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Abstract: HepaRG cells are liver bipotent progenitors acquiring hepatocytes features when
differentiated in the presence of dimethylsulfoxide (DMSO). Differentiated HepaRG (dHepaRG) are
considered the best surrogate model to primary human hepatocytes (PHH) and are susceptible to
several hepatotropic viruses, including Hepatitis B Virus (HBV) and Hepatitis Delta Virus (HDV)
infection. Despite these advantages, HepaRG cells are not widely used for the study of these two
viruses because of their long differentiation process and their rather low and variable infection rates.
Here, we tested the use of a cocktail of five chemicals (5C) combined or not with DMSO to accelerate
the cells’ differentiation process. We found that NTCP-mediated HDV entry and replication are
similar in HepaRG cells cultivated for only 1 week with 5C and DMSO or differentiated with the
regular 4-week protocol. However, even though the NTCP-mediated HBV entry process seemed
similar, cccDNA and subsequent HBV replication markers were lower in HepaRG cells cultivated
for 1 week with 5C and DMSO compared to the regular differentiation protocol. In conclusion,
we set up a new procedure allowing fast differentiation and efficient HDV-infection of HepaRG cells
and identified differential culture conditions that may allow to decipher the mechanism behind the
establishment of the HBV minichromosome.
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1. Introduction

Hepatitis B Virus (HBV) is the second cause of death due to infectious agents worldwide. It is an
enveloped virus that infects hepatocytes, the liver parenchymal cells. Hepatitis Delta Virus (HDV) is a
satellite virus that uses HBV envelope proteins to egress from infected cells and re-enter into naive cells.
HBV particles contain a partially double stranded relaxed DNA (rcDNA) and the virus persists in the
nucleus of hepatocytes as a non-integrated episomal double-stranded DNA molecule, named cccDNA.
The latter serves as template for the transcription of all HBV RNAs that in turn are translated into
viral proteins, including the viral antigens HBeAg and HBsAg. The HDV genome consists of a
circular single-stranded negative RNA genome and can produce two HDV antigen (HDAg) isoforms:
L-HDAg and S-HDAg [1]. In humans, co-infection with both viruses leads to the most aggressive form
of viral hepatitis. It is estimated that among the 250 million people are infected by HBV (WHO data),
and approximately 10% are co-infected by HDV. These patients do progress faster to end-stage liver
disease compared to HBV-mono-infected ones, with a greater incidence of hepatocellular carcinoma
(HCC) [2]. There is still a high need for studies in cell culture models, since current therapies are
not curative [3] and the understanding of the interplay between both viruses (i.e., virus/virus/host
interactions), which is thought to be responsible for particular pathology, is still elusive.
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HBV entry and replication only occur in well/highly differentiated hepatocytes [4]. In contrast,
if entry is bypassed, HDV replication is not restricted to hepatocytes [5]. Primary human hepatocytes
(PHH) are considered as the gold standard for in vitro HBV/HDV studies [6]. As PHH are not easily
accessible, HepaRG cells, which are liver bipotent progenitors [7,8], can be used as an alternative
model. In contrast to hepatoma cells (i.e., HepG2 and Huh7 cell lines), which can be used as a model
when they overexpress NTCP (Na+ taurocholate co-transporting peptide, the HBV/HDV receptor [9]),
HepaRG cells are not transformed and DMSO-induced differentiation promotes the formation of
hepatocyte islands within a monolayer of cholangiocytes, with the appearance of functional bile
canaliculi and expression of main xenobiotic detoxification/metabolization machinery components [10].
In the absence of HGF (hepatocyte growth factor) and EGF (epithelial growth factor), DMSO-induced
differentiation of HepaRG cells leads to 50% of hepatocyte-like cells and 50% of cholangiocyte-like
cells [7,11]. Once differentiated, HepaRG display a similar innate immune sensor expression pattern than
PHH [12,13], and can be considered as immune competent. Last, but not least, differentiated HepaRG
cells (dHepaRG) can be either infected or co-infected by both HBV and HDV [7,14]. In particular,
this model was instrumental to depict different interplays between HBV, HDV and innate immune
responses, with HDV being described as a strong, MDA5-mediated inducer of the IFN response [15],
and HBV as rather silent in this respect [16]. Despite these obvious advantages over hepatoma cell lines,
dHepaRG are not widely used mostly because of their long/tedious differentiation process (using 1.8%
DMSO), which requires 4 weeks, and their low (approximately 5% to 10% of hepatocyte-like cells)
and variable rates of infection by HBV or HDV [7,11].

Different chemicals have been tested recently for their ability to differentiate or maintain
differentiated hepatocytes in culture. For instance, a cocktail of five supplements (5C-medium)
including Forskolin (an adenylate cyclase inhibitor) combined to SB431542 (a TGF-β inhibitor),
IWP2 (a Wnt inhibitor), DAPT (a Notch inhibitor) and LDN193189 (an inhibitor of bone morphogenetic
protein, BMP) was suggested to help maintain PHH in culture [17]. Forskolin alone was also reported
to induce a fast functional polarization of HepaRG [18] and SB431542/DAPT were used to differentiate
liver progenitor-like cells in 3D culture conditions and infect them with HBV [19]. Even though we
did not find any improvement in the levels of HBV infection in PHH cultivated with 5C-medium [6],
we investigated here the use of such chemicals (combined or not with DMSO) to improve the infection
of dHepaRG cells with HBV and HDV or accelerate their differentiation process.

2. Materials and Methods

2.1. Cell Culture and HBV Infection

Regular differentiation of HepaRG cells and infection with HBV and HDV performed as
previously described [7,14]. For fast differentiation, HepaRG cells were seeded and three days later,
when confluency was just reached, treated with either FSK (Forskolin, 50 µM, Selleckchem distributed
by Euromedex, Souffelweyersheim, France) or 5C cocktail of Forskolin (20 µM, Selleckchem distributed
by Euromedex, Souffelweyersheim, France), SB431542 (10 µM, Selleckchem distributed by Euromedex,
Souffelweyersheim, France), IWP2 (0.5 µM, Selleckchem distributed by Euromedex, Souffelweyersheim,
France), DAPT (5 µM, Selleckchem distributed by Euromedex, Souffelweyersheim, France) and
LDN193189 (0.1 µM, Selleckchem distributed by Euromedex, Souffelweyersheim, France) complemented
or not with 1.8% DMSO (Sigma-Aldrich, St Quentin, France). HBV inocula were prepared from HepAD38
supernatants [20]. HDV inocula were prepared from supernatants of co-transfected HuH7 cells as
previously described [14]. Supernatants containing HBV or HDV particles were concentrated with
8% PEG 8000 (Sigma-Aldrich, St Quentin, France). Viral preparations were tested for the absence of
endotoxin (Lonza, Basel, Switzerland).
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2.2. Nucleic Acid Extractions, Reverse Transcription and qPCR Analyses

Total intracellular RNAs were extracted from cells with the NucleoSpin RNA II kit
(Macherey-Nagel, Hoerdt, France) according to the manufacturer ’s instructions. RNA reverse
transcription was performed using the Maxima RT (Thermo Scientific™, Life Technologies,
Villebon-sur-Yvette, France). Quantitative PCRs were performed using specific primers and
normalized to the PRNP housekeeping gene (coding for the prion protein) as previously
described [14,21]. Protein-free DNAs were extracted with the MasterPure™ Complete DNA
and RNA Purification Kit (Epicentre, Lucigene distributed by Euromedex, Souffelweyersheim,
France) according to the manufacturer ’s instruction except for the proteinase K digestion
that was omitted. CccDNA was quantified as previously described using the B-globin as
housekeeping gene [22].

2.3. Detection of Secreted HBV Antigens

HBeAg and HBsAg were detected in the supernatant of HBV-infected cells using the Autobio
CLIA kit according to the manufacturer (AutoBio, Zhengzhou, China).

2.4. Analyses of Intracellular Proteins

For analyses of intracellular proteins, cells were harvested in RIPA lysis buffer (Tris-HCl pH 7.5
10mM, NaCl 140mM, EDTA 1mM, EGTA 0.5mM, 1% Triton X100, 0.1% SDS, 0.1% Na-Deoxycholate)
containing protease inhibitors (Complete EDTA-free protease inhibitors from Sigma-Aldrich, St Quentin,
France). Clarified lysates were subjected to SDS-PAGE and Western Blot transfer onto nitrocellulose
membranes using the iBlot2 apparatus according to the manufacturer’s instructions (Thermo Scientific™,
Life Technologies, Villebon-sur-Yvette, France). Anti-HDAg antibodies were produced in house.
Detection was performed with Gel Doc XR+ System (BioRad, Marnes-la-Coquette, France) and images
were analyzed with ImageJ software. For immunofluorescence (IF) analyses, cells were fixed with 4%
paraformaldehyde, permeabilized with 0.1% Triton and then incubated with and anti-albumin antibody
(DAKO, A0001) and a secondary Alexa-Fluor 555 antibody (Molecular Probes™, Life Technologies,
Villebon-sur-Yvette, France).

2.5. Fluorescein Uptake

Medium was replaced by warm medium (-FCS) containing Na-Fluorescein (20 ug/mL, Sigma,
St Quentin, France) and cells were incubated for 30 min at 37 ◦C. Cells were briefly washed with warm
PBS and cultured for 5 min at 37 ◦C in warm medium (-FCS) and then washed two times with PBS
before microscopy analyses.

3. Results and Discussion

As mentioned above, HepaRG cells are less used than HepG2-NTCP or HuH7-NTCP cells because
of their long differentiation process that requires 4 weeks (Figure 1A) and their low and variable
rates of HBV infection [7,11]. Indeed, even though the variation from batch to batch of dHepaRG
cells (Figure 1B) is similar to that reported with PHH [6], the mean levels of secreted HBV antigens
(55 PEIU/mL for HBeAg and 150 IU/mL for HBsAg) by HBV-infected dHepaRG cells (multiplicity of
infection of 500 viral genome equivalent, vge/cells) are, respectively, 34 and 16 times lower on average
than those observed for PHH [6].
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Figure 1. Levels of HBV antigen secreted by HBV-infected dHepaRG. (A) HepaRG cells were seeded 
and differentiated with the regular procedure as indicated. (B) At day 13 post-infection (dpi), 
supernatants were collected from 16 different batches of differentiation and levels of HBeAg and 
HBsAg were analyzed by ELISA. Bars are the means +/-SD of three biological replicates for each batch. 

In order to increase the levels of HBV replication markers, we first tested and compared the use 
of chemicals contained in the 5C-medium (combined or not with DMSO) to the regular 4-week 
procedure for the differentiation of HepaRG cells (Figure 2A). Four weeks after seeding, hepatocyte 
islands appeared larger in cells differentiated in the presence of 5C or FSK (with or without DMSO) 
compared to cells differentiated with the regular procedure using 1.8% DMSO (Figure 2B). This was 
confirmed by the quantification of the number of cells expressing albumin, a specific hepatocyte 
marker, following detection by immunofluorescence (Figure 2C,D). Despite this difference, the use 
of 5C or FSK in the absence of DMSO for HepaRG differentiation resulted in lower secretions of 
HBeAg and HBsAg (Figure 2E) compared to the standard differentiation procedure. These results are 
similar to those we recently reported using primary human hepatocytes cultivated with 5C medium 
compared to medium containing 1.8% DMSO [6]. However, when combined to DMSO, levels of 
secreted HBeAg and HBsAg increased by 4.6 and 1.6 times, respectively, compared to regular 
differentiation with DMSO only (Figure 2E). 

Figure 1. Levels of HBV antigen secreted by HBV-infected dHepaRG. (A) HepaRG cells were seeded and
differentiated with the regular procedure as indicated. (B) At day 13 post-infection (dpi), supernatants
were collected from 16 different batches of differentiation and levels of HBeAg and HBsAg were
analyzed by ELISA. Bars are the means +/-SD of three biological replicates for each batch.

In order to increase the levels of HBV replication markers, we first tested and compared the
use of chemicals contained in the 5C-medium (combined or not with DMSO) to the regular 4-week
procedure for the differentiation of HepaRG cells (Figure 2A). Four weeks after seeding, hepatocyte
islands appeared larger in cells differentiated in the presence of 5C or FSK (with or without DMSO)
compared to cells differentiated with the regular procedure using 1.8% DMSO (Figure 2B). This was
confirmed by the quantification of the number of cells expressing albumin, a specific hepatocyte
marker, following detection by immunofluorescence (Figure 2C,D). Despite this difference, the use of
5C or FSK in the absence of DMSO for HepaRG differentiation resulted in lower secretions of HBeAg
and HBsAg (Figure 2E) compared to the standard differentiation procedure. These results are similar
to those we recently reported using primary human hepatocytes cultivated with 5C medium compared
to medium containing 1.8% DMSO [6]. However, when combined to DMSO, levels of secreted HBeAg
and HBsAg increased by 4.6 and 1.6 times, respectively, compared to regular differentiation with DMSO
only (Figure 2E).

Next, we investigated the possibility of using 5C and FSK to accelerate and reduce the cost of the
HepaRG differentiation process. Interestingly, bile canaliculi (a surrogate marker of differentiation)
were already observed in HepaRG treated with 5C, 5C complemented to 1.8% DMSO, FSK or FSK
complemented to 1.8% DMSO for 1 week (Figure 3A) and despite variations among cell batches, NTCP,
the hepatocyte specific transcription factor HFN4a, the phase-I drug metabolizing enzyme CYP34A
and albumin mRNAs were also detected (Figure 3B).
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measured using ImageJ. Bars represent the mean +/− SD of 12 fields from two different batches of 
HepaRG cells. (E) Supernatants were collected 7 days post-infections and levels of HBeAg and HBsAg 
analyzed by ELISA. Bars are the means +/-SD of three independent experiments each performed with 
three biological replicates. p values were calculated using the Prism software and Mann–Whitney 
analyses. 
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Figure 2. Differentiation of HepaRG with 5C or FSK complemented to 1.8% DMSO increase the levels
of secreted HBV antigens. (A) HepaRG cells were seeded, treated and HBV-infected (500 vge/cells) as
indicated. (B–D) At the end of the 4 weeks’ differentiation, cells were (B) observed by phase contrast
microscopy or (C,D) stained with anti-albumin antibodies. (D) Total positive area for albumin were
measured using ImageJ. Bars represent the mean +/− SD of 12 fields from two different batches of HepaRG
cells. (E) Supernatants were collected 7 days post-infections and levels of HBeAg and HBsAg analyzed by
ELISA. Bars are the means +/-SD of three independent experiments each performed with three biological
replicates. p values were calculated using the Prism software and Mann–Whitney analyses.
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confluency was just reached. (A) Seven days later, cells were observed by phase contrast microscopy 
allowing to distinguish refractive bright/white bile canaliculi indicated with arrows on 
photographies. (B) Cells were harvested, and total RNA were extracted. Expression of the indicated 

Figure 3. Fast differentiation of HepaRG with chemicals. HepaRG were seeded at low density and
treated with 5C, 5C complemented to 1.8% DMSO, FSK or FSK complemented to 1.8% DMSO when
confluency was just reached. (A) Seven days later, cells were observed by phase contrast microscopy
allowing to distinguish refractive bright/white bile canaliculi indicated with arrows on photographies.
(B) Cells were harvested, and total RNA were extracted. Expression of the indicated hepatocytes
differentiation markers was analyzed by RT-qPCR and levels compared to HepaRG differentiated
with the regular protocol. (C) Cells were infected by HBV or HDV with a multiplicity of infection of
500 vge/cells or 50 vge/cells, respectively. At day 11 post-infection, supernatants were collected and
levels of HBeAg and HBsAg analyzed by ELISA. Cells were harvested, RNA extracted and levels of
HBV or HDV RNAs were analyzed by RT-qPCR. Results from three independent experiments with
three different batches of HepaRG cells are shown and bars are the means +/− SD of three biological
replicates per batch.

As NTCP is a key player in HBV/HDV entry [9] and HBV only replicates in highly differentiated
hepatocytes, cells were infected with each virus. Productive infections were observed with three batches
of HepaRG cells as shown by detectable levels of HBeAg, HBsAg, intracellular HBV or HDV RNAs with
all conditions (Figure 3C). However, since fast differentiation of HepaRG cells with 5C or FSK alone leads
to very low levels of viral replication markers compared to 5C or FSK combined to DMSO (Figure 3C),
we dropped the conditions without DMSO for further investigations. OATP1B1 and OATP1B3
are transporters that are expressed on the basolateral membrane of hepatocytes [23]. The addition
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of sodium fluorescein, a substrate of OATP1B1 and OATP1B3, to cells treated for 1 week with
1.8%DMSO/5C and 1.8%DMSO/FSK resulted in similar uptake of the dye and a subsequent accumulation
in bile canaliculi-like structures as the one observed with a regular 4-week differentiation process
(Figure 4A,B) showing that a functional differentiation of the cells was achieved using the fast
differentiation procedure.
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and HNF4a mRNAs (both essential for HBV entry and transcription from cccDNA [9,24]) in cells 
differentiated for 1 week with 1.8%DMSO/5C or with 1.8%DMSO/FSK reached those of cells 
differentiated for 4 weeks with the regular procedure (Figure 5H,I). Even if the kinetics were similar, 
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Figure 4. Formation of functional bile canaliculi-like structures in HepaRG. (A) Cells were seeded and
differentiated as indicated before addition of Na-Fluorescein. (B) After a 30 min pulse, cells were briefly
washed, chased for 5 min and observed under a fluorescence microscope. Three fields are shown
for each condition and the mean fluorescence intensity was measured using ImageJ (lower panel).
Bars represent the mean fluorescence +/− SD of 6 to 7 fields. p values were calculated using the Prism
software and Mann–Whitney analyses.

Finally, a direct comparison of the kinetics and levels of infection with HBV and HDV was
performed on cells submitted to the three differentiation processes (Figure 5A). RNA levels of
NTCP and HNF4a mRNAs (both essential for HBV entry and transcription from cccDNA [9,24])
in cells differentiated for 1 week with 1.8%DMSO/5C or with 1.8%DMSO/FSK reached those of
cells differentiated for 4 weeks with the regular procedure (Figure 5H,I). Even if the kinetics were
similar, the levels of intracellular HDV RNAs and HDAg were slightly higher in HepaRG cells
cultivated for 1 week with 1.8%DMSO/5C before infection compared to cells differentiated with the
regular protocol (Figure 5G,J). Surprisingly, even though similar levels of intracellular protein-free
HBV DNA, mostly corresponding to incoming DNA from virions, are equivalent or even higher
(Figure 5D),were measured among the three conditions, cccDNA levels (Figure 5E) and all subsequent
HBV replication markers (intracellular HBV RNAs, and secreted HBeAg and HBsAg, Figure 5B,C,H)
were lower in cells cultivated for 1 week with 1.8%DMSO/5C or with 1.8%DMSO/FSK compared to those
differentiated following the regular protocol. Altogether, these data suggest that (1) NTCP-mediated
HDV and HBV entry process is similar in HepaRG cells cultivated for 1 week with 1.8%DMSO/5C,
with 1.8%DMSO/FSK or differentiated with the regular protocol, (2) one or several host factor(s)
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required for/or preventing conversion of rcDNA into cccDNA is(are) expressed at lower/higher levels
in HepaRG cells cultivated for 1 week with 1.8%DMSO/5C or with 1.8%DMSO/FSK. Whether the
slight increase in the levels of intracellular HDV RNAs and proteins observed in cells cultivated with
1.8%DMSO/5C (Figure 5G,J) is the result of low HBsAg production (Figure 5C) and a subsequent
defect of HDV particle secretion remains to be determined. Additionally, the precise mode of action
of 5C (or FSK alone) and DMSO should also be investigated. Our data suggest that DMSO on one
hand, and the combination of the other five chemicals, on the other hand, probably influence cells
differentiation at different/complementary stages since combining them all seems beneficial. It would
be interesting to test if host factors important for HBV, such as the newly identified one CDKN2C [25],
are differentially influenced by DMSO and 5C, and if additional ones could be uncovered.
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Figure 5. Fast differentiation of HepaRG with 5C or FSK complemented to 1.8% DMSO allows efficient
HDV infection. (A) HepaRG cells were seeded and differentiated as indicated, before infection with HBV
alone or with HBV and HDV at a multiplicity of infection of 500 vge/cells or 50 vge/cells, respectively.
At the indicated day-time post-infection (dpi), supernatants were collected and levels of (B) HBeAg and
(C) HBsAg analyzed by ELISA. Cells were harvested at the same dpi for nucleic acid (RNA, total DNA,
and DNA for cccDNA analysis) and protein extractions. Protein-free DNA were extracted and levels of
(D) total protein-free HBV DNA, as well as (E) cccDNA were analyzed by specific qPCR. (F) HBV or (G)
HDV RNA levels, as well as (H) NTCP and (I) HNF4alpha mRNA level were quantified by RT-qPCR.
(J) HDV antigens were also analyzed by western blot. Bars are the means +/− SD of three independent
experiments each performed with three biological replicates. p values were calculated using the Prism
software and Mann–Whitney analyses.
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4. Conclusions

We set up a new procedure allowing fast differentiation and efficient HDV-infection of HepaRG
cells. Moreover, we identified differential culture conditions that may be used to investigate the
mechanism behind rcDNA to cccDNA conversion. Indeed, this step relies on the cellular DNA
repair machinery, and cell culture conditions may largely influence this process. Cell-based genetic
approaches, using siRNA or Crispr/Cas9, are difficult to implement because of the importance of the
DNA repair proteins in cell survival and in vitro biochemical systems have been used to mimic rcDNA
to cccDNA [26,27]. We propose to use these different culture conditions as a complementary approach
to confirm the involvement of cellular factors in this process [26] and possibly discover additional ones.

Author Contributions: Conceptualization, J.L.; methodology, J.L.; software, J.L.; validation, J.L., A.S. and D.D.;
formal analysis, J.L.; investigation, J.L., M.M.; resources, J.L., A.S. and D.D.; data curation, J.L.; writing—original
draft preparation, J.L, A.S., D.D.; funding acquisition, J.L., A.S. and D.D. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by several grants from the SSC12 of ANRS (French national agency for
research on AIDS and viral hepatitis) as well as financial support of INSERM.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lucifora, J.; Delphin, M. Current knowledge on Hepatitis Delta Virus replication. Antivir. Res. 2020, 179, 104812.
[CrossRef]

2. Alfaiate, D.; Clément, S.; Gomes, D.; Goossens, N.; Negro, F. Chronic hepatitis D and hepatocellular carcinoma:
A systematic review and meta-analysis of observational studies. J. Hepatol. 2020, 73, 533–539. [CrossRef]
[PubMed]

3. Revill, P.A.; Chisari, F.V.; Block, J.M.; Dandri, M.; Gehring, A.J.; Guo, H.; Hu, J.; Kramvis, A.; Lampertico, P.;
Janssen, H.L.A.; et al. A global scientific strategy to cure hepatitis B. Lancet Gastroenterol. Hepatol. 2019, 4, 545–558.
[CrossRef]

4. Schulze-Bergkamen, H.; Untergasser, A.; Dax, A.; Vogel, H.; Büchler, P.; Klar, E.; Lehnert, T.; Friess, H.;
Büchler, M.W.; Kirschfink, M.; et al. Primary human hepatocytes—A valuable tool for investigation of
apoptosis and hepatitis B virus infection. J. Hepatol. 2003, 38, 736–744. [CrossRef]

5. Chang, J.; Nie, X.; Chang, H.E.; Han, Z.; Taylor, J. Transcription of Hepatitis Delta Virus RNA by RNA
Polymerase II. J. Virol. 2007, 82, 1118–1127. [CrossRef]

6. Lucifora, J.; Michelet, M.; Rivoire, M.; Protzer, U.; Durantel, D.; Zoulim, F. Two-dimensional-cultures of
primary human hepatocytes allow efficient HBV infection: Old tricks still work! J. Hepatol. 2020, 73, 449–451.
[CrossRef]

7. Gripon, P.; Rumin, S.; Urban, S.; Le Seyec, J.; Glaise, D.; Cannie, I.; Guyomard, C.; Lucas, J.; Trepo, C.;
Guguen-Guillouzo, C. Nonlinear partial differential equations and applications: Infection of a human
hepatoma cell line by hepatitis B virus. Proc. Natl. Acad. Sci. USA 2002, 99, 15655–15660. [CrossRef]
[PubMed]

8. Parent, R.; Marion, M.-J.; Furio, L.; Trepo, C.; Petit, M.-A. Origin and characterization of a human bipotent
liver progenitor cell line. Gastroenterology 2004, 126, 1147–1156. [CrossRef]

9. Yan, H.; Zhong, G.; Xu, G.; He, W.; Jing, Z.; Gao, Z.; Huang, Y.; Qi, Y.; Peng, B.; Wang, H.; et al. Sodium
taurocholate cotransporting polypeptide is a functional receptor for human hepatitis B and D virus.
Elife 2012, 1, e00049. [CrossRef]

10. Guillouzo, A.; Corlu, A.; Aninat, C.; Glaise, D.; Morel, F.; Guguen-Guillouzo, C. The human hepatoma
HepaRG cells: A highly differentiated model for studies of liver metabolism and toxicity of xenobiotics.
Chem. Interact. 2007, 168, 66–73. [CrossRef]

11. Hantz, O.; Parent, R.; Durantel, D.; Gripon, P.; Guguen-Guillouzo, C.; Zoulim, F. Persistence of the hepatitis B
virus covalently closed circular DNA in HepaRG human hepatocyte-like cells. J. Gen. Virol. 2009, 90 Pt 1, 127–135.
[CrossRef]

http://dx.doi.org/10.1016/j.antiviral.2020.104812
http://dx.doi.org/10.1016/j.jhep.2020.02.030
http://www.ncbi.nlm.nih.gov/pubmed/32151618
http://dx.doi.org/10.1016/S2468-1253(19)30119-0
http://dx.doi.org/10.1016/S0168-8278(03)00120-X
http://dx.doi.org/10.1128/JVI.01758-07
http://dx.doi.org/10.1016/j.jhep.2020.03.042
http://dx.doi.org/10.1073/pnas.232137699
http://www.ncbi.nlm.nih.gov/pubmed/12432097
http://dx.doi.org/10.1053/j.gastro.2004.01.002
http://dx.doi.org/10.7554/eLife.00049
http://dx.doi.org/10.1016/j.cbi.2006.12.003
http://dx.doi.org/10.1099/vir.0.004861-0


Cells 2020, 9, 2288 10 of 10

12. Luangsay, S.; Ait-Goughoulte, M.; Michelet, M.; Floriot, O.; Bonnin, M.; Gruffaz, M.; Rivoire, M.; Fletcher, S.;
Javanbakht, H.; Lucifora, J.; et al. Expression and functionality of Toll- and RIG-like receptors in HepaRG
cells. J. Hepatol. 2015, 63, 1077–1085. [CrossRef] [PubMed]

13. Faure-Dupuy, S.; Vegna, S.; Aillot, L.; Dimier, L.; Esser, K.; Broxtermann, M.; Bonnin, M.; Bendriss-Vermare, N.;
Rivoire, M.; Passot, G.; et al. Characterization of Pattern Recognition Receptor Expression and Functionality
in Liver Primary Cells and Derived Cell Lines. J. Innate Immun. 2018, 10, 339–348. [CrossRef]

14. Alfaiate, D.; Lucifora, J.; Abeywickrama-Samarakoon, N.; Michelet, M.; Testoni, B.; Cortay, J.-C.; Sureau, C.;
Zoulim, F.; Dény, P.; Durantel, D. HDV RNA replication is associated with HBV repression and
interferon-stimulated genes induction in super-infected hepatocytes. Antivir. Res. 2016, 136, 19–31.
[CrossRef] [PubMed]

15. Zhang, Z.; Filzmayer, C.; Ni, Y.; Sültmann, H.; Mutz, P.; Hiet, M.; Vondran, F.W.R.; Bartenschlager, R.;
Urban, S. Hepatitis D virus replication is sensed by MDA5 and induces IFN-beta/lambda responses in
hepatocytes. J. Hepatol. 2018, 69, 25–35. [CrossRef] [PubMed]

16. Luangsay, S.; Gruffaz, M.; Isorce, N.; Testoni, B.; Michelet, M.; Faure-Dupuy, S.; Maadadi, S.; Ait-Goughoulte, M.;
Parent, R.; Rivoire, M.; et al. Early inhibition of hepatocyte innate responses by hepatitis B virus. J. Hepatol.
2015, 63, 1314–1322. [CrossRef] [PubMed]

17. Xiang, C.; Du, Y.; Meng, G.; Yi, L.S.; Sun, S.; Song, N.; Zhang, X.; Xiao, Y.; Wang, J.; Yi, Z.; et al.
Long-term functional maintenance of primary human hepatocytes in vitro. Science 2019, 364, 399–402.
[CrossRef] [PubMed]

18. Mayati, A.; Moreau, A.; Le Vée, M.; Bruyere, A.; Jouan, E.; Denizot, C.; Parmentier, Y.; Fardel, O. Functional
polarization of human hepatoma HepaRG cells in response to forskolin. Sci. Rep. 2018, 8, 16115. [CrossRef]
[PubMed]

19. Fu, G.-B.; Huang, W.-J.; Zeng, M.; Zhou, X.; Wu, H.-P.; Liu, C.-C.; Wu, H.; Weng, J.; Zhang, H.-D.; Cai, Y.-C.; et al.
Expansion and differentiation of human hepatocyte-derived liver progenitor-like cells and their use for the
study of hepatotropic pathogens. Cell Res. 2018, 29, 8–22. [CrossRef] [PubMed]

20. Ladner, S.K.; Otto, M.J.; Barker, C.S.; Zaifert, K.; Wang, G.H.; Guo, J.T.; Seeger, C.; King, R.W. Inducible expression
of human hepatitis B virus (HBV) in stably transfected hepatoblastoma cells: A novel system for screening
potential inhibitors of HBV replication. Antimicrob. Agents Chemother. 1997, 41, 1715–1720. [CrossRef] [PubMed]

21. Lucifora, J.; Xia, Y.; Reisinger, F.; Zhang, K.; Stadler, D.; Cheng, X.; Sprinzl, M.F.; Koppensteiner, H.;
Makowska, Z.; Volz, T.; et al. Specific and Nonhepatotoxic Degradation of Nuclear Hepatitis B Virus cccDNA.
Science 2014, 343, 1221–1228. [CrossRef]

22. Werle-Lapostolle, B.; Bowden, S.; Locarnini, S.; Wursthorn, K.; Petersen, J.; Lau, G.; Trepo, C.; Marcellin, P.;
Goodman, Z.; Iv, W.E.D. Persistence of cccDNA during the natural history of chronic hepatitis B and decline
during adefovir dipivoxil therapy. Gastroenterology 2004, 126, 1750–1758. [CrossRef]

23. Shitara, Y. Clinical Importance of OATP1B1 and OATP1B3 in Drug Drug Interactions. Drug Metab. Pharmacokinet.
2011, 26, 220–227. [CrossRef]

24. Quasdorff, M.; Hösel, M.; Odenthal, M.; Zedler, U.; Bohne, F.; Gripon, P.; Dienes, H.-P.; Drebber, U.;
Stippel, D.L.; Goeser, T.; et al. A concerted action of HNF4α and HNF1α links hepatitis B virus replication to
hepatocyte differentiation. Cell. Microbiol. 2008, 10, 1478–1490. [CrossRef]

25. Eller, C.; Heydmann, L.; Colpitts, C.C.; El Saghire, H.; Piccioni, F.; Jühling, F.; Majzoub, K.; Pons, C.;
Bach, C.; Lucifora, J.; et al. A genome-wide gain-of-function screen identifies CDKN2C as a HBV host factor.
Nat. Commun. 2020, 11, 2707. [CrossRef]

26. Wei, L.; Ploss, A. Core components of DNA lagging strand synthesis machinery are essential for hepatitis B
virus cccDNA formation. Nat. Microbiol. 2020, 5, 715–726. [CrossRef]

27. Zhao, Q.; Guo, J.-T. Have the starting lineup of five for HBV cccDNA synthesis been identified? Hepatology
2020, 72, 1142–1144. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jhep.2015.06.022
http://www.ncbi.nlm.nih.gov/pubmed/26144659
http://dx.doi.org/10.1159/000489966
http://dx.doi.org/10.1016/j.antiviral.2016.10.006
http://www.ncbi.nlm.nih.gov/pubmed/27771387
http://dx.doi.org/10.1016/j.jhep.2018.02.021
http://www.ncbi.nlm.nih.gov/pubmed/29524530
http://dx.doi.org/10.1016/j.jhep.2015.07.014
http://www.ncbi.nlm.nih.gov/pubmed/26216533
http://dx.doi.org/10.1126/science.aau7307
http://www.ncbi.nlm.nih.gov/pubmed/31023926
http://dx.doi.org/10.1038/s41598-018-34421-8
http://www.ncbi.nlm.nih.gov/pubmed/30382126
http://dx.doi.org/10.1038/s41422-018-0103-x
http://www.ncbi.nlm.nih.gov/pubmed/30361550
http://dx.doi.org/10.1128/AAC.41.8.1715
http://www.ncbi.nlm.nih.gov/pubmed/9257747
http://dx.doi.org/10.1126/science.1243462
http://dx.doi.org/10.1053/j.gastro.2004.03.018
http://dx.doi.org/10.2133/dmpk.DMPK-10-RV-094
http://dx.doi.org/10.1111/j.1462-5822.2008.01141.x
http://dx.doi.org/10.1038/s41467-020-16517-w
http://dx.doi.org/10.1038/s41564-020-0678-0
http://dx.doi.org/10.1002/hep.31408
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture and HBV Infection 
	Nucleic Acid Extractions, Reverse Transcription and qPCR Analyses 
	Detection of Secreted HBV Antigens 
	Analyses of Intracellular Proteins 
	Fluorescein Uptake 

	Results and Discussion 
	Conclusions 
	References

