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Abstract: Hepatitis B virus (HBV) is a small DNA virus that infects the liver. Current anti-HBV
drugs efficiently suppress viral replication but do not eradicate the virus due to the persistence of its
episomal DNA. Efforts to develop reliable in vitro systems to model HBV infection, an imperative tool
for studying HBV biology and its interactions with the host, have been hampered by major limitations
at the level of the virus, the host and infection readouts. This review summarizes major milestones in
the development of in vitro systems to study HBV. Recent advances in our understanding of HBV
biology, such as the discovery of the bile-acid pump sodium-taurocholate cotransporting polypeptide
(NTCP) as a receptor for HBV, enabled the establishment of NTCP expressing hepatoma cell lines
permissive for HBV infection. Furthermore, advanced tissue engineering techniques facilitate now
the establishment of HBV infection systems based on primary human hepatocytes that maintain
their phenotype and permissiveness for infection over time. The ability to differentiate inducible
pluripotent stem cells into hepatocyte-like cells opens the door for studying HBV in a more isogenic
background, as well. Thus, the recent advances in in vitro models for HBV infection holds promise
for a better understanding of virus-host interactions and for future development of more definitive
anti-viral drugs.
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1. Introduction

Hepatitis B virus (HBV) is a small DNA virus that infects the liver and is a major cause for end stage
liver disease and liver cancer [1]. The small viral genome is 3.2 kb in length with an overlapping gene
organization. Following binding to its receptor, the bile-acid pump sodium-taurocholate cotransporting
polypeptide NTCP [2,3], HBV enters into the cell and establishes a nuclear pool of episomal DNA in
the form of covalently closed circular DNA (cccDNA). The cccDNA molecules reside in the infected
cells’ nuclei and serve as the template for viral transcription. HBV is dependent for its replication
on viral-encoded polymerase that reverse transcribes the pre-genomic RNA to form the partially
double-stranded DNA in the mature virion [4]. Nucleot(s)ide analogues, currently the standard of
care for chronically infected patients, effectively block the viral polymerase activity and hence viral
replication. However, those drugs do not affect the cccDNA pool and, therefore, complete viral
eradication resulting in chronically infected patients’ cure is still a major challenge [5,6].

Since its discovery in the late 1960s and throughout the years, HBV research has been hampered
by the lack of robust and reproducible cell culture systems that reliably mimic the viral life cycle [7].

This review summarizes major milestones in the development of cell culture systems for HBV,
focusing on recent technological and methodological advances enabling the development of more
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robust and physiologically relevant infection systems based on immortalized cell lines as well as on
primary human hepatocytes.

2. In vitro Systems Based on Primary Non-Human Hepatocytes

To study the HBV life cycle and its interactions with the host in vitro, one should ideally
incorporate a constant and authentic viral pool, a genuine host cell, and a reliable and relatively
easy to perform readout(s) for viral infection. Yet, none of these seem to be easy to achieve in the case
of HBV. Obviously, primary human hepatocytes are considered as the gold standard host cells for HBV
infection. However, those cells are phenotypically unstable in vitro, losing their permissiveness for
HBV infection soon after isolation and plating on culture dishes [8,9]. Earlier attempts to infect primary
human hepatocytes with infectious inoculums of HBV were encountered with large variability among
hepatocyte donors as well as low rates and short durability of infection, even upon supplementation
of dimethyl sulfoxide (DMSO) to support the differentiation state of the cells [10,11].

The woodchuck hepatitis virus (WHV) was the first of the mammalian and avian hepadnaviruses
described following the discovery of HBV [12]. Primary cultures of woodchuck hepatocytes proved to
be susceptible to infection with WHV, resulting in cccDNA formation and active viral replication and
were therefore used as a platform to study the effect of anti-viral drugs on cccDNA persistence [13,14].
However, only few in vitro studies using the WHV system have been published, most probably due
to difficulties in reproducing conditions to achieve productive infection. Nevertheless, the major
utility of the WHV system remained in the context of in vivo studies on infected animals. These were
pivotal for anti-viral drug studies [15] as well as for elucidating molecular pathways in HBV-associated
carcinogenesis [16,17] and the interactions between the virus and the anti-viral immune response [18,19].

As opposed to both primary human hepatocytes and WHV hepatocytes, primary duck
hepatocytes infected with duck hepatitis B virus (DHBV) have been found to be much easier to
handle and very useful for studying basic questions in viral life cycle and especially in cccDNA
formation and amplification [20,21]. However, despite being a member of the Hepadnaviridae family
and sharing a similar life cycle to human HBV, DHBV still differs from HBV in several properties,
including its shorter genome and the absence of the functional HBV X (HBx) protein [22]. Therefore,
conclusions derived from DHBV system regarding cccDNA amplification and maintenance [23] as
well as viral entry [24] might not necessarily hold true for HBV and are, therefore, clinically irrelevant.
This emphasizes the need for using a system incorporating authentic HBV for studying the virus and
its interactions with the host.

Tupaia Belangeri (treeshrew), on the other hand, is the only species susceptible for HBV infection
besides humans and chimpanzees. Primary Tupaia hepatocytes have been shown to support HBV
infection in vitro, although the magnitudes of infection efficiency and viral spread in this system are
not entirely clear [25]. Importantly, primary Tupaia hepatocytes have been used as the target cells
for photo-cross-linking experiments with a synthetic pre-S1 peptide that were key in identification of
NTCP as the receptor for HBV and hepatitis D virus (HDV) [3], a major milestone in HBV research in
recent years (for further discussion see Section 3.4.).

3. In vitro Systems Based on Hepatoma Cell Lines

3.1. Stably HBV-Transfected Cell Lines

Immortalized hepatoma cell lines, such as HepG2 and Huh7 cells, are very convenient to work
with but are normally not permissive for HBV infection. To circumvent this problem, Sells and
colleagues transfected hepatoma cells with a cloned head to tail HBV dimer, resulting in viral gene
expression and replication as well as the formation of infectious viral particles that can readily infect
naïve chimpanzees [26,27]. The so-called HBV-expressing HepG2.2.15 clone has been extensively
used since then for studying basic questions in HBV biology as well as a platform for testinganti-viral
drugs [28,29]. This system, as well other similar systems based on stably integrated HBV DNA [30],
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have the obvious advantage of stably expressing viral gene products and maintaining continuous
HBV replication, and are therefore also used as a source for tissue culture derived virions for infection
experiments. However, unlike the situation in vivo, viral production is mainly derived from the
integrated rather than from the episomal DNA, which is hard to detect by conventional methods in
this cell line. The introduction of hepatoma cells stably expressing HBV from a Tet-on/Tet-off system,
the HepAD38 cell line, not only allowed for a better and more tightly controlled system to study HBV,
but also resulted in a more robust production of virions and enhanced cccDNA accumulation in the
cells [31,32]. More recently, a newer version of HepG2 cells stably transfected with a Tet-inducible
HBV genome has been introduced, designated HepDE19 cell line. In this system, the 1.1 over-length
HBV transgene is mutated in its 51 pre-core ATG, whereas the 31 pre-core ATG remains intact. As a
result, the HBV e-Antigen (HBeAg) is expressed from the episomal DNA (cccDNA) but not from the
integrated genome. By analyzing secreted HBeAg as a surrogate marker for cccDNA abundance, this
system has been used as a platform for a large-scale screening for cccDNA-targeting drugs [33,34].

3.2. Delivery Vector Systems of the HBV Genome

Although the aforementioned cell lines are based on functional, integrated HBV genome, HBV
integration is not obligatory for the HBV life cycle and does not produce infectious viruses in vivo.
Therefore, with the entry machinery of HBV into the cells still remaining much of a black box, efforts
have been made over the years to find alternative ways to deliver the HBV genome to the cells in a more
physiological manner. The development of a recombinant HBV baculovirus system, produced in insect
cells, enabled the delivery of a functional HBV genome into hepatoma cells resulting in productive
HBV replication, formation of infectious viruses and establishment of a detectable intracellular cccDNA
pool [35–37]. This system has been used for a variety of in vitro studies, such as testing the efficiency
of novel anti-HBV drugs [38] as well as for drug resistance studies [39]. Another potential delivery
system for the HBV genome is the adenovirus vector [40]. Adenovirus vector carrying the HBV
genome (Ad-HBV) has been shown to infect a wide range of hepatocytes irrespective of species barrier,
resulting in episomal DNA formation and robust HBV replication [41,42]. The delivery of HBV genome
using a lentiviral vector has been experimentally used for in vitro experiments, as well [43]. However,
albeit having several advantages over the traditional HepG2.2.15 cell line and its derivatives, those
delivery vector systems still suffered from significant limitations; first, delivery of the HBV genome by
a viral vector completely bypassed the natural entry stage of HBV, thereby eluding studies regarding
this crucial step in HBV life cycle. Second, a part of the host response to HBV infection could have
been largely masked by the non-specific response to the viral vector used for HBV delivery, making it
hard to interpret data regarding the innate immune response to HBV infection [44], for example. Third,
safety issues especially regarding work with HBV harboring lenti-viral vectors are of a major concern
and are therefore a major obstacle for a wide usage of this delivery system.

3.3. Differentiated Hepatoma Cell Lines

Given their easy handling, low cost and reproducibility, ongoing efforts have been made to
achieve authentic infection in the traditionally non-permissive hepatoma cell lines, by their further
differentiation into cells better resembling primary human hepatocytes. In one report, Shaul’s group
was able to show that upon supplementation of DMSO (and even more than that, the combination
of DMSO and 5-aza-21-deoxycytidine), HepG2 cells become permissive to HBV infection [45]. A big
leap forward was the introduction of a novel hepatoma cell line, designated HepaRG, that presents
morphological and functional features similar to primary hepatocytes and that is susceptible to HBV
infection upon supplementation of corticoids and DMSO to maintain the cells’ differentiationstate [46].
The ability of this system to recapitulate the whole life cycle of HBV in the context of authentic infection
established its role as an experimental platform for studies addressing key questions in HBV biology
such as the role of the innate immune response in counteracting HBV infection [44,47,48], cccDNA
regulation [23,49], and mechanisms of viral entry [50,51]. However, this infection system still suffered
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from substantial limitations, such as the need for polyethylene glycol (PEG) supplementation to
achieve infection, relatively low infection efficiency, and stringent conditions to maintain those cells’
state of differentiation.

3.4. NTCP Expressing Hepatoma Cell Lines

It was not until a decade later that the bile acid pump NTCP has been shown to serve as a
receptor for both HBV and HDV [2,3]. This revolutionizing discovery and the realization that NTCP
expression on the plasma membrane of hepatoma cells is much less abundant as compared to primary
hepatocytes, has opened the door to establishing HepG2 and Huh7-based cell lines in which NTCP is
over expressed and that can be readily infected with HBV [52]. More recently, a novel system based on
NTCP expressing hepatoma cells co-cultured with HBV-specific CD8 cells has been suggested as a
platform for studying the immunobiology of HBV in the context of a tissue-culture format, as well [53].
However, although improved techniques, such as spinoculation during HBV inoculation, greatly
enhanced infection efficiency of NTCP expressing cells [54], the system still has its limitations; first,
the multiplicity of infection (MOI) needed to achieve substantial infection is extremely high (in the
range of hundreds, and even thousands) and, in most instances, PEG is needed to enhance infection.
Second, in contrast to the situation in vivo, infection is short-lived, it does not result in substantial viral
spreading and the amount of cccDNA detected is modest. This suggests that other factors essential for
productive HBV infection are probably impaired or even missing in those cancerous cell lines. Last but
not least, despite their flexibility and easy handling, hepatoma cells are physiologically impaired in
many intracellular pathways and functions, limiting their use as a platform for studying virus-host
interactions. Therefore, despite the great advance the NTCP-hepatoma cell lines have provided, there
is still some need for more robust and physiologically authentic systems that mimic more reliably the
situation in vivo.

Interestingly, the expression of human NTCP in mouse hepatocyte cell lines confers them
susceptible to HDV, but not to HBV infection [55–57]. An early study suggested that at least one major
intracellular block to HBV infection in mouse hepatocytes is at the level of cccDNA formation [58]. A
recent study found that HBV cccDNA can be formed in an immortalized mouse hepatocyte cell line
and this can be correlated with the instability of HBV mature nucleocapsids in these immortalized
mouse hepatocytes, suggesting that nucleocapsid uncoating may be a major intracellular determinant
in the susceptibility of hepatocytes to HBV infection [59]. Another recent study indicated that it is a
dependency factor, rather than a restriction factor, that is missing in mouse hepatocytes and prevents
infection [60]. The identification of this critical factor, or factors, will facilitate the development of HBV
infection systems based on murine hepatocytes, a requisite for establishing a mouse model for HBV
infection [61] (further discussed in Section 6).

4. In vitro Systems Based on Primary Human Hepatocytes

As previously discussed, earlier attempts to establish HBV infection systems based on primary
human hepatocytes have been hampered by the phenotypic instability of the cells in vitro, reflected
by a rapid loss of their authentic hepatocyte function soon after plating accompanied by loss of
permissiveness for HBV infection. This has been a major obstacle for using primary human hepatocytes
to study a slow growing virus like HBV.

4.1. Human Fetal Hepatocytes

Several studies have attempted to use fetal human hepatocytes as a platform for HBV infection
system. Ochya and colleagues have infected highly confluent cultured fetal human hepatocytes with
hepatitis B virions produced by hepatoma cell line and were able to show a 12% infection efficiency
with active replication that started two days after infection and accumulated during 16 days post
infection [62]. The limited infection efficiency and the apparent absence of viral spreading were
explained by the relative narrow window of time in which cells remained susceptible for infection,
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and therefore virions released into medium from infected cells possibly could not infect adjacent cells
any more. Another study has similarly shown that fetal human hepatocytes could be infected with
HBV infectious serum but that productive infection could remain for a limited period of time (up to
16–18 days) concomitant with the maintenance of normal hepatocytic phenotype [63]. Interestingly,
the addition of DMSO appeared to enhance viral replication in this system. Another recent study
has shown that co-culturing of fetal human hepatocytes with hepatic non-parenchymal cells and the
subsequent addition of 2% DMSO leads to the formation of hepatocyte islands, resulting in prolonged
phenotypic maintenance of those cells and susceptibility for HBV infection for up to 10 weeks [64].
However, although the above studies suggest fetal human hepatocyte as a possible platform for in vitro
HBV studies, the limited availability of fetal hepatocytes and the large donor-to-donor variations are
major limitations of this system.

4.2. Micro Patterned Co-Cultured Cells

Realizing that the in vitro maintenance of phenotypically stable primary human hepatocytes
over time is a major goal not only for studying hepatotropic viruses, but also for the purpose of drug
screenings as well as for metabolic and toxicity studies [9], Bhatia’s lab has integrated tissue engineering
with micro technology techniques to create a miniature system of phenotypically stable primary human
hepatocytes designated micro-patterned co-cultured (MPCC) system [65]. This system is based on
micro-patterning of human hepatocytes in small islands of 200–400 cells each and co-culturing the
cells with mouse fibroblasts, thereby providing the cells with the necessary homotypic and heterotypic
cell-cell interactions to preserve their long-term viability and function. Initial studies have shown that
the MPCC system preserves hepatocyte functions over weeks following their plating, as measured by
their level of albumin secretion, urea synthesis, phase I and phase II enzymes activity and phase III
transporter activity. Furthermore, the MPCC system has been shown to serve as a platform for drug
toxicity and drug interaction studies. Last but not least, cryopreserved and not solely fresh hepatocytes
could be micro-patterned and maintain their functionality over time, making the system much more
practical to use.

The MPCCs has been shown to express all the required factors for hepatitis C virus (HCV) entry
and to support HCV infection for several weeks [66]. This system has also been successfully used to
support the hepatic stage of both, plasmodium falciparum and plasmodium vivax, and was validated
as a platform for medium throughput anti-malarial drug screening [67].

More recently, MPCCs have been shown to support HBV infection, as well [68]. Following
inoculation of co-cultured micro patterned cryopreserved human hepatocytes, derived from different
donors, with HBV infected plasma, cells were first screened for their permissiveness for HBV infection.
Quantification of cccDNA and HBV surface antigen (HBsAg) as surrogate markers for productive
infection revealed a wide variability between donors in terms of HBV permissiveness. This variability
could not be explained by hepatocyte phenotypic differences, since measuring albumin secretion as
well as urea production and CYP3A4 activity did not differ significantly between donors. Importantly,
to achieve productive infection, the inhibition of JAK-STAT pathway by Janus kinase (JAK) or
TANK-binding kinase 1 (TBK1) inhibitors was required, although in several of the screened hepatocyte
donors, even JAK-STAT inhibition could not rescue HBV infection. Interestingly, the HBV receptor
NTCP has been expressed much more robustly on the plasma membrane of human hepatocytes seeded
in the micro patterned format as compared to its expression on human hepatocytes co-cultured with
mouse fibroblasts but seeded in a random manner. This suggests that micro patterning of human
hepatocytes and the resulting differentiated phenotype may secure the proper expression of host
factors essential for productive infection. However, some major limitations of the system are worth
mentioning; first, no measurable spread of infection was noted and as judged by immunostaining for
HBV core protein, infection efficiency was at the range of 30%. Second, although measurable amount
of cccDNA was detected from around day 10 post infection and seemed to be rising, other measures of
active gene expression and replication, such as pre-genomic RNA level, HBeAg as well HBsAg levels
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peaked at around day 16 post infection and declined rapidly thereafter. Third, medium collected from
infected cells was not able to re-infect naïve cells, suggesting that viral production by the system was not
robust enough to produce substantial infectious viral inoculum. However, despite these limitations, the
system provided some important information regarding the activation of the innate immune response
following HBV infection. Specifically, in addition to a detectable amount of both interferon (IFN)α
and IFNβ, several anti-viral interferon-stimulated genes (ISGs) products, such as viperin, cGAS, and
ISG15 among others have been induced in a temporal manner following HBV infection. This implies
that, despite the general belief supported by few in vivo observations [69] of HBV being a “stealth
virus” [70,71], this might not hold true at least in the context of the MPCC system. Interestingly, this
observation is in line with other studies mainly performed in HepaRG cell line, suggesting that HBV
infection is implicated in activation of the innate immune response [72,73]. However, further studies
should better address this issue by focusing on inherent differences between various infection systems
and their impact on the ability of HBV to induce the innate immune response. In addition, it will be
interesting to test HBV infection of the MPCC system in the context of a 3D, rather than 2D, culture
since liver architecture and the position of the hepatocytes relative to their neighboring parenchymal
and non-parenchymal cells may play an important role in their permissiveness to HBV [74].

5. In vitro Systems Based on Induced Pluripotent Stem (iPS) Cell-Derived Human Hepatocytes

Induced pluripotent stem cells were first introduced by Yamanaka and colleagues, who forced
the expression of a set of transcription factors in adult-derived cells [75,76]. The resulting pluripotent
cells can remain genetically stable and self-renew in culture with the potential to be differentiated
into cell lineages of all three germ layers including hepatocyte-like cells (HLCs) [77–79]. Notably,
HLCs are typically similar to fetal hepatocytes and do not represent the full phenotypic spectrum
of primary adult human hepatocytes [80]. Despite this caveat, iPS-derived HLCs have been shown
to support the whole life cycle of HCV [81] and the hepatic stage of plasmodium infection, the
causative agent of malaria [82]. Recently, HLCs have been also shown to support HBV infection [79].
Specifically, iPS cells were cultured and differentiated to HLCs over a 20-day differentiation process
according to a well-defined protocol. A time-course experiment coupled to the differentiation process
of those cells demonstrated that both a full activation of the transcription machinery and a robust
expression of NTCP on the cells’ surface are essential to achieve a productive infection, reflected by
cccDNA production and HBsAg secretion. Interestingly, the shift point for the cells to become HBV
permissive was at around days 18–20 of differentiation, which is the time of phenotypic switch from
hepatoblast-like to fetal hepatocyte like cells. Given the recent discovery of small molecules that can
further differentiate HLCs into more mature phenotype that resemble adult human hepatocytes [83], it
will be interesting to test weather HBV infection would be more robust under those conditions. Of
note and similar to the case of MPCCs, HLCs susceptibility to infection was largely dependent on
silencing the type I interferon response by using a JAK inhibitor prior to and following infection. In
addition, HBV infection of HLCs resulted in the induction of a set of anti-viral ISGs in a similar pattern
observed with HBV infected MPCCs.

The establishment of HBV infection system based on HLCs can serve as a platform to dissect
important host factors essential for HBV infection and replication. This can be done by comparing the
gene expression profile of cells just prior to and following the tipping point of HBV permissiveness
followed by the establishment HLCs derived from iPS cell lines knocked-down or knocked-out for
specific candidate genes. In accordance with this, the HBV receptor NTCP, known as one of the central
factors induced during the late stages of HLCs differentiation provides at least a partial explanation
for the late stage of differentiation in which cells become permissive for HBV infection. Recently, the
p.Ser267Phe NTCP variant has been shown to confer resistance to HBV infection following genetic and
epidemiologic analyses of Han Chinese cohort [84]. The production of iPS cells from those patients’
fibroblasts and their differentiation to HLCs could serve as an elegant platform to definitely prove the
resistance of this variant to HBV infection in vitro.
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6. Chimeric Mice Models for HBV Infection Based on Human Hepatocytes

In contrast to human hepatocytes, murine hepatocytes are not permissive for HBV infection even
upon over-expression of the human homologue of NTCP and, therefore, the creation of a small animal
model for HBV infection is a challenge. Long-standing in vivo models such as the HBV transgenic
mice [85] are severely limited by their inability to tackle basic issues in HBV biology, such as viral entry
as well as cccDNA formation and maintenance.

The technical and conceptual progress made with the isolation and maintenance of primary
human hepatocytes paved the way towards using these cells for creating chimeric mouse models that
can recapitulate the whole life cycle of HBV, a much needed tool for studying HBV in vivo (reviewed
in [86,87]). The basic idea is to implant freshly-isolated primary human hepatocytes that can be stably
integrated in the animal’s liver parenchyma. For this, one should use immune-compromised animals
to avoid immunological response against the transplanted xenogenic hepatocytes and at the same
time to initiate limited liver damage to create a proper niche for the engraftment and propagation
of the transplanted hepatocytes. The two best characterized models are the Alb-urokinase type
plasminogen activator (uPA) transgenic mouse [88,89] in which sub-acute liver failure is induced by
the uPA transgene and the knockout fumarylacetoacetate hydrolase (FAH) mouse model [90–92] in
which hypertyrosinemia and liver failure ensue unless the animals are protected by consuming the
NTCB drug. Following their intra-splenic injection, the successful engraftment of human hepatocytes
in the animals’ livers usually takes several weeks, during which time measurement of serum human
albumin levels can be used as an indicator for the magnitude of engraftment [93].

Both the uPA and the FAH deficient mouse models have been shown to support HBV infection.
Following inoculation, the virus gradually spreads in the engrafted human hepatocytes to ultimately
infect the vast majority of engrafted cells [88,91,92,94]. The ability to use cryopreserved hepatocytes
for liver engraftment not only made the system much more flexible and technically feasible for routine
use, but also opened the door for studying viral biology and the effect of anti-viral drugs in the
context of different genetic backgrounds. Furthermore, the human chimeric mouse models make it
possible to use natural viruses derived from various sources, as well as recombinant mutated viruses
for infection experiments to study basic questions in HBV biology and in virus-host interactions. For
example, a study performed in uPA-SCID mice has shown that following HBV infection, binding of the
viral pre-S1 motif to the bile-acid pump NTCP results in major alterations in the expression of genes
implicated in lipid metabolism and bile-acid synthesis[95]. Those findings emphasize the intimate
link between HBV infection and liver metabolism [96]. Another recent study performed using the
same animal model has demonstrated that HBV and HDV co-infection results in a much more robust
induction of ISGs as compared to HBV mono-infection [97]. These findings may provide a mechanism
for the more severe liver damage frequently observed in co-infected patients and for the well-known
phenomenon of HBV suppression by HDV among those patients.

However, in vivo systems for HBV infection based on engrafted human hepatocytes still have
their limitations; the experiments are expansive due to the high costs of both human hepatocytes and
the animals, the engraftment process is long and cumbersome, and the animals are deficient in most
of the components of their immune system, precluding studies addressing host-adaptive immune
system interactions. Reconstitution of a functional immune system by taking both hepatocytes and
immune cells from the same donor to avoid immunological response against the xenograft [98] is one
example for current efforts made to create a humanized immune-competent mouse model to study
hepatotropic viruses.

7. Conclusions and Future Perspectives

Although emerging in vivo infection systems for HBV hold much promise, there is still a crucial
need for in vitro systems mimicking HBV infection to address key questions in HBV biology. However,
in a sharp contrast to the situation in vivo, a robust and long-lived HBV infection is extremely difficult
to achieve in vitro in almost any cell culture system developed so far (Summarized in Table 1).
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The reason for this discrepancy is not clear and is a subject for speculations and hypotheses, but
recent technological as well as conceptual progress has advanced the development of more robust
infection systems. The development of hepatoma cell-based cultures over expressing the HBV receptor,
NTCP, seems to disrupt the long-standing barrier in infecting those easy to handle cell lines. Novel
co-culturing techniques with immune cells hold promise for applying this system for studies regarding
HBV immunobiology, as well. Concomitantly, there is increasing effort to improve our ability to
maintain primary human hepatocytes phenotypically stable for long periods of time or, alternatively,
to produce hepatocyte like cells using the powerful iPS cells technology. Those systems hold promise to
serve as a platform for HBV infection on a more physiologically authentic background. It is conceivable
that many conclusions regarding HBV immunobiology and its interactions with the host, previously
derived from artificial over-expression systems, will not prove to hold true following experiments
involving more reliable in vitro infection systems. Thus, with the advent of more physiological and
robust HBV infection systems, one can expect for renewed discoveries side by side with the fall of old
concepts regarding this fascinating virus.

Table 1. A summary of the various in vitro systems for studying HBV biology.

Cell Culture Systems Advantages Disadvantages Comments

In vitro systems based on primary non-human hepatocytes

Primary duck hepatocytes Recapitulating the whole
hepadnavirus life cycle.

Conclusions derived from
this system (cccDNA
biology, viral entry) are not
necessarily valid for HBV.

Infected with DHBV.

Increased amplification of
cccDNA (ideal for studying
cccDNA biology).

DHBV differs from HBV in
several properties (See text
for details).

Primary woodchuck
hepatocytes

Recapitulating the whole
hepadnavirus life cycle.

The system is hard to
handle and maintain, few
studies using this in vitro
system.

Infected with WHV.

Expensive. The system is very useful
for in vivo studies.

Primary tree shrews (Tupaya
Belangeri) hepatocytes

The only species susceptible
for HBV infection besides
humans and chimpanzees.

Expensive Used for in vitro as well as
in vivo infection
experiments.

In vitro systems based on hepatoma cell lines

Immortalized hepatoma
cell lines

Convenient for work. Not permissive for HBV
infection. Examples: HepG2, Huh7

cell lines.Minimal variability. Cancerous cell lines.
Virus-host interaction
studies often non-reliable.

Relatively cheap.

HepG2.2.15
Stable and continuous HBV
gene expression and
replication.

Incomplete viral life cycle
(cells not permissive for
infection).

Hepatoma cells with a
cloned head to tail HBV
dimer, extensively used for
anti-viral drug testing and
as a platform for in vitro
experiments.

A potential source for tissue
culture derived virions.

Virions are produced from
the integrated DNA (unlike
situation in vivo).
Minimal amount of
cccDNA.

HepAD38
Tightly controlled system to
study HBV.

Incomplete viral life cycle
(cells not permissive for
infection).

Hepatoma cells stably
expressing HBV from a
Tet-on/Tet-off system.Robust production of

virions and enhanced
cccDNA accumulation in
the cells.
A potential source for tissue
culture derived virions.
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Table 1. Cont.

Cell Culture Systems Advantages Disadvantages Comments

HepDE19 A platform for a large-scale
cccDNA-targeting drug
screening (HBeAg as a
surrogate marker for
cccDNA abundance).

Incomplete viral life cycle
(cells not permissive for
infection)

HepG2 cells stably transfected with
a Tet-inducible mutated HBV
genome. The HBeAg is expressed
from the episomal DNA (cccDNA)
but not from the integrated genome.

HepaRG
Recapitulating the whole
life cycle of HBV in the
context of authentic
infection.

The use of PEG is required
to achieve infection,
relatively low infection
efficiency.

This cell line presents morphological
and functional features similar to
primary hepatocytes.

An experimental platform
for studies addressing key
questions in HBV biology.

Stringent conditions needed
to maintain those cells’ state
of differentiation.

Susceptible to HBV infection upon
supplementation of corticoids and
DMSO to maintain the cells’
differentiation state.

NTCP-expressing
hepatoma cell lines

Recapitulate the whole life
cycle of HBV in the context
of authentic infection.

The multiplicity of infection
(MOI) needed to achieve
infection is extremely high.

HepG2 and Huh7-based cell lines.

Flexibility and easy
handling.

In most instances PEG is
needed to enhance infection.

Upon co-culturing with
HBV-specific CD8 cells (trans-well
system) the system can be used for
immunobiology studies.

No substantial viral
spreading following
infection, infection is
short-lived small amount of
cccDNA detected.

Hepatoma cells are
physiologically impaired in
many intracellular
pathways and functions,
limiting their use as a
platform for studying
virus-host interactions.

In vitro systems based on primary human hepatocytes

Primary human
hepatocytes

The gold standard host cell
for HBV infection
experiments.

Phenotypically unstable
in vitro.

Rapidly lose permissiveness
for HBV infection.

Large variability among
hepatocyte donors

Short durability of infection.

Fetal human
hepatocytes

Phenotypically close (but
not equal) to primary adult
human hepatocytes.

Limited infection efficiency
and apparent absence of
viral spreading.

The addition of DMSO may enhance
viral replication.

Large donor-top-donor
variations.

Co-culturing with hepatic
non-parenchymal cells and
subsequent addition of 2% DMSO
leads to the formation of hepatocyte
islands with prolonged phenotypic
maintenance

Limited availability.
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Table 1. Cont.

Cell Culture Systems Advantages Disadvantages Comments

Micro-patterned co-cultured
(MPCC) system

Preserves hepatocyte
functions and viability over
weeks following plating.

Wide variability between
donors in terms of HBV
permissiveness.

The system is based on
micro-patterning of human
hepatocytes in small islands of
200–400 cells each and
co-culturing the cells with
mouse fibroblasts.May serve as a platform for

drug toxicity and drug
interaction studies.

Infection efficiency is low
(30%), no substantial
spreading of infection.

Fresh as well as
cryopreserved hepatocytes
could be micro-patterned.

The inhibition of the innate
immune response is
required to achieve
infection.

Hepatocyte-like cells
(HLCs)

Supports HBV productive
infection.

Does not represent the full
phenotypic spectrum of
primary adult human
hepatocytes (similar to fetal
hepatocytes).

The shift point for the iPS cells
to become HBV permissive is
at around days 18–20 of
differentiation, which is the
time of phenotypic switch
from hepatoblast-like to fetal
hepatocyte like cells.

Isogenic background. Needs high degree of
expertise. Complicated
protocols involved.

May serve as a platform to
dissect host factors essential
for HBV infection and
replication.

The inhibition of the innate
immune response is
required to achieve infection

Delivery vector systems

A recombinant HBV
baculovirus system

Enables the delivery of a
functional HBV genome
into hepatoma cells
resulting in productive HBV
replication, formation of
infectious viruses and
establishment of a
detectable intracellular
cccDNA pool.

Bypassing the natural entry
stage of HBV. The vector is produced in

insect cells.

Part of the host response to
HBV infection might be
masked by a non-specific
response to the viral vector.

Adenovirus vector carrying
the HBV genome (Ad-HBV)

Infect a wide range of
hepatocytes irrespective of
species barrier resulting in
cccDNA formation and
robust HBV replication.

HBV: Hepatitis B virus; cccDNA: covalently closed circular DNA; DHBV: Duck HBV; WHV: Woodchuck
hepatitis virus; iPS: Induced pluripotent stem; HBeAg: HBV e-Antigen; PEG: Polyethylene glycol; DMSO:
Dimethyl sulfoxide
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