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ABSTRACT Hepatitis B virus (HBV) is a major cause of chronic liver diseases, includ-
ing hepatitis, cirrhosis, and hepatocellular carcinoma. HBV research has been ham-
pered by the lack of robust cell culture and small animal models of HBV infection.
The discovery of sodium taurocholate cotransporting polypeptide (NTCP) as an HBV
receptor has been a landmark advance in HBV research in recent years. Ectopic ex-
pression of NTCP in nonpermissive HepG2, Huh7, and AML12 cell lines confers HBV
susceptibility. However, HBV replication in these human and murine hepatocyte cell
lines appeared suboptimal. In the present study, we constructed stable NTCP-
expressing HepG2 and AML12 cell lines and found that HBV permissiveness is corre-
lated with NTCP expression. More significantly, we developed robust HBV cell culture
models by treating the HBV-infected cells with dimethyl sulfoxide (DMSO) and hy-
drocortisone, which significantly promoted HBV replication and production. Mecha-
nistic studies suggested that hydrocortisone significantly enhanced the transcription
and expression of PGC1a and HNF4«, which are known to promote HBV transcrip-
tion and replication. These new human and murine hepatocyte culture systems of
HBV infection and replication will accelerate the determination of molecular aspects
underlying HBV infection, replication, and morphogenesis in human and murine
hepatocytes. We anticipate that our HBV cell culture models will also facilitate the
discovery and development of antiviral drugs towards the ultimate eradication of
chronic hepatitis B virus infection.

IMPORTANCE HBV research has been greatly hampered by the lack of robust cell
culture and small animal models of HBV infection and propagation. The discovery of
NTCP as an HBV receptor has greatly impacted the field of HBV research. Although
HBV infection of NTCP-expressing human and murine hepatocyte cell lines has been
demonstrated, its replication in cell culture appeared inefficient. To further improve
cell culture systems of HBV infection and replication, we constructed NTCP-
expressing HepG2 and AML12 cell lines that are highly permissive to HBV infection.
More significantly, we found that DMSO and hydrocortisone markedly enhanced
HBV transcription and replication in human and murine hepatocytes when added to
the cell culture medium. These new cell culture models of HBV infection and replica-
tion will facilitate HBV research and antiviral drug discovery towards the ultimate
elimination of chronic hepatitis B virus infection.

KEYWORDS AML12, DMSO, HepG2, NTCP, PHH, hepatitis B virus, HBV,
hydrocortisone, infection, morphogenesis, replication

epatitis B virus (HBV) chronically infects approximately 240 million people world-
wide, with severe consequences, including chronic hepatitis, cirrhosis, liver failure,
and hepatocellular carcinoma (HCC) (1, 2). Human HBV is the prototype member of the
Hepadnaviridae family, consisting of small DNA viruses with genomes comprised of
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partially double-stranded DNA (3, 4). HBV enters hepatocytes via receptor-mediated
endocytosis. Upon HBV cell entry and uncoating, the partially double-stranded DNA
genome, in a relaxed circular conformation (rcDNA), is transported into the nucleus and
converted to a covalently closed circular DNA (cccDNA) (5-8). The rcDNA-to-cccDNA
conversion is believed to be carried out by cellular enzymes, including DNA polymerase
kappa and ligase (9, 10). The cccDNA serves as a template for RNA transcription by the
cellular polymerase Il (Pol ) RNA polymerase to produce viral mRNAs and a terminally
redundant pregenomic RNA (pgRNA). The viral mRNAs and pgRNA encode 7 proteins
(HBs), including three different forms (L, M, and S) of envelope proteins, precore (HBe
precursor), core (HBc), X (HBx), and pol (reverse transcriptase). The pgRNA, together
with the attached pol, is encapsidated by the core protein to form a nucleocapsid in
which reverse transcription of the pgRNA takes place, resulting in the virion’s rcDNA
genome. The syntheses of viral RNA and DNA are modulated by many different cellular
proteins (3). Most of our current knowledge about HBV DNA replication is derived from
numerous studies with recombinant systems and DNA transfection methods. However,
relatively little is known about the molecular mechanisms underlying each step of the
HBV infectious cycle, largely due to the lack of a robust cell culture model of HBV
infection and propagation.

The discovery of sodium taurocholate cotransporting polypeptide (NTCP) as the HBV
receptor (also the hepatitis delta virus [HDV] receptor) has been a landmark advance in
HBV research in recent years (11). Human hepatocellular carcinoma cell lines HepG2
and Huh-7 and an immortalized mouse hepatocyte cell line, AML12, expressing NTCP
have been shown to be susceptible to HBV infection and replication, albeit inefficiently
(11-20). AML12 appears to be the only murine hepatocyte cell line known to support
HBV infection and replication when expressing NTCP (13). The expression of NTCP in
transgenic mice conferred HDV but not HBV susceptibility (21), suggesting the exis-
tence of murine restriction factor(s) of HBV replication or the lack of cellular factor(s)
essential for HBV infection and/or replication (22). It has long been known that HBV
cccDNA could not be detected in transgenic mouse lineages (23). Therefore, there is an
urgent need to develop more robust human and murine hepatocyte culture models of
HBV infection and propagation for antiviral drug discovery and the determination of
the molecular aspects governing each step of the HBV life cycle. In the present study,
we have developed stable NTCP-expressing HepG2 and AML12 cell lines that are highly
permissive to HBV infection. HBV replication in the NTCP-expressing HepaG2 and
AML12 cell lines was greatly enhanced by treatment with dimethyl sulfoxide (DMSO)
and hydrocortisone. These robust cell culture models of HBV infection and propagation
will be valuable for the determination of the importance of cellular factors modulating
HBV infection, replication, and morphogenesis. Additionally, these new HBV cell culture
systems will facilitate the discovery of effective new classes of antiviral drugs toward
the eradication of chronic hepatitis B virus infection.

RESULTS

Correlation of HBV infection and NTCP expression. HBV research has been
hampered by the lack of a robust cell culture system for HBV infection until the
discovery of NTCP as the HBV receptor (11). A number of groups have developed stable
NTCP-expressing HepG2, Huh7, and AML12 cell lines and demonstrated that NTCP
expression in nonpermissive hepatocytes confers HBV susceptibility (11-20). However,
HBV replication in the NTCP-reconstituted human and murine hepatocytes appeared
suboptimal. To develop robust cell culture models of HBV infection and propagation,
we sought to overexpress the HBV receptor NTCP under the control of a human apoE
promoter and enhancer in a liver-specific expression vector, pLiv7 (24). Upon DNA
transfection and selection with blasticidin or puromycin, stable NTCP-expressing HepG2
and AML12 cell clones were screened for NTCP expression by Western blotting. The
expression of NTCP among different cell clones was further validated by immunofluo-
rescence assay (IFA) (data not shown). Several HepG2 cell lines expressing various levels
of NTCP (HepG2NT<P) were chosen for the determination of their susceptibility to HBV
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FIG 1 Correlation of NTCP expression and HBV susceptibility. (A) HepG2 cells were transfected with
pLiv7/Blast/NTCP and pLiv7/Puro/NTCP, respectively. Upon selection with blasticidin (B8, B10, B11, and
B12) or puromycin (P3), cell clones were picked up and expanded. The expression of NTCP was detected
by Western blotting using an NTCP-specific monoclonal antibody. (B) HepG2NT<P cell lines were infected
with HBV in the presence of 4% PEG 8000 for 12 h. Upon removal of unbound HBV and PEG by washing
with PBS, the HBV-infected cells were incubated with fresh DME-F12 medium containing 3% FBS. After
4 days postinfection (p.i.), cells were lysed in a RIPA buffer. HBcAg in cell lysates was detected by Western
blotting using an HBc-specific monoclonal antibody. (A, B) The housekeeping gene B-actin was used as
an internal control. (C) The levels of HBeAg in the supernatants were quantified by chemiluminescence
immunoassay. Average values (=SD) derived from three experiments are plotted.

infection. The puromycin-resistant HepG2NT<P cell clone 3 (HepG2NT<P-P3) expressed
the highest level of NTCP compared to blasticidin-resistant HepG2NT<P cell clones (B8,
B10, B11, and B12) (Fig. 1A). As a result, HepG2NT<P-P3 was the most susceptible to HBV
infection, as determined by the levels of HBc antigen (HBcAg) in the HBV-infected cells
(Fig. 1B), as well as the levels of HBeAg in the cell culture supernatants (Fig. 1C). There
is a close correlation between HBV infection and NTCP expression among different
NTCP-expressing HepG2 cell lines, suggesting that the level of NTCP expression is
important for HBV infection.

Promotion of HBV replication by DMSO and hydrocortisone. Although the
NTCP-expressing HepG2 cell lines were susceptible to HBV infection, they did not
appear to support robust HBV replication, based on lower levels of HBcAg in the cells
and HBeAg in the cell culture supernatants (Fig. 1). Both DMSO and hydrocortisone
were previously used as differentiation inducers of normal human hepatocytes and the
human hepatoma cell line HepaRG, which were shown to be permissive to HBV
infection (25-27). Hydrocortisone was also reported to enhance the replication of many
other different viruses (28-33). To test whether DMSO and hydrocortisone would
promote HBV replication, the HBV-infected HepG2NT<P-P3 cells were treated with 1%
DMSO, 5 ng/ml hydrocortisone, or both for 4 days. The levels of HBcAg, HBV cccDNA,
and total HBV mRNAs in the HBV-infected HepG2NT<P-P3 cells were determined by
Western blotting, quantitative PCR (qPCR), and qRT-PCR, respectively. The cell culture
supernatants were collected for quantification of HB surface protein antigen (HBsAg),
HBeAg, and HBV DNA. Interestingly, DMSO modestly increased the levels of HBcAg (Fig.
2A), HBV cccDNA (Fig. 2B), and mRNAs (Fig. 2C) in the cells, by 1.8, 1.4, and 1.5 times,
respectively. Likewise, the levels of HBsAg (Fig. 2D), HBeAg (Fig. 2E), and HBV DNA (Fig.
2F) in the supernatants of DMSO-treated cells were 4-, 2.5-, and 1.6-fold higher.
Hydrocortisone resulted in even higher levels of HBV replication than DMSO, as shown
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FIG 2 Enhancement of HBV replication by DMSO and hydrocortisone. HepG2NT<P-P3 cells were infected with HBV
at an MOI of 100 genome copies (GC) in the presence of 4% PEG 8000 for 12 h. Upon removal of unbound HBV
and PEG 8000, HBV-infected cells were incubated with DME-F12 medium containing 1% DMSO, 5 ug/ml hydro-
cortisone (HC), or both (DMSO/HC). (A) After culturing for 4 days, cell lysates were collected for detection of HBcAg
by Western blotting. (B) HBV cccDNA in the cells was quantified by qPCR, using mitochondrial DNA as an internal
control for normalization. (C) Total RNA was extracted from HBV-infected cells with TRIzol reagent and was reverse
transcribed with superscript lll. Resulting cDNAs were quantified by qPCR. (D to F) The levels of HBsAg (D) and
HBeAg (E) in the supernatants were quantified by chemiluminescence immunoassay. HBV DNA in the supernatants
was quantified by qPCR (F). (B to F) Average values (£SD) derived from three experiments are plotted. *, P < 0.05;
** P<0.01.

by 3-, 1.6-, and 2-fold-higher levels of HBcAg, cccDNA, and mRNAs in the infected cells
and 7-, 3.7-, and 1.8-fold increases of HBsAg, HBeAg, and HBV DNA in the supernatants
(Fig. 2). The combination of DMSO and hydrocortisone further enhanced the levels of
HBcAg, HBV cccDNA, and mRNAs in the cells and HBsAg, HBeAg, and HBV DNA in the
supernatants, which were the highest among the different treatment groups (Fig. 2).
The question arose whether DMSO and hydrocortisone would also promote HBV
transcription and replication in primary human hepatocytes (PHHs) and AML12NT<P
cells. HBV-infected PHHs and AML12NT<P cells were cultured in the presence of 1%
DMSO and 5 pg/ml of hydrocortisone for 4 days. Similarly, DMSO and hydrocortisone
significantly enhanced HBV replication in PHHs, as shown by the 3-fold increase of
HBcAg in the cells and 1.8-, 3-, and 2.7-fold-higher levels of HBV DNA, HBsAg, and
HBeAg in the supernatants, respectively (Fig. 3). We also constructed stable AML12NT<P
cells (Fig. 4A). HBV transcription and replication in AML12NTCP cells were also greatly
induced by treatment with DMSO and hydrocortisone. DMSO resulted in a 3-fold
increase of HBcAg in the cells and 2.4- and 3-fold-higher levels of HBV DNA and HBeAg
in the supernatants (Fig. 4). Hydrocortisone enhanced HBV transcription and replication
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FIG 3 Enhancement of HBV transcription and replication in PHHs by DMSO and hydrocortisone. PHHs
were infected with HBV at an MOI of 100 GC in the presence of 4% PEG 8000 for 12 h. The HBV-infected
PHHs were cultured in the PHH maintenance medium without (Control) or with 1% DMSO and 5 pg/ml
HC (DMSO/HC) for 4 days by changing medium every day. At 4 days p.i., the HBV-infected PHHs were
lysed in a RIPA buffer and the cell culture supernatants were collected. (A) The levels of HBcAg in cell
lysates were determined by Western blotting. (B to D) The levels of HBV DNA (B), HBsAg (C), and HBeAg
(D) in the supernatants were quantified by qPCR or chemiluminescence immunoassay. Average values
(*=SD) derived from three experiments are plotted. **, P < 0.01.

in the AML12NTCP cells to even higher magnitudes, as shown by a 4-fold increase of
HBcAg in the cells and about 3- and 4-fold-higher levels of HBV DNA and HBeAg,
respectively, in the supernatants (Fig. 4). The combination of DMSO and hydrocortisone
markedly promoted HBV transcription and replication in the AML12NT<P cells, as shown
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FIG 4 Promotion of HBV transcription and replication in the AML12NT<P cells by DMSO and hydrocortisone.
AML12NTCP cells were infected with HBV at an MOI of 100 GC in the presence of 4% PEG 8000 for 12 h. Upon
removal of unbound HBV and PEG 8000, the HBV-infected AML12NT<P cells were cultured in DME-F12 medium
containing 3% FBS and 1% DMSO, 5 ug/ml HC, or both (DMSO/HC). (A, B) After 4 days p.i., the HBV-infected
AML12NTCP cells were lysed in a RIPA buffer and the levels of NTCP (A) and HBcAg (B) in cell lysates were measured
by Western blotting. (C, D) The levels of HBV DNA (C) and HBeAg (D) in the cell culture supernatants were
quantified by qPCR and chemiluminescence immunoassay, respectively. Average values (=SD) derived from three
experiments are plotted. **, P < 0.01.
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FIG 5 Optimization of conditions for HBV infection and replication. (A to C) HepG2NT<P-P3 cells were infected with
HBV at an MOI of 100 GC in the presence of 4% PEG 8000 for various times (2, 4, 6, 8, 10, 12, and 24 h). HBV-infected
cells were cultured in DME-F12 medium containing 3% FBS, 1% DMSO, and 5 ug/ml hydrocortisone. (A) After 4 days

p.i., the HBV-infected cells were lysed and the levels of HBcAg were determined by Western blotting. (B)

HBV DNA

in the supernatants was quantified by qPCR. (C) The levels of HBsAg in the supernatants were quantified by
chemiluminescence immunoassay. (D to F) Optimal time of HBV replication was determined by HBV infection with
an MOI of 100 GC in the presence of 4% PEG 8000 for 12 h. The HBV-infected cells were lysed in a RIPA buffer at
different time points (2, 3, 4, 5, and 6 days) after HBV infection. The levels of HBcAg in the infected cells (D) and
of HBV DNA (E) and HBsAg (F) in the supernatants were determined by Western blotting, qPCR, and chemilumi-
nescence immunoassay, respectively. (B, C, E, and F) Average values (=SD) derived from three experiments are

plotted.

by a 5-fold increase of HBcAg in the cells and 4.2- and 5.5-fold-higher levels of HBV DNA
and HBeAg in the supernatants (Fig. 4). Taken together, these results demonstrate that
DMSO and hydrocortisone could promote HBV transcription and replication in
HepG2NT<CP cells, PHHs, and AML12NT<P cells.

Optimization of conditions for HBV infection and replication. To optimize the
conditions for HBV infection and replication in the NTCP-expressing human and murine
hepatocytes, we determined the optimal time for HBV infection and replication and
compared different media and fetal bovine serum (FBS) concentrations. It was found
that 12 h of HBV infection reached the highest levels of HBV transcription and
replication, based on the levels of HBcAg in the cells (Fig. 5A) and HBV DNA (Fig. 5B)
and HBsAg (Fig. 5C) in the supernatants. Longer HBV infection time did not further
increase the levels of HBcAg, HBV DNA, or HBsAg. A 4-day incubation after HBV
infection was sufficient for the detection of HBcAg in the cells (Fig. 5D), although the
levels of HBV DNA (Fig. 5E) and HBsAg (Fig. 5F) in the supernatants appeared to
continue to rise after day 4. These results were further confirmed by a longer kinetic
study of HBV replication upon treatment with DMSO and hydrocortisone (Fig. 6). HBcAg
reached the highest levels at day 4 and day 5 postinfection and then gradually
decreased after day 6 (Fig. 6A). Similarly, the levels of HBV cccDNA initially decreased
at day 4 and then rose to the highest level at day 6, followed by a gradual reduction
after day 7 (Fig. 6B). It is not clear why HBV replication fluctuated at different time
points. Additionally, we determined the effects of different media on HBV transcription
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FIG 6 Kinetics of HBcAg and HBV cccDNA synthesis upon induction with DMSO and hydrocortisone.
HepG2NT<P-P3 cells were infected with HBV at an MOI of 100 GC in the presence of 4% PEG 8000 for 12
h. HBV-infected cells were cultured in DME-F12 medium containing 3% FBS, 1% DMSO, and 5 ug/ml
hydrocortisone. (A) At every day postinfection, the HBV-infected cells were lysed and the levels of HBcAg
were determined by Western blotting. (B) HBV cccDNA in the cells was subjected to Hirt extraction,
followed by digestion with T5 exonuclease and quantification by qPCR using cccDNA-specific primers
and probe. Average values (£SD) derived from three experiments are plotted.

and replication and found that Dulbecco’s modified Eagle’s medium (DMEM) and
DMEM-Ham'’s nutrient mixture F-12 (DME-F12 medium) but not William E medium
could support efficient HBV replication (data not shown). We also titrated FBS, DMSO,
and hydrocortisone concentrations using the optimal infection (12 h) and incubation (4
days) times determined as described above. Similar to the results of a recent study (16),
3% FBS was optimal for HBV transcription and replication, as higher FBS concentrations
actually reduced the levels of HBcAg in the cells and of HBsAg, HBeAg, and HBV DNA
in the supernatants (data not shown). Likewise, 1% DMSO and 5 pg/ml hydrocortisone
resulted in the highest levels of HBV transcription and replication. Higher concentra-
tions of DMSO and hydrocortisone actually reduced HBV transcription and replication
due to cytotoxicity (data not shown). Thus, the optimal conditions for HBV infection and
replication include a 12-h infection time, 96-h culturing period, and DME-F12 medium
containing 3% FBS, 1% DMSO, and 5 wg/ml hydrocortisone.

Validation of the optimized HBV cell culture conditions. To validate the condi-
tions for HBV infection and replication determined as described above, we compared
different HepG2NT<P cell lines cultured in the presence and absence of DMSO and
hydrocortisone. The HBV-infected HepG2NT<P cell lines were incubated with DME-F12
medium containing 1% DMSO, 5 ug/ml hydrocortisone, and 3% FBS for 4 days. Strik-
ingly, the combination of DMSO and hydrocortisone promoted HBV replication in all
NTCP-expressing HepG2 cell lines by 7 to 20 times (depending on cell lines) compared
to its replication in the control medium without DMSO and hydrocortisone (Fig. 7). We
also validated HBV infection using hepatitis B immune globulin (HBIG) and the HBV
entry inhibitor myrcludex B. As expected, HBIG effectively neutralized HBV infectivity in
a dose-dependent manner (Fig. 8). HBIG at a concentration of 0.5 IU/ml resulted in a
74% reduction of HBcAg (Fig. 8A) in the cells and an 82% decreased level of HBV DNA
(Fig. 8B) and 99% lower HBsAg (Fig. 8C) in the cell culture supernatants. Similarly,
myrcludex B inhibited HBV infection, as demonstrated by 70% reduction of HBcAg (Fig.
8D) and 66% lower HBV cccDNA (Fig. 8E) in the cells, as well as a 3.7-fold decrease of
HBeAg (Fig. 8F) in the supernatants at 200 nM myrcludex B. These data suggest that our
robust HBV cell culture system can be used to screen HBV inhibitors.
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FIG 7 Comparison of HBV transcription and replication efficiencies with and without DMSO and hydro-
cortisone (DMSO/HC) treatment among different HepG2NT<P cell lines. Different HepG2NT<? cell lines were
infected with HBV at an MOI of 100 GC in the presence of 4% PEG 8000 for 12 h and then cultured in
DME-F12 medium without (—) or with 1% DMSO and 5 ug/ml HC (+). After 4 days p.i., the HBV-infected
cells were lysed in a RIPA buffer and cell culture supernatants were collected. (A) HBcAg in the cell lysates
was detected by Western blotting. (B, C) The levels of HBV DNA (B) and HBsAg (C) in the supernatants were
quantified by qPCR and chemiluminescence immunoassay, respectively. Average values (£SD) derived
from three experiments are plotted. **, P < 0.01.

Induction of HBV transcription factor by hydrocortisone. It was previously
reported that glucocorticoid could induce the expression of peroxisome proliferator-
activated receptor y coactivator Ta (PGC1a) (34, 35), which was found to modulate HBV
gene transcription through a nuclear transcription factor, hepatocyte nuclear factor 4«
(HNF4a) (36, 37). To investigate the mechanism of action of hydrocortisone for the
promotion of HBV transcription and replication, we determined the levels of PGC1a
(Fig. 9A) and HNF4« (Fig. 9B) gene transcription and expression (Fig. 9C) in the
HBV-infected HepG2NT<P-P3 cells that were treated with DMSO, hydrocortisone, or
both. The PGCTa and HNF4a mRNAs and proteins were quantified by qRT-PCR and
Western blotting, respectively. The levels of PGC1a mRNA (Fig. 9A) and HNF4a mRNA
(Fig. 9B) were increased by 1.6- and 6-fold, respectively, in the HBV-infected cells when
treated with hydrocortisone or DMSO-hydrocortisone. Their corresponding protein
levels were also enhanced by 1.8 to 2.0 times in the hydrocortisone-treated
HepG2NTCP-P3 cells compared to the levels in parental or DMSO-treated HepG2NT¢P-P3
cells (Fig. 9). These findings suggest that hydrocortisone but not DMSO promoted HBV
transcription, probably through the induction of PGC1a and HNF4« gene transcription
and expression. This is consistent with the previous findings that DMSO induced the
transcription of a number of cellular genes, except for PGC1a and HNF4« (17). It is
possible that other gluconeogenic genes and nuclear factors involved in the regulation
of HBV transcription and replication might also be induced by hydrocortisone treat-
ment (36, 37). Future investigations are warranted to determine other cellular genes
important for HBV transcription and replication.

DISCUSSION

We have developed robust human and murine hepatocyte culture systems with
significantly enhanced efficiency of HBV infection and replication by using several
strategies. First, we used a liver-specific vector to overexpress the HBV receptor NTCP
without tagging. We screened a number of stable HepG2 cell clones and identified a
puromycin-resistant HepG2NT<P cell clone (HepG2NT<P-P3) with the highest level of
NTCP expression and the greatest susceptibility to HBV infection and/or replication. It
appears that there is a close correlation between NTCP expression and HBV infection
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FIG 8 Inhibition of HBV infection by HBIG and myrcludex B. HepG2NT<P-P3 cells were infected with HBV at
an MOI of 100 GC in the presence of 4% PEG 8000 and increasing concentrations of HBIG (0, 0.02, 0.1, and
0.5 1U) or myrcludex B (0, 80, 40, and 200 nM) for 12 h. The HBV-infected cells were cultured with DME-F12
medium containing 3% FBS, 1% DMSO, and 5 pg/ml HC. After 4 days p.i., the HBV-infected cells were lysed
in a RIPA buffer. (A, D, and E) The levels of HBcAg (A, D) and HBV cccDNA (E) in the HBV-infected cells were
determined by Western blotting and qPCR, respectively. (B, C, and F) The levels of HBV DNA (B), HBsAg (C),
and HBeAg (F) in the cell culture supernatants were quantified by gPCR or chemiluminescence immuno-
assay. Average values (=SD) derived from three experiments are plotted.

among different NTCP-expressing HepGz2 cell clones (Fig. 1), suggesting the importance
of the level of NTCP in HBV susceptibility. More significantly, we found that DMSO and
hydrocortisone in combination could greatly enhance HBV transcription and replication
when added to the infected cells (Fig. 2). We had previously tried to detect HBV
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FIG 9 Induction of PGC1a and HNF4« gene transcription and expression by hydrocortisone. HepG2NTcP-P3 cells were infected with HBV at an MOI of 100 GC
in the presence of 4% PEG 8000 for 12 h. The HBV-infected cells were cultured in DME-F12 medium containing 1% DMSO, 5 ug/ml HC, or both (DMSO/HC).
(A, B) After 4 days p.i., the levels of PGCTa mRNA (A) and HNF4a mRNA (B) in the HBV-infected cells were quantified by a real-time RT-PCR method. Average
values (£SD) derived from three experiments are plotted. **, P < 0.01. (C) The levels of PGC1a and HNF4« expression were determined by Western blotting
using PGC1a- and HNF4a-specific monoclonal antibodies. B-Actin was used as an internal control.
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infection and replication using the methods reported by others but failed to detect
significant levels of HBV replication in the NTCP-expressing HepG2 cells by Western
blotting, even after 10 days of HBV infection (data not shown). Now we could detect
high levels of HBcAg in the HBV-infected cells as early as 3 days after HBV infection
when 1% DMSO and 5 pg/ml hydrocortisone were added into the cell culture medium
(Fig. 5 and 6). Using this induction medium, we have determined the optimal time
required for HBV infection and replication. A 12-h HBV infection along with a 96-h
incubation after HBV infection appeared to be sufficient for robust detection of HBcAg
in the cells and of HBsAg, HBeAg, and HBV DNA in the cell culture supernatants. A
longer time of HBV infection and further incubation after 5 days postinfection actually
caused a reduction of HBcAg in the cells (Fig. 5 and 6). The exact reason(s) for the
reduction of HBV infection and/or replication by longer infection and replication times
are not clear. It might be due to cytotoxicity caused by the 4% polyethylene glycol 8000
(PEG 8000) that was used to facilitate HBV infection. The reduction of HBV transcription
and replication after 5 days of incubation could be due to cell growth arrest, depletion
of nutrients, and/or resistance to hydrocortisone induction. It was previously found that
high cell density (overconfluence) resulted in an inhibition of hepatitis C virus (HCV)
replication due to depletion of the intracellular nucleoside pool (38). However, we
could not reverse the decrease of HBV transcription and/or replication by changing the
medium every other day (Fig. 6).

DMSO and hydrocortisone promoted HBV replication not only in the HepG2NT<P
cells but also in PHHs and the NTCP-expressing murine hepatocytes (AML12 cell line)
(Fig. 3 and 4). It was also reported that hydrocortisone could enhance the replication
of other viruses, including herpes simplex virus (31), human cytomegalovirus (39),
Epstein-Barr virus (40), respiratory syncytial virus (29), and polyomavirus (30). The
mechanism of action of DMSO for the enhancement of HBV replication is not clear,
although it was found to induce the transcription of a number of cellular genes (17). It
did not affect the expression of the HBV transcription factor HNF4«, unlike hydrocor-
tisone (Fig. 8) (17). Its promotion of HBV replication is probably through the induction
of hepatocyte differentiation, as previously demonstrated by others (25-27). Apart from
DMSO, hydrocortisone induced the transcription and expression of PGCTa and HNF4«
(Fig. 9), which was previously shown to promote HBV transcription and replication
(41-43). Consistent with this interpretation, the levels of HBV RNAs and HBcAg in the
cells and of HBeAg in the supernatants were markedly increased when hydrocortisone
was added to culture medium (Fig. 7 and data not shown). Therefore, the enhancement
of HBV transcription and gene expression by DMSO and hydrocortisone made possible
the robust detection of HBV proteins by biochemical assays like Western blotting.

In summary, we have developed human and murine hepatocyte culture models of
robust HBV infection and replication. These novel HBV propagation systems will be
valuable for the determination of virus-host interaction and the underlying molecular
mechanisms of cellular factors in HBV infection, replication, and morphogenesis. Their
application to antiviral drug screening and evaluation will accelerate the identification
and development of new classes of drugs toward the ultimate eradication of chronic
hepatitis B virus infection.

MATERIALS AND METHODS

Cells and virus. HepG2 and murine hepatocyte AML12 (ATCC) cell lines, as well as the HepAD38 cell
line, were maintained in DME-F12 medium (HyClone) supplemented with 10% fetal bovine serum
(Atlanta Biologicals), 0.1 mM nonessential amino acids, 1X sodium pyruvate, 100 U/ml penicillin, and
100 pg/ml streptomycin (Sigma) at 37°C in a 5% CO, incubator. Primary human hepatocytes (PHHs) were
from Lonza (lot number HUM4055C) and were cultured according to the manufacturer’s instructions. Cell
culture flasks and plates were coated with 50 wg/ml rat tail collagen type | (Corning). HBV derived from
HepAD38 cells was concentrated by precipitation with 10% polyethylene glycol 8000 (PEG 8000)
(Hampton Research). The genome copy numbers of HBV DNA were quantified by a real-time PCR
method.

Antibodies, peptide, and chemicals. The HBV core-specific mouse monoclonal antibody was from
Tokyo Future Style. Goat anti-HNF4a and anti-PGC1a polyclonal antibodies, horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG and rabbit anti-goat IgG secondary antibodies, and normal mouse
1gG were all purchased from Santa Cruz Biotechnology. A human B-actin monoclonal antibody (AC15)
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was purchased from Sigma-Aldrich. HRP-conjugated goat anti-rabbit antibody was from Cell Signaling.
Hepatitis B immune globulin (HBIG) was from Nanyue Biopharmaceuticals, Inc., China. NTCP-specific
mouse monoclonal antibody was developed in the laboratory. Myrcludex B was kindly provided by
Stephan Urban (44, 45).

Plasmid DNA construction. The DNA fragment containing an EM-7 promoter and a blasticidin
resistance gene was amplified by PCR using pcDNA6/TR (Invitrogen) as a template and synthetic
oligonucleotides EM7P/Sac Il (5'-TCGCCGCGGAGGCCTAGGCTTT TG-3') and SV40pA/Sal | (5'-GCGCGGTC
GACGGTATACAGACATGATAA GATACATTG-3') as primers. The PCR DNA was digested with restriction
enzymes Sac Il and Sal | and inserted into the vector pLiv7 between the Sac Il and Sal | sites, resulting
in a vector designated pLiv7/Blast. The puromycin resistance gene was amplified by PCR using primers
Puro/Nhe | (5'-CTAGCTAGCGCCACCATGACCGAGTACAAGC-3’) and Puro/Not | (5'-CATTATATGCGGCCGC
TCAGGCACCGGGCTTG-3") and pLentilox-IRES-Puro (Addgene) as the template. The Puro PCR product
was digested with Nhe | and Not | and cloned into the vector peGFP/N1 (Clontech) between the Nhe |
and Not | sites (replacing the enhanced green fluorescent protein [eGFP] gene). The DNA fragment
containing the CMV promoter, puromycin resistance gene, and simian virus 40 (SV40) poly(A) signal was
amplified by PCR using pCMV/Sac | (5'-GCGCGAGCTCTTAATTAATAGTAATCAATTACGG-3') and SV40pA/
Xho | (5'-GCGCTCGAGCTTAAGATACATTGATGAG-3') as primers. The resulting PCR DNA fragment was
cloned into the pLiv7 vector, which was designated pLiv7/Puro. The HBV receptor NTCP was amplified
by PCR using primers NTCP/Kpn | (5'-CTAGCTAGCGGTACCATGGAGGCCCACAACGC-3') and NTCP/Xho |
(5'-GCGCTCGAGCTAGGCTGTGCAAGGG-3') and pLVX-IRES-ZsGreen/NTCP as the template (18). The NTCP
PCR DNA was digested with Kpn | and Xho | and inserted into the above-described pLiv7/BLAST and
pLiv7/Puro vectors between the Kpn | and Xho | sites, resulting in plasmid vectors designated pLiv7/
Blast/NTCP and pLiv7/Puro/NTCP, which were confirmed by DNA sequence analysis.

Selection of stable NTCP-expressing HepG2 and AML12 cell lines. HepG2 and AML12 cells were
transfected with pLiv7/Blast/NTCP and pLiv7/Puro/NTCP, respectively, using lipofectamine 3000 reagent
(ThermoFisher Scientific). Upon DNA transfection, HepG2 and AML12 cell clones were selected with
5 ng/ml blasticidin or 2 ug/ml puromycin. After 2 to 3 weeks of selection with blasticidin or puromycin,
individual cell clones were picked up and expanded. The expression of NTCP in the blasticidin- or
puromycin-resistant cells was detected by Western blotting using an NTCP-specific monoclonal antibody.
The permissiveness of NTCP-expressing HepG2 (HepG2NTeP) and AML12 (AML12NTCP) cells to HBV
infection was determined by an HBV infection assay.

HBYV infection. HepG2NTe? and AML12NTP cells were infected with HBV at a multiplicity of infection
(MOI) of about 100 copies of genome equivalent in the presence of 4% PEG 8000 for 12 h except where
otherwise indicated. Upon washing with 1X PBS three times, HBV-infected cells were cultured in
DME-F12 medium containing 3% FBS with or without the addition of 1% DMSO, 5 ng/ml hydrocortisone,
or both for 4 days or as indicated.

DNA and RNA extraction. HBV DNA was extracted from the cells or from the medium using DNA
isolation kits from Qiagen according to the manufacturer’s protocol. Total RNA was extracted with the
RNeasy minikit (Qiagen) according to the manufacturer’s protocol. HBV cccDNA in the cells was extracted
with the Hirt method (46) and was further treated with T5 exonuclease (New England BioLabs), which
degrades DNAs with open 5’ and 3’ ends, such as HBV rcDNA, similarly to exonucleases Exo | and Il (8).

Real-time PCR and RT-PCR. HBV genomic DNA was quantified by a real-time PCR method using two
HBV-specific primers, 5-GAGTGTGGATTCGCACTCC-3’ (forward) and 5'-GAGGCGAGGGAGTTCTTCT-3’
(backward). HBV cccDNA was quantified by a real-time gPCR method reported by others (9). The two
cccDNA-specific primers and probe were HBVcccDNA/F (5'-TCATCTGCCGGACCGTGTGC-3’), HBVc-
ccDNA/R (5'-TCCCGATACAGAGCTGAGGCGG-3'), and HBVcccDNA/P (5'-FAM-TTCAAGCCTCCAAGCTGTGC
CTTGGGTGGC-TAMRA-3’). The cellular mitochondrial DNA (COX3 gene) used as an internal control was
quantified using primers mitoF (5'-CCCTCTCGGCCCTCCTAATAACCT-3’) and mitoR (5'-GCCTTCTCGTATA
ACATCGCGTCA-3'), as described previously (9). The qPCR was carried out with TagMan SYBR green
master mix (Applied Biosystems) or iTaq Universal Probes supermix (Bio-Rad) by running a cycle at 95°C
for 10 min and 40 cycles at 95°C for 15s and 60°C for 60 s. For quantification of mRNAs of HBV and
specific cellular genes, cDNAs were synthesized from total RNA using SuperScript lll (Invitrogen)
according to the manufacturer’s protocol, followed by PCR with TagMan SYBR green master mix using
gene-specific primers. The primer pairs for HBV mRNAs were HBVtF (5'-TCACCAGCACCATGCAAC-3’) and
HBV1R (5'-AAGCCACCCAAGGCACAG-3’), based on the protocol of a previous report (11). The primer pairs
for quantification of PGCTae mRNA were 5'-TCCTCACAGAGACACTAGACAG-3’ (forward) and 5'-CTGGTG
CCAGTAAGAGCTTCT-3’ (backward). The levels of HNF4a mRNA were determined using the primer set
5'-CTGCAGGCTCAAGAAATGCTT-3’ (forward) and 5'-TCATTCTGGACGGCTTCCTT-3’ (backward).

HBsAg and HBeAg chemiluminescence immunoassay. HBV surface antigen (HBsAg) and e antigen
(HBeAg) in the cell culture supernatants were determined using HBsAg and HBeAg chemiluminescence
immunoassay kits from Autobio Diagnostics Co. (Zhengzhou, China) according to the manufacturer’s
instructions, as described previously (16). The levels of HBsAg and HBeAg were determined as interna-
tional units per milliliter (IU/ml).

Western blotting. The protein concentrations of cell lysates were determined using a protein assay
reagent (Bio-Rad). Thirty-five micrograms of total protein for each sample were separated using 10% or
18% sodium dodecyl! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred
onto a polyvinylidene difluoride (PVDF) membrane using a semidry blotter (Bio-Rad). After blocking with
5% nonfat milk, the membrane was incubated with anti-HBc and anti-B-actin monoclonal antibodies,
followed by HRP-conjugated goat anti-mouse IgG. Protein images were visualized using an enhanced
chemiluminescence (ECL) staining kit and a Chemi-Doc MP imaging system (Bio-Rad).
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Statistical analysis. Graphical representation and statistical analyses were performed by using Prism
5 software (GraphPad Software). Results are shown as mean values *+ standard deviations (SD) of the
data obtained from at least three independent experiments. Comparisons between samples were done
using the paired two-tailed t test. A P value of <0.05 was considered to show a statistically significant
difference.
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