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HBYV life cycle is restricted in mouse hepatocytes

expressing human NTCP

Hanjie Li%, Qiuyu Zhuang1’4, Yuze Wang1’2’4, Tianying Zhangs, Jinghua Zhao?, Yali Zhang3,
Junfang Zhang3 , Yi Lin?, Quan Yuan’, Ningshao Xia® and Jiahuai Han'

Recent studies have revealed that human sodium taurocholate cotransporting polypeptide (SLC10A1 or NTCP) is a

functional cellular receptor for hepatitis B virus (HBV). However, whether human NTCP can support HBV infection in
mouse hepatocyte cell lines has not been clarified. Because an HBV-permissible mouse model would be helpful for the
study of HBV pathogenesis, it is necessary to investigate whether human NTCP supports the susceptibility of mouse
hepatocyte cell lines to HBV. The results show that exogenous human NTCP expression can render non-susceptible HepG2
(human), Huh7 (human), Hepal-6 (mouse), AML-12 (mouse) cell lines and primary mouse hepatocyte (PMH) cells
susceptible to hepatitis D virus (HDV) which employs HBV envelope proteins. However, human NTCP could only introduce
HBV susceptibility in human-derived HepG2 and Huh7 cells, but not in mouse-derived Hepal-6, AML-12 or PMH cells.
These data suggest that although human NTCP is a functional receptor that mediates HBV infection in human cells, it
cannot support HBV infection in mouse hepatocytes. Our study indicated that the restriction of HBV in mouse hepatocytes
likely occurs after viral entry but prior to viral transcription. We have excluded the role of mouse hepatocyte nuclear factors
in the restriction of the HBV life cycle and showed that knockdown or inhibition of Sting, TBK1, IRF3 or IRF7, the
components of the anti-viral signaling pathways, had no effect on HBV infection in mouse hepatocytes. Therefore, murine
restriction factors that limit HBV infection need to be identified before a HBV-permissible mouse line can be created.
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INTRODUCTION

Hepatitis B virus (HBV) is an enveloped virus containing a
3.2-kb genome of partially double-stranded DNA encoding
four overlapping reading frames. The HBV envelope consists
of the small (S), middle (M) and large (L) envelope proteins.
These multiple transmembrane proteins share the same C-
terminal domain corresponding to the S protein, but differ
at their N-terminal domains." HBV infection constitutes a
serious threat to public health worldwide because more than
350 million people are chronically infected with HBV.
Chronic HBV infection causes serious consequences, includ-
ing chronic hepatitis, cirrhosis and hepatocellular carcino-
ma, and is responsible for more than one million deaths each
year.” Hepatitis D virus (HDV) is a small satellite RNA virus
of HBV. It carries all the three HBV envelope proteins and

propagates only when coexisting with HBV. People co-
infected with HBV and HDV are at a greater risk for severe
liver disease. Despite its medical and social relevance, pro-
gress in HBV and HDV research has been impeded by the
lack of highly HBV-susceptible cell lines that permit HBV
entry in vitro.>

Two determinants of viral infectivity have been identified in
the HBV envelope proteins: (i) the myristoylated N-terminal of
pre-S1 region in the large surface protein, which has been
demonstrated to play a key role in HBV-specific attachment
and entry into hepatocytes;*® and (ii) the antigenic loop,
which is structurally related to the antigenic ‘a’ determinant
of the small surface protein and may mediate initial virus
attachment to cell-surface heparan sulfate proteoglycans.”"?
The infection occurs through viral attachment to cell-surface
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heparan sulfate proteoglycans before pre-S1 engages a specific
receptor for uptake.

Studies that were performed over the past decades have
suggested a variety of specific receptors for HBV infection in
human hepatocytes, but none have been convincingly
proved. Only recently, sodium taurocholate cotransporting
polypeptide (SLC10A1 or NTCP) was demonstrated as a
functional, specific receptor for HBV and HDV. NTCP
can specifically bind to the myristoylated N-terminal of
pre-S1, but is absent from the surface of commonly used
hepatocyte cell lines, such as HepG2 and Huh7."” Myris-
toylated pre-S1 domain binds to differentiated hepatocytes
of both HBV-susceptible and non-susceptible species and
specifically targets liver tissue.'*'® Yan et al. demonstrated
that mouse NTCP also binds to the myristoylated pre-S1
domain but can only mediate viral entry when residues
84-87 are replaced by human counterparts,'® suggesting
that homologs of human NTCP (hNTCP) in non-suscep-
tible species are also able to bind HBV, but are unable to
mediate entry. The identification of hNTCP as a functional
receptor for HBV is an important milestone in the field of
HBV research. It enables the establishment of in vitro HBV
infection systems, and more importantly, provides the pos-
sibility to develop genetically modified mice that are sus-
ceptible to HBV infection. Because a mouse model would
dramatically facilitate basic research into HBV and the
development of more effective antiviral therapeutics, it is
necessary to investigate HBV infection in a hNTCP-recon-
stituted mouse hepatocyte cell line and to provide a concept
supporting or refuting the use of hNTCP to generate a
mouse model line.

Here, we investigated the permissiveness to HBV and HDV
in several human- or mouse-derived hepatocytes expressing
exogenous hNTCP. In the presence of exogenous hNTCP
expression, two widely used human hepatocellular carcinoma
cell lines (HepG2 and Huh7) were observed to be permissive to
HBYV and HDV infection, which confirmed previous findings.
Just as in human cells, the ANCTP-expressing mouse hepato-
cyte cell lines also support HDV infection. However, none of
the mouse hepatocyte cell lines or primary cells can be con-
verted by hNTCP to support HBV infection. Our study shows
that HBV gene can be equally expressed in both human and
mouse hepatocyte cell lines when introduced by an adenoviral
delivery vector. Because HDV can infect both human and
mouse hepatocyte cell lines that express ANTCP, the restriction
step likely occurs after viral entry and prior to viral transcrip-
tion. Because either expressing human hepatocyte nuclear fac-
tors or attenuating Sting-TBK1 signaling in mouse hepatocyte
cell lines fails to affect HBV infection in mouse hepatocyte, this
restriction should not be attributed to the possible involvement
of mouse hepatocyte nuclear factors in supporting HBV rep-
lication or anti-viral signaling toward HBV in mouse hepato-
cyte cell lines. Further investigations of the HBV restriction
factors in mouse cells would be a prerequisite for generating
HBV-permissible mouse models.
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MATERIALS AND METHODS

Antibodies and plasmids

Anti-Flag polyclonal antibody was raised by immunizing rabbits
with flag peptide. Anti-hNTCP polyclonal antibody was raised
by immunizing rabbits with hNTCP protein. Anti-mSting anti-
body is from Cell Signaling Technology locates at Beverly,
Massachusetts, USA (3337) and the anti-mTBK1 is from Cell
Signaling (3504S). Full-length cDNA of hNTCP, mouse NTCP,
GFP, HNF1A/B, HNF4A, HNF6, TBK1-KD, IRF3-DN, IRF7-
DN, mSting sh-1 and mTBK1 sh-5 were subcloned into lenti-
viral vectors for gene delivery. HNTCP and GFP were also sub-
cloned into adenoviral vectors for gene delivery.

Cell lines

Human hepatocellular carcinoma cells (HepG2) and mouse
hepatocellular carcinoma cells (AML12, Hepal-6) were
obtained from the American Type Culture Collection. The
Huh?7 cell line was obtained from the Japanese Collection of
Research Bioresources. Huh7, HepG2 and Hepal-6 cells were
cultured in Dulbecco’s modified Eagle’s medium (Invitrogen,
Carlsbad, CA, United States of America) containing 10% fetal
bovine serum (Invitrogen). The AML-12 cell line was cultured
in Dulbecco’s modified Eagle’s medium/Ham’s F-12 (1:1)
medium (Gibco, Carlsbad, CA, United States of America) con-
taining 10% fetal bovine serum (Invitrogen).

Isolation and culture of primary mouse hepatocytes (PMHs)
Specific pathogen-free B6 mice were housed in the animal
facility at the School of Life Science, Xiamen University. All
studies were performed in accordance with institutionally
approved protocols and adhered to guidelines of the School
of Life Science Guide for the care and use of laboratory animals.
PMH cells were obtained from anesthetized mice (6—8 weeks
old, female) with a two-step perfusion method as previously
described. Cell suspensions after perfusion were filtered
through a 100-pm cell strainer and centrifuged at 50g for
3 min. The cell pellet containing PMH was resuspended in
Williams E medium supplemented with 10% fetal bovine
serum, 3 pg/ml insulin, 2 mM L-glutamine, 18 pg/ml hydro-
cortisone, 100 U/ml penicillin and 100 pg/ml streptomycin.
The cells were then plated on collagen-coated cell culture dishes
or plates. Eight hours after plating, unattached cells were
washed away and fresh media were added.

HDV and HBV production

A plasmid containing a head-to-tail dimer of 1.0X HDV cDNA
of a genotype 1 virus under the control of a cytomegalovirus
(CMV) promoter was constructed with de novo synthesized
HDV ¢DNA for the production of HDV ribonucleoproteins
(RNP). A pUC18 plasmid containing nucleotides 2431-1990
of HBV (Genotype D, GenBank accession no.: U95551.1) was
used for expressing HBV envelope proteins under the control of
an endogenous HBV promoter. HDV virions were produced by
transfection of the plasmids in Huh-7 cells as previously
described.® HBV were produced from a stably transfected hepa-
toblastoma cell line that inducibly expresses HBV.'” Briefly,



HepaAD38 cells were induced to produce HBV particles by
withdrawing tetracycline. Four days after the withdrawal, the
culture supernatants were collected and refreshed every 2 days.
The supernatants were then concentrated and resuspended in
Dulbecco’s modified Eagle’s medium.

Determination of hepatitis B e antigen (HBeAg) and,
hepatitis Delta antigen (HDAg)

Extracellular HBeAg and intracellular HDAg were determined
by chemiluminescence using commercial assay kits (Wantai,
Beijing, China). The relative level of each antigen was expressed
as a relative light unit) value on a linear range from 10* to 10
for two assays. For analysis of HBeAg in culture media, 100 pl of
the supernatant was used for detection. For the intracellular
HDAg assay, the infected cells were treated with a suitable lysis
buffer (20 mM HEPES, 1 mM EGTA, 100 mM NaCl, 5 mM
Mg,Cl, 0.4% n-dodecyl b-D-maltoside and 10% Glycerol) at
room temperature for 30 min, and the supernatants were sepa-
rated through centrifugation and used for assay.

HDV and HBYV infection and antibody-mediated
neutralization assays

Viral infections of HDV and HBV were conducted at multipli-
cities of genome equivalents (mge) of 100 and 500, respectively.
When inoculated with HDV at 100 mge, approximately 10%—
20% of the cells can be infected in the ANTCP-Huh7, hNTCP-
HepaG2, hNTCP-Hepal-6 and hNTCP-AMLI12 cell lines (based
on HDAg staining). Normally, HDV and HBV were inoculated
in the presence or absence of neutralizing antibodies (2C1 and
4D11) incubated for 1620 h. Cells were then washed with media
three times and maintained in culture media. For HDV and HBV
infection, 4% PEG 8000 was present to increase infection effi-
ciency during the viral inoculation period. The culture media
used contained Williams E medium supplemented with 5 pg/
ml transferrin, 10 ng/ml epidermal growth factor (EGF), 3 pg/ml
insulin, 2 mM L-glutamine, 18 pg/ml hydrocortisone, 40 ng/ml
dexamethasone, 5 ng/ml sodium selenite, 2% dimethyl sulfoxide
(DMSO), 100 U/ml penicillin and 100 pg/ml streptomycin.

Data processing and analysis

All experiments were repeated several times with duplicate or
triplicate samples for each condition. A representative result of
multiple independent experiments is present in each of the
figures. Data are expressed as means*s.d. A paired Student’s
t-test was used to compare the differences between the treated
groups and their paired controls. Differences were considered
to be statistically significant for P values <0.05.

RESULTS

hNTCP, but not mouse NTCP, expression in human
hepatocyte cell lines supports HDV/HBYV infection

We stably expressed hANTCP, mouse NTCP and control GFP in
the four hepatocyte cell lines (Huh7, HepG2, Hepal—6 and
AML-12) by lentiviral vectors. ANTCP and mouse NTCP were
fused with a flag tag at the C-terminal. Western blotting, using
the anti-flag antibody, shows that the protein levels of both
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Figure 1 Expression of human NTCP, mouse NTCP or GFP by lentiviral
infection in Huh7, HepG2, Hepal-6 and AML-12 cells. Huh7, HepaG2,
Hepal-6 and AML12 cells were infected with lentivirus expressing
human and mouse NTCP with a flag taq at the C terminal, together with
GFP as a negative control. Extracts were collected 48 h after infection.
Immunoblotting was conducted with anti-flag antibodies to detect
NTCP protein levels from the four cell lines. NTCP, sodium taurocholate
cotransporting polypeptide.

hNTCP and mouse NTCP are comparable among all four of
the cell lines (Figure 1). NTCP is a glycosylated membrane pro-
tein and has a western blot smear pattern between 55 kD and
72 kD. Published studies have reported that ANTCP expression
confers HDV/HBV susceptibility to Huh7 and HepG2 cells,
whereas mouse NTCP does not.''® To validate the stable cell
lines generated for subsequent experiments, we repeated HDV
and HBV infection in Huh7 and HepG2 cells. HDV and HBV
were infected at 100 mge and 500 mge, respectively, either in the
presence or absence of neutralizing antibodies. The monoclonal
antibody 2Cl1 is a neutralizing antibody against the HBV ‘@’
determinant'® and the monoclonal antibody 4D11" is a neut-
ralizing antibody against amino acid 21-47 in the pre-S1 region
of the large envelope protein. hNTCP expression significantly
increases the level of HDV viral antigen HDAg in the lysates of
HDV-infected Huh7 and HepG2 cells (Figure 2a). Similarly,
expression of human but not mouse NTCP in Huh7 and
HepG2 cells significantly increased viral antigen HBeAg levels
in the culture media (Figure 2b and c). Both 2C1 and 4D11 block
HDV/HBYV infection effectively. This is consistent with the cur-
rent knowledge that pre-S1 region and ‘a’ determinant are two
critical regions required for HBV infection. Our data confirm
previous studies that hANTCP, but not mouse NTCP, can support
both HDV and HBV infection in human hepatocyte cell lines.

hNTCP expression in mouse hepatocytes supports HDV
infection, but not HBV infection

We investigated whether exogenous hNTCP expression can
render mouse hepatocyte cell lines permissive to HDV and
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Figure 2 Human NTCP, but not mouse NTCP, expression in Huh7 and HepG2 cells supports HDV/HBYV infection. (a) Huh7 and HepG2 cells were
infected with lentivirus expressing human NTCP, mouse NTCP or GFP. Forty-eight hours after infection, the cells were inoculated with or without
HDV at 100 mge in the presence or absence of 2C1 and 4D11. Seven days post inoculation, the cells were lysed and HDAg was detected using an
ELISA kit. Huh7 (b) and HepG2 (c) cells expressing human NTCP, mouse NTCP or GFP were inoculated with or without HBV at 500 mge in the
presence or absence of 2C1 and 4D11. Culture media were changed every day, the supernatants were collected and HBeAg was detected using an
ELISA kit. The HBeAg level at day 1 represents the level in the inoculums. The HBeAg level at day O represents the level in the fresh media. Data are
presented as means=*s.d. HBeAg, hepatitis B e antigen; HBV, hepatitis B virus; HDAg, hepatitis D antigen; HDV, hepatitis B virus; mge,
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multiplicities of genome equivalents; NTCP, sodium taurocholate cotransporting polypeptide.
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Figure 3 Human NTCP expression in Hepal—-6 and AML-12 supports HDV infection but not HBV infection. (a) Hepal-6 and AML-12 cells were
infected with lentivirus expressing human NTCP, mouse NTCP or GFP. Forty-eight hours after infection, the cells were inoculated with or without
HDV at 100 mge in the presence or absence of 2C1 and 4D11. Seven days post inoculation, the cells were lysed and HDAg was detected using an
ELISA kit. Hepal-6 (b) and AML-12 (c) cells expressing human NTCP, mouse NTCP or GFP were inoculated with or without HBV at 500 mge in the
presence or absence of 2C1 and 4D11. Culture media were changed every day, the supernatants were collected and HBeAg was detected using an
ELISA kit. The HBeAg level at day 1 represents the level in the inoculums. The HBeAg level at day O represents the level in the fresh media. Data are
presented as means=*s.d. HBeAg, hepatitis B e antigen; HBV, hepatitis B virus; HDAg, hepatitis D antigen; HDV, hepatitis B virus; mge,
multiplicities of genome equivalents; NTCP, sodium taurocholate cotransporting polypeptide.
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HBV infection. HDV inoculation of hNTCP-expressing
Hepal-6 and AML-12 cells results in significantly higher levels
of HDAg compared with mouse NTCP or GFP-expressing cells
(Figure 3a). The increase in HDAg levels can also be blocked by
2C1 and 4D11 (Figure 3a). In contrast to HDV infection, the
dynamic levels of secreted HBeAg in the supernatants of HBV-
infected hNTCP, mouse NTCP or GFP-expressing Hepal—6
and AML-12 cells are all the same and are indistinguishable
from the neutralizing antibodies-treated groups (Figure 3b and
¢), indicating that hNTCP expression is not sufficient to sup-
port HBV infection in mouse hepatocyte cell lines. To test the
possibility that the unsuccessful HBV infection in hNTCP-
expressing mouse hepatocyte cell lines is attributed to defects
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Figure 4 Human NTCP expression in PMHs supports HDV infection,
but not HBV infection. (a) PMHs were infected with adenovirus expres-
sing human or GFP. Twenty-four hours after infection, the cells were
inoculated with or without HDV at 100 mge in the presence or absence
of 2C1. Seven days post inoculation, the cells were lysed and HDAg was
detected using an ELISA kit. Rabbit anti-human NTCP polyclonal anti-
bodies were used in the western blotting for detecting human NTCP
expression. (b) PMH cells expressing human NTCP or GFP were inocu-
lated with or without HBV at 500 mge in the presence or absence of 2C1.
Culture media were changed every day, the supernatants were col-
lected and HBeAg was detected using an ELISA kit. The HBeAg level
at day 1 represents the level in the inoculums. The HBeAg level at day O
represents the level in the fresh media. Data are presented as
means=*s.d. HBeAg, hepatitis B e antigen; HBV, hepatitis B virus;
HDAg, hepatitis D antigen; HDV, hepatitis B virus; mge, multiplicities
of genome equivalents; NTCP, sodium taurocholate cotransporting
polypeptide; PMH, primary mouse hepatocyte.
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within the cell lines used, we repeated this experiment using
PMH cells. We infected PMH cells with adenovirus expressing
hNTCP or GFP and then inoculated the PMH cells with
HDV and HBV, respectively (Figure 4). hNTCP-expressing
PMHs are permissible to HDV infection, which can be blocked
by the 2C1 neutralizing antibody (Figure 4a). However,
hNTCP-expressing PMH cells are not permissive to HBV infec-
tion, as both hNTCP and GFP-expressing PMH cells show
similar dynamic patterns of secreted HBeAg and no difference
compared to the 2C1-treated groups (Figure 4b). Therefore,
our results suggest that while ANTCP does support HDV infec-
tion in mouse hepatocytes, it is not sufficient to support HBV
infection.

Both human and mouse hepatocyte cell lines secrete
comparable levels of HBeAg when the HBV genome
sequence is introduced into the cells by an adenoviral vector
It is possible that mouse hepatocyte cell lines, compared with
human hepatocyte cell lines, are less efficient in the expression
or secretion of HBV viral proteins, thus resulting in undetec-
table levels of HBeAg in the culture media of the infected cells.
To examine this possibility, we subcloned HBV 1.3 genomic
DNA into an adenoviral vector and introduced it into four
different cell lines, Huh7, HepG2, Hepal-6 and AML-12.
The adenovirus vector also contains a GFP gene, allowing us
to evaluate the infection efficiency. By controlling the titer of
the HBV genome-expressing adenovirus, we ensured that the
four cell lines were approximately 80%-100% GEFP-positive
36 h after infection (Figure 5, left panel). Sixty hours after
infection, the cell culture media were collected and HBeAg
levels were measured. The results showed that the four cell lines
secreted HBeAg at comparable levels (Figure 5, right panel),
indicating that the limitation of HBeAg expression in mouse
hepatocyte cell lines is not due to the inefficient expression of
HBeAg in the mouse cells.

Expressing human hepatocyte nuclear factors (HNFs) or
attenuating anti-viral signaling in hNTCP-expressing
Hepal-6 fails to complete the HBV life cycle

Previous studies show that human HNF4 alpha is required for
HBV replication.”® Thus we tested the possibility that human
HNFs may be required to complete HBV life cycle in mouse
hepatocyte cell lines. We overexpressed HNF1 alpha (HNF1A),
HNF1 beta (HNF1B), HNF4 alpha (HNF4A), HNF6 or GFP in
hNTCP-expressing Hepal-6 and Huh7 cells, respectively
(Figure 6a). HNF4A slightly increases HBeAg levels in
hNTCP-Huh?7 by less than twofold, but the rest of the HNF
proteins have no effect on the HBeAg levels compared with
GFP (Figure 6a). None of the HNF proteins have an effect on
the HBeAg levels in ANTCP-Hepal—6 cells, as the HBeAg levels
in the HBV-treated group are indistinguishable from the con-
trol group (Figure 6a).

Recent studies show that transgenic mice, stably expressing
human CD81 and OCLN, support hepatitis C virus (HCV)
entry, but innate and adaptive immune responses restrict
HCV infection in vivo.?' Blunting antiviral immunity in
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Figure 5 Huh7, HepG2, Hepal-6 and AML-12 cells secrete comparable levels of HBeAg when infected with HBV genome-expressing adenovirus.
Huh7, HepG2, Hepal-6 and AML-12 cells were infected with adenovirus expressing the HBV genome or GFP as a control. The HBV-expressing
adenovirus vector also contains a GFP gene allowing us to evaluate the infection efficiency. By titrating the titer of the HBV genome-expressing
adenovirus, we ensure that the four cell lines are approximately 80%-100% GFP-positive at a similar intensity 36 h after infection. Sixty hours after
infection, the supernatants were collected and measured for HBeAg. Data are presented as means=+s.d. HBeAg, hepatitis B e antigen; HBV,

hepatitis B virus.

genetically humanized mice results in the production of mea-
surable viremia over several weeks.”! Although host immune
responses toward HCV and HBV are very different, it is worth-
while to evaluate whether the restriction of HBV can result
from an anti-viral immune response toward HBV in mouse
hepatocyte cell lines. We then tested whether attenuating
anti-viral signaling in hNTCP-Hepal—6 cells allows for suc-
cessful HBV infection as in the case of HCV.?! Because Sting,
TBK1 and IRF3/7 are several central mediators of anti-viral
immunity in response to DNA viruses, we knocked down
Sting or TBK1 or overexpressed dominant-negative mutants
of TBK1 (TBK1-KD), IRF3 (IRF3-DN) and IRF7 (IRF7-DN) in
hNTCP-Hepal-6 cells (Figure 6b). Mouse Sting sh-RNA (sh-
1) and mouse TBK1 sh-RND (sh-5) effectively knock down
Sting and TBKI, respectively (Figure 6b). The effects of
TBK1-KD, IRF3-DN and IRF7-DN on attenuating interferon
production were determined by infecting those cells with
herpes simplex virus-1 (data not shown), which induces robust
immune response. As shown in Figure 6b, expression of mSting
sh-1, mTBKI1 sh-5, TBK1-KD, IRF3-DN or IRF7-DN did not
increase the HBeAg levels in HBV-treated hNTCP-Hepal-6
cells.

DISCUSSION

NTCP was identified recently as a receptor of HBV in
human hepatocytes. We were able to reproduce previous
studies and show that expression of hANTCP in mouse hepa-
tocytes is not sufficient to support HBV infection. Because
hNTCP can render mouse hepatocytes permissible to HDV
infection and the genomic DNA of HBV can effectively
express HBeAg proteins, we believe that mouse cells very
likely exert a restriction on HBV after HBV entry and before
viral replication. Because either expressing human hepato-
cyte nuclear factors or attenuating anti-viral signaling in
mouse hepatocyte cell lines fails to eliminate the restriction

on HBV infection in mouse cells, this restriction should not
be attributed to the assumed impotency of mouse HNFs in
supporting HBV replication or anti-viral signaling toward
HBYV in mouse hepatocyte cell lines.

NTCP is a sodium-dependent transporter for taurocholic
acid that belongs to a family of solute carrier proteins that
consists of seven members (SCL10A1-A7).**** NTCP is
expressed in hepatocytes at the basolateral membrane. The
protein expression of NTCP is controlled by hepatocyte-spe-
cific transcription factors, including HNF3 and C/EBP. The
expression pattern of NTCP is consistent with the observed
tissue tropism of HBV.?*** The identification of hNTCP as a
functional receptor for HBV has resolved a fundamental ques-
tion in HBV studies. Researchers in the HBV field can now
utilize hANTCP to generate cell lines susceptible to HBV infec-
tion. This will facilitate the study of many poorly understood
steps in the HBV life cycle, including additional host factors
required for viral entry, endocytosis of HBV virus, transport of
core particles into the nucleus and the cccDNA formation.
However, to date, scientists in the HBV field are still limited
by the lack of a mouse model to investigate HBV pathogenesis
in vivo®® because mouse NTCP cannot function as an HBV
receptor and expression of hNTCP does not support HBV
infection in mouse hepatocytes.'>'°

Our data demonstrated that expression of hNTCP does
not support HBV infection in mouse hepatocytes, suggesting
that transgenic mice expressing hNTCP cannot be used as a
model system to study HBV infection. It has been shown in
previous studies that copy number amplification of cccDNA
does not occur in normal mouse hepatocytes of HBV trans-
genic mice. However, it can be detected in HBV transgenic
mice that are deficient for HNF1A.2”?® Therefore, it would
be interesting to investigate whether HNF1A-null mice
expressing hNTCP in a liver-specific manner could support
HBV infection.
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Figure 6 Expressing human HNFs or attenuating the function of key
components of anti-viral signaling pathway in human NTCP-expressing
Hepal-6 cannot eliminate the restriction of HBV in mouse hepatocytes.
(@) hNTCP-Hepal-6 and hNTCP-Huh7 cells were infected with lenti-
viruses expressing HNF1A, HNF1B, HNF4A, HNF6 or GFP. Then,
those cells were infected with HBV at 100 mge. Ten days post inocu-
lation, the supernatants were collected and measured for HBeAg levels.
(b) hNTCP-Hepal-6 was infected with lentiviruses expressing mouse
Sting shRNA (mSting sh-1), mouse TBK1 shRNA (mTBK1 sh-5), dom-
inant-negative mutants of TBK1 (TBK1-KD), IRF3 (IRF3-DN) and IRF7
(IRF7-DN), GFP and an empty vector. The cells were then infected with
HBV at 100 mge. Supernatants at 8, 9 and 10 days post inoculation
were collected and measured for HBeAg levels. The knockdown effi-
ciencies of mSting and mTBK1 are shown. Data are presented as
means=*s.d. HBeAg, hepatitis B e antigen; HBV, hepatitis B virus;
HNF, hepatocyte nuclear factor; mge, multiplicities of genome equiva-
lents; NTCP, sodium taurocholate cotransporting polypeptide.

Taken together, the observations with human hepatocyte cell
lines and mouse hepatocyte cell lines indicate that a successful
HBYV infection requires both a functional cell surface receptor
and additional intracellular host factors. Subsequent studies
using gain-of-function or loss-of-function screening in hNTCP-
expressing mouse hepatocyte cell lines may help identify the
relevant restriction factors in mouse hepatocyte cell lines and
will hopefully lead to the construction of an HBV-permissible
mouse line.
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