express GFP, as de-
scribed previously (36).

Plasmids pEGFP-N1 Dyn-2 and pEGFP-N1 Dyn-2 K44A were cut with
HindIII and Notl (Promega), and the DNA fragments were inserted into the
pLNCX2 retroviral vector (Clontech), resulting in the plasmids pLNCX2-EGFP-
Dyn-2 and pLNCX2-EGFP-Dyn-2K44A.

Plasmids pCINeo/IRES-GFP/Cav-1 and pCINeo/IRES-GFP/Cav-1A1-81 were
used as PCR templates to amplify the sequences coding for internal ribosome
entry site (IRES)-GFP/Cav-1 and IRES-GFP/Cav-1A1-81, using primers con-
taining NotI and BgIII sites. The amplified DNA fragments were inserted into
pLNCX2, resulting in the plasmids pLNCX2/IRES-GFP/Cav-1 and pLNCX2/
IRES-GFP/Cav-1A1-81.

Generation of HepaRG cell lines stably expressing the wild type and the
dominant-negative mutants of Dyn-2 and Cav-1. Plasmids pLNCX2-EGFP-
Dyn-2, pLNCX2-EGFP-Dyn-2K44A, pLNCX2-Cav-1-IRES-GFP, and pLNCX2-
Cav-1A1-81-IRES-GFP were independently used to transfect the RetroPack
PT67 cell line using the Retroviral Gene Transfer and Expression System pro-
tocols (Clontech). Retrovirus-containing medium from PT67 cell lines stably
expressing the wild-type and dominant-negative variants of Dyn-2 and Cav-1
were further used to infect the HepaRG cells. Briefly, the cells were seeded at 60
to 80% confluence in 25-cm? flasks and grown in Dulbecco’s modified Eagle’s
medium (Gibco) supplemented with 10% fetal bovine serum, 100 units/ml pen-
icillin, 100 pg/ml streptomycin, and 4 mM Glutamax (Invitrogen). The cell
medium was harvested 24 h later, cleared by centrifugation at 500 X g for 10 min,
and passed through a 0.45-pum cellulose acetate filter. HepaRG cells were seeded
in six-well plates and grown in William’s E medium (Gibco) supplemented with
10% fetal bovine serum, 50 units/ml penicillin, 50 wg/ml streptomycin, 2 mM
Glutamax, 5 pg/ml insulin, and 5 X 10° M hydrocortisone hemisuccinate, as
described previously (15). The next day, the cells were infected with 3 ml of
virus-containing medium in the presence of 8 pg/ml Polybrene. The medium
was changed 24 h later, and infection was repeated three times at 48-h
intervals. HepaRG colonies stably expressing wild-type and mutant Dyn-2
(HepaRG™™2 and HepaRGP¥"-2K44Ay or wild-type and mutant Cav-1
(HepaRG“™"! and HepaRG“™-141-81) were selected under G418 treatment (600
pg/ml). The colonies were further expanded, and recombinant-protein expres-
sion was confirmed by monitoring EGFP or GFP expression under the UV light
microscope. Following stabilization, the new cell lines were maintained in Wil-
liam’s medium containing 200 wg/ml G418.
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SDS-PAGE and Western blotting. All cell lines used in the study were lysed in
a buffer containing 2% SDS, 5 mM dithiothreitol, 50 mM Tris-Cl (pH 7.5), 150
mM NaCl, 2 mM EDTA, and a mixture of protease inhibitors (Sigma) by boiling
them for 15 min to extract both soluble and raft-associated membrane proteins.
The cell lysates were clarified by centrifugation at 10,000 X g for 15 min. The
proteins in the supernatant were quantified using the bicinchoninic acid method
(Pierce), and equal amounts were loaded on sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) gels. The proteins were transferred to
nitrocellulose membranes using a semidry blotter (Millipore). The blots were
incubated with either goat anti-Dyn-2 (Santa Cruz Biotechnology; dilution,
1/1,000) or rabbit anti-Cav-1 (Cell Signaling Technology; dilution, 1/1,000) an-
tibodies (Ab), followed by donkey anti-goat (Santa Cruz Biotechnology; dilution,
1/2,000) or goat anti-rabbit-horseradish peroxidase (Pierce; dilution, 1/1,000)
Ab. When actin or calnexin expression was used as a loading control, the blots
were incubated with either mouse monoclonal Ab against B-actin (Abcam; di-
lution, 1/500) or rabbit anti-calnexin Ab (Santa Cruz Biotechnology; dilution,
1/4,000), followed by goat anti-mouse/rabbit-horseradish peroxidase Ab (Amer-
sham; dilution, 1/1,000). The proteins were detected using an ECL detection
system (Amersham) according to the manufacturer’s instructions.

Fluorescence microscopy. HepaRG, HepaRGP¥"2, HepaRGPY™-2K44A
HepaRG“*¥"!, and HepaRG“*-!41-81¢ells were split every 3 days and maintained
in culture for 6 weeks, the average time required to perform the HBV infectivity
tests. For internalization experiments, cells were plated in four-well chamber
slides (Nunc) at 25 to 30% confluence. The cells were washed the next day with
ice-cold phosphate-buffered saline (PBS), followed by incubation with either
human transferrin (hTfn)-Alexa Fluor 594 or cholera toxin subunit B (CTB)-
Alexa Fluor 594 (at concentrations indicated in the figure legends) for 30 min at
4°C. When the effects of cholesterol-depleting agents on CTB internalization
were tested, 10 mM methyl-B-cyclodextrin (MBCD) was added 30 min before
CTB treatment and maintained throughout the experiment. The medium con-
taining the fluorescent markers was removed, and the cells were washed three
times with PBS, followed by 2 h of incubation at 37°C. The cells were then fixed
with 4% paraformaldehyde, washed three times with PBS, and mounted with
Vectashield mounting medium (Vector Laboratories) containing DAPI (4',6'-
diamidino-2-phenylindole) to visualize the nuclei. The cells were analyzed under
a Nikon Eclipse E600 microscope, using a 40X objective.

Spectrofluorimetry. Internalization of CTB and hTfn in HepaRG™"2
HepaRGPY"2K4A 'HepaRG™!, and HepaRGE™ 14181 cell lines was also an-
alyzed in a quantitative manner in differentiated states. Cells were seeded in
collagen 12-well plates and differentiated as described previously, with minor
modifications (15). Briefly, the cells were maintained for 2 weeks in William’s
complete medium supplemented with 200 wg/ml G418, followed by 2 weeks in
the same medium containing 1.8% dimethyl sulfoxide (DMSO). CTB and hTfn
internalization assays were performed as described above, except that the cell
monolayers were first disrupted and the cells were replated at 70 to 80% con-
fluence before incubation with either of the two ligands. This step was required
to increase the cell uptake of the ligands, a process that occurs with very low
efficiency in confluent cells. In control experiments, cells were pretreated with
either 10 mM MBCD or 10 mg/ml chlorpromazine (Cpz), and the inhibitors were
maintained during ligand internalization for 30 min. After being washed with
PBS, the cells were lysed in CHAPS-HSE buffer (2% CHAPS {3-[(3-chlorami-
dopropyl)-dimethylammonio]-1-propanesulfonate} in 50 mM HEPES [pH 7.5]-
200 mM NaCl-2 mM EDTA). The amounts of fluorescent markers released into
the cell lysates were quantified by spectrofluorimetry (Jasco FP-6500; 590-nm
excitation/617-nm emission wavelengths) and normalized to the total cell protein
levels. Lysates of cells not incubated with the two fluorescent markers were used
as blanks.

HBV preparation from cell supernatants. HepG2.2.2.15 cells stably trans-
fected with two copies of the HBV genome were grown in RPMI 1640 medium
(Euroclone) containing 10% fetal bovine serum, 50 units/ml penicillin, 50 pwg/ml
streptomycin, 2 mM Glutamax, and 200 pg/ml of G418 (Gibco). The cell super-
natants were collected every 3 days and clarified from cell debris by a brief
centrifugation at 2,000 X g. Virus particles were pelleted by ultracentrifugation
through a 20% sucrose cushion in a SW41 Ti Beckman rotor at 36,000 rpm for
4 h. The pellet was resuspended in PBS, and the virus concentration was deter-
mined by real-time PCR, using serial dilutions of known amounts of a pTriEx-
HBV1.1 vector as a standard curve.

Infection of HepaRG cell lines and inhibitor treatment. The HepaRG,
HepaRGPY"2, HepaRGPY"2K4A - HepaRG™"!, and HepaRGE™- 12181 cell
lines were seeded in collagen six-well plates at 80% confluence and differentiated
as described previously (15, 16). The differentiated cells were infected with 50 pl
of concentrated HBV containing 1 X 10% genome equivalents. When the effects
of chemical inhibitors on HBV endocytosis were investigated, cells were incu-
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bated with medium containing 25 wg/ml nystatin (Ny), 10 mM MBCD, 50 mM
NH,CI, 200 nM Baf, 10 mg/ml Cpz, or 50 pg/ml genistein (Gen) for 2 h prior to
HBYV infection. The drugs were either removed when the viral inoculum was
added to the cells (Ny and MBCD) or maintained throughout infection (NH,CI,
Baf, Cpz, and Gen). Sixteen hours postinfection (p.i.), the cells were extensively
washed with PBS and further incubated with medium supplemented with 1.8%
DMSO for the times indicated in the figure legends. Infected cells were har-
vested, and HBV-specific RNA and antigens were quantified by real-time reverse
transcription (RT)-PCR and enzyme-linked immunosorbent assay (ELISA).

RT-PCR. Total RNA was isolated from the HepaRG, HepaRGP¥"2
HepaRGPY-2K4A  HepaRGY"!, and HepaRGEV- 14181 cell lines using the
RNeasy minikit (Qiagen) and serially diluted. To discriminate between endog-
enous and either wild-type or dominant-negative overexpressed Cav-1, different
sets of primers were used: (i) a Cav-1FL pair to amplify the full lengths of both
endogenous and overexpressed Cav-1 (534 bp), (ii) a Cav-1WT pair to amplify
the full length of the overexpressed Cav-1 only (554 bp), and (iii) a Cav-1DN pair
to amplify the full length of Cav-1A1-81 and 220 bp of the overexpressed Cav-1
(data not shown). The specificities of Cav-1 primers were first confirmed in a
standard RT-PCR using the One step RT-PCR system (Qiagen). The serially
diluted RNA samples were further analyzed using the same procedure. The
amplified samples were visualized in 1% agarose gels using ethidium bromide
staining. The DNA bands corresponding to each serial dilution were quantified
using Quality One software (Bio-Rad). The values obtained were standardized
against an internal B-actin control (data not shown) and expressed as percent-
ages of Cav-1 expression from parental HepaRG cells.

Real-time RT-PCR. Total RNA from control or HBV-infected cells was iso-
lated using an RNeasy minikit (Qiagen) for viral replication. The RNA was
quantified using a Corbett Rotor Gene 6000 real-time PCR system and the
SensiMix One-Step Kit (Quantance). Primers were designed to amplify a 279-bp
HBV-specific fragment (data not shown). For viral quantification, a calibration
curve containing known amounts of HBV was used. The values obtained were
standardized against an internal B-actin control (data not shown). Endogenous
Cav-1 expression during differentiation of the HepaRG cells was also monitored
using the Cav-1FL primers.

Quantification of intracellular HBV antigen expression by ELISA. HBV-
infected HepaRG cells were lysed in 50 mM Tris-Cl (pH 7.5), 150 mM NacCl, 2
mM EDTA buffer containing 0.5% Triton X-100 for 1 h on ice. The lysates were
clarified by centrifugation at 10,000 X g for 15 min. The protein content in the
supernatant was determined using the bicinchoninic acid method. The sample
volumes were adjusted to equal amounts of total protein, and the level of HBsAg
expression was determined using the Monolisa HBsAg Ultra kit (Bio-Rad)
according to the manufacturer’s instructions. The results were obtained as ratios
of signal to cutoff and were converted to percentages of HBsAg expression.

Cell transfection and quantification of HBV replication and secretion. Plas-
mids pLNCX2-EGFP-Dyn-2, pLNCX2-EGFP-Dyn-2K44A, pLNCX2-Cav-1-
IRES-GFP, and pLNCX2-Cav-1A1-81-IRES-GFP were used to transfect the
HepG2.2.2.15 cell monolayers twice, at 24-h intervals, using the Fugene 6 trans-
fection reagent (Roche), following the manufacturer’s protocols. The transfec-
tion rate was estimated to be about 40%, based on the number of GFP/EGFP-
expressing cells counted under the microscope. Both cells and supernatants were
collected at 24 h after the second transfection. Encapsidated viral DNA was
purified by phenol-chloroform extraction from transfected cells as described
previously (17), and real-time PCR was performed using the SensiMix Plus Kit
(Quantance) and the same primers as for the real-time RT-PCR described
above. Secretion of HBsAg was determined in cell supernatants following cen-
trifugation for 5 min at 2,000 X g by using the Monolisa HBsAg Ultra kit, as
described above.

In a parallel experiment, proliferating HepaRGPY"2, HepaRGPY™-2K444
HepaRG“*¥"!, and HepaRG“*¥141-81 cells were transfected with pTriEXHBV
1.1. The plasmid contains 1.1 units of the whole HBV genome cloned into NotI
and Sphl sites and is able to support viral replication, assembly, and secretion of
fully infectious virions (our unpublished data). The transfected cells were main-
tained in culture for 7 days to allow accumulation of mature virions. The amount
of virus produced in each cell line was further quantified as described for the
HepG2.2.2.15 cells.

RESULTS

Biochemical characterization of HepaRG cell lines overex-
pressing wild-type and dominant-negative Cav-1 and Dyn-2.
Caveola-dependent endocytosis is characterized by its depen-
dence on functional caveolin and sensitivity to dynamin in-
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FIG. 1. Cav-1 and Dyn-2 expression in HepaRG and control cell
lines. (A) Lysates of nondifferentiated (ND), differentiated (D), and
HBV-infected HepaRG cells at 16 h and 3 days p.i. (+HBV) were
quantified for the total protein content, and equal amounts of protein
were loaded on SDS-PAGE. Endogenous Cav-1 and Dyn-2 were de-
termined by Western blotting, using anti-Cav-1 and anti-Dyn-2 Ab.
Expression of B-actin was used as a loading control. (B) The level of
endogenous Cav-1 expression was determined in lysates of Huh7,
MDBK, HepaRG, and HeLa cells, as for panel A, using calnexin as a
loading control.

hibition and cholesterol depletion. To investigate the role of
caveolae in the HBV entry pathway, HepaRG cell lines
stably expressing wild-type Cav-1 (HepaRG“*'"!), N-termi-
nally truncated Cav-1 (HepaRG“*¥'4!-8") 'wild-type Dyn-2
(HepaRG™"2), and mutant Dyn-2 with no GTPase activity
(HepaRGPY-2K444y were established. Since few or no caveo-
lae are present in cell lines in which Cav-1 expression is re-
duced or absent (12), the levels of endogenous Cav-1 and
Dyn-2 were first determined by Western blotting in the paren-
tal HepaRG cells in both nondifferentiated and differentiated
states. As shown in Fig. 1A, Cav-1 and Dyn-2 were synthesized
in detectable amounts in HepaRG cells, and their expression
levels were not significantly altered during the 4 weeks of
differentiation. Interestingly, a transient increase in Cav-1 ex-
pression was observed in HepaRG cells during HBV infection,
while Dyn-2 expression did not change. This could be due to
better susceptibility of Cav-1 to detergent extraction, as a result
of virus binding to the plasma membrane and further internal-
ization. A direct comparison of Cav-1 expression in HepaRG
and epithelial cells, such as HeLLa and MDBK cells, which are
well known for their ability to form caveolae, showed that the
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FIG. 2. Analysis of wild-type and dominant-negative Cav-1 and Dyn-2 expression in HepaRG cells. (A) HepaRG, HepaRG™"2
HepaRGPY™ 2444 HepaRG¥!, and HepaRG“*¥!41-8! cells were maintained in culture for 2 weeks and lysed, and the total protein content was
quantified. Equal amounts of protein were analyzed by SDS-PAGE, followed by Western blotting of endogenous and overexpressed Dyn-2
(marked as Dyn-2 and Dyn-2 EGFP, respectively) using anti-Dyn-2 Ab. The amount of B-actin in each sample was used as a loading control. (B
and C) HepaRG, HepaRG™"™2, HepaRGPY" 244 HepaRG™!, and HepaRG“™ 418! cells were grown in duplicate samples for 2 weeks and
lysed. Total RNA was purified and subjected to standard (B) or semiquantitative (C) RT-PCR analysis using three different pairs of primers:
Cav-1-FL, Cav-1-WT, and Cav-1-DN, to discriminate between endogenous (black bars), and overexpressed (open bars) wild-type and dominant-
negative Cav-1. (C) The results are shown as percentage of Cav-1 expression in parental HepaRG cells. The error bars represent the standard

deviations between two independent experiments.

highest level was synthesized in HepaRG cells (Fig. 1B), while
another hepatoma-derived cell line, Huh7, completely lacked
Cav-1 expression (35). Although not a direct proof that Cav-1
is expressed in caveolae in HepaRG cells, the important
amount of the protein available in these cells and its transient
increase during HBV infection are indications of a role in this
process.

A similar Western blotting experiment was performed
to analyze the endogenous and overexpressed Dyn-2
in HepaRG™"2, HepaRG™™ 4 HepaRG ™!, and
HepaRG<*"'418! [ines compared to parental HepaRG cells
(Fig. 2A). As expected, in addition to the endogenous Dyn-2,
an upper band with the apparent electrophoretic mobility of
EGFP-fused Dyn-2 was identified in both HepaRG>"% (Dyn-
2-EGFP) and HepaRG™" K44 (Dyn-2K44A-EGFP) cells.
The expression level of the fused protein was comparable to
that of the endogenous Dyn-2 in the parental HepaRG, as well
as HepaRG“™"' and HepaRG“*"'2181 cell line, suggesting
similar turnover rates. A slight increase in the intensity of the
band corresponding to the endogenous Dyn-2 was observed in

HepaRG cells overexpressing both wild-type and dominant-
negative Dyn-2. This could be the result of a partial cleavage of
EGFP from the recombinant protein rather than of compen-
satory mechanisms activated in cells expressing GTPase-defi-
cient Dyn-2 (Fig. 2A). The ratio between endogenous and
recombinant wild-type and mutant Dyn-2 was maintained
throughout differentiation of HepaRG cells, demonstrating the
stability of the cell lines (Fig. 3A).

Cav-1 Ab, used in this study, recognizes the endogenous, as
well as the overexpressed, wild-type Cav-1, but not the mutant
variant lacking the 81-amino-acid fragment of the N-terminal
part (Fig. 1A and data not shown). Therefore, a PCR approach
was taken to investigate Cav-1 expression. Specific oligonucle-
otides were designed to discriminate between endogenous and
overexpressed wild-type Cav-1 on one hand and Cav-1A1-81 on
the other hand. The specificity of the primers was confirmed by
standard RT-PCR (Fig. 2B), and the presence of Cav-1 and
B-actin transcripts was further analyzed by semiquantitative
RT-PCR in all HepaRG cell lines (Fig. 2C). The endogenous
Cav-1 transcripts were expressed at comparable levels in all
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FIG. 3. Dyn-2 and Cav-1 expression in HepaRG cell lines is
stable during differentiation. HepaRG™"?2, HepaRGPY»2K#A,
HepaRG®™!, and HepaRGS* 14181 cells were differentiated in the
presence of 1.8% DMSO or maintained undifferentiated by splitting
them at 2-day intervals in normal growing medium as controls. (A) Un-
differentiated (lanes 1 and 3) and differentiated (lanes 2 and 4)
HepaRG™"? and HepaRGPY"2K4A cells were lysed, and equal
amounts of protein were subjected to SDS-PAGE, followed by West-
ern blotting analysis of endogenous and overexpressed Dyn-2 (marked
as Dyn-2 and Dyn-2 EGFP, respectively) using anti-Dyn-2 Ab. The
contaminating band, marked with an asterisk and usually present in
retrovirus-infected HepaRG cells, was used as a loading control.
(B) Undifferentiated (black bars) and differentiated (open bars)
HepaRG“™!' and HepaRG“'4!#! cells were lysed, and total RNA
was purified. Cav-1 expression was quantified by real-time RT-PCR
using the Cav-1-FL primers. Amplification of B-actin in the same
samples was used as a loading control. The results were expressed as
Cav-1 fluorescence units (FU) divided by B-actin FU.

cell lines, regardless of whether they also expressed wild-type
or dominant-negative Dyn-2/Cav-1. Similar to Dyn-2, Cav-1
expression did not change significantly throughout the differ-
entiation of HepaRG cells, as demonstrated by real-time RT-
PCR using the Cav-1-FL primers in an independent experi-
ment (Fig. 3B). Altogether, the results show that
the HepaRG™¥"2, HepaRGP*2K44 HepaRG<™!, and
HepaRG<*v141-81 cells can support differentiation and can
be further used as models to investigate HBV entry.
Endocytic properties of HepaRG cell lines overexpressing
wild-type and dominant-negative Cav-1. To validate the effect
of dominant-negative Cav-1 expression on the internalization
properties of the HepaRG cells, CTB uptake was monitored by
fluorescence microscopy. Owing to its targeting to caveolae
through the ganglioside GM1 receptor, CTB has been largely
used as a marker for caveolin-dependent endocytosis in many
cells (20). In both HepaRG and HepaRG“*" cell lines, fluo-
rescently labeled CTB was readily internalized and concen-
trated around the cell nucleus, a pattern described for other
cell lines (Fig. 4A and B) (29). In contrast, CTB was poorly
endocytosed in HepaRGC*141-81 cells, as fluorescence ap-
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peared mainly diffuse in the cytoplasm and also decorating the
cell plasma membrane (Fig. 4D). The green, diffuse fluores-
cence present in both HepaRG“™' and HepaRG<*v-!41-8!
cells is due to the cytoplasmic localization of GFP, expressed
along with Cav-1 from the bicistronic retroviral plasmid. De-
spite the large amount of internalized CTB, no colocalization
with GFP was observed, confirming the specific uptake of the
toxin through vesicles of the endocytic pathway.

It has been shown that caveola-mediated uptake of CTB is
strongly affected by sterol-binding compounds (19). Thus, to
further characterize the endocytic properties of HepaRG<™!
and HepaRG“*"141-81 cells and their responses to altered lev-
els of plasma membrane cholesterol, CTB internalization was
also studied in the presence of 10 mM MBCD. As shown in
Fig. 4C, CTB entry into MBCD-treated HepaRG<*"! cells was
similar to that observed in untreated HepaRG“*"'41-8! cells.
CTB fluorescence was barely visible at the plasma membrane
in MBCD-treated HepaRG<*¥"'41-81 cells, demonstrating a
strong inhibition of entry when both cholesterol level and
Cav-1 function are perturbed (Fig. 4E). Inhibition of CTB
entry in HepaRG<*"1418! cells also showed that expression of
dominant-negative Cav-1 was not compensated for by upregu-
lating other, non-caveola-mediated pathways that CTB could
use as alternatives to enter the cells. To rule out a potential
general inhibitory effect on cell endocytosis when expressing
mutant Cav-1, internalization of hTfn—a well-characterized
marker for clathrin-dependent receptor-mediated entry—was
investigated in addition to that of CTB (27). As shown in Fig.
4F and G, hTfn was taken up at similar levels by both
HepaRG“™"! and HepaRG“*"'4!8! confirming the specific-
ity of the dominant-negative Cav-1 in perturbing the caveola-
dependent entry. Using a spectrofluorimetric approach, the
uptake of both endocytic markers was further investigated in
these cell lines in a quantitative manner. The results (see Fig.
6A) confirmed the efficiency of Cav-1A1-81 expression to alter
the caveola-mediated pathway (60% inhibition of CTB inter-
nalization), while hTfn entry was not affected (see Fig. 6B).

Endocytic properties of HepaRG cell lines overexpressing
wild-type and dominant-negative Dyn-2. Dynamins are impor-
tant regulators of both caveola- and clathrin-mediated endo-
cytosis, as well as other non-caveola-, non-clathrin-dependent
entry pathways (8, 16). The GTPase-deficient Dyn-2 (Dyn-
2K44A) has been the mutant of choice to study the roles of
these pathways in many different membrane traffic events, in-
cluding virus entry into target cells (31). To define the effects
of wild-type and mutant Dyn-2 expression on cell endocytosis,
the internalization of hTfn and CTB was investigated, as
described above. The green, punctate fluorescence in
HepaRG™™? and HepaRGPY"2K44 cells was the result of
EGFP expression as a fusion protein with either Dyn-2 or
Dyn-2K44A. The dominant-negative Dyn-2 efficiently reduced
CTB entry into HepaRGPY* 25444 cells (Fig. 5B) and almost
completely inhibited uptake of hTfn, which mostly remained
attached to the plasma membrane (Fig. 5G and H). This indi-
cated that in this cell line, non-clathrin-, non-caveola-mediated
pathways were either not upregulated in compensation for the
perturbed entry routes or not used by the two endocytic mark-
ers. In contrast, overexpression of wild-type Dyn-2 did not have
any effect on entry of either CTB (Fig. 5A) or hTfn (Fig. 5SE
and F). The fluorescence levels of both endocytic markers in
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FIG. 4. Endocytic properties of HepaRG, HepaRG“®"!, and HepaRG#¥-141-81 ce]ls. Six-week-old cells were grown on chamber slides for 24 h
and then treated with either 4 pg/ml CTB-Alexa Fluor 594 (A to E) or 50 pg/ml hTfn-Alexa Fluor 594 (F and G) for 30 min at 4°C. Before CTB
addition, cells were treated with 10 mM MBCD for 30 min (C and E) or left untreated as controls (A, B, and D). The cells were washed with PBS
and further incubated for 2 h at 37°C. Internalization of the fluorescently labeled CTB and hTfn (both red) was observed using a Nikon Eclipse
E600 microscope, following mounting with Vectashield Mounting Medium containing DAPI, to visualize the nuclei (blue). The green, diffuse
fluorescence within cells (B to G) is due to the cytoplasmic localization of GFP, expressed along with Cav-1, from the bicistronic retroviral plasmid.

HepaRG™™? cells were similar to that found in parental
HepaRG cells (Fig. 4A and 5C and D). Similar to Cav-1-
expressing cell lines, the amounts of CTB and hTfn taken up by
these cells were measured by spectrofluorimetry in the absence
or the presence of a clathrin coat assembly inhibitor, Cpz.
Interestingly, a similar inhibitory effect, of about 58%, was
observed for both CTB and hTfn entry in HepaRGPY™-2K444
cells compared to the wild-type Dyn-2-expressing cells (Fig.
6A and B). This inhibition is close to that obtained for hTfn
in the presence of Cpz (67%), confirming the ability of
Dyn-2K44A to disrupt the clathrin-mediated endocytosis in
these cells.

HBY infection in HepaRG“*""!, HepaRG®™* 418! HepaRG™"2,
and HepaRGPY"2K444 cell lines. Having characterized the en-
docytic properties of the newly established HepaRG cells, we
next assayed the ability of HBV to initiate productive infection

in these cells. Prior to virus infection, all cell lines were differ-
entiated in six-well collagen-coated plates, as described previ-
ously (17). The cells were successfully maintained in culture
during differentiation, regardless of whether they overex-
pressed wild-type or dominant-negative Cav-1 or Dyn-2, and
their morphology was similar to that of the parental HepaRG
cells (data not shown). The virus purified from the
HepG2.2.2.15 cell supernatants was quantified, and equal
amounts were used for infection of the cell lines. Chemical
inhibitors of both clathrin- and caveola-mediated endocytosis
(31) were also included in independent experiments as con-
trols. The synthesis of HBV-specific transcripts and proteins
was quantified by real-time RT-PCR and ELISA, respectively,
at 11 days p.i. To rule out any potential interference with HBV
replication of either GFP/EGFP expression or other factors
resulting from the retroviral infection of the parental HepaRG
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FIG. 5. Endocytic properties of HepaRGPY"? and HepaRGPY"2K44 cells. Six-week-old cells were grown on chamber slides for 24 h and then
treated with either 4 pg/ml CTB-Alexa Fluor 594 (A and B) or hTfn-Alexa Fluor 594 at 25 (C, E, and G) and 50 (D, F, and H) pg/ml for 30 min
at 4°C. The cells were washed with PBS and incubated for 2 h at 37°C. Internalization of the fluorescently labeled CTB or hTfn (both red) was
observed using a Nikon Eclipse E600 microscope, following mounting with Vectashield Mounting Medium containing DAPI, to visualize the nuclei
(blue). The green, punctate fluorescence within cells (A, B, E, F, G, and H) is the result of EGFP expression as a fusion protein with either Dyn-2

or Dyn-2K44A.

cells, the wild-type-expressing Cav-1 or Dyn-2 cells were used
as controls for cells expressing their dominant-negative coun-
terparts. The real-time RT-PCR results showed strong
inhibition (75%) of HBV infection in HepaRG“*¥'4!"8! com-
pared to HepaRG“™" cells, while a more moderate effect
(about 52%) was obtained in HepaRG™*%4** compared to
HepaRG™2 cells (Fig. 7A).

HBYV infection was only slightly affected (35% inhibition)
when Ny and MBCD were used to decrease the cholesterol
level in the parental HepaRG cells (Fig. 5B). For these drugs,
the treatment was discontinued prior to HBV infection to
avoid alteration of the viral envelope, which is sensitive to
cholesterol-depleting reagents (6). Thus, the short time of cell
exposure to the drugs, accompanied by the complete revers-
ibility of their effects upon removal, may explain the attenuated
consequences for viral infection compared to the strong effect
observed in HepaRG“*"'41-81 cells (25). A similar effect on
HBYV infection was obtained in the presence of Gen, an inhib-

itor of tyrosine kinases involved in caveola-mediated endocy-
tosis (21). In this case, the cells were treated with the drug
throughout infection; however, a moderate concentration (50
pg/ml) was used to avoid cellular toxicity due to prolonged
incubation (18). Of the clathrin-mediated pathway inhibitors,
neither the endosomal pH modulators NH,Cl and Baf nor the
coat assembly inhibitor Cpz was toxic or had any effect on
HBYV infection, in spite of the treatment being maintained
during virus inoculation of the cells (Fig. 7B).

The consequences of altered Cav-1 and Dyn-2 functions for
HBYV protein synthesis were also investigated, using a standard
ELISA kit. The amount of HBsAg in HepaRG“*'4!81_ and
HepaRGPY"2X4*infected cells was reduced by about 70 and
45%, respectively, compared to that from the control cell lines
expressing the wild-type counterparts (Fig. 8), thus confirming
the inhibitory effect observed at the transcriptional level. These
results are in agreement with the effects of the mutant Cav-1
and Dyn-2 on CTB internalization in HepaRG cells, suggesting
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FIG. 6. Quantitative determination of CTB and hTfn uptake by spectrofluorimetry. HepaRG“*¥"!, HepaRG“* 418! HepaRG™"2, and
HepaRGPY"2K44 cells were differentiated before treatment with either 4 wg/ml CTB-Alexa Fluor 594 (A) or 25 wg/ml hTfn-Alexa Fluor 594
(B) for 30 min at 4°C. The cells were washed with PBS and incubated for 30 min at 37°C. Where indicated, the cells were pretreated with either
10 mM MBCD (+ MBCD) or 10 mg/ml Cpz (+Cpz), and the inhibitors were maintained during ligand internalization. The cells were washed with
PBS and lysed in CHAPS-HSE buffer, and the amounts of fluorescent markers were quantified using a Jasco FP-6500 spectrofluorimeter (590-nm
excitation/617-nm emission wavelengths). Fluorescence was normalized to the total cell protein content. The results were expressed as percentages
of fluorescence, taking the wild-type-expressing Cav-1 or Dyn-2 HepaRG cells as controls for cells expressing their dominant-negative counterpart.
The error bars represent the standard deviations between two independent experiments, each run in triplicate.

a clear dependence of HBV infection on functional Cav-1 and
sensitivity to Dyn-2 inhibition.

HBY replication is not affected by overexpression of domi-
nant-negative Cav-1 and Dyn-2. To investigate potential direct
interference with HBV replication in cells expressing mutant
Cav-1 and Dyn-2, two control experiments were performed. In
a first approach, the proteins were transiently expressed in
Hep(G2.2.2.15 cells, which are not permissive for HBV infec-
tion, thus allowing a clear distinction between viral entry and
later steps of the life cycle. In the second approach, the plasma
membrane events were bypassed by transfecting the replica-
tion- and assembly-competent pTriExHBVI1.1 plasmid into
proliferating HepaRG“*""!, HepaRG“*"-141-81 HepaRGP¥"2,
and HepaRGPY™ 28444 cell lines. The amounts of virus pro-
duced in both transfected HepG2.2.2.15 and HepaRG cells
were quantified by real-time PCR, and secretion of HBsAg was
quantified by ELISA. As shown in Fig. 9, HBV was replicated
at similar levels in these cells, regardless of whether they ex-
pressed the wild-type or dominant-negative variants of Cav-1
and Dyn-2, stably or transiently. Interestingly, a significant
inhibitory effect of Dyn-2K44A was clearly observed when se-

cretion of HBsAg was monitored in the cell media of
HepG2.2.2.15 cells. This is in agreement with previously pub-
lished data showing a role for Dyn-2 in a postreplication/
assembly step necessary for HBV secretion from HepG2.2.2.15
cells (1). The result also confirms that the transfection rate in
these cells was sufficiently high to ensure an inhibitory level of
expression of the investigated structural proteins.

DISCUSSION

While an important amount of data on HBV replication and
assembly is now available, the early steps of the life cycle
remain obscure for reasons related to the poor in vitro infec-
tivity systems available, which until recently were based on
primary human and chimpanzee hepatocytes (14). Thus, most
of the findings on hepadnaviral entry came from the more
robust DHBYV infectivity model and were assumed to apply to
HBV. The development of the proliferating HepaRG cell line
opened up new possibilities to explore HBV infection in a
more specific and accurate manner. One option to investigate
the routes of virus infection in target cells is the use of chemical
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FIG. 7. HBV infection of HepaRG, HepaRG“™"!, HepaRG“- 14181,
HepaRG™¥™2, and HepaRGPY™2X444 cel] lines. (A) Cells were differ-
entiated for 4 weeks as described in Materials and Methods and in-
fected with 50 pl of HBV inoculum containing 2 X 10'° genome
equivalents/ml. A negative control sample was included for each cell
line, consisting of mock-infected cells. The viral inoculum was removed
the following day, and the cells were washed with PBS before further
incubation for 11 days. The level of HBV specific transcripts within
infected cells was quantified by real-time RT-PCR and normalized
to a B-actin internal control following substraction of the NC val-
ues. The results were expressed as percentages of HBV replication,
taking the wild-type-expressing Cav-1 or Dyn-2 HepaRG cells as
controls for cells expressing their dominant-negative counterpart.
(B) As for panel A, except that HepaRG cells were treated with
either 25 wg/ml Ny, 10 mM MBCD, 50 mM NH,CI, 200 nM Baf, 10
mg/ml Cpz, or 50 ng/ml Gen for 2 h prior to HBV infection or left
untreated (control). The drugs were either removed when the viral
inoculum was added to the cells (Ny and MBCD) or maintained
during infection (NH4CI, Baf, Cpz, and Gen). The results were
expressed as percentage of HBV replication from untreated con-
trols. The error bars represent the standard deviation between two
independent experiments, each run in triplicate samples (A and B).

inhibitors that target intracellular structural proteins, enzymes,
or signal transduction molecules with established functions in
entry pathways (31). However, this approach should be treated
with caution, as these drugs often have pleiotropic effects on
cell function and become toxic with prolonged treatment. The
use of chemical compounds is particularly difficult in studying
HBYV entry, which requires long incubation time of the cells
with the viral inoculum for efficient infection (16 to 20 h) (6,
15). Also, the postentry processes seem to proceed very slowly,
as viral replication markers are not detectable before 6 days
p.i., making the inhibition effects more difficult to interpret.
The development of nonchemical inhibitors in the form of
dominant-negative molecules provided a more specific way to
analyze the functions of defined cellular pathways, minimizing
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FIG. 8. HBsAg biosynthesis in HepaRG“™!, HepaRG“*141-81
HepaRG™™2, and HepaRGPY"2X444 cell lines. Cells were differenti-
ated, infected with HBV as described in Materials and Methods, and
harvested at 11 days p.i. The cells were lysed, and the level of HBsAg
expression was determined by ELISA. The values of optical density
units were divided by the total protein content in each sample. The
results were expressed as percentage of HBsAg expression, taking the
wild-type-expressing Cav-1 or Dyn-2 HepaRG cells as controls for cells
expressing their dominant-negative counterpart. The error bars repre-
sent the standard deviations between three independent experiments,
each run in triplicate samples. The cutoff values varied between 0.085
to 0.095.

HepaRGPy2K44A

the side effects associated with the use of chemical inhibitors.
When expressed at high levels, dominant-negative mutant ver-
sions of cellular proteins act by overwhelming the wild-type
protein, perturbing its function. Overexpression of Dyn-2K44A
or Cav-1 deletion mutants, usually over a short time, has been
successfully used to dissect the entry pathways of a plethora of
viruses (3, 11, 28). However, this too is problematic to achieve
in the HBV infectivity systems currently available, since pri-
mary hepatocytes are notoriously difficult to transfect and the
HepaRG cells proved refractory to transient transfections or
viral infection/transduction once differentiated (data not
shown). To overcome these difficulties, we took a different
approach and first infected the HepaRG cells with retroviral
vectors encoding wild-type/mutant Cav-1 and Dyn-2 at the
nondifferentiated stage and cloned them under G418 treat-
ment. The resulting cell lines, designated HepaRG<*¥!,
HepaRGS*v 14181 HepaRGPY"2, and HepaRGPY"-2K44A,
were then subjected to differentiation and HBV infection.

Cells expressing dominant-negative proteins may tend to
upregulate mechanisms in compensation for the lost function,
especially when inhibition is maintained over a longer time
frame. To investigate such potential interference in our system,
the endocytosis characteristics of the established cell lines were
monitored at 2-week intervals, using specific markers for
caveola- and clathrin-mediated entry. The expression of the
endogenous proteins, whose functions were interfered with,
was also examined in cells overexpressing their mutant coun-
terparts. Together, the results of these experiments demon-
strated that the cell lines were stable, maintained their prop-
erties during differentiation, and were susceptible to HBV
infection.

Of the two dominant-negative proteins used in our study, the
Cav-1 deletion mutant effectively prevented internalization of
the caveolar ligand CTB and inhibited HBV infection, while
Dyn-2K44A had a more moderate effect. Overexpression of
the dominant-negative proteins did not interfere with HBV
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FIG. 9. HBV replication in cells overexpressing Cav-1 and Dyn-2
wild-type and dominant-negative proteins. (A and B) HepG2.2.2.15
cell monolayers were transfected twice with the pLNCX2 plasmids
coding for the wild-type and mutant Cav-1 and Dyn-2. The transfection
rate was estimated to be about 40%, based on the number of GFP/
EGFP-expressing cells counted under the microscope. Both cells
(A) and supernatants (B) were collected at 24 h after the second
transfection. (C) Proliferating HepaRG™"™?, HepaRGPY"2K44A,
HepaRG®™!, and HepaRG™!'41"81 cells were transfected with
pTriExXHBV 1.1 and maintained in culture for 7 days without splitting.
The amount of encapsidated viral DNA was determined by real-time
PCR (A and C), and secretion of HBsAg was determined in cell
supernatants by ELISA (B). The cutoff value was 0.085. The error bars
represent the standard deviations between two independent experi-
ments, each run in triplicate samples.

replication, which shows that an earlier event in the viral life
cycle must be affected. Since Cav-1 is the key player in caveola
structure and function, these results strongly point at HBV
using a caveola-mediated endocytosis pathway to enter the
cells. Ligand internalization through caveolae, although very
efficient, is a slow process and occurs in the neutral pH range,
bypassing the acidic endosomal route characteristic of the
clathrin-dependent entry pathway. Both acidification inhibitors
used in our study, NH,Cl and Baf, which specifically block the
vacuolar H" ATPase pumps, have no effect on HBV infection
in HepaRG cells. In addition, treatment with the clathrin as-
sembly inhibitor Cpz had no consequences for the rate of
infection, despite prolonged incubation with the cells. These
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results support the notion that HBV is not using a clathrin-
mediated, pH-dependent entry route. Interestingly, the virus is
also able to translocate trophoblastic cells, a process known to
be mediated by caveolae (5).

Recently published data demonstrated that DHBV prefer-
entially binds to detergent-soluble domains of the duck hepa-
tocyte plasma membrane (13). Combined with the failure of
MBCD treatment to inhibit DHBYV infection, the observation
suggests that caveolae may not be involved in DHBV entry.
However, following internalization in primary duck hepato-
cytes, the virus was found in Cav-1-positive endosomes, as well
as the cytosol. Thus, the hypothesis that DHBV may use both
Cav-1-dependent and -independent endocytic pathways to gain
access into cells cannot be entirely ruled out. The discrepancy
between HBV and DHBYV may be a consequence of different
uptake strategies adopted within the family Hepadnaviridae by
the two prototypes of the genera Orthohepadnavirus and Avi-
hepadnavirus. Similar behavior has been documented for other
families of viruses; for example, extensive work performed on
polyomaviruses showed that despite the high similarity be-
tween the members of this family, they use different endocytic
routes to invade the host (2, 23).

In conclusion, the data presented in this work are consistent
with a mechanism implicating caveolae in the cellular uptake
of HBV. The caveola-mediated entry seems to avoid the deg-
radative endosomal-lysosomal route and can be stimulated by
virus binding on the cell surface. This process has been well
documented for simian virus 40, which was shown to enhance
the pool of trafficking-competent, mobile caveolae and possibly
to induce the formation of new ones (33). It is tempting to
hypothesize that the transient increase in the amount of de-
tergent-extractable Cav-1 observed during early HBV infection
in HepaRG cells may be a consequence of signaling activation
upon virus binding to its receptor(s). The molecular details of
the internalization events, as well as the intracellular trafficking
and the delivery of the HBV genome to the nucleus of the host
cell, are yet to be determined.
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