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Hepatitis B virus (HBV) enters hepatocytes via its receptor, human sodium taurocholate cotransporting polypeptide (hNTCP).
So far, HBV infection has been achieved only in human hepatic cells reconstituted with hNTCP and not in cells of mouse origin.
Here, the first mouse liver cell line (AML12) which gains susceptibility to HBV upon hNTCP expression is described. Thus, HBV
infection of receptor-expressing mouse hepatocytes does not principally require a human cofactor but can be triggered by en-
dogenous murine determinants.

Hepatitis B virus (HBV) is a hepatotropic, enveloped DNA vi-
rus replicating via an RNA intermediate (1). Infections with

HBV and coinfections with hepatitis delta virus (HDV), which
uses the HBV envelope for dissemination, increase the risk for
liver cirrhosis and carcinoma (2). Both viruses exploit human
sodium taurocholate cotransporting polypeptide (hNTCP), a
hepatic bile salt transporter, as an essential entry receptor (3,
4). Hitherto, only hepatic human liver cells expressing hNTCP
have been shown to become susceptible for HBV (3, 5, 6). In
contrast, HDV infections can be established through hNTCP sup-
plementation in nonhuman and even nonhepatic cells.

Several hNTCP-expressing mouse liver cell lines are resistant
to HBV infection (3, 6–8). Likewise, HBV transgenic mice cannot
form covalently closed circular DNA (cccDNA), the transcrip-
tional viral template (9). Such previous results have led to inter-
pretations that mouse cell lines might lack a factor needed for
HBV replication—a hypothesis strongly supported by recent
work by Lempp et al. (8)— or, alternatively, might express a re-
striction factor that prevents cccDNA formation. However, Cui et
al. recently described a mouse liver cell line inducibly expressing
HBV from an integrate (AML12HBV10) capable of forming
cccDNA (10). Here, we provide evidence that AML12 cells com-
plemented with hNTCP gain susceptibility to HBV, including
cccDNA formation and antigen (Ag) expression.

Generation of hNTCP-expressing cell lines. Mouse AML12
cells were tested for their ability to support HBV infection after
stable hNTCP transduction. For controls, we implemented the
HepG2 cell line, which becomes susceptible to HBV upon hNTCP
transduction, and the mouse liver cell line mH274#26, which re-
mains refractory (3, 4, 8). Stable transduction was achieved using
lentiviruses encoding hNTCP. Western blot analysis (Fig. 1A)
confirmed expression of hNTCP exclusively in the transduced
lines. The hNTCP-expressing cells bound Myrcludex B-atto
(myristoyl-GTNLSVPNPLGFFPDHQLDPAFGANSNNPDWDF
NPNKDHWPEANKVG-atto [MyrB-atto]), a fluorescently la-
beled entry inhibitor of HBV and HDV that specifically binds to
NTCP (Fig. 1B) (11). This indicates correct folding and localiza-
tion to the plasma membrane. Functionality of hNTCP was fur-
ther confirmed by its ability to transport 3H-labeled taurocholate
(Fig. 1C) (3, 12–14).

hNTCP expression confers susceptibility to HDV infection.
Cell lines were infected with HDV, and replication was analyzed
by immunofluorescent staining of hepatitis delta virus antigen
(HDAg) (Fig. 2A) and quantification of intracellular HDV RNA
(Fig. 2B). All infected cell lines showed comparable infection lev-
els, indicating that hNTCP expression is sufficient to overcome
the restriction in the parental cells. Inhibition by MyrB verified
that entry proceeds via the NTCP-mediated pathway. The ob-
served susceptibilities to HDV rule out a possible limitation by a
lack of heparan sulfate proteoglycans, which are required prior to
NTCP engagement (15, 16)

AML12hNTCP cells are susceptible to HBV infection. Cells
were inoculated with HBV and intracellular nucleic acids, and
secreted viral proteins were analyzed. HBeAg and HBsAg were
detectable in the supernatant of infected HepG2hNTCP and
AML12hNTCP cells but not in mH274#26hNTCP or parental AML12
cells (Fig. 3A). MyrB treatment abrogated antigen secretion.
HBeAg levels of infected AML12hNTCP cells were �10� lower
than HepG2hNTCP cell levels; however, secreted HBsAg levels were
comparable. Furthermore, intracellular HBcAg was readily de-
tected in infected AML12hNTCP and HepG2hNTCP cells but not in
mH274#26hNTCP cells (Fig. 3B). The levels of HBV RNA (Fig. 3C)
corresponded to the HBeAg measurement, with an �10� differ-
ence between AML12hNTCP and HepG2hNTCP cells. This difference
was also observed in a corresponding Northern blot analysis (Fig.
3F). For quantification of HBV cccDNA and relaxed-circular
DNA (rcDNA), an additional treatment was performed with the
reverse transcriptase inhibitor lamivudine to inhibit rcDNA for-
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mation while cccDNA remained unaffected. In accordance with
HBcAg staining results, cccDNA was detected in infected
AML12hNTCP and HepG2hNTCP cells but not in mH274#26hNTCP

cells (Fig. 3D). As expected, the levels of cccDNA remained
unchained upon lamivudine treatment; however, absolute lev-
els differed significantly between infected AML12hNTCP and

HepG2hNTCP cells. In the absence of lamivudine, rcDNA was read-
ily detected in infected HepG2hNTCP cells by quantitative PCR
(qPCR) (Fig. 3E) and Southern blot analysis (Fig. 3G). However,
in infected AML12hNTCP cells, rcDNA was barely detectable. Re-
sidual signals in the MyrB- or lamivudine-treated samples proba-
bly reflects remaining viral input.

FIG 1 Characterization of mouse and human cell lines stably expressing
hNTCP. AML12 (obtained from ATCC CRL-2254), mH274#26 (8), and
HepG2 cells were transduced with lentiviruses coexpressing hNTCP and a
puromycin resistance gene and selected to establish a stable cell pool. (A) Total
cell lysates of the transduced (�) or parental (�) cells were treated with
PNGase F (New England BioLabs) and analyzed by Western blotting using a
hNTCP-specific antibody (Sigma-Aldrich). (B) The respective transduced
(lower row) and parental (upper row) cell lines were incubated for 30 min with
200 �M atto565-labeled Myrcludex B, washed, and analyzed by fluorescence
microscopy. (C) Cell lines were incubated with 3H-TC (Hartmann Analytic)
for 15 min at 37°C, washed, and lysed, and scintillation counts of the total
lysates were measured and the results normalized to the cell number. TC up-
take was inhibited by treatment of the cells with 2 �M MyrB (13).

FIG 2 HDV infection of stable hNTCP-expressing mouse and human liver
cell lines. AML12hNTCP, mH274#26hNTCP, and HepG2hNTCP cells were seeded
in 24-well plates and infected 2 days later with HDV by inoculation of the cells
with 4 IU/cell HDV (8) in the presence of 4% polyethylene glycol (PEG) in
medium supplemented with 2% dimethyl sulfoxide (DMSO) for 16 h. Entry
inhibition was achieved with 500 nM Myrcludex B 30 min prior and during
virus inoculation. (A) At day 5 postinfection, cells were fixed with 4% parafor-
maldehyde (PFA) and permeabilized and HDAg was stained using patient
serum (Vuda) and a fluorescently labeled goat-anti-human secondary anti-
body (Thermo Fisher Scientific). Images (�200 magnification) were acquired
on an inverted fluorescence microscope (Leica). (B) Total RNA was extracted
from the cells at day 5 postinfection, reverse transcribed, and analyzed by
quantitative PCR using primers and probes specific for HDV as previously
described (8, 18).
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FIG 3 HBV infection of stable hNTCP-expressing cell lines. AML12, AML12hNTCP, mH274#26hNTCP, and HepG2hNTCP cells were seeded in 24-well plates and
infected 2 days later by inoculation with HBV at a multiplicity of genome equivalents (MGE) of 1,500 (genotype D, cell culture derived) in the presence of 4% PEG
and 2% DMSO for 16 h as described previously (8). For entry inhibition, cells were treated with 500 nM Myrcludex B 30 min prior and during virus inoculation.
(A) Supernatants of the cells were collected every second day, and secreted viral markers HBeAg (left) and HBsAg (right) were quantified by ELISA as previously
described (8). Each data point represents the mean of the results of three biological replicates. d, day. (B) At day 11 postinfection, cells were fixed and
immunostained with an antibody (Dako) recognizing viral HBcAg (red, �200 magnification). (C) RNA from infected cells was extracted, reverse transcribed,
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In order to exclude the possibility of contamination of the
mouse AML12hNTCP cells with a human cell line, we performed a
multiplex cell contamination test by the use of Multiplexion
(Heidelberg, Germany) (17). The results confirmed that the
AML12hNTCP cell line contained only cells of mouse origin (data
not shown). We further selected single-cell clones. All clones re-
tained their TC transporter function (Fig. 4A) and showed com-
parable levels of susceptibility to HBV with variations in infection
rates ranging up to 2-fold (Fig. 4B to D).

We describe for the first time a mouse liver cell line that, solely
upon expression of the hNTCP receptor, becomes susceptible to

HBV. In contrast to other murine cell lines (5), AML12hNTCP cells
support HBV entry, including the formation of cccDNA, cccDNA-
driven transcription of viral RNAs, expression of HBcAg, and se-
cretion of HBeAg and HBsAg. Notably, the infected cells showed
only barely detectable levels of rcDNA, which might hint at a de-
fect in nucleocapsid stability and, consequently, in rcDNA synthe-
sis. However, this needs further investigation. The successful in-
fection with HBV contradicts the assumption that a highly
species-specific factor is principally lacking in cells of mouse ori-
gin, supporting and extending a report from Cui et al., who pro-
vided evidence that AML12 cells are capable of forming cccDNA

and quantified using primers binding to the HBV core open reading frame (ORF), thereby detecting pregenomic, precore, and possibly spliced HBV RNA (4).
(D and E) Total DNA was extracted from cells at day 10 postinfection. Lamivudine (10 �M) was added at day 3 postinfection. rcDNA was quantified with
HBV-specific primers (E). Following digestion of rcDNA with T5 exonuclease (New England BioLabs), cccDNA (D) was specifically quantified using primers
spanning the gap region (Bingqian Qu, unpublished data). Values below the limit of quantitation are marked by asterisks (*). (F and G) AML12hNTCP and
HepG2hNTCP cells were seeded in 10 cm-diameter dishes and infected with HBV at an MGE of 1,500 in the presence or absence of 1 �M MyrB as described above.
(F) Eight days after infection, total cellular RNA was extracted, separated on a 1.2% agarose gel, blotted on a nylon membrane, and analyzed with a 32P-labeled
HBV-specific probe of genotype D (Northern blotting). (G) Ten days after infection, cytosolic DNA was extracted by treatment of the cells with NP-40 lysis
buffer, centrifugation, proteinase K treatment of the supernatant, and subsequent phenol-chloroform DNA extraction. The DNA was separated on a 1.2%
agarose gel and analyzed by Southern blotting as described above.

FIG 4 HBV infection of single-cell clones derived from AML12hNTCP. Single-cell clones of AML12hNTCP were picked, expanded, seeded in 24-well plates and
analyzed for their ability to transport 3H-TC (see Fig. 1 for details) (A) or infected by inoculation with HBV at an MGE of 1,500 in the presence or absence of MyrB
as described in the Fig. 3 legend (B, C, and D). The supernatant of the infected cells was collected from day 7 to day 9 postinfection and analyzed for secreted
HBeAg (B) and HBsAg (C). Cells were fixed and stained with an antibody against viral HBcAg (D).
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(10). Taking into account that nonsusceptible hNTCP-expressing
mouse cells can be rescued by fusion with HepG2 cells, we assume
that AML12 cell lines express a cofactor which is present in human
but missing in many mouse hepatic cells (8). This cofactor might
affect the stability of the HBV nucleocapsids (10) and may be
involved in the release and/or the transport of the viral genome to
the nucleus. AML12 cells are derived from a transgenic mouse
overexpressing human transforming growth factor � (TGF�). In
order to examine if TGF� was the limiting factor, we performed
rescue experiments by overexpression or addition of recombinant
TGF� to previously described HBV-restricted mouse cell lines (8).
However, TGF� could not rescue HBV susceptibility (data not
shown). Identification of the limiting factor(s), e.g., by differential
transcriptome analysis, may help to generate immunocompetent
mouse models that fully support HBV infection.
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