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ABSTRACT

Cell culture (cc)-derived hepatitis B virus (HBV) can infect differentiated HepaRG cells, but efficient infection requires addition
of polyethylene glycol (PEG) during inoculation. Identification of sodium taurocholate cotransporting polypeptide (NTCP) as
an HBV receptor enabled ccHBV infection of NTCP reconstituted HepG2 cells, although very little hepatitis B surface antigen
(HBsAg) is produced. We found infection by patient serum-derived HBV (sHBV), which required purification of viral particles
through ultracentrifugation or PEG precipitation, was PEG independent and much more efficient in HepaRG cells than in
HepG2/NTCP cells. In contrast to hepatitis B e antigen (HBeAg), HBsAg was not a reliable marker of productive sHBV infection
at early time points. A low HBsAg/HBeAg ratio by ccHBV-infected HepG2/NTCP cells was attributable to dimethyl sulfoxide
(DMSO) in culture medium, NTCP overexpression, and HBV genotype D. HepG2/NTCP cells released more viral antigens than
HepG2 cells after HBV genome delivery by adeno-associated virus, and stable expression of NTCP in a ccHBV producing cell line
increased viral mRNAs, proteins, replicative DNA, and covalently closed circular DNA. NTCP protein expression in HepG2/
NTCP cells, despite being driven by the cytomegalovirus promoter, was markedly increased by DMSO treatment. This at least
partly explains ability of DMSO to promote ccHBV infection in such cell lines. In conclusion, NTCP appeared inefficient to me-
diate infection by serum-derived HBV. It could promote HBV RNA transcription while inhibiting HBsAg secretion. Efficient
PEG-independent sHBV infection of HepaRG cells permits comparative studies of diverse clinical HBV isolates and will help
identify additional factors on virion surface promoting attachment to hepatocytes.

IMPORTANCE

Currently in vitro infection with hepatitis B virus (HBV) depends on cell culture-derived HBV inoculated in the presence of
polyethylene glycol. We found patient serum-derived HBV could efficiently infect differentiated HepaRG cells independent of
polyethylene glycol, which represents a more physiological infection system. Serum-derived HBV has poor infectivity in HepG2
cells reconstituted with sodium taurocholate cotransporting polypeptide (NTCP), the currently accepted HBV receptor. More-
over, HepG2/NTCP cells secreted very little hepatitis B surface antigen after infection with cell culture-derived HBV, which was
attributed to NTCP overexpression, genotype D virus, and dimethyl sulfoxide added to culture medium. NTCP could promote
HBV RNA transcription, protein expression, and DNA replication in HepG2 cells stably transfected with HBV DNA, while di-
methyl sulfoxide could increase NTCP protein level despite transcriptional control by a cytomegalovirus promoter. Therefore,
this study revealed several unusual features of NTCP as an HBV receptor and established conditions for efficient serum virus
infection in vitro.

Hepatitis B virus (HBV) is a major etiological agent for liver
cirrhosis and hepatocellular carcinoma (1). The nature of the

liver-specific HBV receptor(s) has been a longstanding puzzle in
the field (2); this is partly attributable to the paucity of cell lines
supporting productive HBV infection. Other than primary hu-
man hepatocytes (PHHs) and primary tupaia hepatocytes
(PTHs), only the human liver progenitor cell line HepaRG could
be infected with HBV after prolonged treatment with dimethyl
sulfoxide (DMSO) (3). DMSO promotes the differentiation of
HepaRG cell into foci of hepatocytes surrounded by biliary cells.
Other human hepatoma cell lines such as HepG2 and Huh7 sup-
port HBV DNA replication and virion production upon transfec-
tion with cloned HBV genome but not after inoculation with HBV
particles. HBV protein expression and genome replication are
driven by several coterminal transcripts ranging from 0.7 to 3.5 kb
(4). The subgenomic RNAs of 2.4 and 2.1 kb are responsible for
the expression of three coterminal envelope proteins termed large
(L), middle (M), and small (S), with the M protein having an extra
preS2 domain than the S protein and the L protein having an extra

preS1 domain than the M protein. In addition to their incorpora-
tion into virions, the envelope proteins, especially S and M, are
secreted as capsid-free subviral particles that exceed virions
by �1,000-fold. The large quantity of S protein associated with
subviral particles is detected by enzyme-linked immunosorbent
assay (ELISA) as hepatitis B surface antigen (HBsAg), which pro-
vides a sensitive serological marker of HBV infection. Another
serological marker is hepatitis B e antigen (HBeAg), a secreted
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form of capsid (core) protein. HBeAg is translated from a subset of
the 3.5-kb RNA called the precore RNA. The other subset, or
pregenomic (pg) RNA, serves as mRNA for core protein and DNA
polymerase. It is the only RNA to be packaged inside capsid as-
sembled from core protein for conversion to progeny DNA. Since
the efficiency of HBV infection in vitro remains quite low, mea-
surement of HBeAg and HBsAg from culture supernatant pro-
vides simple, sensitive, and quantifiable markers of HBV infec-
tion.

According to nucleotide sequence divergence of the entire
HBV genome, viral isolates worldwide can be grouped into eight
major genotypes (A to H) and two minor genotypes (I and J) (5,
6). Thus far, most in vitro infection experiments were based on
viral particles concentrated from culture supernatant of HepG2
cells stably transfected with over-length (1.1-copy) HBV genome
of genotype D (7–9). Infectivity of such cell culture-derived HBV
(ccHBV) particles requires the addition of 4% polyethylene glycol
(PEG) during inoculation (10), which has been reported to pro-
mote virus attachment to cell surface (11). Independent studies
identified heparan sulfate proteoglycans (HSPG) as the low-affin-
ity HBV receptor (11, 12), and a recent work revealed glypican 5 as
a major carrier of cell surface HSPG involved in HBV entry (13,
14). The critical HSPG binding sites have been mapped to several
basic residues in the “a” determinant of the S domain (15), which
could explain the ability of anti-S antibodies to neutralize HBV
infectivity. HBV infectivity could also be neutralized by antibodies
against the amino terminus of the preS1 domain, which has been
implicated in binding to the high-affinity HBV receptor. Recently,
Wenhui Li’s group identified sodium taurocholate cotransporting
polypeptide (NTCP) as a binding partner for myristoylated preS1
peptide 2-48 (nomenclature based on genotype D) (16). NTCP
was found by RNA interference to be essential for HBV and hep-
atitis delta virus (HDV) infection of PHH and HepaRG cells. Con-
versely, introduction of NTCP cDNA into HepG2 and Huh7 cells
conferred susceptibility to infection by HBV and HDV, respec-
tively (16). These seminal findings established NTCP as an HBV
and HDV receptor, a demonstration that has been independently
confirmed and extended (17–28). Consequently, NTCP sub-
strates or inhibitors such as tauroursodeoxycholic acid (TUDCA),
cyclosporine, irbesartan, and ritonavir could suppress ccHBV or
HDV infection (18, 20–24). Nevertheless, NTCP-reconstituted
HepG2 cells cultured in the presence of DMSO reportedly released
up to 100 times more HBeAg than differentiated HepaRG cells
after ccHBV infection, but comparable amounts of HBsAg (18).
In this regard, the HBsAg/HBeAg ratio seen in differentiated
HepaRG cells was closer to, but still lower than that of viremic
serum samples derived from chronic HBV carriers (unpublished
observations). The greatly distorted HBsAg/HBeAg ratio after
NTCP-mediated HBV infection raises questions regarding its role
as the physiological HBV receptor in vivo. In the present study, we
examined factors contributing to reduced HBsAg production in
ccHBV infected HepG2/NTCP cells and established conditions
for efficient infection of HepaRG cells with serum-derived HBV
(sHBV). Furthermore, we found that NTCP expression in HepG2
cells promoted HBV protein expression and DNA replication at a
postentry step.

MATERIALS AND METHODS
Chemicals, NTCP expression construct, and antibodies. DMSO and
PEG8000 were purchased from Sigma. TUDCA was from Calbiochem.

Human NTCP cDNA cloned to pcDNA6 vector under the cytomegalovi-
rus (CMV) promoter was kindly provided by Wenhui Li. The recombi-
nant NTCP protein thus produced contains bovine rhodopsin tag at the
carboxyl terminus to enable its detection by a mouse monoclonal anti-
body (1D4; Santa Cruz), which was used at dilutions of 1:1,000 for West-
ern blotting and 1:100 for immunofluorescence (IF) staining. The other
antibodies used included anti-� actin (Sigma), rabbit anti-core (Dako),
rabbit anti-preS1 (R271) (29), another rabbit antibody against preS1 res-
idues 12 to 46 of genotypes B/C (MGTNLSVPNPLGFFPDHQLDPAFGA
NSNNPDWDFN; GenScript), mouse monoclonal anti-preS2 (S26; Viro-
gen), rabbit anti-S (NB100-62652; Novus), goat anti-S (custom-made),
and horse anti-S (anti-Ad/Ay; Abcam).

ccHBV and sHBV. HepDE19 cell line with tetracycline-regulated
HBV DNA replication was used as the source of ccHBV (9). It has 1.1
copies of the HBV genome of genotype D stably integrated to the chro-
mosomal DNA of HepG2 cells, with transcription of pgRNA induced by
doxycycline removal from the culture medium. Virions and subviral par-
ticles were concentrated from culture supernatant by precipitation with
5% PEG (3) or ultracentrifugation at 39,000 rpm for 16 h through 10 to
20% sucrose cushion in a Sorvall SW41 rotor. Particles in the pellet were
resuspended in 1/100 the original volume with complete medium or
phosphate-buffered saline (PBS) for storage at �80°C, and the genome
copy number was determined by dot hybridization using serial dilutions
of cloned HBV DNA of known concentration for calibration (30). Similar
procedures were used to purify sHBV from viremic serum samples col-
lected from chronic HBV carriers from Shanghai, China, for another
study (31). Informed consent was obtained from patients, and the study
was approved by Institutional Board and by the Recombinant DNA Com-
mittee of Rhode Island Hospital. To determine the HBV genotype of the
sHBV isolates, the envelope gene (nucleotides 2836 to 3215 and 1 to 866)
was amplified by PCR, followed by direct sequencing and phylogenetic
analysis (32). The primers used for PCR and sequencing were sense
(5=-GTCACCATATTCTTGGGAAC-3=) and antisense (5=-CATATCCC
ATGAAGTTAAGG-3=). All the six sHBV isolates used in the present
study belong to genotype C.

HBV-susceptible cell lines, viral inoculation, and assays for infectiv-
ity. The HepaRG cell line was kindly provided by Christian Trepo. It was
grown in William’s E Medium supplemented with hydrocortisone and
insulin (3). Confluent cells were further cultured in medium supple-
mented with 2% DMSO for a minimum of 2 weeks prior to infection.
HepG2 cells were transfected with human NTCP cDNA, and stable
HepG2/NTCP transfectants were selected by blasticidin (10 �g/ml) as a
mixed population. Alternatively, individual clones of stable NTCP trans-
fection were obtained by single cell isolation, followed by expansion. Most
infection experiments were performed on confluent cells cultured in 96-
well plates without DMSO. Cells were incubated overnight with ccHBV or
sHBV, followed by a wash. The medium was changed and collected every
2 or 3 days. HBsAg and HBeAg in cell culture supernatant were measured
by commercial ELISA kits (KHB, Shanghai, China). If the optical density
values exceeded 2.5, the samples were diluted and measured again to avoid
signal saturation. Thus, HBsAg or HBeAg values of �2.5 in some figures
were calculated from values measured from diluted samples. The HBsAg/
HBeAg ratio refers to HBsAg titer in culture supernatant divided by
HBeAg titer from the same volume of culture supernatant. Southern and
Northern blot analyses were performed as previously described (29, 31),
and for such purposes the cells were seeded in 6- or 12-well plates for
infection experiments. To avoid bias in detecting ccHBV or sHBV, the
3.1-kb HBV DNA of genotypes B, C, and D was mixed at 1:1:2 ratio for
probe labeling.

HBV DNA replication and protein expression in HepDE19 versus
HepDE19/NTCP cells. HepDE19 cells were transfected with NTCP
cDNA, followed by growth in blasticidin containing medium to generate
HepDE19/NTCP cells as a mixed population. After the removal of doxy-
cycline from confluent HepDE19 and HepDE19/NTCP cells, culture su-
pernatant was collected every 2 to 3 days, and the cells were harvested at
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fixed time points. Covalently closed circular DNA (cccDNA) was ex-
tracted according to an established method (33). Virions were immuno-
precipitated from culture supernatant by a combination of rabbit anti-
preS1 antibody (R271) and horse anti-Ad/Ay antibody according to
established protocols (29, 31). Virion DNA, intracellular replicative DNA,
and cccDNA were detected by Southern blotting, while HBV RNA was
detected by Northern blotting. Core, S, and �-actin proteins were de-
tected by Western blotting as described previously (29, 31).

Transient-transfection experiments. HepG2 cells seeded in 12-well
plates were cotransfected with secreted alkaline phosphatase (SEAP)
cDNA, NTCP cDNA, and tandem dimer of HBV geno1.2 (genotype D) or
HBV 6.2 (genotype A) at different ratios, using Lipofectamine 3000 re-
agents (Invitrogen). The culture supernatant was measured for both
HBeAg and HBsAg, whereas the cell lysate was used for HBsAg measure-
ment after dilution with PBS.

AAV-HBV infection. rAAV-HBV1.3, in which 1.3 copies of the HBV
genome of ayw subtype (genotype D) or adr subtype (genotype C) was
cloned to adeno-associated virus (AAV) 8 vector, was purchased from
Beijing Fiveplus Molecular Medicine Institute. The viral stock contained
1012 viral genomes/ml. HepG2, HepG2/NTCP, and differentiated
HepaRG cells were seeded in 96-well plates, inoculated overnight with
rAAV-HBV1.3, and then monitored for HBsAg and HBeAg secretion.

Statistical analysis. Differences between the groups were examined by
using a Student t test. A P value of �0.05 is indicated by an asterisk. All
experiments were repeated for �3 times, and data are presented as means
or as means � the standard deviations (SD).

Accession number(s). Sequences for the six sHBV isolates used in the
present study were deposited in GenBank (accession numbers KX300210
to KX300215).

RESULTS
Overview. The present study compared infectivity of two types of
HBV inoculum (ccHBV and sHBV) in two human liver cell lines
(HepaRG and HepG2/NTCP). The ccHBV isolate was based on
genotype D, whereas all of the sHBV isolates used for the present
study were of genotype C. Endogenous NTCP expression in dif-
ferentiated HepaRG cells was driven by its own promoter, while
HepG2/NTCP cells overexpressed NTCP under the cytomegalo-
virus (CMV) promoter. A mixed population of HepG2/NTCP
cells was used for most of the infection experiments. The impacts
of the method of virus purification, the inoculation size and pro-
cedure, and the culture conditions on HBV infectivity were deter-
mined. HBV infection was monitored by ELISA detection of
HBsAg and HBeAg in the culture supernatant and validated by
Northern and Southern blot analyses. Anti-preS and anti-S anti-
bodies were evaluated for their ability to block ccHBV and sHBV
infection, which raised questions about the reliability of HBsAg as
an early marker of productive sHBV infection. To validate find-
ings from the infection experiments and to establish the postentry
effects of NTCP on HBV, HBV genome of genotype D or a non-D
genotype was delivered to HepG2, HepG2/NTCP, or HepaRG
cells by AAV vector or by transient transfection. Furthermore,
NTCP expression construct was transiently cotransfected with
the HBV genome into HepG2 cells or stably transfected into
HepDE19 cells, the ccHBV producer cell line.

Conditions for efficient ccHBV infection. ccHBV was con-
centrated from culture supernatant of HepDE19 cell line by ultra-
centrifugation through sucrose gradient or precipitation with 5%
PEG. As expected (10) efficient ccHBV infection of either differ-
entiated HepaRG cells or HepG2/NTCP cells required addition of
4% PEG during inoculation (Fig. 1A). Interestingly, seeding
HepG2/NTCP cells at a higher density augmented ccHBV infec-

tion (Fig. 1B, upper panel). Culturing HepG2/NTCP cells in me-
dium supplemented with 1% DMSO increased HBeAg produc-
tion in some experiments (Fig. 1B, compare the upper left and
right panels). Surprisingly, a high cell density and especially
DMSO treatment markedly increased NTCP protein level in
HepG2/NTCP cells (Fig. 1C), despite the fact that NTCP expres-
sion was driven by the CMV promoter. We also examined ccHBV
infectivity in individual HepG2/NTCP clones. As shown in Fig. 2,
a clone with higher NTCP expression (G7) manifested better sus-
ceptibility to ccHBV infection than a clone with lower expression
(G2), whether according to HBeAg or HBsAg values.

sHBV infection required partial virus purification from vire-
mic serum samples but no PEG during inoculation. Conditions
for optimal sHBV infection were tested in differentiated HepaRG
cells. Inoculating viremic serum samples directly to HepaRG cells
led to low levels of HBeAg and HBsAg, which could be greatly
improved by ultracentrifugation of serum samples through su-
crose cushion or precipitation of viral/subviral particles with 5%
PEG (Fig. 1D). Omitting 10% fetal bovine serum (FBS) in culture
medium during inoculation moderately, but consistently, en-
hanced sHBV infection (Fig. 1E). Therefore, certain soluble fac-
tors in human and bovine sera could apparently interfere with
sHBV infectivity. Surprisingly, adding 4% PEG during inocula-
tion diminished sHBV infectivity (Fig. 1F), in sharp contrast to its
promotion of ccHBV infection (Fig. 1A).

An NTCP substrate failed to block sHBV infectivity if pres-
ent only during the inoculation step. The findings presented
above prompted us to check for additional differences between
ccHBV and sHBV infection. In subsequent experiments, ccHBV
was concentrated by PEG precipitation while sHBV was purified
by ultracentrifugation, with 4% PEG present during ccHBV inoc-
ulation. Of several NTCP inhibitors or substrates tested (cyclo-
sporine, ritonavir, ibesartan, and TUDCA), TUDCA added at the
inoculation step dose dependently inhibited ccHBV infection of
both HepG2/NTCP cells (Fig. 3A) and differentiated HepaRG
cells (Fig. 3B). However, it failed to inhibit sHBV infection of
HepaRG cells under identical conditions (except for the absence
of 4% PEG during inoculation). Rather, adding another aliquot of
TUDCA immediately postinoculation was needed to inhibition
sHBV infection (Fig. 3C, compare the left and right panels).

HBsAg is not a reliable marker at the early stage of sHBV
infection. Although both HBsAg and HBeAg are routinely used as
convenient and sensitive markers of HBV infection, they possess
different biophysical properties. HBsAg corresponds to subviral
particles, which can be copurified with infectious virions by both
PEG precipitation and ultracentrifugation. In contrast, HBeAg is a
soluble protein that can be removed by such purification proce-
dures. Consequently, subviral particles in the ccHBV preparation
could bind to the low-affinity HBV receptor and subsequently
shed off, thus contributing to HBsAg signal at 2 or 3 days postin-
oculation (10). We compared the ability of anti-preS1, anti-preS2,
and anti-S antibodies to neutralize ccHBV and sHBV infectivity,
which raised questions regarding the reliability of HBsAg as an
early marker of productive HBV infection. The rabbit polyclonal
anti-preS1 antibody (GenScript) was raised against part of the
NTCP binding site, whereas the murine monoclonal anti-preS2
antibody targets preS2 residues 13 to 16 (34). It could partially
neutralize sHBV infectivity in PTHs (35). HepG2/NTCP cells or
differentiated HepaRG cells were inoculated with ccHBV or sHBV
overnight, with or without the presence of antibodies, followed by
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a wash. The HBsAg and HBeAg titers at different time points post-
inoculation were measured. Figure 4 presents the results from
three independent experiments (panels A to C) using the same
ccHBV stock but sHBV from different patients. Based on
HBeAg titers at day 7 or 9 postinoculation, ccHBV infectivity in
both HepG2/NTCP and HepaRG cells was completely blocked

by the anti-preS1 and anti-preS2 antibodies, and also by the
goat and rabbit anti-S antibodies [S(G) and S(R)], at the con-
centrations used (Fig. 4, upper panels). sHBV infectivity, as
determined in HepaRG cells, was more difficult to be neutral-
ized, especially by the anti-S antibodies (Fig. 4, second panels).
This was probably related to a much higher abundance of sub-

FIG 1 Identification of conditions for efficient ccHBV or sHBV infection. (A) ccHBV particles were concentrated from culture supernatant of HepDE19 cells by
ultracentrifugation through sucrose (suc) cushion or PEG precipitation and used to inoculate HepaRG or HepG2/NTCP cells grown in 96-well plates at an MOI
of 300, with or without 4% PEG. HBeAg values at day 14 postinfection are shown. (B) HepG2/NTCP cells seeded at the indicated densities were cultured in
medium with or without 1% DMSO and then infected with ccHBV at an MOI of 500. Shown are the HBeAg values at day 12 postinfection and the calculated
HBsAg/HBeAg ratios. (C) Western blot analysis of NTCP protein level in HepG2/NTCP cells seeded at different densities and harvested at the time of infection
(upper panel) or after 2, 4, or 7 days of treatment of confluent cells with 2% DMSO (lower panel). (D) HepaRG cells were infected with serum samples directly
or with the same amount of virus after ultracentrifugation (suc) or PEG precipitation (MOI of 800, 400, or 800 for column pairs 3, 5, or 4, respectively). Shown
are the HBeAg values at day 16 postinfection. (E) sHBV purified from indicated serum samples by ultracentrifugation was resuspended in PBS and incubated with
HepaRG cells in regular medium or medium lacking 10% FBS (MOI of 800, 400, or 800 for column pairs 3, 5, or 14, respectively). HBeAg values at day 7
postinfection are shown. (F) HepaRG cells were infected with sHBV purified by ultracentrifugation, with or without 4% PEG, at an MOI of 800. The finding for
HBeAg at day 14 postinfection are presented. The HBeAg values in panels A, C, D, and E correspond to 50 �l of culture supernatant, while those in panel B
correspond to 30 �l of culture supernatant. Data are presented as means � the SD (n � 3). *, P � 0.0001 to 0.002 (A, D, E, and F) and P � 0.0001 (B, top panel).
Note that the titers of virus concentrated by ultracentrifugation and PEG precipitation were similar, as revealed by dot blot hybridization using 2-�l portions of
virus stocks (A and D).
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viral particles in the sHBV preparation relative to the ccHBV
preparation, considering that subviral particles will compete
with virions for binding to anti-S, but not to anti-preS1, anti-
bodies.

Although the anti-preS1 and anti-S antibodies abolished both
HBeAg and HBsAg signals from ccHBV-infected cells, they (espe-
cially the anti-preS1 antibody) failed to abolish HBsAg in sHBV-
infected HepaRG cells at day 7 or 9 postinoculation (Fig. 4, second
panels). We interpreted HBsAg positivity unaccompanied by
HBeAg as incoming subviral particles, which could be attributed
to the high abundance of subviral particles in sHBV preparation,
as well as to the inability of anti-preS1 antibodies to prevent sub-
viral particles from attaching to hepatocytes. Consistent with this
interpretation, in cells treated with the anti-preS1 antibody the
HBsAg titer declined continuously during the 3 weeks of fol-
low-up to a nearly undetectable level (Fig. 4B and C, third panels).
Most surprisingly, the anti-preS2 antibody failed to significantly
affect HBsAg titer after even ccHBV infection despite complete or
nearly complete elimination of HBeAg (Fig. 4, first and second
panels). Moreover, the high HBsAg titer persisted during the 3
weeks of follow-up (Fig. 4A and C, third panels).

HepG2/NTCP cells were poorly infectible with sHBV and
produced little HBsAg following ccHBV infection. The ccHBV
and sHBV infectivity was compared between HepG2/NTCP cells
and differentiated HepaRG cells using serial dilutions of the viral
stocks. Although infection with either type of virus was dose de-
pendent (Fig. 5A and B), ccHBV-infected HepG2/NTCP cells re-
leased more HBeAg but less HBsAg than did HepaRG cells (Fig.
5A and B, left panels). This resulted in a �10-fold difference in the
HBsAg/HBeAg ratio between the two cell lines even when HepG2/
NTCP cells were cultured in DMSO-free medium (Fig. 5C, right
panel). On the other hand, sHBV was much more infectious in
HepaRG cells than HepG2/NTCP cells according to both HBeAg
and HBsAg (Fig. 5A and B, right panels). Therefore, efficient
sHBV infection required additional host factors enriched in
HepaRG cells. The HBsAg/HBeAg ratio in sHBV infected
HepaRG cells was higher than that of ccHBV-infected HepaRG
cells, even at later time points when HBsAg becomes a more reli-
able marker of sHBV infection (Fig. 5C, right panel).

Patterns of HBV RNA transcription after ccHBV and sHBV
infection. HBeAg is translated from the 3.5-kb precore RNA,

FIG 2 Correlation of ccHBV infectivity with NTCP expression level in pooled HepG2/NTCP cells and individual clones. (A) IF staining of NTCP expression
using anti-rhodopsin antibody, with HepG2 cells serving as a negative control. (B) Western blot analysis of NTCP from 20 �g of total cellular proteins. (C) HBeAg
and HBsAg titers from 50 �l of culture supernatant at three time points postinfection with ccHBV at an MOI of 200. Pool, pooled HepG2/NTCP cells. G2 and
G7 are HepG2/NTCP clones with low and high NTCP expression, respectively.

FIG 3 TUDCA added during inoculation alone failed to markedly suppress
sHBV infectivity. HepG2/NTCP cells (A) and differentiated HepaRG cells (B
and C) were inoculated with ccHBV in the presence of 4% PEG (A and B) or
sHBV in the absence of PEG (C). TUDCA at the indicated concentration was
added to the inoculum (during), with or without another dose added to the
first medium change after inoculation (post). Cells infected in the absence of
TUDCA served as controls. HBeAg titers were measured at day 8 (A) or day 7
(B and C) postinoculation from 50 �l of culture supernatant.
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whereas S protein, the major viral component of HBsAg, is trans-
lated from the 2.1-kb subgenomic RNA. To verify whether the
abnormal HBsAg/HBeAg ratio seen in ccHBV-infected HepG2/
NTCP cells was attributable to distorted ratio of the 3.5-kb RNA
over the 2.1-kb RNA, Northern blot analysis was performed.
sHBV-infected HepaRG cells showed a typical pattern of HBV
RNA transcription, with the 2.4- and 2.1-kb RNAs (which could
not be resolved into separate bands) being much more abundant
than the 3.5-kb RNAs (Fig. 6A). ccHBV-infected HepaRG cells
produced more 3.5-kb RNA but comparable amounts of the 2.4-
and 2.1-kb RNAs, which could explain the reduced HBsAg/
HBeAg ratio. In ccHBV-infected HepG2/NTCP cells, ratio of the
3.5-kb RNA over the 2.4- and 2.1-kb RNA also increased (Fig. 6A).
This was consistent with a recent report that precore/pgRNA were
the most prominent HBV RNA species in de novo-infected
HepG2/NTCP cells (36). Therefore, the differences in HBsAg/
HBeAg ratio after sHBV and ccHBV infection of the two cell types
were somewhat reflected at the transcription level. The pattern of
replicative HBV DNA was similar between ccHBV and sHBV in-
fection and irrespective of the cell type, with the level of HBV DNA
in better agreement with HBeAg than with HBsAg titer for both
ccHBV and sHBV (Fig. 6B and C). Prolonged differentiation of

HepaRG cells led to increased susceptibility to ccHBV infection, as
evidenced by higher HBeAg titers and stronger signals of replica-
tive DNA than that observed with HepG2/NTCP cells infected in
parallel (Fig. 6C).

Viral genotype, cell type, DMSO treatment, and NTCP over-
expression all contributed to distorted HBsAg/HBeAg ratio. As
already mentioned, even HepG2/NTCP cells cultured in the ab-
sence of DMSO showed �10-fold reduction in HBsAg/HBeAg
ratio than ccHBV-infected HepaRG cells cultured with 2%
DMSO. Adding 1% DMSO to culture medium of HepG2/
NTCP cells further reduced the ratio (Fig. 1B, lower panel).
Indeed, Ni and colleagues found an up to 100-fold difference in
HBsAg/HBeAg ratio between differentiated HepaRG cells and
their batch of HepG2/NTCP cells cultured with 2 or 2.5%
DMSO (18). We found that seeding cells at a high density also
reduced the HBsAg/HBeAg ratio (Fig. 1B, lower panel). Since
both DMSO treatment and high cell density could upregulate
NTCP protein level (Fig. 1C), NTCP overexpression might be
one of the factors reducing the HBsAg/HBeAg ratio. Consider-
ing that ccHBV was genotype D based, and that genotype D
isolates release less HBsAg than isolates of genotypes A to C
(unpublished observations), the use of genotype D-based

FIG 4 Neutralization of ccHBV and sHBV infectivity by anti-preS1, anti-preS2, and anti-S antibodies: impact on HBeAg and HBsAg titers. Panels A, B, and C
represent three separate experiments based on the same ccHBV stock but different sHBV stocks, with the same batch of HepaRG cells infected simultaneously
with ccHBV and sHBV (B and C). The top and middle panels show both HBsAg (dotted columns) and HBeAg (gray columns) values at the indicated time point
postinoculation with ccHBV (top) and sHBV (middle), respectively, with values from untreated cells set at 100. The third panels show the kinetics of HBsAg from
HepaRG cells infected with sHBV in the presence of anti-preS1 or anti-preS2 antibodies, with values from untreated cells shown for comparison. (C) The bottom
(fourth) panel indicates the kinetics of HBeAg from HepaRG cells infected with sHBV in the presence of anti-preS1 or anti-preS2 antibodies. The HBsAg and
HBeAg values correspond to 50 �l of culture supernatant. The antibody concentrations were 150 �g/ml for goat anti-S [abbreviated as S(G)] in panels A and B
but 75 �g/ml in panel C, 10 �g/ml for rabbit anti-S [abbreviated as S(R)], 5 �g/ml for mouse anti-preS2, and 8.9 �g/ml for rabbit anti-preS1.
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ccHBV might contribute to the low HBsAg/HBeAg ratio as
well.

To test our hypothesis, 1.3 copies of the HBV genome of geno-
type C or D were delivered by AAV vector (rAAV-HBV1.3) to
HepG2, HepG2/NTCP, and differentiated HepaRG cells. HepG2/
NTCP cells produced higher levels of HBsAg than did HepG2 cells
(Fig. 7A) but even higher levels of HBeAg (Fig. 7B), leading to a
reduced HBsAg/HBeAg ratio (Fig. 7C). For these two cell lines,
genotype D was associated with a much lower HBsAg/HBeAg ra-
tio than genotype C (Fig. 7C). HepaRG cells inoculated with
rAAV-HBV1.3 of genotype C produced more HBsAg and HBeAg
than HepG2 or HepG2/NTCP cells, but a comparable HBsAg/
HBeAg ratio (Fig. 7D, E, and F). However, they showed an 	10-
fold-higher HBsAg/HBeAg ratio than HepG2 cells after infection
with rAAV-HBV1.3 of genotype D, primarily due to much higher
HBsAg production (Fig. 7D, E, and F). In HepaRG cells, genotype
D was rather associated with higher HBsAg/HBeAg ratio than was
genotype C (Fig. 7F).

The role of viral genotype and NTCP on the HBsAg/HBeAg
ratio was further investigated by cotransfecting HepG2 cells with
NTCP expression construct and dimeric HBV DNA of genotype D
or A. Such an experimental setting enabled us to alter the NTCP/
HBV ratio at will. We cotransfected 0.9 �g of NTCP or SEAP
cDNA with 0.1 �g of HBV DNA (9:1 ratio) to mimic NTCP over-
expression accompanied by a very low level of HBV infection, as
seen in HepG2/NTCP cells. Alternatively, 0.5 �g of NTCP or

SEAP cDNA was cotransfected with 0.5 �g of HBV DNA (1:1
ratio) to mimic conditions possibly seen in differentiated HepaRG
cells or human liver. Again, genotype D was found to be associated
with a lower HBsAg/HBeAg ratio, although increasing the amount
of HBV DNA transfected from 0.1 to 0.5 �g diminished the geno-
typic difference (Fig. 8B, upper panel). The HBsAg/HBeAg ratio
was diminished by NTCP, especially at a 9:1 ratio, which could be
further reduced by adding 2% DMSO to culture medium (Fig. 8B,
compare the upper and lower panels). Quantification of the extra-
cellular/intracellular ratio of HBsAg suggested that both DMSO
treatment and NTCP expression could suppress HBsAg secretion
(Fig. 8C).

Stable NTCP transfection increased HBV DNA and protein
levels. An unexpected finding from rAAV-HBV1.3 infection ex-
periments was higher HBsAg and HBeAg production by HepG2/
NTCP cells than that observed with the parental HepG2 cells (Fig.
7A and B). A similar effect was observed after transient transfec-
tion of HBV DNA of genotype D or A into the two cell lines,
especially at the low DNA dose (data not shown), but not transient
cotransfection of NTCP and HBV DNAs (Fig. 8A). These results
suggested that NTCP could somehow increase HBV protein ex-
pression, probably through a secondary event. To further charac-
terize the postentry effect of NTCP in the HBV life cycle,
HepDE19 cells were stably transfected with NTCP expression
plasmid to generate the HepDE19/NTCP cell line. After doxycy-
cline removal to induce HBV DNA replication, HepDE19/NTCP

FIG 5 Comparative ccHBV and sHBV infectivity in HepaRG and HepG2/NTCP cells. (A and B) Dose-dependent infection. HepaRG cells (differentiated for 3
weeks) and HepG2/NTCP cells were inoculated with ccHBV or sHBV at the indicated MOI. Shown are the HBeAg (A) and HBsAg (B) titers from 50 �l of culture
supernatant at day 7 postinfection. (C) Kinetics of HBeAg, HBsAg, and HBsAg/HBeAg ratio from cells infected at an MOI of 500. NTCP, HepG2/NTCP cells; RG,
HepaRG cells. Both HBeAg and HBsAg were measured from 10 �l of culture supernatant.
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cells expressed higher levels of HBV core and envelope proteins
(Fig. 9B), and secreted more HBeAg and HBsAg, than the parental
HepDE19 cells (Fig. 9C). They also showed higher intracellular
levels of replicative DNA and cccDNA, as well as extracellular
virion DNA (Fig. 9A). Northern blot analysis revealed increased
levels of both 3.5-kb and 2.4-/2.1-kb RNAs (Fig. 9A), suggesting
upregulation at the transcriptional level. On the other hand,
ccHBV particles produced in HepDE19/NTCP cells showed an
infectivity comparable to those produced in HepDE19 cells when
inoculated at the same multiplicity of infection (MOI; data not
shown).

DISCUSSION

A robust, reproducible, and yet authentic in vitro system of HBV
infection is crucial to characterize the early steps of the HBV life
cycle and to identify antiviral agents with the potential to block
virus entry in vivo. The key components of this system are the
target cells, the inoculum, and the culturing conditions/inocula-
tion procedures. PHHs suffer from limited availability, batch-to-
batch variability in susceptibility, and inability for serial passage,
which was partly overcome with the demonstration that PTHs
were, surprisingly, susceptible to HBV infection (37). The estab-
lishment of HepaRG cell line provides unlimited supply of
HBV-susceptible cells of identical genetic background (3).
Still, induction of cellular differentiation essential for HBV in-
fection is time-consuming, and HBV susceptibility differs from
batch to batch, partly due to a variable ratio between hepatocytes
and biliary cells (38). A role of NTCP in this system of HBV infec-

tion was inferred from experiments using NTCP inhibitors, sub-
strates, or shRNAs, although the inhibition was often incomplete.
More recently, HepG2 cell line stably transfected with NTCP
cDNA offered an alternative in vitro system to support HBV in-
fection. Ni et al. reported that adding up to 2.5% DMSO to culture
medium could increase HBeAg production from ccHBV infected
HepG2/NTCP cells by up to 10-fold, which was about 100 times
higher than produced by similarly infected HepaRG cells (18).
This, combined with the no need for prolonged differentiation,
makes HepG2/NTCP cells a more attractive system of in vitro
infection (39). However, infection based on NTCP overexpres-
sion can be artificial, and the use of an exogenous promoter to
drive NTCP expression prevents feedback transcriptional regula-
tion of NTCP expression, which might be operative during the
natural course of infection.

As for the inoculum, most investigators used ccHBV produced
in HepG2 cells by stable transfection with the HBV genome. The
commonly used ccHBV systems are all based on genotype D (7–
9). Efficient ccHBV infection requires the addition of 4% PEG
during inoculation (3, 10). This practice has greatly facilitated
elucidation of the HBV entry process, culminating with the iden-
tification of NTCP as an HBV receptor (16). Nevertheless, PEG
appears to facilitate HBV virion attachment to cell surface (11),
and it may bypass an authentic step of virus-host interaction.
Since we performed ccHBV and sHBV infection in the presence
and absence of PEG, respectively, different features of ccHBV ver-
sus sHBV infection documented here might be partly attributed to
PEG. For example, adding TUDCA during inoculation could ef-

FIG 6 Intracellular HBV RNAs and replicative HBV DNA after ccHBV and sHBV infection. (A) Northern blot analysis at day 14 postinfection (MOI � 300). s,
sHBV; cc, ccHBV. (B) Southern blot analysis at day 10 or 21 postinfection (MOI � 500). Restriction enzyme-digested HBV genomes served as size markers. C3,
a HepG2/NTCP clone. (C) Southern blot analysis at day 10 postinfection from HepG2/NTCP cells and a batch of HepaRG cells differentiated for 4 months, with
an MOI of 500 for sHBV and MOIs of 500, 167, and 50 for ccHBV. Shown are the two different exposures of the same blot. The HBeAg and HBsAg values shown
in all panels correspond to 20 �l of culture supernatant.
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ficiently inhibit ccHBV infection, but its continued presence im-
mediately postinoculation was needed to markedly suppress
sHBV infection (Fig. 3). In this regard NTCP, the transporter of
TUDCA and the high-affinity receptor, most likely interacts with
HBV at a late time point of virus-hepatocyte interaction. PEG
probably accelerates this process to enable TUDCA inhibition of
ccHBV infection when present at the step of inoculation. PEG may
also distort the neutralization efficiency of anti-S antibodies by
aggregating viral/subviral particles or facilitating immune com-
plex formation. Indeed, the two polyclonal anti-S antibodies
tested here were less efficient at neutralizing sHBV infectivity (Fig.
4), and a 100-fold-higher concentration of a human monoclonal
anti-S antibody (40) was needed to inhibit sHBV infection of
HepaRG cells (performed in the absence of 4% PEG) than ccHBV
infection of the same cell line (in the presence of 4% PEG) (J. Li,
unpublished observations). Certainly, the sHBV stock harbors
much higher proportion of subviral particles than ccHBV, which
could also diminish the neutralizing capacity of anti-S antibody
and render HBsAg an unreliable marker of productive sHBV in-
fection, especially at the early time points (Fig. 4).

Compared to differentiated HepaRG cells, HepG2/NTCP cells

are highly susceptible to ccHBV infection performed in the pres-
ence of 4% PEG but poorly susceptible to sHBV infection,
whether in the presence or absence of PEG. This result suggests
that host factors other than NTCP are required for efficient sHBV
infection. However, since the ccHBV and sHBV used for the pres-
ent study belong to genotypes D and C, respectively, further stud-
ies using ccHBV of genotype C and sHBV of genotype D are war-
ranted to dissect the role of the viral genotype versus the source.
Ultracentrifugation or PEG precipitation of viral/subviral parti-
cles from human serum samples greatly promoted sHBV infection
(Fig. 1), suggesting the presence of soluble inhibitors of sHBV
infection. The fact that sHBV infection does not require 4% PEG
added during inoculation suggests that certain molecules present
on sHBV but not ccHBV mediate initial HBV attachment to cell
surface, which is mimicked by PEG. Consistent with our finding,
virus purification by ultracentrifugation through discontinuous
sucrose density gradient enabled sHBV of genotype D to infect
PTH in the absence of PEG (35). PEG-independent sHBV infec-
tion of HepaRG cells better reflects natural HBV infection and
should help identify additional molecules involved in the initial
step of virus-hepatocyte interaction. Moreover, it opens the door
to test the infectivity of clinically important HBV genetic variants
(5, 6).

As for ccHBV infection of HepG2/NTCP cells, infectivity could
be enhanced by a high NTCP protein level (Fig. 2), a high cell
density (Fig. 1B), and also DMSO if the issue of cell toxicity could
be avoided (18). Surprisingly, a higher cell density and DMSO
treatment both increased the NTCP protein level (Fig. 1C). Since
NTCP expression was driven by a constitutive CMV promoter
and considering that for that particular experiment a blasticidin-
resistant HepG2/NTCP pool was used (with the recombinant
plasmid integrated randomly into cellular chromosomes), up-
regulation of NTCP protein is most likely attributed to a post-
translational event such as protein stability. At any rate, this rein-
forces the correlation between NTCP protein level and the
efficiency of ccHBV infection, thus proving a pivotal role of NTCP
in the infection process. Interestingly, both high cell density and
DMSO treatment also reduced the HBsAg/HBeAg ratio. Experi-
ments using an AAV vector or transient transfection confirmed
the role of NTCP overexpression, HBV DNA of genotype D (es-
pecially at low level), and DMSO treatment as independent factors
reducing the HBsAg/HBeAg ratio. Thus, the drastically reduced
HBsAg/HBeAg ratio in HepG2/NTCP cells cultured with 2.5%
DMSO and infected with ccHBV of genotype D (18) probably
does not challenge NTCP as an HBV receptor in vivo, but this
rather suggests the artificial nature of the current system of HBV
infection based on NTCP overexpression in conjunction with
ccHBV of genotype D. It will be interesting to determine whether
the HBsAg/HBeAg ratio could be restored by inoculation with
ccHBV of non-D genotypes or by switching off NTCP expression
postinoculation. Intriguingly, differentiated HepaRG cells pro-
duced a high ratio of HBsAg/HBeAg after either ccHBV infection
or AAV-mediated delivery of HBV genome of genotype D, despite
being cultured in medium supplemented with 2% DMSO. In this
regard, differentiated HepaRG cells differ from HepG2/NTCP
cells in lacking NTCP overexpression and in the presence of biliary
cells surrounding hepatocytes.

Cytosolic L protein could retain the S protein to block HBsAg
secretion (41, 42). Considering that NTCP is a binding partner for
the amino terminus of preS1 domain, it is possible that cytosolic

FIG 7 Comparison of rAAV-HBV1.3 infection of HepG2, HepG2/NTCP, and
HepaRG cells. (A, B, and C) HepG2 and HepG2/NTCP cells seeded in 96-well
plates were infected with rAAV-HBV1.3 of genotype C or genotype D at 3 

104 genomes/cell and cultured in medium with or without 1% DMSO. Shown
are HBsAg (A) and HBeAg (B) titers from 50 �l of culture supernatant at day
10 postinfection, as well as calculated HBsAg/HBeAg ratios (C). (D, E, and F)
HepG2, HepG2/NTCP, and differentiated HepaRG cells in 96-well plates were
infected with rAAV-HBV1.3 at 1 
 105 genomes/cell. Shown are the HBsAg
(D) and HBeAg (E) titers from 5 �l of culture supernatant at day 20 postin-
fection, as well as the HBsAg/HBeAg ratios (F).
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NTCP inhibits HBsAg secretion through the L protein. Since
ccHBV infected HepG2/NTCP cells are characterized with poor
virion secretion (39), a related question is whether overexpressed
NTCP suppresses virion secretion as well. Certainly, NTCP did
not appear to markedly inhibit HBV virion secretion when HBV
DNA replication was maintained at a high level through the strong
CMV promoter (Fig. 9A, bottom panel).

The most unexpected finding of this study was that NTCP
could augment HBV protein expression, genome replication, and
virion secretion independent of its receptor function. This was
based on transient transfection of HBV DNA into HepG2 versus
HepG2/NTCP cells (data not shown) and rAAV-HBV1.3 infec-
tion of these two cell lines (Fig. 7), as well as stable NTCP trans-
fection into HepDE19 cell line (Fig. 9). In the HepDE19 cell line,
stable NTCP expression also increased cccDNA formation and the
expression of HBeAg, which in this particular cell line serves as
a marker of cccDNA-driven transcription (43) even though a
fraction of the signal may originate from the cross-reactive core
protein. Northern blot analysis suggested that NTCP worked at
the step of HBV RNA transcription (Fig. 9A, top panel). How-
ever, transient cotransfection of NTCP cDNA with HBV DNA
failed to increase HBeAg expression (Fig. 8A, upper panel),
suggesting NTCP augments HBV RNA transcription through
an indirect mechanism. Whether NTCP distorts the ratio be-
tween the 3.5-kb RNA and 2.4-kb/2.1-kb RNAs following
ccHBV infection (Fig. 6A) (36) through the same host (tran-
scription) factors requires further investigation, but such tran-
scriptional alteration could partly explain the distorted HBsAg/
HBeAg ratio.

One may wonder whether the increased signals of viral RNA,
DNA, and proteins in HepDE19/NTCP cells compared to the pa-
rental HepDE19 cells (Fig. 9) is due to reinfection of the cells with
HBV secreted at earlier time points. Although at present we can-
not fully rule out this possibility, it seems unlikely for several rea-
sons. First, ccHBV infection requires concentrated virus inocu-
lated to cells in the presence of 4% PEG, and yet PEG is absent
during in vitro culture of HepDE19/NTCP cells. Second, the
changes in the intracellular levels of HBV RNAs, virion DNA, and
core and S proteins can be detected as early as 1 week after induc-
tion of HBV pgRNA transcription (Fig. 9A and B). Third, pgRNA
transcription, HBV DNA replication, and core protein expression
driven by the CMV promoter are much more efficient than those
achievable following ccHBV infection. Fourth, ccHBV infection
leads to impaired HBsAg secretion, and yet HepDE19/NTCP cells
continuously secreted more HBsAg than HepDE19 cells (Fig. 9C,
upper panel).

Identification of the nonreceptor function of NTCP in pro-
moting HBV DNA replication and protein expression raises
questions about its full-range effect in the HBV replication
cycle. Although NTCP is required for HBV infection in vitro
according to both reconstitution and depletion experiments,
and experiments using NTCP inhibitors and substrates suggest
a role of NTCP on cell surface, such experiments do not ex-
clude a role at downstream steps of viral life cycle, such as
cccDNA formation and RNA transcription. Our findings also
have clinical implications. Since most hepatocytes in chronic
carriers of HBV are already infected with HBV, targeting an
HBV receptor may have limited therapeutic benefit. In con-

FIG 8 Impact of viral genotype, NTCP, and DMSO on HBsAg/HBeAg ratio in transiently transfected HepG2 cells. HepG2 cells seeded in 12-well plates
were cotransfected with a dimeric construct of HBV genotype A (HBV6.2) or genotype D (geno1.2) and SEAP or NTCP cDNA at the indicated amounts.
Cells were further cultured in medium with (lower panels) or without 2% DMSO (upper panels), with a medium change at day 3 posttransfection. HBeAg
and HBsAg were measured from culture supernatant at day 5 posttransfection. HBsAg was also measured from the corresponding cell lysate. Shown are
the HBeAg titers in culture supernatant at day 5 posttransfection (A), the calculated HBsAg/HBeAg ratio in culture supernatant (B), and the extracellular/
intracellular HBsAg ratio (C). Data shown are averaged from three independent transfection experiments. Values for the HBsAg/HBeAg ratio and
extracellular/intracellular HBsAg ratio were set at 1 for cotransfection between 0.1 �g of HBV DNA of genotype D and 0.9 �g of SEAP cDNA in cells
cultured in DMSO-free medium.
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trast, if NTCP is a major positive regulator of HBV protein
expression in vivo, then targeting NTCP may help reduce viral
antigenemia to promote HBeAg or HBsAg seroconversion.
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