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Entry of the Hepatitis B Virus
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Human hepatitis B virus (HBV) is characterized by a high species specificity and a distinct
liver tropism. Within the liver, HBV replication occurs in differentiated and polarized he-
patocytes. Accordingly, the in vitro HBV infection of primary human hepatocytes (PHHs)
and the human hepatoma cell line, HepaRG, is restricted to differentiated, hepatocyte-like
cells. Though preparations of PHH contain up to 100% hepatic cells, cultures of differen-
tiated HepaRG cells are a mixture of hepatocyte-like and biliary-like epithelial cells. We
used PHH and HepaRG cells and compared the influence of virus inoculation dose, cell
differentiation, and polarization on productive HBV infection. At multiplicities of genome
equivalents (mge) >8,000, almost 100% of PHHs could be infected. In contrast, only a
subset of HepaRG cells stained positive for HBcAg at comparable or even higher mge.
Infection predominantly occurred at the edges of islands of hepatocyte-like HepaRG cells.
This indicates a limited accessibility of the HBV receptor, possibly as a result of its polar
sorting. Multidrug resistance protein 2 (MRP2), a marker selectively transported to the ap-
ical (i.e., canalicular) cell membrane, revealed two polarization phenotypes of HepaRG
cells. HBV infection within the islands of hepatocyte-like HepaRG cells preferentially
occurred in cells that resemble PHH, exhibiting canalicular structures. However, disrup-
tion of cell-cell junctions allowed the additional infection of cells that do not display a
PHH-like polarization. Conclusion: HBV enters hepatocytes via the basolateral membrane.
This model, at least partially, explains the difference of PHH and HepaRG cells in infec-
tion efficacy, provides insights into natural HBV infection, and establishes a basis for opti-
mization of the HepaRG infection system. (HEPATOLOGY 2012;55:373-383)

H
uman hepatitis B virus (HBV), a small, envel-
oped DNA virus, is the prototypic member
of the family, hepadnaviridae, causing acute

and persistant liver infections.1 Currently, 360 mil-
lion people are chronically infected with HBV and
are, consequently, prone to developing progressive
liver diseases, such as cirrhosis or hepatocellular carci-
noma. Hepadnaviruses exhibit a pronounced liver tro-
pism and a narrow host range.2 HBV predominantly
infects and replicates in hepatocytes, but virus-specific
antigens and nucleic acids have also been found in a
number of nonhepatic tissues, including kidney, pan-
creas, and peripheral blood mononuclear cells.3 How-
ever, whether replication in extrahepatic tissues con-
tributes to virus propagation is unclear.4,5 The
preference for replication in the liver can only par-
tially be explained by hepatocyte-specific transcription
factors.6 Further liver specificity occurs at the stage of
early infection, because the differentiation state of
HepaRG cells and primary hepatocytes is a prerequi-
site for the expression of an HBVpreS1-specific recep-
tor and subsequent infection (Meier et al., manuscript
in preparation).

Abbreviations: cccDNA, covalently closed circular DNA; DMSO, dimethyl
sulfoxide; EGTA, ethylene glycol tetraacetic acid; ELISA, enzyme-linked
immunosorbent assay; HBcAg, hepatitis B core antigen; HBsAg, hepatitis B
surface antigen; HBV, hepatitis B virus; IF, immunofluorescence; mge,
multiplicity of genome equivalents; mRNA, messenger RNA; MRP2, multidrug
resistance protein 2; PBS, phosphate-buffered saline; PHHs, primary human
hepatocytes; p.i., postinfection; S/N, signal-to-noise ratio.
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Two strategies are used for the investigation of HBV
infection in vitro. One is the application of hepatoma
cell lines (e.g., HuH7 or HepG2), which do not
support HBV entry and hence cannot be infected, but
allow viral replication after delivery of the viral ge-
nome by stable or transient transfection.7,8 These cell
lines allow the examination of late-replication steps,
such as transcription, translation, assembly, and release
of HBV particles. Alternatively, primary cultures of
human9 or tupaia10 hepatocytes and the human hepa-
toma cell line, HepaRG,11 support HBV infection and
replication and are employed for investigations
addressing HBV entry (e.g., attachment, receptor inter-
action, viral uptake, covalently closed circular DNA
[cccDNA] formation, and regulation of gene transcrip-
tion). Important determinants for infectivity within
the HBV envelope proteins were identified using muta-
tional analyses. These include the N-terminal 75
amino acids of the preS1-domain of the HBV L-pro-
tein, its myristoylation, and the integrity of a region in
the antigenic loop of the S-domain.12-15 Little is
known about specific host factors, particularly HBV-
specific receptor(s) that contribute to the tropism of
the virus. We and others identified heparan sulfate
proteoglycans as mandatory attachment factors for
HBV.16,17 However, because of their ubiquitous expres-
sion, this interaction does not explain the hepatotropism
of HBV, but rather represents a first, nonspecific step
of a multistep entry process. Potential HBV-receptor
candidates have been described in the past, but none of
them have been confirmed in a functional assay.2

Expression and accessibility of HBV-specific receptor(s)
on the cell surface define, among other factors, the sus-
ceptibility of cells toward HBV. In contrast to most epi-
thelial cells, which exhibit a polarity consisting of a sin-
gle apical and basal pole that oppose each other,
hepatocytes in the liver are polarized in a more complex
manner, with distinct apical and basolateral domains
facing the continuous network of bile canaliculi and the
hepatic sinusoid.18 Tight junctions between hepatocytes
prevent lateral diffusion of substrates, form the blood-
bile barrier, and contribute to the maintenance of cell
polarity.
Using HepaRG cells and primary human hepato-

cytes (PHHs), we performed a detailed analysis of the
properties of in vitro HBV infection. We investigated
whether cell polarization, in addition to cell differen-
tiation, would play a role in the infection process. We
took advantage of the fact that HepaRG cells, in con-
trast to other hepatoma-derived cell lines, constitu-
tively and synchronously display both hepatocyte- and
biliary-like epithelial phenotypes at confluence.19

We demonstrated that disrupting the epithelial bar-
rier leads to an increased HBV infection, suggesting
that the entry of HBV into hepatocytes occurs in a
polarized manner and that hepatocyte polarization
imposes a physical barrier that restricts the access of
the virus to its receptor(s).

Materials and Methods

Cell Lines. HepaRG cells were cultivated as previ-
ously described.11 Tissue samples from liver resections
were obtained from patients undergoing partial hepatec-
tomy. Experimental procedures were performed accord-
ing to Human Tissue and Cell Research Foundation
guidelines, with informed patient consent approved by
the Ethical Committee of the University of Regensburg
(Regensburg, Germany). PHHs were isolated, as previ-
ously described,20 and seeded at 1.7 � 105 cells/cm2 in
HepaRG maintenance medium supplemented with 2
mM of L-glutamine. They were refreshed with the same
medium, supplemented with 0.5% dimethyl sulfoxide
(DMSO), 4 hours and 1 day postplating.
HBV Infection Assays. As infectious inocula, 100-

fold concentrated supernatants of HepAD38 or
HepG2.2.15 cells, were used. Differentiated HepaRG
cells or PHHs were incubated with dilutions of the
virus stock in medium supplemented with 4% poly-
ethylene glycol 8000 for 20-24 hours at 37�C. Cells
were washed extensively and further cultivated with
regular medium exchange. Secreted hepatitis B surface
antigen (HBsAg) was determined qualitatively (AxSYM,
signal-to-noise ratio [S/N]; Abbott, Wiesbaden-Delken-
heim, Germany) or quantitatively (ARCHITECT, IU/
mL; Abbott). All infection experiments were performed
in duplicate and repeated at least twice with different
cell passages.
Ethylene Glycol Tetraacetic Acid–Induced Disrup-

tion of Tight Junctions. HepaRG cells were preincu-
bated for 30 minutes at 37�C with 800 lM of ethyl-
ene glycol tetraacetic acid (EGTA) in HepaRG
differentiation medium or Ca2þ-free buffer. Following
preincubation, cells were washed with phosphate-buf-
fered saline (PBS) and inoculated with HBV either in
the presence or absence of EGTA in differentiation
medium for 20-24 hours at 37�C.
Immunofluorescence Analyses. Cells were fixed with

4% paraformaldehyde, permeabilized with 0.25% Tri-
ton-X-100, and incubated overnight at 4�C with a
hepatitis B core antigen (HBcAg)-specific polyclonal
antibody (H363) at 1:1,000 (a gift from Heinz Schal-
ler, ZMBH, University of Heidelberg, Germany)
(Heinz Schaller, the Center for Molecular Biology at
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the University of Heidelberg, Heidelberg, Germany), a
HBsAg-specific monoclonal antibody (NCL) at 1:100
(Novocastra Laboratories Ltd., Newcastle upon Tyne,
UK), a multidrug-resistant protein 2 (MRP2)-specific
polyclonal antibody (EAG5) at 1:100 (Dietrich Kep-
pler, Deutsches Krebsforschungszentrum, Heidelberg,
Germany), and/or an MRP2-specific monoclonal anti-
body (IQP-178P, clone M2 III-6) at 1:30 (IQ Prod-
ucts, Groningen, The Netherlands). Cells were washed
and incubated in the dark for 1 hour at room temper-
ature with a 1:250 or 1:500 dilution of an Alexa 488–
or Alexa 546–conjugated secondary antibody (Invitro-
gen, Karlsruhe, Germany). Nuclei staining was per-
formed either during secondary antibody incubation
with bisBenzimid-H(oechst)33342-trihydrochlorid (1
lg/mL) or, subsequently, for 30 minutes with 40,60-
diamidino-20-phenylindole dihydrochloride (1 lg/mL).
Images were acquired with an inverted fluorescence
microscope (Leica, Wetzlar, Germany). All images
were made under comparable settings and, after,
handled identically. Images were analyzed using ImageJ
software. The nucleus-counter function of the WCIF
plug-in was used to count the number of labeled
nuclei. The cell-counter plug-in was used to count the
number of HBcAg-positive cells.

Results

Comparative Infection of PHH and HepaRG Cells
With HBV. HepaRG cells acquire susceptibility to-
ward HBV infection only after a preceding treatment
with DMSO. This has been attributed to a DMSO-
induced differentiation of the bipotent HepaRG pro-
genitor cells into hepatic and biliary-like cells.19 To
analyze critical parameters that influence and, possibly,
restrict the susceptibility of HepaRG cells and PHHs,
we compared HBV infection using both systems. In a
first experiment, we infected freshly prepared PHH
with a multiplicity of HBV genome equivalents (mge)
of 8 � 104 and analyzed HBsAg expression by immu-
nofluorescence (IF) at day 12 postinfection (p.i.).
Approximately 99% of PHHs stained positive for
HBsAg at this high inoculation dose (Fig. 1A, first
row). Nevertheless, infection could be blocked by
using the previously characterized HBVpreS1-lipopep-
tide HBVpreS/2-48myr,21 excluding unspecific entry
(Fig. 1A, second row). To investigate the dependency
of HBV-infection efficacy on the inoculation dose, we
applied increasing mge and quantified the percentage
of HBcAg-positive cells and the secreted HBsAg (Fig.
1B, top). After inoculation of the cells for 20 hours
with an mge of 0.8 � 104, 98% of PHHs became

Fig. 1. Analysis of HBV infection of PHHs. (A) HBsAg–specific IF
(red) and overlay images with the nuclei stain (blue) of HBV infections
(8 � 104 ge/cell) of PHHs (day 12 p.i., 400� magnification). First
row: uncompeted infection. Second row: infection after preincubation
for 30 minutes at 37�C with 100 nM of HBVpreS/2-48myr. (B) PHHs
were infected with 0.0008, 0.008, 0.08, 0.8, 4, or 8 � 104 HBV ge/
cell. In parallel, PHHs were incubated for 30 minutes at 37�C with
100 nM of HBVpreS/2-48myr and infected with HBV in the presence
of the inhibitor. Secreted HBsAg from day 4-7 p.i. was quantified by
enzyme-linked immunosorbent assay (ELISA) (circles). The number of
HBcAg-positive cells was determined by IF on day 7 p.i. and pre-
sented as a percentage of the total cell number (n ¼ 12,099) (bars).
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infected. An increase of mge from 0.8 � 104 to 4 �
104 resulted in a 4.1-fold change of secreted HBsAg,
despite saturation in the number of infected cells. This
indicates multiple infection events per cell. However,
raising the mge to 8 � 104 ge/cell did not lead to a
further increase of HBsAg secretion, indicating that
either the number of cccDNA templates within cells
remained constant, despite more incoming relaxed cir-
cular DNA copies, or that transcription from cccDNA
is regulated. To rule out that the HBsAg measured in
the cell-culture supernatant was caused by unspecific
and receptor-independent delivery of HBV genomes at
this very high mge, we inhibited infection using 100
nM of HBVpreS/2-48myr (Fig. 1B, bottom). At an
mge of 0.8 � 104, infection could be reduced from
98% to 1.3% of cells. Even at higher virus concentra-
tions, the peptide was still inhibiting more than 95%
of infection.

Similarly to PHHs, differentiated HepaRG cells
were infected with an mge of 4 � 104 and analyzed
by IF for HBcAg expression at day 12 p.i. (Fig. 2A).
In contrast to PHHs, only a subset of HepaRG cells
(7%) expressed HBcAg. This subset of infected cells
locates within islands of hepatic cells, which are char-
acterized by dense accumulation of smaller nuclei with
a roundish shape (marked with H). No HBcAg-spe-
cific staining was observed in the biliary-like cells
(marked with B), indicating that they are refractory to
infection. The fraction of hepatocyte-like cells signifi-
cantly varies between different HepaRG cell batches
and passages (45%-90%; data not shown). Infected
cells within hepatic islands are predominantly located
at the edges (Fig. 2A). To investigate whether the
observed low infection rate is caused by inefficient
binding or uptake of virions, we transferred the virus-
containing supernatant of a first round of infection to

Fig. 2. Analysis of HBV infection of HepaRG cells. (A) Cells were infected with 4 � 104 HBV ge/cell. Shown are a phase-contrast image, an
HBcAg–specific IF (red), and an overlay of the IF with a nuclei stain in blue (day 12 p.i., 200� magnification; H ¼ hepatocyte-like cells; B ¼
biliary-like cells). (B) HepaRG cells were infected with 4 � 104 HBV ge/cell. After 20 hours of inoculation, the virus-containing supernatant was
removed and used to infect new HepaRG cells. At day 12 p.i., cells of the first and second round of infection were analyzed by HBcAg-specific
IF. The number of HBcAg-positive cells is presented as a percentage of the total cell number counted (n ¼ 45,186). (C) HepaRG cells were
infected with 1.25, 2.5, 5, 10, 20, or 40 � 104 HBV ge/cell. Secreted HBsAg from days 7-11 p.i. was quantified by ELISA (circles). On day 11
p.i., cells were analyzed by IF for HBcAg-positive cells (bars). Results are presented as a percentage of the total cell number (n ¼ 27,457). (D)
HepaRG cells were inoculated with 4 � 104 HBV ge/cell for 2, 4, 6, 8, 24, or 32 hours. On day 11 p.i., the secreted HBsAg was measured by
ELISA (circles). In parallel, an HBcAg-specific IF was performed. The number of HBcAg-positive cells (bars) is presented as the percentage of the
total cell number (n ¼ 37,121).
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new HepaRG cells (Fig. 2B). An only slightly reduced
number of HBcAg-positive cells was observed (3.7%-
3.2%). This indicates that virions are still present in
the inoculum even after 20 hours of inoculation with
HepaRG cells, arguing for a slow, inefficient adsorp-
tion of virus to the target cell. To investigate whether
this restriction could be overcome by higher inocula-
tion doses, we increased the mge and quantified the
number of HBcAg-positive cells and secreted HBsAg
(Fig. 2C). Only 0.6% of HepaRG cells were infected
at an mge of 1.25 � 104. Increase of the inoculum to
10 � 104 ge/cell resulted in the increase of secreted
viral markers and in a higher percentage of infected
cells (5.4%). A further increase of the mge to 40 �
104 did not result in higher infection rates. Thus,
hepatic cells are principally susceptible, but subjected
to a restriction, when compared with PHHs.
To analyze whether HBV infection depends on

inoculation time, we infected HepaRG cells for 2-32
hours and determined the number of HBcAg-positive
cells and HBsAg secretion (Fig. 2D). Longer inocula-
tion times led to a linear increase in the number of
HBcAg-positive cells and the amount of secreted
HBsAg. However, a maximum of 3.1% of all cells
were infected after 32 hours of inoculation. These
results demonstrate an initial, time, and virus-titer–
dependent, diffusion-controlled process of HBV infec-
tion that, in the case of HepaRG cells, only leads to
limited productive infection.
Characterization of the Polarization of PHH and

HepaRG Cells and Its Role for HBV Infec-
tion. PHHs were infected with HBV and stained for
HBsAg and the MRP2 as a polarization marker on
day 12 p.i. (Fig. 3A). In hepatocytes, MRP2 is exclu-
sively sorted to the apical (canalicular) membrane.22

PHH uniformly displayed a hepatocyte-like phenotype
with canalicular structures. Almost 100% of the
infected PHHs stained HBsAg positive. It has been
described that the hepatocyte-like HepaRG cells ex-
hibit a phenotype close to that of human hepatocytes
with functional, canaliculus-like structures.19 To ana-
lyze the expression of MRP2 in HepaRG cells before
and during DMSO-induced differentiation, we per-
formed MRP2-specific IF at 10 time points through-
out the 4-week cultivation process (Fig. 3B; Support-
ing Fig. 1). A maximum of 0.15% of the cells showed
a canalicular MRP2-localization within the first 2
weeks after seeding. Two days after the first addition
of DMSO on day 14 postseeding, 6% of cells were
positive for a canalicular MRP2 signal. This fraction
increased to 26% at day 29 postseeding. This demon-
strates a direct link between the induction of differen-

tiation and polarization in HepaRG cells. In contrast
to PHH, differentiated HepaRG cells revealed different
patterns of MRP2 expression (Fig. 3C; Supporting
Fig. 2). Though MRP2 was not detectable in biliary-
like cells, hepatocyte-like cells showed two different
patterns of MRP2 distribution. One subset displayed a
PHH-like canalicular MRP2 localization between two
or more differentiated cells. The other subset showed a
dispersed MRP2 signal. The ratio between canalicular
and disperse MRP2 signals differed considerably
between HepaRG cell batches and passages, indicating
variable degrees of canalicular organization of the api-
cal membrane (Supporting Fig. 2). To analyze possible
consequences for HBV-infection efficacy, two batches
of HepaRG cells, designated A and B, were cultivated
under identical conditions. Cell batch A showed a
comparable ratio of hepatic to biliary-like cells (47%-
53%), whereas in cell batch B, 6 times more hepato-
cyte-like cells than biliary-like cells were observed
(85%-15%) (data not shown). Cell batch B, which
had a 1.8-fold higher number of hepatocyte-like cells,
compared to batch A, showed an 8-fold increased
number of hepatic cells with canalicular MRP2 signals
(Fig. 3D, black bars). Accordingly, HBV infection
revealed a 7.5 times higher infection rate in cell batch
B (Fig. 3D, gray bars). This increase cannot be
explained by a higher degree of differentiation, but is
more likely to be the result of an elevated number of
hepatocyte-like cells containing a canalicular MRP2
signal. We, therefore, hypothesize that PHH-like polar-
ized HepaRG cells containing canalicular structures
allow better access to the HBV receptor(s) where non-
PHH-like differentiated HepaRG cells do not.
Cell-Cell Junctions as Physical Barriers for the

Access of HBV to Specific Receptor(s) in Noncanalic-
ular Hepatic HepaRG Cells. The aforementioned
restriction of infection in differentiated HepaRG cells
raised the question of which factor(s) might be respon-
sible. Because we found a preferential infection of
HepaRG cells on or close to the outer rim of hepatic
islands (Fig. 2A) and an increased infection rate in
HepaRG cells forming canaliculi (Fig. 3D), we
hypothesized a physical obstruction resulting from the
induced differentiation and polarization process. If
HBV infection proceeds through entry via the basolat-
eral membrane, a physical barrier might be caused by
tight junctions preventing access to basolateral local-
ized receptor(s). We, therefore, treated differentiated
HepaRG cells 30 minutes before infection with EGTA
to complex Ca2þ ions and destabilize the tight junc-
tions. Preincubation of HepaRG cells with 800 lM of
EGTA resulted in 2.4-fold increased HBsAg, as

HEPATOLOGY, Vol. 55, No. 2, 2012 SCHULZE ET AL. 377
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compared to the control (Fig. 4A). These findings
were substantiated when the differentiation medium
was replaced by Ca2þ-free buffer. Preincubation of
HepaRG cells for 30 minutes with Ca2þ-free buffer in
the absence of EGTA led to a 2.3-fold increased infec-
tion. Preincubation with both Ca2þ-free buffer and
EGTA resulted in even higher infection rates (4.3-
fold). To exclude postentry effects of EGTA, treatment
was performed 24 and 72 hours after initiation of
infection (Fig. 4B). No increase in infection efficiency
was observed when EGTA was added postinfection,

whereas preincubation of the cells with EGTA led to a
1.9- to 2.3-fold increase. Because the efficacy of infec-
tion of HepaRG cells varies significantly with the pas-
sage number and the individual differentiation and
polarization process, we compared the influence of the
EGTA-induced enhancement of infection in two cell
batches (Fig. 4C). We, therefore, correlated the
increase of infection by EGTA with the efficacy of the
corresponding infection performed in the absence of
the chelator. We found the most profound effect of
EGTA in those cells that displayed a relatively weak

Fig. 3. Polarization and differen-
tiation state of PHH and HepaRG
cells and its influence on suscepti-
bility to HBV. (A) PHHs were
infected with 8 � 104 HBV ge/
cell. MRP2- and HBsAg-specific IF
was performed on day 12 p.i.
Depicted is a MRP2-specific IF
(green), an HBsAg-specific IF (red),
and an overlay of the IF pictures
with the nuclei stain (blue) at
200� magnification. (B) HepaRG
cells were seeded on coverslips in
12-well plates. On days 5, 7, 9,
12, 14, 16, 19, 21, 27, and 29
postseeding, an MRP2-specific IF
was performed. The number of
cells associated with a canalicular
MRP2 signal was quantified and
presented as a percentage of the
total cell number (n ¼ 59,961).
(C) Phase-contrast image and over-
lay of an MRP2- (green) and
HBcAg-specific IF (red) of an HBV
infection of HepaRG cells at day
12 p.i. (200� magnification; H ¼
hepatocyte-like cells, B ¼ biliary-
like cells). (D) Two batches of Hep-
aRG cells, designated A and B,
were infected in parallel with HBV.
On day 12 p.i., an IF for MRP2
was performed. The number of
cells associated with a canalicular
MRP2 signal was quantified and
presented as a percentage of the
total cell number (n ¼ 9,311,
black bars). HBsAg secreted from
day 8-12 p.i. was determined by
ELISA and is given as the S/N ra-
tio (gray bars).
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susceptibility without treatment (4.3-fold induction)
(Fig. 4C, batch 1). In contrast, cells that show high
amounts of secreted HBsAg already in absence of
EGTA could not be further sensitized by Ca2þ-re-
moval (Fig. 4C, batch 2). To prove whether enhanced
HBsAg-secretion correlates with a higher number of

infected cells, and not with enhanced antigen expres-
sion per cell, we complemented the HBsAg measure-
ment with HBcAg-specific IF (Fig. 4D). Infection
without previous EGTA treatment resulted in the typi-
cal staining of single cells, predominantly at the edges
of hepatic islands. However, EGTA treatment led to a
significant increase in the number of infected cells
(1.7-fold). Furthermore, we observed a marked
increase of infected cells in the center of hepatic
islands. This indicates that the resistant hepatic cells in
the center of an island are principally susceptible to
HBV infection, but are physically restricted in their
accessibility for the virus by tight junctions.
To analyze this in more detail on the single-cell

level, we stained HepaRG cells for HBcAg and MRP2
after EGTA treatment and subsequent HBV infection
(Fig. 5A). An infection without EGTA was performed
in parallel. Quantification of the microscopic analysis
revealed no significant differences between the ratios of
hepatocyte- to biliary-like cells for the EGTA-treated
and control samples (data not shown). In both cases,
approximately 67%-70% of cells exhibited a hepato-
cyte-like morphology. Both cultures showed a similar
number of hepatic cells associated with a canalicular
MRP2 signal (15%; data not shown). These observa-
tions exclude differences in the number of differenti-
ated and polarized hepatic cells as a cause of disparities
in HBV infection rates. The majority of HBcAg-posi-
tive cells in the untreated sample were located at the
edges of hepatic islands (93%; Fig. 5B, left). Infected
cells within the islands were associated with canalicular
structures. In contrast, pretreatment of HepaRG cells
with 800 lM of EGTA led to a 1.3-fold increased
number of HBcAg-positive cells and to a change in
the distribution of infected cells. Fifty-six percent of
infected cells located at the edges of hepatic islands
and 44% located inside. Correlation of HBV infection
to the polarization of HepaRG cells by means of
MRP2 showed that in the untreated control, 82% of
infections occurred in cells associated with a canalicu-
lar MRP2 signal (Fig. 5B, right). In the EGTA-treated
sample, this fraction was reduced to 61%. Simultane-
ously, the percentage of HBcAg-positive cells not asso-
ciated with a canalicular MRP2 signal was increased
by a factor of 2.2, from 18% to 39%, upon EGTA
treatment. These results demonstrate that PHH-like
polarization is a prerequisite for infection of HepaRG
cells in internal parts of a differentiated island. In con-
trast, internally located differentiated HepaRG cells
not forming canalicular structures are, in principle,
susceptible to infection, but restricted by physical
barriers.

Fig. 4. Temporary disruption of cellular junctions by EGTA and
Ca2þ depletion. HepaRG cells were incubated with 800 lM of EGTA
(30 minutes, 37�C) before infection. Controls without EGTA were per-
formed in parallel. (A) HepaRG cells were pretreated with EGTA in dif-
ferentiation medium or Ca2þ-free buffer and subsequently infected
with 8 � 104 HBV ge/cell in the absence of EGTA in differentiation
medium. Secreted HBsAg (days 7-11 p.i.) was determined by ELISA.
The HBsAg value of the untreated control infection (S/N ¼ 43.68) in
differentiation medium was set to 100%. The cut-off of the ELISA is
indicated. (B) HepaRG cells were incubated for 30 minutes at 37�C in
the presence or absence of EGTA. Preincubation with EGTA was done
in Ca2þ-free buffer. Inoculation of HepaRG cells with 4 � 104 HBV
ge/cell was performed in the absence or presence (*) of EGTA for 24
hours in differentiation medium. Cells were washed and replenished
with new medium. Directly (¼ 24 hours p.i.) or 48 hours (¼ 72 hours
p.i.) after the end of virus inoculation, cells were incubated for 30
minutes at 37�C with EGTA in Ca2þ-free buffer. Secreted HBsAg from
days 7-11 p.i. was determined by ELISA and is presented as a per-
centage of the untreated control. (C) HBV infections were performed
with two different HepaRG cell batches (1 and 2) after preincubation
with EGTA in Ca2þ-free buffer. Secreted HBsAg (days 7-11 p.i.) of
untreated and EGTA-treated samples were measured by ELISA and are
given as S/N. (D) HepaRG cells were preincubated with EGTA in
Ca2þ-free buffer and infected with HBV in the absence of the chelator.
Eight days p.i., an HBcAg-specific IF was performed. For the untreated
control and the EGTA-treated sample, an overlay of the nuclear stain
(blue) with the HBcAg-specific IF (red) is shown (200� magnification,
H ¼ hepatocyte-like cells; B ¼ biliary-like cells).
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Correlation Between the Percentages of Hepatic,
Polarized HepaRG Cells in Culture and HBV Infec-
tion Efficiency. The previous observations led to the
assumption that an increase in percentage of hepato-
cyte-like polarized cells with a canalicular MRP2 local-
ization results in higher infection rates at a given virus
inoculation dose. To support this hypothesis, we
selected a HepaRG culture with a high proportion of
canaliculus-containing, hepatocyte-like cells by MRP2-
specific IF. We infected this culture with 2.4 � 104

HBV ge/cell and performed HBcAg- and MRP2-spe-
cific IF on day 11 p.i. (Fig. 6). The ratio of biliary-
like (32%) to hepatocyte-like cells (68%) was compa-
rable to other HepaRG cell batches (data not shown).
However, in contrast to other HepaRG cell batches,
56% of cells were associated with a canalicular MRP2
signal (quantification not shown). Quantification of
HBcAg-specific IF showed that 12% of total cells were
infected under the chosen conditions. Correlation with
the percentage of hepatocyte-like cells showed that
18% of hepatocyte-like cells were infected with HBV.
In comparison with the experiments shown in Fig. 2,
in which 1.7% of total cells where infected with an
inoculation dose of 2.5 � 104 ge/cell, this represents a
7-fold increase in infection rates. These observations
demonstrate that an increase in percentage of PHH-
like polarized cells leads to higher infection rates and
thereby also builds the basis for the optimization of
the HepaRG infection system.

Discussion

The hepatocytes in the liver are the primary site of
HBV replication. They are responsible for liver func-
tions, such as bile production, detoxification, or pro-
tein synthesis. To be functional, hepatocytes must be
differentiated and polarized. The human hepatoma cell
line, HepaRG, has an ability to differentiate toward
hepatocyte- and biliary-like cells. This offered us the
unique possibility to study and compare the contribu-
tion of differentiation and hepatocyte polarization on
HBV infection in HepaRG cells and PHHs.
In vivo, studies in chimpanzees showed that 101

HBV ge are sufficient to infect and allow virus spread
to 100% of hepatocytes.23 Using cultures of PHHs,
we showed that infection rates of up to 100% are also
possible in vitro (Fig. 1A,B). However, this requires
inoculation of the cells with �0.8 � 104 ge/cell. De-
spite the high mge, infection can be blocked with a
myristoylated HBVpreS1-peptide, indicating that this
infection occurs via the authentic pathway. Similarly to
PHHs, HBV infection of HepaRG cells is dependent
on the concentration of the virus inoculum and the
time of virus inoculation (Fig. 2C,D). In contrast to
PHHs, mge up to 40 � 104 led to the infection of
only 7% of HepaRG cells. This restriction is not the
result of a limitation of infectious virions in the inocu-
lum, because a second round of infection, using the
supernatant of the initial infection, led to comparable
numbers of infected cells (Fig. 2B). Hantz et al. previ-
ously showed that regardless of the virus amount used
(up to an mge of 200), a maximum of 20% of cells

Fig. 5. Susceptibility to HBV of hepatocyte-like HepaRG cells not
forming canalicular structures. HepaRG cells were preincubated for 30
minutes at 37�C in the presence or absence of EGTA (800 lM) and
infected with HBV in the absence of the chelator. Preincubation with
EGTA was performed in Ca2þ-free buffer. On day 12 p.i., HBcAg (red)-
and MRP2 (green)-specific IF was performed. (A) Representative set of
overlay images for the untreated control and the EGTA-treated cells is
depicted. HBcAg-positive, hepatic cells not associated with a canalicu-
lar MRP2 signal within islands are marked with an asterisk. (B) Quan-
tification of the microscopic analysis shown in (A). In total, 5,754
cells were counted for the analysis. Distribution (left) of HBcAg-positive
cells within the hepatic islands, as well as their association with a
canalicular MRP2 signal (right), is depicted.
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(¼ 40% of hepatocyte-like cells expressing albumin)
could be infected.24

The slow kinetics and concentration dependency of
HBV infection of HepaRG cells argue for an initial,
diffusion-controlled mechanism of infection with an
unusually low percentage of productive cell association
of the virus within a given time. Beyond that, the li-
mitation of infection to only a subset of hepatic cells
predominantly located at the periphery of islands (Fig.
2A), as well as the increase of infection after transient
disruption of calcium-dependent cell-cell junctions by
EGTA, indicates a physical restriction caused by the
polarization state of the hepatocyte. HBV thus is simi-
lar to other viruses known to depend on the polariza-
tion state of cells for successful virus entry.25,26

Functional expression of sinusoidal and canalicular
hepatic drug transporters, including MRP2 in
HepaRG cells and PHHs, has been investigated by Le
Vee et al. in proliferating (3 days after seeding), con-
fluent (2 weeks after seeding), and DMSO-treated (4
weeks after seeding) cells by reverse-transcriptase quan-
titative polymerase chain reaction and drug transport
assays.27 Differentiated HepaRG cells display a trans-
porter expression similar to that in PHHs (i.e., they
exhibit substantial messenger RNA [mRNA] levels of
influx and secretion transporters). Functional activities
of the transporters were verified in HepaRG and
PHHs by transport assays. mRNA levels observed for
MRP2 were comparable between proliferating, conflu-
ent, and DMSO-treated HepaRG cells. We comple-
mented these data by analyzing the MRP2 expression
pattern at the protein level by IF over the 4-week cul-
tivation and differentiation process (Fig. 3B; Support-
ing Fig. 1). Even if MRP2 mRNA levels are compara-
ble in proliferating, confluent, and DMSO-treated

HepaRG cells,27 we, here, demonstrate significant dif-
ferences in the pattern of MRP2 localization. The can-
alicular MRP2-signal appears two days after the start
of DMSO treatment in IF, indicating that DMSO
addition leads to the formation of hepatocyte-like po-
larity. DMSO is known to induce and maintain cell
differentiation in several cell systems, including hepa-
tocytes.28 The exact role of DMSO in the differentia-
tion process, however, remains poorly understood.
HBV infection of HepaRG cells in internal parts of

islands of differentiated cells is restricted to cells that ex-
hibit a PHH-like polarization with canalicular structures
(Fig. 3C and scheme in Fig. 7C). The canalicular mem-
brane represents the apical part of the cell. In a noncana-
licular, differentiated HepaRG cell, the basolateral mem-
brane is at the sides (i.e., lateral) and on the bottom
(i.e., basal), whereas the entire surface of the cell is the
apical membrane (Fig. 7B). Assuming that the receptor
is basolaterally localized, the virus has no access to its
receptor(s). However, if cells form canalicular structures,
the apical part is restricted to the canaliculus, whereas
the basolateral membrane, including the cell surface,
allows interaction with the virus. Because PHHs uni-
formly display this canalicular-associated phenotype,
infection of 100% of cells is possible (Fig. 1 and scheme
in Fig. 7A). Similarly, the preferred infection of HepaRG
cells at the edges of islands of differentiated cells can be
explained by an increased accessibility to the lateral side
of the cells, which is not excluded by tight junction for-
mation (Fig. 7B,C). Preincubation of HepaRG cells
with EGTA opens Ca2þ-dependent cell junctions and
thereby enables interaction of HBV with the basolateral
localized receptor and subsequent infection (Fig. 7D).
The observation that HepaRG cultures containing

higher percentages of PHH-like polarized hepatic cells

Fig. 6. Effect of the increase in
the number of hepatic HepaRG
cells associated with a canalicular
MRP2 signal on HBV infection effi-
cacy. HepaRG cells were infected
with 2.4 � 104 HBV ge/cell. At
day 11 p.i., HBcAg- and MRP2-
specific IF was performed. A repre-
sentative set of pictures containing
the phase-contrast image, the cor-
responding IF (MRP2, upper row or
HBcAg, lower row) and the overlay
of the IF with the nuclear stain
(blue) is shown (200�
magnification).
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display higher infection rates (Fig. 6, in comparison to
Fig. 2) builds a basis for the optimization of the infec-
tion system. One possible approach for this includes
further increasing the percentage of hepatic, PHH-like
polarized HepaRG cells by culturing and differentiating
them in the presence of combinations of different
growth factors and other possible inducers of hepatocyte
polarization. Parent et al. already showed that the addi-
tion of epidermal growth factor during the cultivation
and differentiation of HepaRG cells leads to a differen-
tiation pattern toward hepatocyte-like cells, exhibiting
more canalicular structures.29 To overcome the restric-
tions of monolayer culture of HepaRG in two dimen-
sions concerning accessibility to the HBV receptor(s),
three-dimensional cultures (e.g., in sandwich or as sphe-
roids) would represent an interesting alternative.
However, even in HepaRG cultures having a high

percentage of PHH-like polarized cells, not every he-
patic cell associated with a canalicular MRP2 signal is
infected (Fig. 6). These data indicate that in addition
to the physical barrier, other factors (e.g., the antiviral
state of the cell and immune responses) restrict HBV
infection in vitro. In fact, HBV infection of HepaRG
cells can be strongly influenced by a previous induc-
tion of the interferon response (unpublished data).
In conclusion, our results, at least partially, explain

the observed restrictions in the in vitro HBV infection
system, HepaRG, and simultaneously provide a model
for HBV entry, in which HBV infection is, in addition
to differentiation, also dependent on the polarization
state of the cell (Fig. 7). Formation of hepatocyte-like
structures and the resulting transformation in mem-
brane polarity render a HepaRG cell susceptible to
infection by allowing access to basolaterally localized
HBV-specific receptor(s). Our data, strongly arguing
for a polarized entry of HBV via the basolateral do-
main of the cells, are in agreement with the in vivo sit-
uation, in which the virus enters the liver through the
blood and, initially, has access to the basolateral sides
of the hepatocytes facing the sinusoids. Future investi-
gations will analyze, in more detail, the interaction of
the virus with possible receptors on the basolateral do-
main of the hepatocytes and address the question of
whether also virus egress occurs in a polarized way.
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Fig. 7. Model of the role of cell polarization for in vitro HBV infec-
tion. Schematically depicted is the orientation of the apical (green)
and basolateral (blue) membranes of PHH (A) and HepaRG cells (B-
D) and the role for HBV infection. For HepaRG cells (B-D), hepatic
(left) and biliary-like cells (right) are indicated. Models for hepatic
HepaRG cells displaying an epithelial-like phenotype without formation
of canaliculi (B) or a mixture of PHH-like (containing canaliculi) and
epithelial-like cells (C), as well as HepaRG cells after EGTA treatment
(D), are shown. Cell junctions are colored in orange.
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