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ABSTRACT

The liver bile acids transporter sodium taurocholate cotransporting polypeptide (NTCP) is responsible
for the majority of sodium-dependent bile salts uptake by hepatocytes. NTCP also functions as a
cellular receptor for viral entry of hepatitis B virus (HBV) and hepatitis D virus (HDV) through a
specific interaction between NTCP and the pre-S1 domain of HBV large envelope protein. However, it
remains unknown if these two functions of NTCP are independent or if they interfere with each other.
Here we show that binding of the pre-S1 domain to human NTCP blocks taurocholate uptake by the
receptor; conversely, some bile acid substrates of NTCP inhibit HBV and HDV entry. Mutations of
NTCP residues critical for bile salts binding severely impair viral infection by HDV and HBV; to a
lesser extent, the residues important for sodium binding also inhibit viral infection. The mutation
S267F, corresponding to a single nucleotide polymorphism (SNP) found in about 9% of the East Asian
population, renders NTCP without either taurocholate transporting activity or the ability to support
HBYV or HDV infection in cell culture. These results demonstrate that molecular determinants critical
for HBV and HDV entry overlap with that for bile salts uptake by NTCP, indicating that viral infection
may interfere with the normal function of NTCP, and bile acids and their derivatives hold the potential
for further development into antiviral drugs.

IMPORTANCE Human hepatitis B virus (HBV) and its satellite virus, hepatitis D virus (HDV), are
important human pathogens. Available therapeutics against HBV are limited, and there is no drug that is
clinically available for HDV infection. A liver bile acids transporter (sodium taurocholate
cotransporting polypeptide [NTCP]) critical for maintaining homeostasis of bile acids serves as a
functional receptor for HBV and HDV. We report here that the NTCP-binding lipopeptide that
originates from the first 47 amino acids of the pre-S1 domain of the HBV L protein blocks taurocholate
transport. Some bile salts dose dependently inhibit HBV and HDV infection mediated by NTCP;
molecular determinants of NTCP critical for HBV and HDV entry overlap with that for bile acids
transport. This work advances our understanding of NTCP-mediated HBV and HDV infection in
relation to NTCP's physiological function. Our results also suggest that bile acids or their derivatives
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hold potential for development into novel drugs against HBV and HDV infection.

INTRODUCTION

Infection with hepatitis B virus (HBV) remains a major public health problem. Although an effective
vaccine is available, there are about a million new infections yearly and about 240 million chronic
infections worldwide (1). HDV is a satellite virus of HBV, and its propagation requires the envelope of
HBYV (2). Globally, there are 15 million people infected with HDV (2). The current available
therapeutics against HBV are limited to the immune modulator interferon-a and viral reverse
transcription inhibitors, while there is no drug clinically available for the treatment of HDV infection.

We identified sodium taurocholate cotransporting polypeptide (NTCP) as a cellular receptor for human
HBYV and HDV viral entry (3). Multiple lines of evidence support that NTCP is likely a dominant
receptor for HBV and HDV (3,-5). The expression of NTCP correlates with the susceptibility of the
target cells, and reducing the expression of NTCP markedly inhibits HBV and HDV infection on known
susceptible cells. Exogenous expression of human NTCP, but not mouse NTCP, renders multiple
mammalian cell lines susceptible to HDV infection regardless of their tissue or species origin, while
HBYV infection, which is known to depend on hepatic factors for replication, is efficiently achieved in
HepG2 cells complemented with human or treeshrew NTCP. Replacing a few amino acids of crab-
eating monkey (amino acids [aa] 157 to 165) or mouse NTCP (aa 84 to 87) with their human
counterparts converted these NTCPs to functional receptors for HBV and HDV, respectively. Thus,
HepG2 cells complemented with human NTCP provide a valuable and convenient in vitro cell culture
system for increasing our understanding of the mechanism of viral entry and for the development of
novel antiviral drugs.

Human NTCP (SLC10A1) is a multiple-transmembrane protein that is predominantly expressed at the
basolateral membrane of hepatocytes. As a Key bile salt transporter, the primary role of NTCP in vivo is
to transport bile salts from the portal blood into hepatocytes, a process known to be of vital importance
in maintaining homeostasis of bile acids (6, 7). NTCP has a preference for glycine- and taurine-
conjugated bile salts over their unconjugated counterparts, and the affinities are often higher for
dihydroxy bile salts than for trihydroxy bile salts (8). NTCP is responsible for the majority of hepatic
influx of conjugated bile salts (9) and also for the transportation of some drugs and xenobiotics (7).

Entry of both HBV and HDV is mediated by HBV envelopes, which comprise large, medium, and small
(L, M, and S) envelope proteins. These are all multiple transmembrane proteins; they differ only at the
N-terminal regions and share the same C-terminal S domain (10, 11). The S protein constitutes the
major component of the virions and mediates virus attachment to target cells via cell surface heparan
sulfate proteoglycan (12,—14), whereas the specific interaction between NTCP and the pre-S1 domain of
the HBV large envelope protein is essential for HBV and HDV viral infection on target cells (3).

In this study, we examined NTCP-mediated HBV and HDV viral infections in relation to the receptor's
physiological role of transporting bile acids. We found that the HBV pre-S1 domain efficiently blocked
bile salts substrate uptake of NTCP. Conversely, bile salts substrates inhibited HBV and HDV infection
to various extents. Mutagenesis studies showed residues of NTCP critical for bile acids binding
contributed to efficient viral infections, as did the residues important for sodium binding, albeit to a
lesser extent. Of note, the S267F mutation, corresponding to a single nucleotide polymorphism (SNP)
(15) and that is found in 9% of East Asian population, impaired taurocholate uptake and the ability of
NTCP to support HBV and HDV infections. These results deepened our understanding of the
interaction between the HBV envelope protein and NTCP and provided evidence that bile acids and
their derivatives might be useful in blocking HBV and HDV infections.

MATERIALS AND METHODS

Cell culture. The human hepatocellular carcinoma cell line HepG2 was obtained from the American
Type Culture Collection (ATCC); the human hepatocellular carcinoma cell line Huh-7 was from the
Cell Bank of Type Culture Collection, Chinese Academy of Sciences. These cells were cultured in
Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum
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(FBS; Gibco) at 37°C in a 5% CO, humidified incubator with regular passage of every 2 to 3 days. A
HepG2-NTCP stable cell line expressing human NTCP was generated from HepG?2 cells and
maintained in DMEM supplemented with 10% FBS and 500 pg/ml G418. HepaRG cells were
purchased from Biopredic International (Rennes, France) and were cultured according to the product
manual. Primary Tupaia belangeri hepatocytes (PTHs) were obtained from anesthetized Tupaia by
using a two-step perfusion method and cultured as described previously (3). The above cell lines and
primary cells were plated on collagen (BD)-coated plates or dishes and cultured in PTH maintenance
medium (PMM) for 24 h before viral infection, peptide binding, substrate uptake, and other
experimental procedures (3).

Peptide, antibodies, and other reagents. Fluorescein isothiocyante (FITC)-labeled pre-S1 peptide
was derived from the pre-S1 domain of HBV (C-type; GenBank accession number EU554535.1)
containing the first 59 residues, an amino-terminal myristoylation modification, with FITC conjugated
to the carboxyl terminal. The myr(+)47 peptide contained residues 2 to 47 of the pre-S1 domain of
HBYV (D type; GenBank accession number U95551.1) with N-terminal myristoylation; the myr(+)47-
NIK peptide was the same as myr(+)47 except that bore an asparagine (N)-to-lysine (K) mutation at
residue 9. The myr(—)47 peptide is the same as myr(+)47 but without the modification of myristoylation
at the amino terminus. All these peptides were synthesized by SunLight peptides (Beijing, China). 1C10
is a mouse monoclonal antibody (MAb) that recognizes the HBV core protein; 4G5 is a mouse MAb
that specifically targets the HDV delta antigens. Both MAbs were developed by conventional
hybridoma technology in our lab. 1D4 is a mouse MAD that specifically recognizes the C-9 tag
(TETSQVAPA) and was purchased from Santa Cruz Biotechnology. A quantitative real-time PCR kit
and reverse transcription reagents were purchased from TaKaRa Inc. (Beijing, China). Enzyme-linked
immunosorbent assay (ELISA) kits for HBeAg and HBsAg detection were from Wantai Pharm Inc.
(Beijing, China). alamarBlue for quantitative analysis of cell viability was purchased from Life
Technologies. 3H-labeled taurocholate with an activity of 5.0 Ci/mmol (0.185 TBg/mmol) and liquid
scintillation cocktail (Ultima Gold XR) were purchased from PerkinElmer. EZ-Link sulfosuccinimidyl-
6-(biotin-amido)hexanoate (sulfo-NHS-LC-biotin) was from Thermo Scientific. Streptavidin-coupled
magnetic beads (Dynabeads MyOne streptavidin T1) were purchased from Life Technologies. Bile
acids and their derivatives were purchased from Sigma-Aldrich.

Virus production, purification, and concentration with PEG 8000. HDV and HBV were produced
as previously described (3, 4). For HDV production, two plasmids are required. One plasmid (pCM V-
HDV3.0) contains a head-to-tail trimer of 1.0x HDV cDNA (genotype [; GenBank accession number
AF425644.1) under the control of a cytomegalovirus (CMV) promoter and was used for the generation
of HDV RNPs. The other plasmid (pUC-HBV-LMS) contains nucleotides 2431 to 1990 of HBV
(genotype D; GenBank accession number U95551.1) and is based on pUC18 plasmid, used for the
expression of HBV envelope proteins. Huh-7 cells were first transfected with pCMV-HDV3.0, cultured
and propagated for at least 13 days, and then transfected with pUC-HBV-LMS. The culture medium
was changed to PMM at 4 to 6 h after transfection, and virus-containing cell culture supernatant was
collected at day 3 and day 6 posttransfection. For HBV production, a plasmid containing 1.05 copies of
the HBV genome (genotype D; GenBank accession number U95551.1) under the control of a CMV
promoter was transfected into Huh-7 cells. The medium was changed to PMM posttransfection, and
virus-containing supernatant was collected at day 3 and day 6 posttransfection, centrifuged, and stored
at —80°C. In some cases, HBV and HDV were precipitated by using 8% polyethylene glycol 8000 (PEG
8000) at 4°C for 6 to 12 h and then purified by centrifugation at 4°C, 12,000 rpm, for 20 min. The pellet
was resuspended in PMM or Ringer's solution with Na™ or choline™.

NTCP expression constructs and mutants. Human NTCP (hNTCP), mouse NTCP (mNTCP), and
crab-eating monkey NTCP (mkNTCP) were cloned from cDNA from primary human hepatocytes,
primary mouse hepatocytes, and macaque hepatocytes, respectively. These NTCP constructs all
contained a C-9 tag at the carboxyl terminus and were cloned into a mammalian cell expression vector,
pcDNA6. NTCP mutants were generated by PCR mutagenesis using reverse complementary primers
containing the changes. All sequences of NTCP variants were confirmed by DNA sequencing.
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FITC—pre-S1 peptide-binding assay. HepG2-NTCP cells or HepG2 cells transfected with plasmids
expressing NTCP or its variants were cultured in PMM for about 24 h and then incubated with 400 nM
FITC-labeled pre-S1peptide (FITC—pre-S1) at 37°C for about 1 h in the William's E medium. In some
cases, FITC—pre-S1 peptide binding was conducted in Na" or choline™ Ringer's solution with the
components and for the times indicated below. The images were captured and analyzed by using a
Nikon Eclipse Ti fluorescence microscope.

[3H]taurocholate uptake assay. The [3H]tauroch01ate uptake assay was conducted following a
protocol previously described, with minor modifications (5). In brief, NTCP-expressing HepG2 cells
were cultured in PMM for about 24 h and then were treated with the indicated chemicals, rinsed once
with Na* or choline™ Ringer's solution (the concentration of Na™ or choline™ was 145 mM unless
otherwise noted). For the substrate uptake assay, about 5 x 10e4 cells were generally incubated with 1
uM [3H]tauroch01ate dissolved in Na* Ringer's solution for 15 min at 37°C unless otherwise mentioned.
Subsequently, cells were washed once in phosphate-buffered saline (PBS) and lysed in 100 pl of 1%
Triton X-100 in HyO for 5 min at room temperature. The lysate was transferred into liquid scintillation
tubes and mixed with 900 pl liquid scintillation cocktail (Ultima Gold XR; PerkinElmer). Liquid
scintillation counting was performed on a PerkinElmer 1450 LSC liquid scintillation counter and
luminescence counter.

HBV and HDV infection of NTCP-expressing HepG2 cells. HepG2 cells were transfected with
plasmids expressing NTCPs or their variants by using Lipofectamine 2000 (Invitrogen) following the
manufacturer's instructions. In some cases, cells were cotransfected with wild-type or human NTCP
S267F mutant or with the pcDNAG6 plasmid at a 1:1 ratio. Cells were cultured in PMM for 24 h after
transfection and then inoculated with at a multiplicity of genome equivalents (MGE) of 200 for HBV or
500 MGE for HDV in the presence of 5% PEG 8000 in PMM at 37°C for about 24 h. For the infection
inhibition assay, the reagents were either treated during the infection or at other time points as indicated.
For experiments analyzing the effect of sodium on viral infection, the inoculation was conducted in Na*
or choline” Ringer's solution with different Na' concentrations, as indicated, at room temperature for
about 4 h and then replenished with fresh PMM culture medium.

ELISA for HBV viral antigens. In general, supernatants from infected cells expressing NTCP and their
variants were collected at 3, 5, and 7 days postinfection (p.i.). The secreted HBeAg and HBsAg levels
in the culture medium were measured using 50 pl and 100 pl medium, respectively, in an ELISA from a
commercial kit from Wantai Pharm Inc. (Beijing, China).

Immunofluorescence microscopy analysis of intracellular antigens. On the indicated days
postinfection, HDV-infected cells were fixed with 100% methanol at room temperature for 10 min,
intracellular delta antigen was stained with 5 pg/ml of FITC-conjugated 4G5, and nuclei were stained
blue with 4',6-diamidino-2-phenylindole (DAPI). Images were collected by using a fluorescence
microscope (Nikon); a representative picture is shown. For HBV infection, infected cells were washed
with PBS twice and fixed in 3.7% paraformaldehyde (PFA) at room temperature for 10 min.
Subsequently, cells were permeabilized with 0.5% Trition X-100—PBS for 10 min at room temperature,
blocked with 3% bovine serum albumin at 37°C for 1 h, and then incubated with 5 pg/ml mouse MAb
1C10, which recognizes HBcAg, followed by staining with FITC-conjugated secondary antibody.
Nuclei were stained blue with DAPI. Images of the stained cells were obtained with an Eclipse Ti
fluorescence microscope (Nikon).

Analysis of total and surface protein expression levels of NTCP and its variants. HepG2 cells
transfected with hANTCP or its variants were cultured in PMM for 24 h after transfection. A water-
soluble and membrane-impermeable reagent, sulfo-NHS-LC-biotin (Pierce) was used for labeling cell
surface proteins. The NHS-activated biotins can react efficiently with primary amino groups (-NH;) in
the side chains of lysine (K) residues and the N terminus of each polypeptide to form stable amide
bonds, and as long as the cell remains intact, only primary amines exposed on the surface will be
biotinylated. To evaluate the cell surface expression of human NTCP and its derivatives with a C-9 tag,
about 1.6x10° transfected cells were washed three times with PBS and then surface biotinylated by
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incubating the cells with freshly dissolved sulfo-NHS-LC-biotin (Pierce) reagent (2 mM) in PBS (pH
8.0) on ice for 1 h. The cells were subsequently washed three times with PBS containing 100 mM
glycine to remove excess biotin reagent and by-products. The biotinylated cells were then lysed in 600
ul RIPA buffer (20 mM Tris, 150 mM NacCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP40, and 1x
protease inhibitor cocktail). The protein concentration was determined in the Bio-Rad DC protein assay
according to the manufacturer's instructions. Surface-biotinylated NTCP in the cell lysate with about
160 pg total cellular protein was pulled down by about 300 pg streptavidin T1 Dynabeads (Invitrogen).
After extensive washing with 1x RIPA buffer, the captured NTCP proteins were eluted by boiling for 5
min in 1X SDS-PAGE protein sample buffer and treatment with peptide-N-glycosidase F (PNGase F;
New England BioLabs) at 37°C for 1 h. The treated samples were separated by SDS-PAGE and
analyzed by Western blotting with anti-C9 MAb (1D4), which recognizes the C-9 tag fused at the
carboxyl terminus of NTCPs. For determination of NTCP total expression levels, wild-type or mutant
NTCP plasmid-transfected cells were lysed with 1% RIPA buffer and treated with PNGase F at 24 h
posttransfection. The treated cell lysates, each containing ~8 pg of total cellular protein, were subjected
to SDS-PAGE without boiling, followed by Western blotting with 1D4. The expression level of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control.

RESULTS

Binding of the HBV pre-S1 lipopeptide to NTCP impairs taurocholate uptake. Binding of the
HBYV pre-S1 domain to NTCP mediates viral entry of HBV and HDV (3). We were interested in the
consequence of the binding, in particular, whether it interferes with the physiological function of NTCP
in transporting its natural substrates. To test this, a 3H-labeled taurocholate uptake inhibition assay was
performed to evaluate the effect of pre-S1 binding on NTCP's transporting function. Remarkably, a
myristoylated pre-S1 peptide containing the N-terminal 47 amino acids potently inhibited
[3H]taurocholate uptake in HepG2 cells stably expressing human NTCP (HepG2-NTCP) at a
concentration less than 20 nM, whereas neither myristoylated pre-S1 peptide carrying a non-NTCP-
binding mutation, N9K, nor the pre-S1 peptide lacking the N-terminal acylation showed inhibition even
at the highest concentration tested (2 uM) (Fig. 1A). In addition, the myristoylated pre-S1 peptide
blocked [3 H]taurocholate transport in HepG2 cells transiently transfected with hNTCP, mNTCP, and
mkNTCP mutant mkNTCP-h157-165, with residues replaced by human counterparts between aa 157
and 165, but not wild-type mkNTCP or the human NTCP mutant hANTCP-mk157-165, with aa 157 to
165 replaced by the monkey counterpart (Fig. 1B). These results were consistent with our previously
published results indicating that the pre-S1 lipopeptide can bind to hNTCP, mNTCP, and mkNTCP-
h157-165 but not wild-type mkNTCP or ANTCP-mk157-165 (3, 5). Interestingly, the same peptide with
a cholesterol modification at the N-terminal amino acid could also inhibit [3 H]taurocholate uptake in
HepG2-NTCP in a dose-dependent manner (Fig. 1C). This was in line with the finding that the
cholesterol-modified peptide can inhibit HBV infection (data not shown) (16). Moreover, the pre-S1
lipopeptide inhibited [3H]tauroch01ate uptake in primary PTH cells, yet the substrate uptake was not
reduced to the background level, as it was on HepG2-NTCP cells (Fig. 1D). These results indicated that
binding of pre-S1 domain to NTCP interferes with bile acids transporting by NTCP. On the other hand,
as shown in Fig. 1B, in the absence of pre-S1 lipopeptide, ANTCP, mNTCP, mkNTCP, hNTCP-
mk157-165, and mkNTCP-h157-165 all supported taurocholate transport efficiently, indicating that
NTCP can tolerate changes within the aa 157 to 165 region for taurocholate transport. Consistently,
altering two residues, S162 and L163, which are conserved in human, mouse, and monkey NTCP, to
alanine reduced HBV infection mediated by human NTCP but did not hamper the receptor's function in
transporting taurocholate (data not shown). Considering that the viral infection susceptibility but not
taurocholate transporting activity is critically affected by the structure or identity of the residues within
this region of NTCP, aa 157 to 165 may be a useful target for selectively blocking viral infection with
no or minimal interference of bile salts transport.
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FIG 1

Binding of the HBV pre-S1 domain to NTCP impairs taurocholate uptake. (A) Inhibition of

[3 H]taurocholate uptake by HBV pre-S1 lipopeptide. A [3 H]taurocholate uptake assay was conducted with
HepG2-hNTCP cells (HepG2 cells stably expressing human NTCP) pretreated with the indicated
concentrations of HBV pre-S1 lipopeptide or its derivatives at 37°C for 2 h. myr(+)47, myristoylated pre-
S1 peptide containing the first N-terminal 47 amino acids of the L protein of HBV; myr(—)47, the pre-S1
peptide without myristoylation modification; myr(+)47-N9K, myristoylated pre-S1 peptide with an
asparagine (N)-to-arginine (K) mutation at residue 9. Cellular uptake of [3 H]taurocholate in the absence of
any peptide was set to 100%. (B) Inhibition of [3H]taurocholate uptake by myr(+)47 in HepG2 cells
transiently transfected with NTCPs of different species. Cellular uptake of [SH]taurocholate by human
NTCP when treated with dimethyl sulfoxide (DMSO) was set to 100%. (C) Inhibition of [3H]taurocholate
uptake by cholesterol or myristoyl-modified pre-S1 peptides in HepG2-NTCP cells. Uptake of

[3 H]taurocholate by cells treated with DMSO was set to 100%. (D) Inhibition of [3H]taurocholate uptake
by myristoylated pre-S1 peptide in primary Tupaia hepatocytes.

Substrates of NTCP inhibited pre-S1 lipopeptide binding to NTCP and viral infection by HBV
and HDV.
We next examined whether substrates of NTCP could inhibit pre-S1 lipopeptide binding to the receptor.

Primary or secondary bile salts with or without modifications, including cholic acid (CA), taurocholic
acid (TCA), glycocholic acid (GCA), lithocholic acid (LCA), deoxycholic acid (DCA), taurolithocholic
acid (TLCA), chenodeoxycholic acid (CDCA), ursodeoxycholic acid (UDCA), hyodeoxycholic acid
(HDCA), and tauroursodeoxycholic acid (TUDCA), were incubated with HepG2-NTCP cells, and the
binding of a FITC-labeled pre-S1 peptide to the receptor was subsequently examined by using
fluorescence microscopy. The bile acids inhibited the peptide binding to NTCP with various efficiencies
(Fig. 2A) that were in parallel with their abilities in competing with [SH]taurocholate transport (Fig. 2B
and C). We then investigated whether these bile salts could inhibit viral infection by HBV and HDV.
HepG2-NTCP cells were inoculated with HDV in the presence of bile salts for 24 h, and then the
infection was examined 6 days post-viral inoculation. Consistent with the results indicating that bile
acids block pre-S1 lipopeptide binding to NTCP, these substrates of NTCP reduced HDV infection, as
indicated by staining of the intracellular HDV delta antigen of infected cells (Fig. 3A). We further
evaluated the abilities of these bile salts to inhibit HBV infection. The levels of secreted HBeAg
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decreased when HepG2-NTCP cells were inoculated with HBV viruses in the presence of the indicated
bile salts, with TUDCA being the most potent among all bile sates tested (Fig. 3B and G). In addition to
HepG2-NTCP cells, HDV and/or HBV infection of the PTH and HepaRG cells was also inhibited by
the treatment with bile salts at the indicated concentrations (Fig. 3C to F). Of note, HBV infection was
not affected when the bile salts were incubated with HepG2-NTCP cells for 24 h after the viral
inoculation (Fig. 4A and B), and the bile salts did not exhibit significant cytotoxicity when coincubated
with the cells (Fig. 4E). To test whether bile salts damaged virus integrity, virus was incubated with bile
salts for 24 h, precipitated with 8% PEG 8000 to remove the bile salts, and then examined for its
infectivity in HepG2-NTCP cells. The infectivity of HBV treated with the bile acids was not impaired;
thus, the bile salts were not destructive to the virus per se at the concentrations tested (Fig. 4C and D).
Among the bile acids tested, TLCA but neither UDCA nor TUDCA markedly reduced protein surface
expression of NTCP (Fig. 4F). Together, these results indicated that the inhibitory effects of most bile
acids on viral infection can be attributed mainly to direct interference of NTCP binding with the viral
envelope.
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FIG 2

Bile salts blocked the interaction between the pre-S1 peptide and NTCP. (A) Inhibition of FITC-conjugated
pre-S1 peptide binding by different bile salts. FITC—pre-S1 peptide (400 nM) was incubated with NTCP-
transfected HepG2 cells for 1 h in the presence of the indicated bile salt (20 uM). The binding efficiency of
the pre-S1 peptide was analyzed via a fluorescence microscope. CA, cholic acid; GCA, glycocholic acid,
LCA, lithocholic acid; DCA, deoxycholic acid; TCA, taurocholic acid; TLCA, taurolithocholic acid;
CDCA, chenodeoxycholic acid; UDCA, ursodeoxycholic acid; HDCA, hyodeoxycholic acid; TUDCA,
tauroursodeoxycholic acid. (B) Competition for [3H]taurocholate uptake by other bile salts. The indicated
bile salts (at 10 uM or 20 uM) were examined. Uptake efficiency is presented as the percent uptake
compared with the dimethyl sulfoxide group. (C) The ability of TUDCA to inhibit [3 H]taurocholate uptake
by HepG2-NTCP cells. TUDCA at the indicated concentration was present in the medium during the entire
[3 H]taurocholate uptake process.
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Bile acids inhibited HBV and HDV infection. (A and B) Inhibition of HDV (A) and HBV (B) infection in
HepG2-NTCP cells in the presence of bile salts. HepG2-NTCP cells were infected with HDV at 37°C for
24 h in the presence of 5% PEG 8000 and 20 uM of each of the indicated bile salts except for LCA (tested
at 5 uM). The intracellular HDV delta antigen was stained with mouse monoclonal antibody 4GS at day 8
p-i. The level of secreted HBeAg in the culture medium collected at day 7 p.i. was measured with an ELISA
kit. (C to E) Inhibition of HDV and HBV infection in primary Tupaia hepatocytes by 20 uM TCA, UDCA,
or TUDCA. PTHs were infected with HDV or HBV in the presence of 20 uM bile salt. For HBV infection,
the level of secreted HBeAg in the culture medium was evaluated at 3, 5, and 7 days p.i. (C). On day 8 p.i.,
HBYV core antigen of the infected cells were stained with MAb 1C10 (green) (D). For HDV, intracellular
HDV delta antigen of the infected cells at day 8 p.i. were stained with MAb 4G5 (green) (E). The yellow
fluorescence in panels D and E stands for the autofluorescence signal from dead cells, which existed in both
the green and red channels. (F) Inhibition of HBV infection of human hepatoma HepaRG cells in the
presence of 25 uM bile salts. The levels of HBeAg and HBsAg in the culture medium at 6 days p.i. were
measured via an ELISA. (G) Dose-dependent inhibition of HBV infection by TUDCA in HepG2-NTCP
cells. The secreted HBeAg at 6 days p.i. was measured in an ELISA.
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Analysis of the direct effects of bile salts on HepG2-NTCP cells and HBV. (A and B) HBV infection of
HepG2-NTCP cells that were treated with bile salts post-HBV inoculation. HepG2-NTCP cells were
inoculated with HBV at 37°C for 24 h in the presence of 5% PEG 8000. After the inoculation, cells were
washed and then incubated with different bile salts at the indicated concentrations for another 24 h, and
then culturing of cells was continued in PMM. HBeAg in the culture medium collected at 7 days p.i. was
measured in an ELISA (A). On day 8 p.i., HBcAg in the infected cells treated with the indicated bile salts
was stained with anticore MAb 1C10 (green), and the nuclei were stained with DAPI (blue) (B). (C and D)
Infection of HepG2-NTCP cells treated with bile salts prior to HBV inoculation. The viruses were
incubated with 20 uM bile salts for 24 h, then precipitated with 8% PEG 8000 to remove the bile salts,
followed by resuspending in PMM. The treated viruses were then used to inoculate HepG2-NTCP cells for
infection. The secreted HBeAg in the culture medium collected at 7 days p.i. was measured in an ELISA
(C). On day 8 p.i., HBcAg in the infected cells was stained green with 1C10 MAb, and the nuclei were
stained with DAPI (blue) (D). (E) Cytotoxicy analysis of the bile salts for HepG2-NTCP cells. HepG2-
NTCP cells were treated with 20 uM bile salts (5 uM for LCA) in PMM for 24 h in the presence of 5%
PEG 8000. Cells were then incubated with 10% alamarBlue (Invitrogen) in PMM for 1 h. Cellular health
was evaluated based on fluorescence absorbance at 590 nm. The absorbance of dimethyl sulfoxide-treated
cells was set to 100%. (F) Total and surface expression levels of NTCP from HepG2-NTCP cells in

response to the indicated bile salt treatments.

Mutations of bile salt-binding sites on hNTCP reduced viral infection by HDV and HBV. Based
on previously published mapping studies and the crystal structure of a bile acid transporter, ASBTnm
(17,-19), we introduced a series of mutations to the predicted bile salt-binding sites on hNTCP. As
shown in Fig. SA, the [3H]taurocholate transporting activities of NTCP variants were either abolished
(N262A) or severely impaired (Q293A/L294A). We then assessed the total and surface expression
levels of the NTCP mutants. Compared to wild-type hNTCP, all the tested mutant hANTCPs exhibited
similar levels of total and surface expression on HepG2 cells, except for the variant with three
mutations, F285A/P286A/L287A (Fig. 5B). Remarkably, the binding activity of FITC—pre-S1
lipopeptide to HepG2 cells expressing either of these two mutants, in particular N262A, was also
markedly reduced (Fig. 5C). Consistent with the pre-S1 peptide-binding activity, the two mutant-
transfected HepG2 cells showed marked loss of susceptibility for HDV (Fig. 5D) and HBV (Fig. 5E).
These results demonstrated that the putative bile acids-binding sites on NTCP may overlap with the pre-
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S1-binding sites on the receptor; thus, mutations that reduce substrate binding also inhibit viral infection
by HDV and HBV. We further investigated if two previously reported SNPs of hNTCP had an impact
on HBV/HDV infection. The two SNPs lead to two amino acid changes, A64T and S267F, which can
result in functional alterations of human NTCP in transporting bile acids substrates (20). The hNTCP
variant S267F shows a minor allele frequency of 4.7% in the East Asian population, with 8.7% of this
population having the heterozygous genotype and 0.3% being homozygous for the minor allele (Fig. SF
). We found that the S267F but not the A64T variant (data not shown) dramatically reduced

[3 H]taurocholate transporting activity. Moreover, the S267F variant could neither bind to the FITC—pre-
S1 peptide (Fig. 5G) nor support HBV or HDV infection (Fig. SH and I). Regardless, greater than 70%
viral infection and [3H]taur0cholate uptake were observed when the S267F variant was cotransfected
with wild-type NTCP at a ratio of 1:1, indicating that heterozygous individuals may also be susceptible
to HBV and HDV infection (Fig. 5J).
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FIG S5

NTCP mutants, corresponding to the residues important for bile salts binding/uptake, inhibited viral
infections by HDV and HBV. (A) [3 H]taurocholate uptake efficiency of HepG2 cells complemented with
various NTCP mutants. HepG2 cells were transfected with NTCP mutants, followed by further culturing in
PMM for 24 h before examination of their [3 H]taurocholate uptake efficiency. (B) Total and surface
expression levels of NTCP mutants in HepG2 cells. HepG2 cells were transfected with the indicated NTCP
variants and then cultured in PMM for 24 h. Cells were then lysed by RIPA buffer, and the total and surface
expression levels were analyzed by Western blotting. The expression level of GAPDH was used as an
internal control. (C) FITC—pre-S1 binding efficiency of NTCP variants. HepG2 cells transfected as
described for panel A were incubated with 400 nM FITC—pre-S1 at 37°C for 2 h, and the images were
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captured with a fluorescence microscope. (D) HDV infection efficiency for HepG2 cells transfected with
NTCP variants. The intracellular delta antigen was stained with MAb 4G5 at 8 days p.i. (E) HBV infection
of HepG2 cells expressing NTCP variants. The levels of HBeAg in the culture medium from HBV-infected
HepG2 cells expressing the indicated NTCP variants were measured at 3, 5, and 7 days p.i. (F) Genotype
frequency and allele frequency of the SNP that causes the NTCP S267F variant in different populations; the
variant is caused by a single-nucleotide G-to-A change (rs2296651). The SNP is located at chromosome
14:70245193 (Ensembl Homo sapiens version 73.37) and corresponds to a C-to-T change in codon 267
(from TCC to TTC) on the reverse strand encoding human NTCP. According to data from the 1000

Genomes Project (http://www.1000genomes.org), in East Asia the heterozygous genotype frequency is

8.7%, and the minor allele homozygous genotype frequency is 0.3%. No SNP at this position is observed in
other populations. The genotype distribution in East Asian population conforms to a Hardy-Weinberg
equilibrium, which was verified by a chi-square test (P = 0.22). WT, wild type; Ad mixed, populations with
recent ancestry from two or more genetically separated populations. (G) FITC—pre-S1 binding efficiency of
NTCP in cells complemented with wild-type NTCP or a NTCP-S267F variant. (H and [) HDV and HBV
infection efficiencies on HepG2 cells transfected with NTCP or NTCP-S267F. The intracellular delta
antigen in the infected cells was stained with MAb 4G5 at 8 days p.i. (H). HBcAg was evaluated based on
intracellular HBcAg at 8 days p.i. (I). (J) HBV infection efficiency and [3H]taur0cholate uptake efficiency
of HepG2 cells transfected with plasmid carrying wild-type (WT) NTCP, NTCP variant S267F, pcDNA®6,
or a mixture of the wild-type NTCP with either the S267F variant or pcDNAG6 plasmid at a ratio of 1:1. The
total amount of DNA for all the transfections was 1 ug DNA for ~1.7 x 10° HepG?2 cells. The level of
secreted HBeAg at 6 days p.i. was measured in an ELISA (left), and the [3 H]taurocholate uptake efficiency
at 24 h posttransfection was determined by liquid scintillation (wild-type NTCP was set to 100%) (right).

Mutations in the sodium-binding sites of hNTCP interfere with HBV and HDV infection. We
further examined whether the Na+-binding sites of ANTCP were also involved in HBV and HDV
infection. Mutations were introduced to the sodium-binding sites reported previously or those predicted
based on ASBTyyy structure information (17). The mutants Q68A, SI0SA/N106A, E257A, and Q261A
resulted in 95 to 99% reduction of [3 H]taurocholate uptake (Fig. 6A). The reduced uptake was unlikely
due to their negative effects on NTCP expression, as the levels of total and surface expression of these
variants in HepG2 cells were largely comparable to that of the wild-type NTCP (Fig. 6B). As for the
binding activities of these NTCP mutants to FITC—pre-S1 lipopeptide, the Q68A and E257A mutants
markedly blocked pre-S1 binding, whereas the ST0SA/N106A or Q261A mutants affected binding with
pre-S1 to a reduced level (Fig. 6C). We then tested HBV and HDV infection of HepG2 cells transfected
with these NTCP variants. The viral infections by HDV, as indicated by intracellular delta antigen
staining (Fig. 6D), and by HBYV, as assessed by supernatant HBeAg levels (Fig. 6E), were also reduced;
however, the reduction was much less than with the mutants responsible for bile acids binding, such as
N262A and S267F (Fig. 5). These results indicated that, unlike the bile acids-binding site that is
indispensable for viral infections, sodium-binding sites of NTCP contribute to, but may not directly
involved in, pre-S1 binding or viral infection.
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NTCP mutants corresponding to the residues important for sodium binding inhibit viral infections by HDV
and HBV. (A) [3H]taur0cholate uptake efficiency of HepG2 cells complemented with NTCP variants. (B)
Western blot analysis of total and surface expression levels of the NTCP variants in HepG2 cells. The

expression level of GAPDH was used as an internal control. (C) FITC—pre-S1-binding efficiency in HepG2

cells expressing NTCP variants. (D and E) HDV and HBV infection efficiencies in HepG2 cells expressing

the NTCP variants. The intracellular HDV delta antigen in infected cells was stained by 4G5 at 8 days p.i.
(D). Secreted HBeAg in the culture medium at 3, 5, and 7 days p.i. was measured in an ELISA (E).

Effect of extracellular Na* concentration on the binding of pre-S1 to NTCP and viral infection

of NTCP-expressing HepG2 cells.

NTCP is a hepatic Na-bile acid symporter. It utilizes an electrochemical gradient of sodium between

the extracellular and intracellular compartments to cotransport one molecule of bile salt together with

two sodium ions into hepatocytes (21). In mammals, extracellular fluid usually contains 145 mM Na,

while the concentration of intracellular Na' is about 12 mM (22). As shown in Fig. 7A, the
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[3 H]taurocholate uptake efficiency of NTCP correlated well with the sodium concentration in the
testing solution. The transporting efficiency was less than 5% in 10 mM Na" but increased in response
to extracellular Na' concentrations up to the normal level (Fig. 7A). In contrast, FITC—pre-S1 binding
was readily detectable in solutions containing concentrations as low as 4 to § mM Na'; 32 mM Na* was
sufficient for achieving pre-S1 binding comparable to that observed with regular extracellular Na*
concentrations (Fig. 7B). These results showed that, different from the sodium concentration
dependency for transporting monoanionic substrates, such as [3 H]taurocholate, NTCP binding to HBV
pre-S1 is largely independent on the sodium gradient between the extracellular and intracellular
compartments. Hence, an extracellular Na' concentration close to the intracellular level was sufficient
for NTCP binding to FITC—pre-S1 lipopeptide. Similarly, incubating HepG2-NTCP cells with HBV and
HDYV in a solution containing a Na' concentration close to the intracellular level resulted in viral
infections comparable to those under regular conditions (Fig. 7. C and D), indicating that the inward

flow of sodium current across cell membranes may not be required for the viral entry mediated by
NTCP.
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FIG 7

Uptake of [3H]taurocholate in Ringer's solution containing increasing concentrations of Na'. The
[3H]taurocholate uptake assay was conducted with HepG2-NTCP cells in Ringer's solution for 15 min
(left). The level of uptake at 145 mM was set to 100%. (Right) Uptake efficiency in response to Na®
concentrations lower than 20 mM. (B) FITC—pre-S1 peptide-binding efficiency in different Na™
concentrations. HepG2 cells transfected with NTCP were incubated with 400 nM FITC—pre-S1 peptide in
Ringer's solution containing different concentrations of Na* for 10 min. Images were taken using a
fluorescence microscope after extensive washing. (C and D) Na' binding is required for efficient HBV and
HDV infection. HBV and HDV were precipitated by 8% PEG 8000, resuspended in choline” Ringer's
solution, and then the Na™ concentration was adjusted as indicated. The viruses were then used to inoculate
HepG2-NTCP cells for 6 h. HBV infection was assessed based on secreted HBeAg at 6 days p.i. in an
ELISA (C). HDV infection was visualized by staining of the intracellular delta antigen at 8 days p.i. (D).

DISCUSSION

Both HBV and HDV primarily infect the liver, an organ central to metabolism, including maintenance
of bile homeostasis in vivo. Bile salts, a major component of bile, are produced by hepatocytes. They
aid in digestion via emulsification of lipids in the small intestine and also play other important
physiological roles (23). The bile salts overall pool in humans is about 3 to 4 g and is mainly
maintained by recycling of bile salts via enterohepatic circulation, which cycles 6 to 8 times between
the liver and the small intestine per day. More than 90% of the bile salts in the intestine are absorbed
and transported back to the liver, where hepatocytes take up the bile salts again. During this process,
NTCP, as a hepatocyte sinusoidal membrane-localized transporter, plays a critical role and is
responsible for the majority of sodium-dependent bile salts uptake (7). In light of this important
physiological function of NTCP, we investigated whether viral infection by HBV and HDV affected the
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receptor's transporting function and vice versa.

We first examined whether HBV pre-S1 peptide binding to human NTCP affects its substrate
transporting function via an [3 H]taurocholate uptake assay. Our data showed that [3H]taurocholate
uptake through NTCP could be specifically blocked by the myristoylated pre-S1 peptide of the L
protein, but not its nonmyristoylated form or the myristoylated peptide with an asparagine-to-lysine
mutation at residue 9 (N9K). Meanwhile, consistent with the myristoylated pre-S1 peptide not binding
to crab-eating monkey NTCP, uptake of [3H]tauroch01ate by monkey NTCP was not impaired by the
lipopeptide; however, a monkey NTCP variant that bore residues 157 to 165 from the human NTCP
counterpart and supported the pre-S1 lipopeptide binding and viral infection could be effectively
blocked by the peptide for [3H]taurocholate uptake. The binding of the pre-S1 domain with NTCP is a
critical early entry step for HBV and HDV infection. Our data showed that pre-S1 lipopeptide binding
blocked the physiological function of NTCP in bile salt transport; this raised an intriguing question
regarding whether HBV and HDV infection through the receptor interferes with bile salts homeostasis
and thereby plays a role in the pathogenesis of viral hepatitis and carcinogenesis in HBV/HDV-infected
patients, in particular, those patients exhibiting high viral titers.

Conversely, we found that bile acids could block infection by HBV and HDV in susceptible cells,
including HepG2-NTCP cells, primary treeshrew hepatocytes, and differentiated HepaRG cells. The
inhibiting efficiency correlated well with their abilities to reduce pre-S1 lipopeptide binding to NTCP.
The reduced viral infection in the presence of bile acids was not due to the amphiphilic nature of bile
acids, nor to direct binding of bile acids with the pre-S1 region of the virus, because preincubation of
the virus with most bile acids did not lead to a reduction in viral infectivity. A taurine conjugate form of
ursodeoxycholic acid (TUDCA) was found to be a potent inhibitor for viral infections by HBV and
HDV. Intriguingly, several clinical observations have indicated that long-term bile salt treatment, in
particular that with UDCA, leads to improvement of liver function in hepatitis B patients (24, 25). In
addition to bile acids and their derivatives, NTCP's substrates also include steroidal hormones, such as
estrone-3-sulfate and dehydroepiandrosterone (DHEAS), bromosulphthalein, and some drugs, such as
cyclosporine A, ketoconazole, irbesartan, and doxazosin (7). Although not all NTCP substrates
inhibited viral infection by HBV or HDV, those with viral infection-inhibiting activities are potential
candidates for further development into novel anti-HBV/HDYV drugs by blocking viral entry.

As the binding of pre-S1 to NTCP and viral infections could be blocked by bile acids, we further
examined if the key residues for substrate binding are involved in the interaction between NTCP and
the HBV pre-S1 domain. To test this, we generated a set of human NTCP variants, into which mutations
were introduced into residues previously indicated to be involved in the interaction with sodium ions or
with bile salts (17,—19). The transporting efficiencies of these variants were examined in a

[3 H]taurocholate uptake assay, and those variants that showed a significant defect in [3 H]taurocholate
uptake were further analyzed in pre-S1 peptide-binding and infection assays. The results showed that
their pre-S1 lipopeptide-binding efficiencies and abilities in supporting viral infection were largely
correlated with their bile salts uptake efficiency. NTCP mutants bearing amino acid changes at sites
critical for bile acids binding, N262A and Q293A/L294A, radically lost both the bile salts uptake
activity and the ability to support pre-S1 peptide binding and viral infection; NTCP mutants bearing
amino acid changes at sites critical for sodium binding, Q68A and E257A, were nearly 100% deficient
in transporting bile acids and supported pre-S1 peptide binding and viral infection with much lower
efficiencies. These results suggest that residues important for both the sodium binding and the bile acid
binding may involve an interaction between NTCP and the HBV or HDV envelope L protein. However,
it appeared that the residues critical for bile acids binding are more involved in the interaction with the
pre-S1 domain of the L protein. Of note, the S267F mutant of hANTCP, which is a missense mutation
caused by an SNP of human NTCP that is found in about 9% of individuals from East Asia, was
previously reported to result in a defect in transporting bile acids when the variant allele is expressed in
HepG2 cells (15). Interestingly, we found in this study that this mutation also led to a loss of the ability
to interact with the pre-S1 lipopeptide or to support viral infection by HBV and HDV in cells
expressing this variant. However, HepG2 cells cotransfected with wild-type NTCP and the S267F
variant at a 1:1 ratio supported HBV viral infection with an efficiency greater than 70%. Compared to
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that with HepG2 cells expressing wild-type NTCP, it is reasonable to speculate that individuals bearing
a single allele but not homozygous for the NTCP S267F substitution are still susceptible to the viral
infections. The reason that the NTCP S267F mutation occurs in 9% of the East Asian population is
currently unknown; further investigations are needed to elucidate the influence of this NTCP SNP on
HBYV infection at a population level.

Without structural data for NTCP, it is difficult to determine how the binding of the pre-S1 domain to
NTCP blocks bile acid uptake. Our results showing the mutual inhibition between pre-S1 binding and
substrate binding/transport of NTCP along with the mutagenesis data suggest that bile salts and the pre-
S1 lipopeptide may directly compete for the overlapping binding site(s) on NTCP. On the other hand,
NTCP may be able to adopt different conformations depending on its posttranslational modification
status, membrane localization, oligomerization, interactions with other cellular proteins or the pre-S1
lipopeptide, and/or the presence of its natural substrate in the environment. It is reasonable to speculate
that the conformation of NTCP favorable for substrate binding and that for virus binding may mutually
affect each other.
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