
In Vivo Model Systems for Hepatitis B Virus Research
Ana Maria Ortega-Prieto, Catherine Cherry, Harry Gunn, and Marcus Dorner*

Section of Virology, Department of Medicine, Imperial College London, W2 1PGLondon, U.K.

ABSTRACT: Hepatitis B virus (HBV) affects more than 257
million people globally, resulting in progressively worsening liver
disease, manifesting as fibrosis, cirrhosis, and hepatocellular
carcinoma. The exceptionally narrow species tropism of HBV
restricts its natural hosts to humans and non-human primates,
including chimpanzees, gorillas, gibbons, and orangutans. The
unavailability of completely immunocompetent small-animal
models has contributed to the lack of curative therapeutic
interventions. Even though surrogates allow the study of closely
related viruses, their host genetic backgrounds, immune responses, and molecular virology differ from those of HBV. Various
different models, based on either pure murine or xenotransplantation systems, have been introduced over the past years, often
making the choice of the optimal model for any given question challenging. Here, we offer a concise review of in vivo model
systems employed to study HBV infection and steps in the HBV life cycle or pathogenesis.
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Hepatitis B virus (HBV) is a global health concern,
resulting in approximately 1 million human deaths

annually.1 Despite the availability of a protective vaccine, the
often-lacking birth-dose immunization in many countries
results in 10−30 million new infections each year.2 HBV
belongs to the Baltimore scheme VII classification, being a
partially double-stranded DNA virus that transitions through
an RNA intermediate through its reverse transcriptase.3

Treatment for HBV infection consists of pegylated interferon
(IFN) alpha and reverse transcriptase inhibitors, or combina-
tions thereof, which do not constitute a cure, resulting in
universal viral rebound if treatment is interrupted.4 Currently,
many novel therapies, including direct-acting antiviral com-
pounds and host factor targeting, are being developed.5

However, the exceptionally narrow species tropism of HBV
coupled with the recent ban on the use of chimpanzees in
biomedical research makes the evaluation of new therapies in
regard to curative potential difficult. Thus far, the molecular
determinants for the restriction of HBV in non-human model
systems remain largely elusive.
HBV initially binds to heparan sulfate proteoglycans

(HSPGs)6 and enters hepatocytes in the liver through
interaction of its glycoprotein preS1 with the sodium/bile
acid co-transporting polypeptide (NTCP).7 Once HBV is
internalized via either clathrin-8 or caveolin-mediated mecha-
nisms,9 HBV particle-containing endosomes are transported
from early to mature endosomes,10 and enveloped Dane
particles fuse with the endosomal membrane by thus far
unknown mechanisms. Following release of HBV capsids into
the cytoplasm, they are transported along microtubules to the
nuclear pore.11 In contrast to other viruses, HBV nucleocapsids
are imported intact into the nucleus, potentially via a core
protein-encoded nuclear localization signal and importin beta
binding motif.12−14 Upon entry of these nucleocapsids into the

nuclear pore, nucleoporin (Nup) 153 arrests HBV and allows
only mature capsids to enter.15 Once inside the nucleus, the
capsid disintegrates and releases the relaxed circular HBV
genome, which subsequently undergoes a set of highly
orchestrated modifications to remove the covalently linked
reverse transcriptase, ligate the complete negative DNA strand,
complete the incomplete positive strand, and remove a capped
RNA intermediate to form the covalently closed circular (ccc)
DNA genome, which serves as a transcriptional template for all
HBV transcripts.16 The cccDNA genome is highly associated
with host chromatin structures, forming the cccDNA “mini-
chromosome”.17 This includes binding of not only host
histones, signaling mediators (e.g., STAT1/2/318,19), tran-
scription factors (e.g., HNF1a/HNF4a19), histone-modifying
enzymes (e.g., histone acetyltransferases, histone deacetylases,
histone methyltransferases),20−22 and nuclear receptors (FXR,
GR)23 but also viral proteins, including hepatitis B X protein
(HBx)24 and hepatitis B core (HBc),25 all of which regulate
the transcriptional activity of cccDNA.
Host cell polymerase II subsequently transcribes four

subgenomic mRNA species, encoding the three glycoproteins,
preS1, preS2, and S, as well as the HBx. Additionally, two
overlength mRNA species, pre-core and pre-genomic RNA, are
produced. These serve as translational templates for hepatitis B
e antigen (HBeAg) in the case of pre-core RNA as well as the
core protein and the reverse transcriptase, which are produced
from pre-genomic RNA by thus far poorly understood
mechanisms.26 The HBV reverse transcriptase directly binds
to the HBV encapsidation signal structure of the pre-genomic
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RNA and initiates packaging in association with the HBc.27,28

Once immature HBV capsids are formed, the reverse
transcriptase reverse transcribes pre-genomic RNA to form
de novo relaxed-circular, partially double-stranded DNA
(rcDNA).29 The capsids travel along the secretory pathway
and are enveloped prior to release (Figure 1).
Many of these viral life cycle stages are not recapitulated in

non-human cells, ranging from the highly specific interaction of
HBV with human NTCP to the nuclear import of capsids and
the formation of cccDNA. This has resulted in the creation of
several model systems recapitulating individual parts of the
HBV life cycle in vivo.

■ CHIMPANZEE MODEL OF HBV
Chimpanzees are the only primate model for HBV infection.
The identification of hepatitis B surface antigen (HBsAg) in
chimpanzee serum led to the conclusion that chimpanzees are
susceptible to infection with HBV.30,31 Following these early
studies, chimpanzees became a crucial model for HBV
infection. As little as one genome equivalent of virus from a
previously infected animal can cause infection in a naiv̈e
chimpanzee, in contrast to the thousands of genome

equivalents needed for in vitro infection models.32 Other
sources of viruses that have been used to infect chimpanzees
include sera from chronic HBV patients, recombinant HBV
DNA, and cell-line-derived HBV. Reports demonstrating that
chimpanzees exposed to HBsAg could generate long-term
protective immune responses enabled the development of
HBV vaccines.33 The first to be developed, using HBsAg from
the serum of chronic HBV carriers,34 was replaced by one
constituting HBsAg purified from Saccharomyces cerevisiae.35

Both relied heavily on safety testing performed in chimpanzees.
The realization that MHC and HLA have similar peptide

binding characteristics in humans and chimpanzees sub-
sequently enabled the use of the chimpanzee to study the
host response to infection. One of the main advantages of
using chimpanzees is that liver biopsies can be taken
throughout experimental studies. Liver biopsies have enabled
interferon-stimulated gene (ISG) expression analysis within
the liver, showing the absence of ISG induction early in
infection and the importance of a strong CD8+ T cell response
for viral clearance at later stages of infection.36,37 Depletion of
CD8+ T cells had little effect on early infection but severely
impacted the duration of infection, and priming of the CD4+

Figure 1. Life cycle of hepatitis B virus.
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response at early infection is crucial for a functional CD8+

response.32 Chimpanzees are capable of establishing chronic
infections at frequencies similar to those of chronic infections
seen in humans. Studying cccDNA persistence, a vital
component for chronic infection, has therefore been possible
in chronically infected chimpanzees.38 This has enabled the
study of many parameters over the course of chronic
infections, including viral DNA integration and the clonal
expansion of infected hepatocytes.39

The chimpanzee was used in multiple drug studies informing
the design of future clinical trials. Initial studies of GS-9620, a
TLR7 agonist, in chronically infected chimpanzees showed a
reduction in viremia.40 This drug candidate was taken forward
to clinical trials, where no reduction in serum HBsAg levels
was observed, though there was an increase in T cell
responses.41 An approach using small interfering (si) RNA
against conserved HBV regions designed to specifically target
hepatocytes gave promising results in vitro and was evaluated
in chronically infected chimpanzees and HBV-infected
patients.42 In this phase II study, the reduction in viremia
was dependent on the HBeAg status of the patients. By using
this siRNA treatment (ARC-520) in chronically infected
chimpanzees, it was shown that HBsAg can be produced in
large amounts from integrated HBV DNA. Once HBV DNA
integrates, it may lose the siRNA target sites, resulting in a loss
of efficiency. This observation could not have been made with
data from patient trials alone. However, there are differences in
disease progression between chimpanzees and humans, since
chimpanzees rarely develop HBV-associated hepatocellular
carcinoma (HCC).
Due to ethical constraints, in vivo research has moved away

from using chimpanzees. There have been attempts at
establishing other non-human primate models, following the
detection of HBV in other primate species, including gorillas,
orangutans, and macaques. Infectious virus has been isolated
from woolly monkeys43 and capuchin monkeys44 and has been
shown to be capable of infecting human hepatocytes.43 After
intrahepatic injections, Barbary macaques (Macaca sylvanus)
show markers of viral infection.45 Endogenous HBV was found
in cynomolgus macaques in 2013, but these macaques could
not be infected with recombinant HBV.46,47 However, Rhesus
macaques expressing human (h) NTCP through adeno-
associated viral delivery were recently shown to be susceptible
to HBV infection.47 This is, to date, the first description of
establishment of cccDNA in macaques, but furthermore it
evaluates pathogenesis and immune responses in an immuno-
competent primate model of HBV infection.

■ TREE SHREW MODEL OF HBV
The northern tree shrew, Tupaia belangeri, is the only non-
primate susceptible to human HBV. Demonstration of
susceptibility to infection in primary Tupaia hepatocytes in
vitro and in vivo highlighted the possibility using of the tree
shrew as an immunocompetent HBV infection model.48

However, experimental limitations such as the lack of tupaia
antibodies and other reagents have hindered their use.
Nevertheless, Tupaia have made considerable contributions
to the HBV field, as it was in this species that NTCP as
receptor for HBV infection was first identified.7 With the
development of more assays and reagents, more research is
being performed using Tupaia. This has resulted in the
description of reduced IFNβ responses in HBV-infected
Tupaia.49 Similar to chimpanzees, Tupaia are susceptible to

chronic infections at rates similar to those observed in humans,
but, in contrast to chimpanzees, they develop HBV-associated
HCC.50,51 Pathological changes in the liver are also consistent
with disease progression in humans.52 The main use of Tupaia
in the context of HBV infection focuses on the similarity to
humans with chronic HBV and HCC, but with experimental
assays continuing to be developed, the Tupaia may become a
very useful model for acute HBV infection.

■ SURROGATE MODELS FOR STUDYING HBV
Woodchuck Hepatitis Virus. Woodchuck hepatitis B

virus (WHBV) was first identified in the 1970s.53 WHBV has a
high homology to HBV and can cause both acute and chronic
infections. There is only one major genotype of WHBV, in
contrast to the eight of HBV, and there are differences between
the post-transcriptional regulatory elements (PREs) involved
in nuclear export of unspliced transcripts and regulating
expression of transcripts. HBV has a bipartite PRE, compared
to the more active tripartite PRE from woodchucks (WPRE),
which has an additional element.54 Due to the high activity
level, WPRE has been used to promote expression in genetic
vectors.55

The most commonly used woodchuck species is the
American Marmota monax, though the Chinese Marmota
himalayana is also susceptible to infection.56 The rate of the
animals’ development of chronic infections is very similar to
that in humans, with 60−75% of infections in neonatal animals
but only 5−10% of adults progressing to chronic infection.57

Additionally, almost all infections in woodchucks lead to HCC
due to viral integration resulting in the activation of myc, with
disease progression comparable to that in humans.58 Studying
pathogenesis in woodchucks has recently been made possible
by the development of a CD107a assay to study antigen-
specific T cell responses, which was not possible previously.59

This demonstrated the importance of cytotoxic T cell
responses in WHBV infection and has led to the woodchuck
model being used for developing therapeutic vaccines. In
contrast to the HBsAg prophylactic vaccine, a therapeutic
vaccine against HBV has been the focus, initially suppressing
viral load and subsequently inducing immune responses against
HBV. DNA vaccines are promising candidates here since they
induce strong T cell responses. Combining DNA vaccines with
vaccine antigens, such as woodchuck (w)HBsAg, after
pretreatment with lamivudine resulted in a reduction of the
viral load, though the response was not sustained.60

Optimization of the three components could lead to a more
efficient vaccination. Alternative strategies to develop a
therapeutic vaccination involve the use of a DNA prime
injection followed by an adenoviral (AdV) boost. This was
shown to induce T cell responses in naiv̈e woodchucks,61 while
in chronically infected woodchucks, entecavir with the DNA
prime-Adv boost significantly reduced viral markers, and some
animals cleared infection.62 An effective therapeutic vaccine
would be beneficial for the hundreds of millions of people with
chronic infections and would have advantages over life-long
antiviral treatments.

Duck Hepatitis Virus. Duck hepatitis B virus (DHBV) is
the least similar to HBV, with only 40% sequence homology.
Since its discovery in 1980,63 it has been a valuable model for
testing antiviral compounds both in vivo using ducklings and in
vitro with primary duck hepatocytes. A significant difference
compared to HBV lies in viral entry, since the preS domain of
the large surface protein of DHBV binds specifically to duck
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carboxypeptidase D64 and shows no affinity for chicken or
human versions of the protein.65 Ducks have been used
extensively in the study of cccDNA, in part due to the high
numbers of cccDNA copies found in infected duck hepato-
cytes66 and the comparatively high efficiency of cccDNA
formation.67 Key experiments identifying the formation and
maintenance of cccDNA were performed in ducks, including
those performed by Summers et al.68,69 Increasing the age of
ducks at the time of DHBV inoculation corresponded with a
decrease in the development of chronic infections,70 mirroring
the situation in humans, where in adults the rate of chronic
infections is 5−10%. However, infected ducks do not develop
cirrhosis or HCC. Despite this, they have been a useful model
for studying viral replication and the efficacy of antivirals, such
as entecavir.71,72 Overall, the difference between human and
duck hepatitis means that results from drug studies may vary
considerably between species.
Transgenic Models of HBV. Given the many advantages

of mice in biomedical research in regard to genetic versatility,
ease of manipulation, and the wealth of available data, large
efforts have been undertaken to establish transgenic murine
model systems to study the molecular virology and patho-
genesis of HBV. These can be separated broadly into single
HBV protein-transgenic mice and full genome-transgenic mice
(Table 1).
Hepatitis B Virus Surface Antigen (HBsAg)-Transgenic

Mice. In 1985, the first transgenic mouse expressing the HBV
envelope protein was developed.73 Such mice produce large
quantities of HBsAg particles, which are indistinguishable from
those present in HBV-infected humans. Notably, these mice
did not exhibit signs of pathology and failed to produce
antibodies specific to HBsAg, even after immunization. This
suggests that liver damage caused by HBV infection is not
directly related to the expression of the HBV envelope protein.
However, the complete tolerance caused by germ-line-encoded
HBV envelope proteins may not reflect infection-associated
pathology. Subsequently, HBV-envelope-transgenic mice,
originally produced by Chisari et al.,74 were crossed to two
distinct genetic backgrounds, C57BL/6 and BALB/c, which
revealed that the pathology of the HBV envelope protein is
dependent on the host genetic background.75 Interestingly,
other studies using the same model showed that the

overexpression of HBV large envelope protein by oral
administration of zinc inhibits HBsAg secretion76 and that
exogenous stimuli using lipopolysaccharide or tumor necrosis
factor (TNF) α down-regulates HBV gene expression.77

Recently, it was demonstrated that the time-dependent
reduction of HBsAg secretion in this model is due to
hypermethylation of specific CpG sites. The absence of
HBsAg expression decreases cell stress and improves liver
integrity, which identified the modulation of HBsAg expression
as a possible therapeutic approach for HBV-infected patients.78

Hepatitis B Virus Core Antigen (HBcAg)-Transgenic Mice.
In 1994, Guidotti et al. developed the first transgenic mouse
expressing the HBV core protein.79 This model suggested that
nucleocapsid particles do not cross the hepatocyte nuclear
membrane. HBcAg becomes detectable slowly and requires
weeks to be detectable in mouse hepatocytes. HBcAg
localization is exclusively nuclear, being detectable in the
cytoplasm only during mitosis, when the nuclear membrane
dissipates. Data from a second HBcAg-transgenic mouse model
did not demonstrate any evidence of liver injury.80 In this
model, extrathymic expression of HBcAg resulted in T cell
tolerance at the level of T cell proliferation, despite the fact
that HBcAg is localized primarily in hepatocytes and to a lesser
extent in the kidney, whereas it is undetectable in the serum or
the thymus other lymphoid tissues. In vivo, anti-HBc antibody
production following HBcAg immunization is decreased in the
transgenic mice compared to non-transgenic littermate
controls. However, no spontaneous anti-HBV core antibody
is produced in the transgenic mice in the absence of
immunization.81

Hepatitis B Virus Pre-core Antigen (HBeAg)-Transgenic
Mice. The first HBeAg-transgenic mouse was generated in
1990.82 HBeAg is not essential for viral infection or replication
but is believed to be relevant for the establishment of chronic
infection and responsible for modulation of immune responses
during chronic HBV infection. During vertical transmission, it
has been demonstrated that the rates of establishing chronic
infection are higher in babies born from HBeAg-positive
mothers, compared to HBeAg-negative mothers.80 In contrast,
babies infected during birth from HBeAg-negative mothers
experience acute or fulminant infection instead of chronic
infection.83 Subsequently, the HBeAg-transgenic mouse was

Table 1. Transgenic HBV in Vivo Models

antigen promoter subtype background strain pathogenesis ref

HBsAg HBV or metallothionein ayw C57BL/6 × SJL hybrid none 56
albumin ayw C58BL/6J inflammation, aneupleudy, HCC predominantly in male mice 57
albumin ayw Balb/C liver injury, fibrosis 58

HBcAg major urinary promoter ? C57BL/6 × SJL hybrid none 62

HBeAg metallothionein promoter ayw B10.S none 65

HBx HBV adr C57BL/6 benign adenomas, HCC predominantly in male mice 67
HBV adr C57BL6 × DBA HCC 69
HBV adw2 ICR × B6C3F1 none 71
HBV ayw C57BL/6J × DBA/2 none 72

full genome − ayw C57BL/6J × SJL/J none 73
− adr4 C57BL/6 none 74
− ayw C57BL/6 or B10.D2 none 75
− adr C57 none 80
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developed to investigate the role of immunological tolerance
mechanisms in chronic infection. These mice are completely
tolerized to HBeAg and HBcAg at the T cell level. They fail to
produce antibodies recognizing HBeAg, but the B cells secrete
anti-HBc antibodies. These findings mimic the immunological
state of newborn babies of carrier mothers. The T cell
tolerance is dependent on the presence of HBeAg, since
otherwise T cell tolerance can reverse. In conclusion, this
explains, at least in part, the reason for the inverse correlation
between age and rate of chronic infection.82

Hepatitis B Virus X (HBx)-Transgenic Mice. HBx is a
multifunctional protein with oncogenic potential that partic-
ipates in the transition from chronic hepatitis B to cirrhosis and
HCC as well as other processes relevant during infection. The
first HBx-transgenic mouse was created in 1991,84 and
transgenic animals expressing HBx suffered histopathological
modifications in the liver, including areas of altered
hepatocytes, development of benign adenomas, and finally
the formation of malignant carcinomas. The outcome is
different according to sex, with male mice developing terminal
disease before female mice do. The level of HBx antigen
expression plays an important role in the outcome as well. The
tumor formation in transgenic mice with low expression of
HBx protein is similar to that in non-transgenic control mice.
However, 84% of transgenic mice with high expression of HBx
protein develop liver cancer. The hepatocytes in areas of the
liver showing altered morphology have increased DNA
synthesis and presence of aneuploid peaks prior to tumor
development.85 Even though these results have been
independently confirmed,86 there is a plethora of contradicting
reports,87−89 leaving the role of HBx in carcinogenesis unclear,
to date.
Replication-Competent Full-Length HBV-Transgenic

Mice. The single HBV-protein-transgenic mice developed
over the years have facilitated the study of assembly, secretion,
immune responses, and functionality of these proteins in an in
vivo system. However, the presence of all viral proteins and
replicative capacity are essential for a better understanding of
HBV in an in vivo context.
A first attempt at generating an HBV-transgenic mouse was

made in 1988, but the mice failed to transmit the transgene
through the germ line.90 The first HBV germ-line-transmitted
transgenic mouse expressing the full HBV viral genome was
subsequently created in 1989.91 This model was designed to
express the HBV genome constitutively in all organs to
evaluate the immune response to the different viral antigens. In
this model, HBsAg and HBeAg were detectable in the serum,
and all viral RNA transcripts were detected in the liver and
kidneys of these mice. HBV DNA was detectable in the
cytoplasm of the cells in the liver and kidneys and also in the
serum. HBV DNA is packaged into core particles, forming
virions equal to the ones generated in HBV-infected patients.
The second model, developed in 1995, exhibits much higher

levels of HBV replication compared to the other two models
developed previously.92 HBV replication in this model is
similar to that of HBV chronically infected patients. Different
viral markers are highly expressed in liver and kidneys, and viral
replication does not induce any cytopathic effect in the mouse
hepatocytes. Viral RNA increases over several weeks, reaching
a stable plateau 4 weeks after birth. Even though HBV RNA is
mainly present in the liver and kidneys, it can also be found in
other organs, including the stomach, small intestine, pancreas,
and heart. At the protein level, HBsAg, preS1 and HBeAg are

detectable in urine and serum, whereas HBcAg is detectable
only in the liver and kidney. HBcAg is, similar to the
observation in HBcAg-transgenic mice, localized in the nuclei
and can be detected only in the cytoplasm of centrilobular
hepatocytes and areas close to the renal medulla in the kidneys.
HBx could not be detected at the protein level in these mice.
HBV DNA is readily detectable by Southern blotting in
nuclear and cytoplasmic extracts of the liver. However, HBV
DNA is only DNase-resistant in the cytoplasm, demonstrating
that the reverse transcription is occurring within the
nucleocapsid and suggesting that mature nucleocapsid
containing the HBV DNA genome cannot pass through the
nuclear pore into the nucleus. Since viral RNA is transcribed
from the integrated transgene, no cccDNA is detectable.
Infectious viral particles are secreted into the circulatory
system, as demonstrated by inoculating chimpanzees with the
serum of HBV-transgenic mice.36 HBV DNA in these mice is
associated with the HBV polymerase, and electron microscopy
showed the production of Dane particles equivalent to the
ones produced by HBV-infected patients. In regard to
pathogenesis, histological analysis did not show any sign of
exacerbated pathogenesis, suggesting no direct relation to HBV
antigen but a relation to the antiviral immune responses
produced by the host. The HBV-transgenic mouse has been
used extensively over the years and has greatly contributed to
our knowledge of HBV infection. Guidotti et al. demonstrated
that viral clearance in HBV infection is not due to the
elimination of infected cells by the cytotoxic T cells, as is the
case for other viruses.93 Furthermore, type I IFN and ISG,
including interferon regulatory factor (IRF) 1, protein kinase
(PK) R, and ribonuclease (RNase) L, tightly regulate HBV
replication in HBV-transgenic mice.94 This model has also
demonstrated that the reduction of HBV gene expression and
replication in the liver upon adoptive transfer of cytotoxic
T cells is mediated by IFNγ and TNFα, since blocking these
cytokines with antibodies prevents viral clearance. Recently,
HBV-transgenic mice have been extensively used to assess the
molecular determinants for immunosurveillance within the
liver by intravascular effector T cells, which greatly contributed
to our understanding of intrahepatic immune responses.95

Other studies in HBV-transgenic mice elucidated the role of
antigen-nonspecific inflammatory cells, including neutrophils,
Kupffer cells, and platelets.96−100

Subsequently, another strain of HBV-transgenic mice based
on the adr subtype of HBV was produced, and these mice,
similar to the original HBV-transgenic mice, secrete Dane
particles and exhibit mildly elevated alanine aminotransferase
(ALT) levels.101 Surprisingly, another transgenic strain
harboring the adw subtype was described, and the authors
reported hepatocellular neoplasms with liver nodules and
increased incidence of HCC.102 It remains, however, unclear
what governs the differences in these strains.
Tian et al. demonstrated that HBeAg is a critical factor for

the establishment of chronic infection during vertical trans-
mission103 by using yet another HBV-transgenic mouse
strain.104 HBeAg is responsible for the impairment of CD8+

T cell responses in the offspring by upregulation of
programmed death ligand 1 (PD-L1) and alteration of the
polarization of hepatic macrophages.
For a more in-depth study of the immune responses to HBV,

Baron et al. generated two alternative versions of HBV-
transgenic mice.105 Mice expressing large, medium, and small
HBV surface antigens as transgenes in the liver106 were
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backcrossed to immunodeficient (recombination activating
gene (Rag)-1−/−)107 or T cell receptor C-α chain-deficient
(TCR C-α−/−) mice.108 The adoptive transfer of naiv̈e
splenocytes into these mice allowed the evaluation of immune
responses and pathologic evolution. Nonclassical natural killer
T cells (NKT cells) get activated by hepatocytes expressing
hepatitis B viral antigens.105 Furthermore, NKG2D and its
ligand, retinoic acid early inducible-1 (RAE-1), are modulated
in the livers of these transgenic mice on NKT cells by HBV.
Inhibition of the NKG2D−ligand interaction completely
prevented nonclassical NKT cell-mediated acute hepatitis
and liver injury.109 Additionally, this has led to a better
understanding of the successful immune control of HBV by
adult individuals. Interleukin (IL) 21 and OX40 (CD134) play
important roles in HBV persistence in young individuals versus
adults due to age-dependent changes in their expression.110,111

Also, the function of liver macrophages on lymphoid
organization and immune priming within the adult liver has
an impact on promoting successful immunity to control HBV
infection.110

HBV-transgenic mice have been very useful for the
evaluation of antiviral drugs and treatments, including IFN,
poly(IC), IL15, nucleoside analogues, lamivudine, adefovir,
and entecavir, and for the understanding of their mechanisms
of action in some cases.93,112−118 Additionally, it was
demonstrated that siRNA targeting the HBV RNA transcripts
can effectively suppress viral replication119−121 and that 5′-
triphosphorylated HBV-specific siRNAs activating the retinoid
acid-inducible protein I-dependent pathway can induce the
production of type I IFN and inhibit viral replication
directly.122

In summary, HBV-transgenic mice recapitulate replication
and secretion of HBV infectious viral particles, making them
powerful tools for the study of some steps of the HBV viral
cycle, viral pathogenesis, and development of liver cancer.
However, they do not recapitulate viral entry, nuclear import,
and cccDNA formation, which are crucial to developing new
therapies and investigating HBV infection in a more
physiological context. Due to their immunotolerant nature,
HBV-transgenic mice do not develop hepatitis, and the study
of immune cells requires adoption of naiv̈e cells. Viral
clearance cannot be studied in this model due to the fact
that the HBV genome is integrated in the host genome, and
cccDNA is not produced. To study viral clearance, entry,
cccDNA formation, and interaction with adaptive immune
responses without immunotolerance, other mouse models have
been developed and can be used. They will be described in the
following parts of this Review.
Immunocompetent Mouse Models of HBV. In order to

circumvent the problems with immune tolerance associated
with germ line integration of HBV transgenes, several
alternative models were created, aiming at the transient
delivery of replication-competent HBV. In the absence of a
functional small-animal model recapitulating the early steps of
HBV entry, nuclear capsid import, and cccDNA formation,
alternative methods are required to deliver replication-
competent HBV DNA to the liver of these animals.
Hydrodynamic Delivery-Based Model Systems. The first

transient replication-competent mouse model for HBV is based
on hydrodynamic delivery (HDD) of overlength HBV DNA-
containing plasmids.123 HDD is a nonviral method for
intracellular gene delivery to the liver and involves the rapid
injection of a large liquid bolus containing the plasmid.124

Although generally well tolerated, this delivery method results
in sinusoidal expansion, disruption of fenestrae, and elevations
in aspartate aminotransferase (AST) and ALT levels.125 HDD
of HBV-containing plasmids results in rapid increases in
circulating viral antigen and Dane particles, comparable to
those observed in the HBV-transgenic mouse. In comparison
to transgenic models, HDD is more versatile and has been used
to study replication of distinct HBV genotypes and to evaluate
drug resistance using reverse genetics.126 However, in
immunocompetent mice, HBV infection is rapidly sensed by
the mouse’s immune system and is usually cleared within 1−2
weeks.123 This model was used to evaluate HBV persistence
using a variety of immunodeficient mouse strains, demonstrat-
ing that CD4 and CD8 T cells, but not B cells, are responsible
for HBV clearance.127 Additionally, the same study revealed a
contribution of NK cells and type I IFN in the clearance
mechanism of HBV. While this model enables the study of
immune clearance, it is limited for studying curative therapies.
Similar to HBV-transgenic mice, all HBV transcripts
exclusively originate from the plasmid encoding the overlength
HBV genome, resulting in the general absence of cccDNA. To
bypass this step, a plasmid-free system was recently developed,
in which a recombinant HBV genome resembling cccDNA is
used for HDD.128 This approach was shown to result in
persistence of HBV in C3H/HeN mice, with at least part of
the delivered recombinant cccDNA being associated with host
chromatin.

Adenovirus and Adeno-Associated Virus (AAV)-Based
Model Systems. Since the transient nature of the HBV
HDD model does not allow for the analysis of pathogenesis or
immune responses during chronicity, viral gene delivery
vectors, including adenoviral129−131 and adeno-associated
viral vectors,132−134 were subsequently adapted for the delivery
of overlength HBV genomes into the livers of mice. HBV
infection in these models is rapidly established, and reports
have shown that both adenovirus and AAV delivery of HBV
genomes results in the formation of cccDNA.131,135 Of note,
however, transcriptional activity of pre-genomic RNA in these
models is driven by a cytomegalovirus promoter, rather than by
the HBV-intrinsic promoters, resulting in potentially differ-
ential RNA expression and ratios of viral proteins.
Interestingly, especially in the adenovirus-based HBV

system, the dose of adenoviruses used for infection directly
correlates with the outcome of infection. While high doses of
adenovirus result in immune-mediated clearance of HBV
infection, low doses of adenovirus were shown to lead to
persistent infection in immunocompetent mice.129 It is,
however, likely that adenoviral antigens, which are very
immunogenic, contribute to this effect. In contrast to this,
adeno-associated viral vectors usually do not induce immune
activation and have been shown to even induce immune
tolerance when delivered to the liver.136 Even though this is
beneficial when establishing HBV persistence in mice, the
resulting model exhibits HBV-tolerized T cells.133 Never-
theless, these models have been used to evaluate the impact of
TLR agonists134 as well as adenovirus-based vaccine
candidates137 on HBV infection.

Human NTCP-Transgenic Mice. The discovery of NTCP as
the key entry receptor for HBV,138 as well as the molecular
characterization of species-restricting binding residues of
NTCP,139 raised hopes that expression of human NTCP in
mice would render them susceptible to HBV infection. Even
though the transgenic expression of human NTCP in mice
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enables infection and persistence of hepatitis D virus
(HDV),140−142 which, as a viral satellite, utilizes the HBV
glycoproteins for entry, no evidence for successful infection
with HBV is available, to date. Several studies have since then
delineated that the absence of an essential host factor, rather
than the presence of a restriction factor, prevents HBV
infection in human NTCP-expressing mice.143−145 It remains,
however, unclear as to whether this block in infection is at the
level of capsid transport post endocytosis, nuclear capsid
import, or the formation of cccDNA.

■ XENOTRANPLANTATION MODELS FOR HBV

Human Liver-Chimeric Mice. In contrast to the trans-
genic expression or gene delivery of HBV genes or genomes in
mouse hepatocytes in vivo, human liver-chimeric mice are
circumventing the refractory nature of mice to HBV infection
by the engraftment of primary human hepatocytes (PHHs) in
highly immunodeficient mice. This most commonly entails
genetic deficiency in either Rag1107 or Rag2,146 or in the
catalytic subunit of DNA-dependent protein kinase (Prkdc),147

to abolish mature B and T cells as well as deficiency of the IL2
receptor common gamma chain,148 which results in reduced
lymphocyte numbers and NK cell deficiency.
All human liver-chimeric mouse models are based on the

same principle of causing murine hepatocellular damage,
thereby creating an advantageous environment for human
hepatocyte transplantation149−156 (Table 2). The means of
generating the underlying liver injury differs between models,
but three main background strains of mice are most commonly
used.
The urokinase-type plasminogen activator/severe combined

immunodeficiency (uPA/Scid) model was the first described
human liver-chimeric mouse, in which uPA expression in the
liver is driven via a hepatocyte-specific albumin promoter. Its
constitutive activity results in hypo-fibrinogenemia and severe
hepatotoxicity.157 Dandri et al. were the first to realize that this
environment presented an opportunity to transplant human
hepatocytes.149 The initial model, based on Rag2−/− mice, had
an engraftment rate of 15% and successfully infected HBV in
heterozygous uPA-Rag2−/− mice. Mercer et al. subsequently
crossed homozygous uPA mice with SCID/Beige mice and
demonstrated a considerably higher human hepatocyte

engraftment level.158 Homozygous uPA/SCID mice demon-
strate higher human hepatocyte engraftment levels and
prolonged viremia compared to heterozygous mice; this is
most likely due to somatic deletion of the transgene in
heterozygotes, leading to normal hepatocyte regeneration.157

Unfortunately, homozygous mice have a very narrow time
window in which human hepatocyte engraftment must take
place and a generally very high mortality rate.159 Homozygous
uPA mice are infertile, and normal hepatocytes from uPA−/−

mice are required to rescue their reproductive capability.159

Furthermore, the actual procedure of transplanting PHH into
extremely small and young mice, which are prone to severe
bleeding, is technically challenging.
In order to circumvent these challenges, Grompe et al.

subsequently developed a background strain with inducible
liver injury based on the deficiency of fumaryl acetoacetate
hydrolase (Fah).160 Fah deficiency disrupts the conversion of
fumaryl acetoacetate to fumarate and acetoacetate in tyrosine
catabolism, resulting in the accumulation of succinyl acetone,
which causes severe liver and kidney damage. Liver injury in
this model, however, can be prevented by providing the mice
with 2-(2-nitro-4-trifluoromethylethylbenzoyl)-cyclohexane-
1,3-dione (NTBC) in their drinking water. Initially, for the
creation of human xenografts, the Fah-deficient mice were bred
to Rag2−/−IL2rg−/− mice (FRG), and these became fully
established as a viable model when Bissig et al. demonstrated
97% human liver chimerism and successfully infected mice
with HBV.151 In contrast to the uPA/Scid model, FRG mice
require continuous weight-based cycling of NTBC in order to
sustain human hepatocyte engraftment for extended periods of
time.
Other models for inducible liver injury have been developed

over time, ranging from models with inducible active caspase 8,
where a synthetic dimerizer results in caspase 8-dependent
hepatocyte apoptosis,156 to models with transgenic expression
of the herpes simplex virus 1 (HSV1) thymidine kinase (TK),
where hepatocyte injury is induced by treatment with
ganciclovir.155 Common in all these models, PHHs are
injected intra-splenically in order to ensure equal distribution
in the liver, where the liver injury triggers the proliferative
expansion of the PHH to occupy the murine parenchyma.
Over the course of 1−3 months, depending on the quality of

Table 2. Model Systems of Different Human Liver-Chimeric Mice

model background mode of liver injury
inducible liver

injury
maximal

engraftment (%)
immune

reconstitution ref

uPA/Rag2 B6(Cg)-Rag2tm1.1Cgn albumin promoter-driven urokinase plasminogen
activator (uPA) expression

no 15 no 101
uPA/Scid-
beige

CB17.Cg-Prkdcscid
Lystbg‑J

no >50 no 110

BRGS-uPA C.Cg-Rag2tm1.1Fwa
IL2rgtm1Sug

no 50 yes 122

FRG C;129S4-Rag2tm1.1Flv
IL2rgtm1.1Flv

FAH deficiency resulting in accumulation of toxic
metabolites

yes 97 no 103

FRGN NOD.Cg-Rag2tm1.Fwa
IL2rgtm1.Sug

yes >80 yes 123

FNRG NOD.Cg-Rag1tm1.Mom

IL2rgtm1.Wjl
yes >80 yes 124

ACF8 C.Cg-Rag2tm1.Fwa
IL2rgtm1.Sug

dimerization of caspase 8 resulting in hepatocyte death yes 15 yes 108

TK-NOG NOD.Cg-Prkdcscid
IL2rgtm1.Sug

albumin promoter-driven HSV1 thymidine kinase
expression

yes 94 no (but
possible)

106
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the initially injected hepatocytes, the number of transplanted
hepatocytes, and the background strain used, over 90% of the
liver is replaced with human cells (Figure 2a).
In contrast to transgenic HBV models, human liver-chimeric

mice are highly susceptible to patient-derived HBV of HBeAg-
positive and HBeAg-negative isolates.149,161 Reports on the
exact susceptibility to infection with HBV, however, vary
widely. Only a few data are available on utilization of
minimum-dose infection studies, which suggests as little as a
single HBV virion launching infection.162 Most commonly,
however, inocula of 104−108 HBV genome equivalents are
used to initiate infection.153,163−168 HBV readily produces
cccDNA in the human hepatocytes, rendering them a valuable
tool for the development of cccDNA-targeting or curative
therapies.149,161

Human Immune System/Liver-Chimeric Mice. One of
the shortcomings of human liver-chimeric mice is their
complete immunodeficiency, limiting the study of curative
therapies, where immune-mediated clearance likely plays an
important role. To circumvent this, several groups have
adapted and combined humanized mouse approaches (e.g.,
the engraftment of a human immune system through
transplantation of human hematopoietic stem cells
(HSCs))169 with human liver-chimeric mice. In the classical
humanized mouse models, human HSCs are injected into
highly immunodeficient mice, similar to the ones used for
human liver-chimeric mice. These subsequently home to the

bone marrow and repopulate the animal with all major human
leukocyte lineages. Initial models of dually humanized mice
consisted of allogeneic sources of PHHs and HSCs.170,171 This,
however, requires complete HLA-matching of PHHs and
HSCs and does not account for mismatches in Killer cell
immunoglobulin-like receptors on NK cells. The main reason
for the use of allogeneic cell sources was the reduced ability of
human fetal hepatoblasts to successfully engraft in human liver-
chimeric mice.156,172 Even though the double humanization of
mice and subsequent infection with hepatitis C virus were
reported, liver engraftment in this model did not reach the
same level as compared to that following transplantation of
adult hepatocytes.156 However, the recent identification of
human oncostatin M (OsM) as a non-redundant growth factor
limiting the terminal differentiation and thus repopulation of
immunodeficient mice with fetal hepatoblasts has largely
overcome this.172 Providing mice with recombinant OsM
during the engraftment period results in mice with syngeneic
human liver and immune system (Figure 2b). Most strikingly,
Billerbeck et al. report that NK cells, which are usually largely
dysfunctional in humanized mice due to an incompatibility of
murine IL15, show functionality in human liver/immune
system mice.172 However, despite the ability to establish
persistent infection in this model, there have been no reports
on the induction of immune-mediated liver injury or fibrosis.
This may, at least in part, be due to the human immune system
in humanized mice not being fully functional, including absent

Figure 2. Creation of human liver-chimeric and syngeneic human liver chimeric/immune system mice.
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B cell and macrophage responses, unless extensive human
growth factors are supplied to the mice.173,174

■ CONCLUSIONS
Many different model systems have been described for
modeling individual aspects of the HBV life cycle or the
complete infection cycle in vivo (Figure 3). This can make the
choice of models difficult, since each model has its strengths
and weaknesses. Even though single HBV-protein-transgenic
mice have contributed to our understanding of the genes’
functions in vivo, their expression is mostly driven by
constitutive or tissue-specific, but not viral, promoters. The
resulting expression levels are, in many cases, much higher than
those observed in HBV-infected humans, and many reports
offer contradicting results as to their contribution to HBV
pathogenesis. They might, however, be a useful platform to
evaluate novel direct-acting antivirals inhibiting HBsAg
secretion or encapsidation of viral nucleocapsids.
In contrast, HBV-transgenic mice expressing the complete

HBV genome have greatly contributed to our understanding of
the HBV life cycle, its interaction with innate and adaptive
immune responses, and HBV-associated pathogenesis. Even in
the absence of HBV entry, this model has demonstrated that
murine hosts do not contain dominant-negative restriction
factors, paving the way to the creation of model systems
allowing infection of mice. Despite this, human NTCP-
transgenic mice have been shown to still be refractory to
HBV infection, suggesting that key steps of the viral life cycle,
from receptor engagement to generation of cccDNA, are still
not functional in mice. The major limitation of HBV-
transgenic mice is the immune tolerance of the mice, combined
with the lack of cccDNA and the integrated nature of the HBV
transgene. This poses significant problems when utilizing these
mice for the study of curative HBV therapies.
Even though hydrodynamic delivery and adenoviral and

adeno-associated viral delivery of HBV have been shown to
initiate transient or stable HBV infection, these model systems
hold the same inherent problems as the HBV-transgenic
mouse. HBV transcripts in these models are driven by
constitutively active promoters rather than viral promoters,

and, even though cccDNA was successfully detected in AAV-
HBV-infected mice,135 they still contain the delivered viral
genome within the AAV backbone, limiting their use for
evaluation of curative therapies. Nevertheless, these models, as
well as novel, backbone-free recombinant cccDNA models, are
extremely valuable for assessing immune responses to HBV
infection and may assist in the development of therapeutic
vaccinations or therapies based on the killing of HBV-infected
cells. However, given the high infectivity of HBV, it is likely
that re-infection of cells and virus spread will play important
roles in assessing the efficacy of curative therapies. Models
unable to recapitulate this step in the HBV life cycle may result
in over-interpretation of any approach aimed at eradicating
cccDNA from the liver.
Finally, human liver-chimeric mice have replaced the

chimpanzee as the gold-standard model for the evaluation of
the complete HBV life cycle in vivo. Although human liver-
chimeric mice were originally considered as a difficult to work
with and frail model system, novel background strains with
inducible liver injury and advanced generation protocols have
facilitated the creation of larger cohorts for inclusion in
preclinical studies. Among the main caveats, which hold true
even more so for dually human liver/immune system mice, are
the ethical concerns and limitations of PHH and HSC. Recent
advances in induced pluripotent stem cell (iPSC)-derived
hepatocyte engraftment of human liver-chimeric mice and their
subsequent HBV infection are very promising.175 However,
reports on iPSC-derived HSC and their engraftment are, to
date, very limited.176 If this were overcome, the resulting
model would allow for an indefinite cell source for
xenotransplantation.
Ultimately, however, a fully susceptible, immunocompetent

mouse model for HBV infection would mitigate many of the
individual shortcomings of other models. Since HBV
replication and assembly have been shown to be successful
in mouse hepatocytes of the HBV-transgenic mouse models
and human NTCP-transgenic mice are susceptible to hepatitis
D virus infection, which utilizes the same receptor as HBV, it is
likely that any block in the HBV life cycle in mice is located at
the point of capsid nuclear import or the generation and

Figure 3. Comparison of different HBV in vivo model systems.

ACS Infectious Diseases Review

DOI: 10.1021/acsinfecdis.8b00223
ACS Infect. Dis. 2019, 5, 688−702

696

http://dx.doi.org/10.1021/acsinfecdis.8b00223


maintenance of cccDNA. If this could be overcome, the
resulting murine HBV model would greatly contribute to
assessing novel curative approaches as well as understanding
the complex pathogenesis of HBV infection.
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