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Unmet Needs in Basic Research
of Hepatitis B Virus Infection: In Vitro
and In Vivo Models

C. Nelson Hayes and Kazuaki Chayama

Abstract

Chronic infection with hepatitis B virus (HBV) is a preventable but incurable
disease that affects more than 250 million people. Current therapies are effective
in controlling infection, but complete elimination of the virus will require target-
ing covalently closed circular DNA (cccDNA). HBV relies on numerous host
factors, some of which are promising drug targets. However, HBV replicates effi-
ciently only within differentiated human hepatocytes. This specificity has compli-
cated the development of in vivo and in vitro experimental models and hindered
drug discovery. The identification of NTCP as the HBV receptor explained the
poor infectivity in hepatoma cell lines and small animal models, but a number of
approaches not directly tied to NTCP have also been established. The pressing
need for more effective HBV therapies coupled with the unique challenges in the
development of HBV models has propelled advances in transgenic and chimeric
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mouse models, small primate models such as macaque and tree shrew, adenoviral
and hydrodynamic delivery of infectious particles, stably transfected cell lines,
induced pluripotent stem cells, and 2D and 3D microarchitecture models that blur
the line between in vitro and in vivo models. An array of impressive tools is now
available in the search for a cure for chronic HBV infection.
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Abbreviations

AAV Adeno-associated virus

ALT Alanine aminotransferase

AST Aspartate aminotransferase

cccDNA Covalently closed circular DNA

CPD Carboxypeptidase D

DMSO Dimethyl sulfoxide

HBsAg HBYV surface antigen

HBV Hepeatitis B virus

HCC Hepatocellular carcinoma

iPS Induced pluripotent stem

LHBsAg Large S antigen

NK cells Natural killer

NOD Nonobese diabetic

NTCP Sodium taurocholate cotransporting polypeptide

uPA/SCID  Urokinase-type plasminogen activator/severe combined
immunodeficiency

1 Introduction

Nearly 250 million people throughout the world currently suffer from chronic hepa-
titis B virus (HBV) infection. The introduction of an effective HBV vaccine in 1986
has greatly reduced the incidence of new infections, and the disease is now largely
preventable due to improvements in public health and awareness. Even when
exposed to the virus, most adults are able to successfully clear acute infection.
Despite this progress, chronic infection is still difficult to treat, and long-term man-
agement of the infection rather than outright cure is usually the primary goal of
treatment. Current therapies can successfully but temporarily suppress viral
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replication, slowing progression of liver disease and reducing the risk of complica-
tions such as cirrhosis and hepatocellular carcinoma (Kwon and Lok 2011). Long-
term or even life-long treatment with interferon or nucleoside analogues such as
tenofovir disoproxil fumarate, tenofovir alafenamide, or entecavir is necessary to
suppress HBV replication. Long-term therapy is expensive and inconvenient and
poses a small risk of adverse events and eventual development of drug resistance.
HBYV reactivation may also occur if therapy is discontinued, especially in immuno-
suppressed individuals.

The main reason for this intractability is that current therapies target essential but
late-acting stages in viral replication but fail to target the virus’s failsafe in the form
of covalently closed circular DNA (cccDNA) mini-chromosomes that are able to
persist long-term within the nucleus.

HBV is most vulnerable to elimination during the early stages of infection.
Although the virus is thought to largely avoid immune surveillance during initial
establishment, most individuals eventually mount an effective immune response
that clears the virus during the acute phase of the infection and does not progress to
chronic HBV. However, if the initial response falls short, HBV becomes highly
entrenched in the liver and infects nearly all hepatocytes. RNA viruses such as hepa-
titis C virus that must replicate continuously can be effectively targeted using direct
acting antiviral (DAA) agents. Conversely, while peg-interferon and nucleos(t)ide
analogs are able to suppress HBV replication, the presence of cccDNA in the
nucleus allows HBV to persist even when active replication is suppressed and allows
it to quickly reactivate if viral suppression is relieved. Therefore, a successful cure
for chronic HBV must contend with this contingency and will likely involve direct
elimination or silencing of cccDNA or host factors involved in its maintenance
(Allweiss and Strick-Marchand 2020).

Although HBYV replication can be suppressed, patients with chronic HBV infec-
tion have a much greater risk of developing hepatocellular carcinoma, and it is
important to continue to strive for a true cure that completely eliminates the virus.
Development of such a cure is daunting due to the complexity of the HBV life cycle
and the virus’s high specificity to human hepatocytes, which has long hindered the
search for suitable in vitro and in vivo models. Although imperfect, several models
have recently been developed that facilitate analysis of HBV replication and evalu-
ation of potential drug candidates. However, antiviral therapy is likely to be only
one aspect of a successful cure, and immunocompetent models are also needed to
evaluate immunomodulation strategies to restore exhausted adaptive immune
responses (Maini and Burton 2019). The models reviewed below have greatly
expanded our knowledge of HBV.

1.1 Hepatitis B Virus

Hepatitis B virus is a member of the Hepadnaviridae family in the genus
Orthohepadnavirus. The woodchuck hepatitis virus, the ground squirrel hepatitis
virus, and the woolly monkey hepatitis B virus also belong to this genus. Other
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viruses within the Hepadnaviridae infect birds (Avihepadnaviruses) and rodents
(Orthohepadnaviruses). The virus that infects humans is thought to be specific to
humans and chimpanzees and does not fully infect other animals (Wieland et al.
2004). This diverse host range suggests an ancient origin for HBV followed by a
long period of adaptation to each host. Therefore, while these animals can provide
insight into the HBV life cycle, key differences in required host factors and other
species-specific adaptations must be considered.

1.2 Woodchuck Hepatitis Virus

Given the dearth of experimental models, woodchuck hepatitis virus (WHV) has
often served as a useful system to investigate the HBV life cycle and interactions
with immune effectors. As another member of the Hepadnaviridae, WHV shares
similar morphology and genome organization with HBV but differs with respect to
transcriptional regulation and pathogenesis. Laboratory maintained woodchuck
colonies yield high rates of chronic infection and may develop hepatocellular carci-
noma (HCC) (Tennant and Gerin 2001). The woodchuck (Marmota monax) is also
not an ideal experimental organism due to a lack of information about its genome
and immune system and practical experimental difficulties such as hibernation and
lack of available reagents. Nonetheless, the Marmota monax genome sequence was
recently published (Alioto et al. 2019), and the WHV model has been used to test
antivirals and immunomodulatory drugs such as the TRL7 agonist GS-9620 (Menne
et al. 2015) and has served as an important model for drug toxicity (Allweiss and
Dandri 2016).

1.3 Duck Hepatitis B Virus

Duck hepatitis B virus is another useful infection model. The virus is a distant rela-
tive of human HBV and supports the full viral life cycle in duck hepatocyte tissue
culture, including formation of cccDNA and production of DNA replication inter-
mediates and HBc and HBs antigens (Tuttleman et al. 1986). However, key species-
specific differences must be considered, including a critical role of carboxypeptidase
D (CPD) for binding in duck but not in human (Spangenberg et al. 2001).

2 HBYV In Vivo Experimental Models

Chronic HBV infection often requires life-long treatment with only a small likeli-
hood of cure and a continuing risk of progressive liver disease. Although the need
for novel therapies is clear, it is challenging to find animal models that adequately
mimic the biochemical details of HBV infection in humans. HBV is indigenous to
chimpanzees, gorillas, orangutans, gibbons, and other large primates, but these ani-
mals are impractical as experimental systems on ethical and logistical grounds.
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Conversely, the lack of NTCP receptor prevents HBV infection in smaller primates.
Nonetheless, despite the well-known species- and tissue-specificity of HBV, trans-
duction of hNTCP in macaques, baboons, and pig hepatocytes confers support for
HBYV infection in vitro, suggesting that NTCP is largely responsible for this species
barrier (Lempp et al. 2017). The advantages and disadvantages of several in vivo
models are shown in Table 2.1.

2.1 Chimpanzee Model

Recently chimpanzees (Pan troglodytes) have received endangered species protec-
tion status, and their use in medical research has been expressly banned in the
United States and other countries. However, chimpanzees have long played an
important role in HBV research as the only primate that can fully support HBV
infection (reviewed in (Wieland 2015)). After HBV was first characterized, HBsAg
and anti-HBsAg antibodies were detected in blood drawn from chimpanzees
(Hirschman et al. 1969; Lichter 1969; Maynard et al. 1971). It was shown that chim-
panzees can become infected with as little as one to three genome equivalents of

Table 2.1 Advantages and disadvantages of in vivo HBV experimental models
Model

Advantages Disadvantages

Chimpanzee Fully infectious, Banned in several countries, ethical
immunocompetent, most similar to | and practical limitations, potential
human infection differences from human in innate

immune response

Macaque Smaller, readily available, fewer Not as well characterized as
restrictions; naturally occurring chimpanzee
HBYV infection; transferable;
recently updated reference genome

Tree shrew Can be infected with patient sera Transient, self-limited infection;

animal handling difficulties

Does not support full HBV life
cycle and not useful for analysis of
drug resistance

Consistent and well-characterized
inbred lines; can achieve high
replication rates

Transgenic mice

Human hepatocyte
chimeric mice

Supports full HBV life cycle, can
be used to compare different host
and viral genotypes, avoids
confounding effect of adaptive
immune response

Does not reflect adaptive immune
response; animals are delicate and
expensive

BRGS-uPA mice

Immunocompetent; can be used to
analyze NK cell, T cell, and
antibody responses

Defects in NK cell maturation
cause differences with respect to
human response

Hydrodynamic Immunocompetent; can be used to | Transient expression; technically
injection analyze viral mutants difficult
Adenovirus- Persistent viremia Low-level viremia; vector induces

mediated delivery

immune response and inflammation

Adeno-associated
virus delivery

Persistent viremia; useful for
development of immune therapies

Suppresses immune response but
can be overcome with agonist
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HBYV DNA isolated from human plasma (Barker et al. 1973; Komiya et al. 2008)
and can develop chronic HBV infection similar to that of humans. Alanine amino-
transferase (ALT) and aspartate aminotransferase (AST) levels are elevated (Tabor
et al. 1983), but symptoms are less severe than in humans (Barker et al. 1973).
Chimpanzees also played an important role in the development of the first vaccines
because the immune response is similar to that of humans (McAuliffe et al. 1980).
A large overlap was observed in T-cell peptide-binding specificity (McKinney et al.
2000), but gene expression analysis revealed lower than expected induction of
interferon-stimulated genes (ISGs), suggesting that HBV is able to avoid detection
by innate immune defenses during early infection (Wieland et al. 2004; Wieland and
Chisari 2005). However, later in vivo and in vitro studies appear to show that HBV
plays a more active role in suppressing the innate immune response in humans
(Shlomai et al. 2014; Luangsay et al. 2015; Yoneda et al. 2016) perhaps revealing an
important distinction between the human and chimpanzee immune responses.

2.2 Macaque Model

Other primate models either present the same problems as chimpanzees or fail to
support HBV infection or serial passage. One exception is macaques (Macaca fas-
cicularis), small Old World monkeys that have been shown to harbor HBV DNA,
HBsAg, and HBcAg from a strain of HBV genotype D that probably originated in
humans (Bukh et al. 2013; Dupinay et al. 2013). Transduction of hNTCP allows
macaques to support in vitro and in vivo infection for six or more weeks and dem-
onstrate cellular and humoral immune responses that make them suitable for test-
ing antiviral and immunomodulatory drugs (Burwitz et al. 2017). Several problems,
possibly related to inadequate hNTCP delivery, may limit the usefulness of this
model, including poor infection rates and undetectable levels of
cccDNA. Nonetheless, macaques are the most widely used nonhuman primate
model in biomedical research. A greatly improved Macaca mulatta reference
genome was recently published in which nearly 100 million genetic variants were
characterized (https://science.sciencemag.org/content/370/6523/eabc6617), pro-
viding an impetus to further develop this primate model of HBV infection.

2.3 Tupaia Model

Although no longer classified as a primate, the tree shrew (Tupaia belangeri) pro-
vides another potential animal model for HBV infection. These small squirrel-like
mammals are closely related to primates and can support HBV infection from
patient sera in vivo (Walter et al. 1996). Isolated Tupaia hepatocytes support infec-
tion with HBV or woolly monkey hepatitis B virus and produce HBsAg and HBeAg
(Walter et al. 1996; Kock et al. 2001). This model is notable for its critical role in
the identification of NTCP as the primary HBV receptor (Yan et al. 2012). Tree
shrews also support infection with hepatitis C virus and herpes simplex virus 1 and
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2 (Walter et al. 1996; Tsukiyama-Kohara and Kohara 2014). Although promising,
problems with handling of the animals have limited wide adoption of tree shrew as
an animal model (Tsukiyama-Kohara and Kohara 2014).

24 Transgenic Mice

Attempts to improve infection efficiency using NTCP transgenic animal models
have been disappointing, underscoring the need for greater insight into host factors
mediating HBV host specificity (Li and Urban 2016). Transgenic mouse models
have been developed that can partially support HBV replication (HBVtg), but they
cannot be used to investigate critical early steps in viral entry or cccDNA formation
(Ortega-Prieto et al. 2019). Although the mice are immunocompetent, they are
nonetheless immune-tolerant to viral proteins, limiting their usefulness in investi-
gating the adaptive immune response (Allweiss and Strick-Marchand 2020).
Development of animal models based on outbreeding animals such as duck and
woodchuck is hindered by the problem of genetic variability that makes it more dif-
ficult to unravel the underlying immunobiology. Inbred transgenic mice have long
provided a controlled genetic background for investigating HBV proteins. Lineages
have been developed that express HBV surface, core, precore, and X proteins either
individually or together, but replication efficiency is low (Araki et al. 1989; Farza
et al. 1988). Mice harboring 1.3X-genome length HBV sequences have been devel-
oped that support higher replication efficiency (10’-10® copies per mL) without
inducing cellular damage. However, while models such as HBVtg can be used to
investigate parts of the HBV life cycle, they do not undergo early stages such as
viral entry and formation of cccDNA that are of great interest for development of
antiviral therapies (Ortega-Prieto et al. 2019). Even though the mice have a func-
tional adaptive immune system, they do not mount an immune response to the trans-
genic products and so are also unsuitable for analysis of the immune response
(Allweiss and Strick-Marchand 2020). Similarly, it is difficult to evaluate viral
clearance due to the presence of integrated HBV DNA (Yang et al. 2014).

25 Human Hepatocyte Chimeric Mice

Humanized mouse models in which human hepatocytes are transplanted into immu-
nodeficient mice have successfully been used to investigate the early stages of HBV
infection and to evaluate antiviral drugs. In the early trimera mouse model, human
hepatocytes were transplanted into mouse kidneys (Ilan et al. 1999), Even though
most mice became infected, viremia was poor (10° IU/mL), in part because key liver
architectural features were lacking. Replication rates were improved in other mouse
models by changing the genetic background of the mice to induce liver damage and
promote establishment of human hepatocytes.

Transgenic mice were established in which the urokinase gene is regulated by the
human albumin promoter. These urokinase-type plasminogen activator (uPA) mice
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were then mated with severe combined immunodeficiency (SCID) mice (Heckel
et al. 1990). Hepatocyte death in the uPA/SCID offspring causes subacute liver
failure that is compensated via transplantation of human hepatocytes (Rhim et al.
1995). This mouse model supports infection with both HBV (Dandri et al. 2001)
and HCV (Mercer et al. 2001). A small number of native mouse hepatocytes remain
in the liver, and a herpes simplex virus type-1 thymidine kinase (HSVtk)/ganciclo-
vir (GCV) system was developed to remove residual mouse hepatocytes, but the
approach was unsuccessful (Douglas et al. 2010). However, measuring the level of
human albumin provides an estimate of the repopulation rate and can be used to
monitor graft failure. HBV has been found to remain infective after passage in mice
(Tsuge et al. 2005; Meuleman et al. 2005; Sugiyama et al. 2006), and the model has
made it possible to examine early host and innate immune responses and to evaluate
therapeutic agents over the full viral life cycle.

Nonetheless, the model is limited due to the lack of key components of the innate
immune response and the complete lack of an adaptive immune response that is
required to avoid rejection (Li and Di Santo 2019). Chimeric mice also require a
source of donor hepatocytes, although this may also be seen as an advantage because
the effects of donors with different genotypes can be compared. Explanted hepato-
cytes can also be used as a source of human hepatocytes for in vitro experiments
(Michailidis et al. 2020). An alternative approach is to generate chimeric mice using
hepatocytes derived from iPS or dHepaRG cells (Yuan et al. 2018a, b), and mouse
models with inducible liver failure have been developed using fumaryl acetoacetate
(FAH)—/— mice in which accumulation of a toxic metabolite kills hepatocytes
unless the mouse is supplied with 2-(2-nitro-4-trifluoro-methylbenzoyl)-1,3-cycloh
exanedione (NTBC). Notably, male FAH—/— mice have higher mortality
(Michailidis et al. 2020).

2.6 Immune-Competent Mouse Models

A major shortcoming of chimeric mouse models is the lack of an adaptive immune
response, a critical factor in determining whether or not HBV is able to establish
chronic infection. One approach to establishing an immune-competent HBV infec-
tion animal model is to transplant both human hepatocytes and human immune cells
(Tzeng et al. 2013). Transplantation of fetal hematopoietic stem cells and hepato-
blasts resulted in low chimerism and modest replication (Kremsdorf and Strick-
Marchand 2017; Douam and Ploss 2018), although the use of oncostatin M has been
shown to improve chimerism (Billerbeck et al. 2016). Formed by transplanting both
human hepatocytes and hepatic stellate cells, BALB/cRag2~1L2rg”""SIRPaNOD-
uPA (BRGS-uPA) mice demonstrate a number of attractive features, including good
infectivity over several months, a high repopulation rate, presence of NK cells,
Kupffer cells, PD-1Hi effector memory T cells, and development of IgG antibodies
against the HBV surface and core proteins (Allweiss and Dandri 2016; Kremsdorf
and Strick-Marchand 2017; Dusseaux et al. 2017; Lopez-Lastra and Di Santo 2017).
Although the presence of NK cells is a chief advantage of this model, deficient
cytokine production in BRGS-uPA mice due to the lack of human MHC results in
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defects in NK cell functionality relative to human NK cells (Lopez-Lastra and Di
Santo 2017).

2.7 Hydrodynamic Injection HBV Mouse Model

Efficient delivery of HBV into mice also poses a challenge with respect to immune
competence. Hydrodynamic injection is a technically challenging method in which
a large volume of DNA is injected rapidly into the mouse tail vein. This hydrody-
namic effect increases the pressure in the inferior vena cava, causing the viral DNA
to pass through the hepatic portal vein and through the liver fenestrae where it
comes into direct contact with hepatocytes (Tzeng et al. 2013). Yang et al. injected
greater than full-length HBV genomic DNA (pT-MCS-HBV 1.3) into the tail vein of
both immune-competent mice and nonobese diabetic (NOD)/SCID mice lacking T,
B, and natural killer (NK) cells (Yang et al. 2002). While HBV gene expression and
viremia were observed in both mice, the virus disappeared rapidly in immunocom-
petent mice following CD8+ T cell proliferation, whereas the virus remained detect-
able for several months in the immunocompromised mice.

2.8 Adenovirus-Mediated Delivery

Another way to deliver viral DNA to the hepatocytes is via delivery with another
virus. Infection with HBV DNA cloned into adenovirus or adeno-associated virus
(AAV) yielded low-level per persistent viremia (Tzeng et al. 2013; Bramson et al.
1995; Huang et al. 2006). However, AAV both elicits an immune response, includ-
ing the release of cytokines and chemokines, while also suppressing immune
responses (Tzeng et al. 2013). Recent innovations, such as the less strongly immu-
nogenic AAV2/8, have been used to establish persistent infections that last several
months (Paulk et al. 2018). AAV can also be used to compare virus—host interac-
tions and response to treatment with different HBV genotypes (Liu and Kao 2013),
including genotypes A, B, and C (Huang et al. 2006; Li et al. 2013, 2016). While an
advantage of AAV mouse models is that immunocompetent mice can be used, the
full viral life cycle is not represented, as the virus is not able to reinfect hepatocytes,
and itis not a suitable model to evaluate cccDNA (Lucifora et al. 2017). Furthermore,
the murine immune response may not adequately reflect the human response.

3 HBV In Vitro Experimental Systems

Animal models are indispensable for elucidating complex host—virus interactions
and evaluating antiviral therapies, but identification and testing of drug targets
requires an efficient and reproducible in vitro model. Nonetheless, the development
of a suitable in vitro model that supports viral entry and the complete viral life cycle
has proven problematic. Each in vitro model has specific use cases as well as limita-
tions, and no single model has so far proven superior for all applications (Table 2.2).
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Table 2.2 Advantages and disadvantages of in vitro HBV experimental models

Model Advantages Disadvantages

Primary human Gold standard for in vitro analysis of | Difficult to obtain, limited

hepatocytes HBYV infection and analysis of drug genetic variability, and rapid
toxicity loss of infectivity

HepG2 cells Produces HBV virions, polarized cells | Morphological and

chromosomal differences from
primary hepatocytes; does not

support HBV entry
HepaRG cells Supports replication of HBV and Requires time-consuming
HDV; supports HBV entry differentiation step;

chromosomal differences
NTCP-expressing Supports HBV entry and replication Yield of HBs, HBe, and HBV

cells DNA is low

Human hepatocytes | Has most advantages of human Expensive, complex, requires

isolated from hepatocytes with few of the proliferation in chimeric mice

chimeric mice disadvantages, improved infectivity

2D/3D/microfluidic | More accurately reflect liver Complex; still shows

culture architecture and interactions among differences compared to in vivo
cell types

Induced pluripotent | Supports HBV infection and analysis | Complex, heterogeneous,

stem cells of innate immune response difficult to establish in culture

3.1 Primary Human Hepatocytes

Fresh primary human hepatocytes (PHHs) probably best recapitulate conditions in
the liver and are a natural choice for in vitro analysis (Shimizu et al. 1986; Gripon
et al. 1988, 1993; Ochiya et al. 1989; Galle et al. 1994), but there are a number of
drawbacks in relying on them as an in vitro model of HBV infection. Not only are
donor cells difficult to obtain and heterogeneous genetic backgrounds may intro-
duce confounding, but the cells quickly begin to de-differentiate and lose the ability
to support HBV infection due to changes in gene expression resulting in loss of
hepatocyte-specific factors (Guillouzo et al. 2007; Wilkening and Bader 2003;
Wilkening et al. 2003; Birkus et al. 2019). The strong tissue tropism exhibited by
HBYV is driven in part by liver-specific expression of NTCP as well as nuclear fac-
tors required for efficient transcription of the HBV genome. Treatment with dimethyl
sulfoxide (DMSO) and dexamethasone and hydrocortisone helps to maintain hepa-
tocyte differentiation and prolongs infectivity (Evripioti et al. 2019). Similarly, the
use of polyethylene glycol and a high MOI helps to improve infection efficiency
(Verrier et al. 2016a). Co-culture with mouse embryonic fibroblasts and establish-
ment of 3D microfluidic liver culture also facilitates long-term infection by helping
to recreate the functional architecture of the liver (Winer et al. 2017, 2020; Ortega-
Prieto et al. 2018). However, availability remains a key limitation of PHHs. One
solution is to further drive de-differentiation of PHHs to form liver progenitor cells
then induce them to proliferate and re-differentiate into PHHs (Fu et al. 2019).
Primary hepatocytes derived from chimpanzees can also support HBV infection but
face many of the same issues as PHHs. Fortunately, tree shrew primary hepatocytes
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also transiently support HBV infection and were instrumental in identifying NTCP
as primary HBV receptor (Walter et al. 1996; Yan et al. 2014).

3.2 Hepatoma Cell Lines

Although PHHs provide an attractive HBV infection model, they are not ideal. Aside
from being difficult to acquire, fresh PHHs rapidly de-differentiate and no longer
support HBV infection. To overcome these limitations, hepatoma cell lines have
been widely used to investigate mechanisms of viral replication, identify host factors,
and evaluate drug candidates. Unfortunately, HepG2 and Huh7 cell lines do not sup-
port HBV entry due to lack of hNTCP expression, and instead HBV production is
made possible by transfecting or integrating HBV genomes (Verrier et al. 2016a).

3.3 HepG2 Cells

Given the limited availability and short window of infectivity of PHHs, hepatoma
cell lines offer a number of potential advantages. Derived from a hepatocellular
carcinoma in an adolescent male, HepG2 cell lines such as HepG2.2.15 support
HBYV production using transfected HBV DNA (Sells et al. 1987; Ladner et al. 1997).
HepG?2 cells do not support HBV entry but retain important aspects of liver micro-
architecture, including polarization into basolateral and apical domains (Glebe and
Urban 2007). Nonetheless, HepG2 cells differ with respect to morphology, chromo-
some number, and the number of nuclei (Wilkening et al. 2003; Natarajan and
Darroudi 1991). While housekeeping genes and some liver-specific genes are
expressed at comparable levels to PHHs, several key transcription factors and
enzymes, such as C/EBP-a and CYP3A, are expressed poorly in HepG2 cells
(Wilkening et al. 2003; Knowles et al. 1980; Rodriguez-Antona et al. 2002; Jover
et al. 2001). Such differences complicate drug development and identification of
essential host factors.

34 HepaRG Cells

The HepaRG cell line was derived from an HCV-associated hepatocellular carci-
noma (Guillouzo et al. 2007) and is characterized by an additional chromosome 7
and a translocation between chromosomes 12 and 22 that resulted in a deletion of
the 12p region (Gripon et al. 2002). HepaRG cells support HBV and HDV infection
and (Gripon et al. 2002; Hantz et al. 2009) but first require a time-consuming dif-
ferentiation process. Addition of DMSO and hydrocortisone hemisuccinate induces
differentiation into hepatocytes and biliary cells. Hepatocytes maintain stable
expression of liver-specific factors for over 6 weeks, but albumin levels are variable,
and CYP3A4 and CYP7AI1 levels are strongly upregulated relative to PHHs
(Kanebratt and Andersson 2008a, b).
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3.5 HepCHLine-4 Cell

The key to improving HBV infectivity in vitro may be to combine the infectivity of
primary human hepatocytes with the advantages of hepatoma cell lines. To this end,
Jiang et al. fused primary human hepatocytes with HepG2 cells to create the
HepCHLine-4 (Jiang et al. 2009). These cells remained susceptible to HBV infec-
tion even after a year of subculturing and produce cccDNA and viral particles.

3.6 Recombinant cccDNA

Given the importance of cccDNA as a key target in ongoing drug development, reli-
ance on HBV plasmids is not ideal. Instead site-specific DNA recombination and
minicircle technology have made it possible to deliver recombinant cccDNA mole-
cules into hepatoma cells (Yan et al. 2017). rcccDNA support stable HBV produc-
tion, and use of a luciferase reporter system facilitates development of compounds
that target cccDNA, but the model cannot be used to examine viral entry (Allweiss
and Strick-Marchand 2020) and delivery of rcccDNA into mice through hydrody-
namic injection or adenovirus is technically challenging and may induce inflamma-
tion in the liver (Yan et al. 2017; Li et al. 2018).

3.7 NTCP Expression as a Limiting Factor for HBV Infection

The revelation that NTCP serves as the primary HBV receptor went far to help
understand the species- and tissue-specificity of HBV infection and revealed a
potential approach to develop new infection models (Watashi et al. 2014). The lack
of robust NTCP expression in hepatoma cell lines prevents HBV from binding and
entering HepG2 cells, and the rapid decrease in NTCP expression in PHH cell cul-
ture limits the ability of cultured cells to maintain long-term infection (Chen and Ye
2012). While HepaRG cells do express NTCP, the orientation of the basolateral
membrane limits physical access by the virus (Schulze et al. 2012).

3.8 NTCP-Expressing Cell Lines.

Once the identity of the HBV receptor was known, it became possible to modify
existing hepatoma cells to support HBV entry and spread among cells (Li and Urban
2016), leading to the development of NTCP-expressing cell lines such as hNTCP-
HepaRG, hNTCP-Huh, hNTCP-HepG2, and hNTCP-HEK293 (Yan et al. 2012;
Iwamoto et al. 2014). For example, Iwamoto et al. transfected an NTCP expression
plasmid into HepG2 (Iwamoto et al. 2014). The resulting HepG2-NTCP-C4 cells
could be infected with serum-derived HBV with an infection rate close to 50%. Yan
et al. transfected the pcDNAG6-NTCP plasmid into HepG2 cells to produce the
HepG2-NTCP12 line and improved the initially low infection rate using
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centrifugation (Yan et al. 2015). Although NTCP expressing cell lines are promis-
ing, production of HBs antigen, HBe antigen, and HBV DNA remain low even with
the use of a high viral titer (6000-18,000 GEg/cell) (Yan et al. 2012; Iwamoto et al.
2013; Ni et al. 2014). While NTCP is the primary receptor for HBV, co-receptors or
other host factors that are deficient in hepatoma cells probably assist in viral entry
or replication. For example, RNA silencing of glypican 5 (GPC5) hindered HBV
binding and suppressed HBsAg and HBV pgRNA levels, suggesting that GPC5
plays an accessory role in HBV entry (Verrier et al. 2016b). Similarly, Iwamoto
et al. recently showed that epidermal growth factor receptor (EGFR) is critical for
internalization of bound virions (Iwamoto et al. 2019). It is likely to be necessary to
induce expression of additional host factors in order to achieve efficient HBV repli-
cation in hepatoma cells (Tnani and Bayard 1999).

3.9 Human Hepatocytes Isolated from Humanized Mice

Given the variety of challenges of restoring hepatocyte-specific gene expression in
hepatoma-derived cell lines, improving the cell culture properties of primary hepa-
tocytes remains an important goal. While PHHs are known to rapidly lose infectiv-
ity in culture, Ishida et al. noted that human hepatocytes explanted from human
hepatocyte chimeric mice tended to remain infective longer (Ishida et al. 2015).
They proposed the humanized mouse model as a source of primary human hepato-
cytes (Fig. 2.1). Cryopreserved hepatocytes from a single donor are transplanted
into uPA/SCID mice (Tateno et al. 2004), allowed to proliferate, and then isolated
using a two-step collagenase perfusion method and cultured in hepatocyte clonal
growth medium. While the need for an animal model as a first step in establishing
an in vitro model is expensive and complex, this approach offers several advantages,
including a 500-1000 fold increase in yield in the number of cells derived from the
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Fig. 2.1 Human hepatocyte chimeric mice as a source of primary human hepatocytes. Human
hepatocyte chimeric mice are prepared by transplanting cryopreserved human hepatocytes from a
donor into urokinase-type plasminogen activator-transgenic/severely combined immunodeficient
(uPA/SCID) mice. Hepatocytes divide several times and repopulate the mouse liver. Human hepa-
tocytes are then isolated from the mouse livers and grown in culture
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same donor, as well as better homogeneity and higher rates of infection and virus
production than PHHs, HepaRG, and NTCP-HepG2 cell lines.

3.10 Non-Cancer-Derived Immortalized Human Hepatocytes

The use of cancer cells has made it possible to analyze the HBV life cycle in detail,
but cancer cell lines differ from primary hepatocytes in a number of ways. E/NtG8
cells are immortalized NTCP expressing human hepatocytes that do not derive from
a cancer cell line (Akahori et al. 2020). When cultured under three-dimensional
conditions, the cells support infection with HBV from blood as well as from recom-
binant HBV from culture, suggesting that E/NtG8 cells may support investigation
of the HBV life cycle under conditions that better replicate the liver environment.

3.11 Improvements to Primary Hepatocyte Culturing

One disadvantage of cell culture is that normal interactions among cells of the
same and different types cannot be fully recreated. Hepatocytes are by far the
most common cells in the liver (80%), but the remaining 20% of cells are also
important in establishing the functional architecture of the sinusoid. A number of
approaches have been made to more accurately model the liver microenviron-
ment, including 2D, 3D, or microfluidic culture, and co-culture with non-paren-
chymal cells (Shlomai et al. 2014; Godoy et al. 2013; Petropolis et al. 2016).
Although complex, these approaches might yield insight into early steps in infec-
tion that are difficult to examine by other means, such as passing through the
sinusoidal endothelial barrier and interaction with Kupffer cells and hepatic stel-
late cells (Petropolis et al. 2016).

3.12 Hepatic Cell Lines Derived from Human Induced
Pluripotent Stem Cells

Unraveling the formation and maintenance of cccDNA represents a key goal in the
development of HBV therapies. While PHHs recapitulate some aspects of the cellular
environment within the liver, PHHs are in limited supply and lose infectivity rapidly.
An alternative approach is to induce pluripotency in somatic cells and then drive hepa-
tocyte-specific cell differentiation. For example, stem cell-derived hepatocyte-like
cells (HLCs) possess characteristics of mature hepatocytes and can be used for drug
testing (Xia et al. 2017). Kaneko et al. developed two induced pluripotent stem cell
(iPS) models of HBV infection: immature proliferating progenitor-like cells (iPS-
HPCs), and differentiated hepatocyte-like cells (iPS-Heps) (Kaneko et al. 2016). HBV
replicates successfully and induces a primary hepatocyte-like innate immune response
in both cell lines. While iPS-Hep cells supported higher infection efficiency, iPS-HPC
cells were more homogeneous and easier to culture. Overexpression of NTCP helped
to improve infection efficiency in iPS-HPC cells. cccDNA is detectable in these cells
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and is maintained by inhibition of the Janus-kinase pathway. Therefore, iPS cells can
serve as a suitable substitute for primary human hepatocytes for large-scale applica-
tions such as drug screening (Kaneko et al. 2016).

4 Conclusions

In hindsight, it is remarkable how much progress has been made in unraveling the
HBV life cycle and developing antiviral therapies given the lack of animal models
and limitations in the ability to infect hepatocyte-derived cells in vitro. Nonetheless,
infection with related but distinct viruses or delivery methods that omit part of the
viral life cycle, as well as the use of immunocompromised non-primate animal
models, has in some cases led to confusion in interpreting the role of host factors
and identifying drug targets, suggesting that candidate drugs must be evaluated
using more than one model (Allweiss and Strick-Marchand 2020). Most notably,
this ambiguity long delayed the discovery of the primary HBV receptor. The lack of
NTCP in hepatoma cell lines and small animal models explained much of the spe-
cies and tissue specificity of HBV, and it became possible to modify existing cell
lines to gain or improve infectivity. While overexpression of NTCP can allow HBV
to enter previously non-susceptible cells, infection rates are typically far below
maximum levels observed in vivo, suggesting that additional factors may be
involved that are lacking in cultured cells. Improvements in primary hepatocyte cell
culture have also helped to overcome problems due to use of immortalized cell
lines. Recent attempts to recreate the microarchitecture and cell-to-cell interactions
of the liver help to bridge the gap between in vivo and in vitro experiments and
provide insight into aspects of HBV binding and viral spread that are difficult to
address by other methods. While the chimpanzee is no longer a viable option as an
animal model in many countries, several other primates and small animal models
have been established, including tree shrews and macaques. Similarly, human hepa-
tocyte chimeric mice, as well as immunocompetent mouse models, can be used to
examine different aspects of the immune response in a mouse model. Each experi-
mental system has advantages and disadvantages, and no single system is currently
useful for all purposes, but the current arsenal of models and delivery methods are
suitable for a wide range of research questions. The stage is finally set for a new era
in research into the treatment of chronic HBV infection.
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