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Viral hepatitis particularly Hepatitis B Virus (HBV) is still an ongoing health issue
worldwide. Despite the vast technological advancements in research and development,
only HBV vaccines, typically given during early years, are currently available as a
preventive measure against acquiring the disease from a secondary source. In general,
HBV can be cleared naturally by the human immune system if detected at low levels
early. However, long term circulation of HBV in the peripheral blood may be detrimental to
the human liver, specifically targeting human hepatocytes for cccDNA integration which
inevitably supports HBV life cycle for the purpose of reinfection in healthy cells. Although
there is some success in using nucleoside analogs or polyclonal antibodies targeting
HBV surface antigens (HBsAQ) in patients with acute or chronic HBV+ (CHB), majority
of them would either respond only partially or succumb to the disease entirely unless
they undergo liver transplants from a fully matched healthy donor and even so may not
necessarily guarantee a 100% chance of survival. Indeed, in vitro/ex vivo cultures and
various transgenic animal models have already provided us with a good understanding
of HBV but they primarily lack human specificity or virus-host interactions in the presence
of human immune surveillance. Therefore, the demand of utilizing humanized mice has
increased over the last decade as a pre-clinical platform for investigating human-specific
immune responses against HBV as well as identifying potential immunotherapeutic
strategies in eradicating the virus. Basically, this review covers some of the recent
developments and key advantages of humanized mouse models over other conventional
transgenic mice platforms.

Keywords: HBV, humanized mice, human immune system, human liver chimeras, chronic inflammation, liver
fibrosis, HCC development, human hepatocyte

INTRODUCTION

Hepatitis B Virus (HBV) infection remains a major health threat globally that contributes
extensively to various types of liver diseases primarily due to development of acute hepatitis B
which progresses into chronic hepatitis B (CHB) and subsequently causes liver fibrosis, cirrhosis
and hepatocellular carcinoma (HCC). Based on the Global Hepatitis Report by WHO in 2015,
it is estimated that 257 million people in the world are currently living with CHB (1). In fact,
viral hepatitis was firmly responsible for 1.34 million deaths which was also the 6th leading cause
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of death worldwide overtaking the number of deaths caused
by HIV and tuberculosis which was ranked at 7th and 12th,
respectively (2). HBV can be classified into 10 Genotypes (A
to J) depending on various geographical regions for example,
Genotype A is highly endemic in areas like Africa, Europe,
India, and America whereas Genotypes B and C are commonly
found in the Asia-Pacific region (3). Genotype D is prevalent
in Africa, Europe, the Mediterranean region, and India but
Genotype E is only identified in West Africa. On the other
hand, Genotype F is limited to Central and South America.
In addition, there have been reports of Genotype G profiles in
France, Germany, and the Americas however, Genotype H is
mainly found in Mexico and Central America. Finally, Southeast
Asian countries like Vietnam and Laos did portray patients with
HBV Genotype I whereas Genotype ] has only been reported in
Japan. Although some countries are more susceptible to specific
HBV genotypes, it is vital to note the mode of viral spread
particularly in Asian regions. Genotypes B and C are found in
most Asian countries where HBV primarily infects infants at a
perinatal stage or through mother-to-infant transmission (1, 4).
Therefore, preventive measures like Hepatitis B vaccinations
have been enforced worldwide (mandatory in most countries)
during the first 5 years of the childs birth. It is especially
important to provide vaccinations within this timeframe as the
risk of HBV progression from acute to CHB can be as high
as 95% at a perinatal period and 20-30% if infection occurs
between the age of 1-5 (4). In fact, Singapore was one of the
first countries in the world to have implemented the national
childhood HBV immunization programme to all newborns as
early as Ist September 1987 (5). This initiative had proven
effective as the national hepatitis B seroprevalence study have
recorded a significant reduction in HBV infection rates as well
as increasing HBV immunity primarily in adult Singaporeans
(aged 18-29 years) between 1998 and 2010. Of these young
adults that were positive for hepatitis B surface antigen (HBsAg),
none were positive for hepatitis B e antigen (HBeAg) in 2010
compared to 20.8% in 1998. Similarly, detection of hepatitis B
core antigen (HBcAg) has also decreased significantly from 22.1
to 4.4% whereas immunized antibodies produced against HBsAg
(anti-HBs) increased from 27.9 to 43.3%.

Despite implementation of such immunization programmes,
an active infection can still occur. There is currently no
curative treatment for patients with CHB but several antiviral
agents like interferon (IFN)-a or pegylated (PEG)-IFN-o and
nucleoside analogs (NUC) have been approved for long-term
suppression of HBV viremia (6). Although these antiviral agents
can reduce circulating HBV to below threshold of detection limit
in majority of patients, complete eradication of HBV life cycle
remained a challenge as intrahepatic replication proved to be
primarily responsible for viral persistence, rebound of viremia
during treatment withdrawal and ultimately progression of liver
pathogenesis. In addition to the life-long physical symptoms of
people living with CHB, the importance of psychosocial burden
such as anxiety, financial loss, social discrimination, and rejection
should also be recognized equally (7).

Therefore, many have utilized cell culture-based assays and
various animal models to better understand specific aspects of

the disease including HBV life cycle, virus-host interactions,
immune responses, potential therapeutic targets, and more.
It is clear that HBV naturally targets human hepatocytes
which can be easily obtained commercially or isolated from
liver resection of patients with CHB (6, 8). However, limited
accessibility due to financial constraints, poor quality of liver
tissues, individual preparation variabilities, etc., proved to be the
biggest drawbacks. Hence, human hepatoma cell lines like Huh7
and HepG2 were widely used as an alternative to primary human
hepatocytes (PHH) cultures to mainly study post-transcriptional
involvement of HBV life cycle following transfection of plasmids
carrying specific regions of HBV DNA. These cell lines are
not actually susceptible to HBV infection due to the lack of
expression of HBV receptors until the discovery of a key integral
transmembrane protein, sodium taurocholate co-transporting
polypeptide (NTCP) where viruses are known to enter human
liver cells through binding of NTCP receptors at the basolateral
membrane of hepatocytes prior to being engulfed (9, 10). This
was further validated in NTCP-overexpressing cell lines that are
more permissive to HBV infection which can be attenuated by
gene silencing of NTCP or utilizing peptides like Mycludex B
(MyrB) to block viral entry (10). In fact, NTCP was simply first
identified through a basic understanding of the HBV genome
being an enveloped virus encoding HBeAg, HBcAg, HBx, Pol,
large surface (L), middle surface (M), and small surface (S)
envelop proteins where the pre-S1 domain of the L protein was
later recognized as a key determinant factor that promotes viral
entry (9). Moreover, the full life cycle of HBV accomplished
through generation of pregenomic RNA (pgRNA) during reverse
transcription at overlength genome regions containing HBV
core promoter is required for production of mature HBV viral
particles (11). More importantly, the virological key to this
endless infectious property of HBV is due to an intracellular HBV
replication intermediate called covalently closed circular DNA
(cccDNA) which is primarily responsible for viral persistence
and reactivation following therapeutic withdrawal (12-14).
Although the molecular mechanisms of cccDNA formation
remains unclear, its fundamental characteristic in synthesizing
new virions has already been described in cell culture settings
as an episomal plasmid-like molecule that resides in host cell
nucleus making it a prime target for elimination.

Indeed, both PHH and hepatoma cell lines have offered
valuable insights on the study of HBV infection however, it
is equally important to validate these findings in vivo. As
we all know, HBV has a very limited host spectrum which
makes investigation of viral tropism in animals very challenging.
Only a handful of animals such as chimpanzee, Mauritian
cynomolgus monkey, treeshrew, and woodchuck models have
successfully harbor HBV infection to not only recapitulate liver
disease pathogenesis (fibrosis, cirrhosis, and HCC) seen in
HBV™ patients but also offers a more accurate representation
of viral-host interaction (15-19). However, handling of these
larger animals requires strict ethics approval and involves high
maintenance cost hence, most labs prefer using small animal
models like mice as they reproduce in large numbers and can
be easily purchased commercially. The evolution of various
mouse strains over the last 20 years has clearly emphasized the
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importance of having a reliable in vivo platform particularly
evidenced by the constant improvement in generating a mouse
model that encompasses human liver chimeras and/or human
immune system to not only allow better identification of novel
therapeutic strategies to combat HBV but also to elucidate
mechanisms of human-specific viral-host immune responses.
In this review, we will highlight some of the key humanized
mouse model systems that have significantly enhanced the
understanding of HBV research below.

THE EVOLUTION OF HUMANIZED MICE

Prior to mouse humanization, HBV transgenic mice were
frequently utilized to mainly evaluate various methods of
HBV clearance through molecular manipulation of specific
regions of HBV using siRNA/shRNA (20, 21). However, the
major drawbacks of utilizing this system is the absence of
HBV cccDNA in mouse hepatocytes and failure of mice to
exhibit HBV-induced liver pathogenesis. Subsequently, HBV
DNA delivery by hydrodynamic injection (plasmid DNA) and
viral vectors like Adenovirus, Baculovirus, Adeno-associated
viruses (AAV) improved HBV transfection efficiency, stability as
well as maintenance for longer periods (22-25). Unfortunately,
HBV cccDNA was again not detected in mouse hepatocytes
suggesting that there could be some forms of impairment in
the HBV cccDNA intracellular recycling pathway. It was only
until recently when recombinant HBV cccDNA was successfully
generated in mice injected hydrodynamically through Cre-
/Loxp-mediated recombination which functions similarly to real
HBV cccDNA in the production of mature viruses (14, 25).
More importantly, the improved stability and persistence of HBV
severely damaged mice livers for the very first time which resulted
in advanced liver pathogenesis evidenced by development
of fibrosis (26). Although transgenic mice exhibiting such
phenotype was considered a major breakthrough in the field of
HBV in vivo, the study still revolved around a complete mouse
host setting. Since human hepatocytes are the natural cellular
target of HBV, the inevitable transition of mouse to human
eventually gave rise to various establishments of human liver
chimeric mice.

HBV-Trimera Mice

Mice engrafted with primary human cells have long been utilized
for research such as xenograft transplants of human cancer cell
lines into nude mice for the study of tumorigenesis in vivo (27).
Over time, it was demonstrated that immunodeficient mouse
recipients that lack mouse T, B and Natural Killer (NK) cells
combined with an additional deletion of the common y-chain
of the interleukin 2 receptor (IL-2ry) offered the most successful
human engraftments with very low risk of rejection (28-30). So,
the “Trimera” mouse was one of the earliest model involving
the use of human hepatocytes in HBV study where wild-type
mice were lethally irradiated prior to immediate injection of
radioprotective bone marrow cells from SCID mouse followed
by transplantation of ex vivo HBV-infected human liver tissues
under the kidney capsule 10 days later (31). Although low levels
of viremia were detected in these mice which can be reduced

by human polyclonal anti-HBs antibody, Hepatect and reverse-
transcriptase inhibitors, human hepatocytes only remained
functional for a very short timeframe and that HBV persistence
could not be fully established in vivo. Therefore, generation
of a chimeric mouse liver model with robust expansion of
human hepatocytes within the liver parenchyma would be key in
permitting a stable HBV infection in vivo.

uPA-SCID Transgenic Mice

By taking advantage of the liver’s regenerative property,
Albumin-urokinase-type ~ plasminogen  activator  (uPA)
transgenic mouse was the first model to successfully demonstrate
repopulation of adult human hepatocytes transplanted from
a healthy donor into the liver of a diseased mouse recipient
(32, 33). Basically, this system of hepatocytes renewal relied
on the creative concept of deliberately inducing hepatic injury
in particular, to mouse hepatocytes in order to make space for
healthy ones to accommodate the damaged liver. It was reported
that the constitutive expression of murine uPA gene driven by an
albumin enhancer/promoter was responsible for hepatotoxicity,
elevated plasma uPA levels, hypofibrinogenemia, spontaneous
intestinal and intra-abdominal hemorrhaging in neonates which
was eventually utilized to facilitate mouse liver damage (34).
In addition to overexpressing uPA transgene, these mice were
backcrossed with an immunodeficient strain such as the Severe
Combined Immune Deficient (SCID) that lacks functional B,
T and NK cells to better permit reconstitution of xenogenic
human hepatocytes in the liver (33, 35, 36). These mice were also
capable of harboring high levels of HBV replication which later
became an in vivo forefront of hepatitis research particularly in
pre-clinical assessments of novel antiviral therapeutics (37-39).
Although many had utilized various mouse strains in generating
a similar uPA mouse model, the uncontrolled constitutive
expression of this toxic gene resulted in poor breeding efficiency,
limited timeframe for transplantation and high mortality
whenever the transplanted human hepatocytes were unable to
compensate for mouse hepatocyte cell death (40-42). Hence, the
unpredictability in mice maintenance and high cost demands
somewhat restricted wide application of this model.

FRG Knockout Mice

Stability of the human liver chimeric mice system was gradually
finetuned with the generation of Fah knockout (KO) mice in
2007 (43). Fumarylacetoacetate hydrolase (Fah) is a mouse-
specific enzyme required for liver metabolism which primarily
plays an important role in the last steps of the tyrosine
catabolism pathway. Mice deficient in the Fah gene redirected
its metabolic pathway to accumulate toxic tyrosine metabolic
intermediates which subsequently damaged mouse hepatocytes
(44-46). To maintain normal liver function, mice drinking water
were supplemented with 2-(2-nitro-4-fluoromethylbenzoyl)-1,3-
cyclohexanedione (NTBC), a chemical that has been approved
to treat hereditary tyrosinemia type 1 (46). More importantly,
NTBC drug can actually be passed down to pups through the
mothers milk which greatly reduced the rate of mortality in
pups of Fah KO mice. Unlike the uPA-overexpressed transgenic
mice, NTBC cycling withdrawal offers a much better system in
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controlling the severity of mouse liver damage depending on the
proliferative capability of post-transplanted human hepatocytes
which can also be measured via human albumin expression in
the blood (6, 11, 29, 43). To avoid any immune rejection risk
of human cells, Fah KO mice were crossed into a Rag2/IL-
2ry double knockout strain which has been demonstrated to
reconstitute human hematopoietic cells efficiently (47, 48). The
newly generated Fah/Rag2/IL-2ry triple KO mouse termed as
FRG KO, were not only able to expand human hepatocytes
robustly but also sustained high production of HBV in the
serum without displaying any cytopathic pathogenesis (43). In
addition to NTBC withdrawal, these mice were also administered
with a urokinase-expressing adenovirus (ad-uPA) prior to animal
surgery to further induce cell-autonomous hepatotoxicity for an
enhanced human hepatocyte engraftment (49). Therefore, FRG
KO mice have proven to be one of the most sought-after in
vivo platforms for studying mechanisms of HBV infection and
identification of novel antiviral therapeutics. In fact, our group
has also recently utilized FRG KO mice to further investigate the
concerted actions of IFN-a and -y signaling and identified IFN-
a14 as a potent interferon subtype for suppressing HBV (50).

TK-NOG Transgenic Mice

A similar drug-induced human liver chimeric mouse model
was established in 2011 where the herpes simplex virus type
1 thymidine kinase (UL23 or HSVtk) gene driven by a mouse
albumin promoter was specifically expressed in livers of severely
immunodeficient NOG mice (TK-NOG) (51, 52). TK-NOG mice
were briefly exposed to the non-toxic drug ganciclovir (GCV) to
selectively destroy mouse hepatocyte cells that were expressing
the HSVtk transgene thereby allowing space for the transplanted
human hepatocytes to repopulate the liver. As HSVtk only
catalyzes GCV phosphorylation, any other mammalian cells
lacking the transgene will remain unaffected. Similarly, TK-NOG
mice also support strong HBV replication property which were
mainly used for drug screening purposes (52, 53). However,
the demand for this mouse model is nowhere near as high
when compared to the FRG KO strain due to male mice being
infertile which ultimately result in poor breeding efficiency. More
notably, a male wild-type NOG mouse is required to mate with
a female TK-NOG mouse in order to successfully breed new
transgenic pups followed by a very labor intense genotyping
validation process.

DUAL HUMANIZED MOUSE MODELS

Although majority of these immunodeficient human liver
chimeric mice have provided valuable insights on virology,
the lack of a functional immune system impedes the study of
human-specific immune responses triggered by HBV infection
and immunotherapeutic strategies. Therefore, several groups
including us have attempted to overcome these limitations by
developing a dual humanized mouse model reconstituted with
both hepatocytes as well as immune system of human origin (54).
In fact, our group was one of the frontier labs in South East
Asia to have previously demonstrated successful co-engraftment
of human fetal liver-derived hematopoietic stem cells (HSCs)

and hepatoblasts in an immunodeficient NOD-SCID IL-2ry~/~
(NSG) mouse (HIL mouse) without any transgene modifications
for the study of viral-related liver disease (55). These HIL
mice were subjected to HCV inoculum before triggering HCV-
specific immune responses which led to the development of
liver pathogenesis like inflammation and fibrosis (56). Similarly,
we have also utilized HIL mice to investigate the importance
of intrahepatic CD206% macrophages in HBV-induced liver
inflammation and that liver fibrosis can be suppressed by
anti-GM-CSF therapy (57, 58). While our HIL mice have
indeed recapitulated most of the clinical symptoms observed
in HBV/HCV patients, the weak liver chimerism gave rise to a
much lower viral output when compared to some of the chimeric
mice mentioned earlier. To overcome this obstacle, we have since
utilized our own established immunodeficient NOD-SCID IL-
2r~/= (NIKO) mouse strain (59) to generate mice lacking the
Fah gene herein, termed as Fah-NIKO mice. Like the FRG KO
mice, Fah-NIKO mice also adapted a similar approach of utilizing
NTBC cycling to facilitate mouse hepatocyte cell death allowing
transplanted human hepatocytes to repopulate. Our preliminary
data indicated that Fah-NIKO mice could also achieve high
levels of human liver engraftment and support HBV infection
for long periods (unpublished data). Although our NIKO mice
have demonstrated good human hematopoietic reconstitution
which is comparable to NSG mice (unpublished data), we have
yet to examine the dual humanization capability of NIKO mice
in response to HBV infection. Therefore, mice engrafted with
both mature human immune system and humanized liver could
hold the key to better assess human-specific immune responses
triggered by HBV of which some of the recent developments of
dual humanized mice will be highlighted below.

AFC8-hu HSC/Hep Mice

In 2011, AFC8 mice became one of the first dual humanized
mouse model to be established with human immune system and
up to 30% repopulation of human hepatocytes in the mouse liver
(60-62). Generation of these mice were actually quite similar
to our HIL mice but with an added advantage of expressing a
suicidal Caspase 8 inducible system to facilitate mouse hepatocyte
cell death. Basically, immunodeficient Rag2/IL-2ry KO mice in
a BALB/c background were overexpressed with an albumin-
driven Caspase 8 transgene which was fused with FK506 binding
domain (FKBP) to specifically target mouse hepatocytes (AFC8
mice) (60). Following co-transplantation of human CD34™ HSCs
and hepatocyte progenitor cells, these transgenic mice (AFC8-
hu HSC/Hep mice) were administered with a FKBP dimerizer,
AP20187 to induce hepatic injury for human liver engraftment.
Similar to what we observed in HIL mice infected with HCV,
AFC8-hu HSC/Hep mice also displayed human T cell responses
to HCV and developed chronic liver inflammation/fibrosis which
correlated with activation of stellate cells and human-specific
fibrogenic genes (56, 60).

A2/NSG/Fas-hu-HSC/Hep Mice

Since several reports indicated that chronic HBV-associated
pathologies were related to infiltration of T lymphocytes and
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activated macrophages, the same group who generated AFC8-
hu HSC/Hep mice developed another transgenic mouse model
expressing HLA-A2 in an NSG background (A2/NSG) in order
to study human antigen-specific T cell responses to HBV (63—
65). They adapted a similar approach of transplanting HLA-
A2 donor derived CD34" HSCs and hepatic progenitors into
A2/NSG pups but used a murine Fas activating antibody Jo2
to induce hepatotoxicity for engraftment of human hepatocytes
(A2/NSG/Fas-hu-HSC/Hep mice) (66, 67). Mice that were
infected with HBV displayed long-term viral persistence, robust
expansion of human lymphoid T cells isolated from lymphoid
and liver tissues following HBV antigen stimulation, and
developed HBV-induced liver pathogenesis including hepatitis
and fibrosis. More importantly, HBV-infected A2/NSG/Fas-hu-
HSC/Hep mice exhibited high accumulation of activated human
M2-like macrophages particularly at the fibrotic regions of the
liver which was similarly observed in both patients with CHB
and acute liver failure further demonstrating the importance of
M2 macrophages in the innate immune system involving tissue
remodeling and wound repair (63, 68). Indeed, the development
of antigen-specific T cell responses have provided a unique
advantage of utilizing these haplotype-matched dual humanized
mice models for the study of HBV. However, it was believed
that such immunosuppressive or pro-inflammatory phenotypes
can be further optimized with improved engraftment of human
hepatocytes in yielding higher viral titers return.

uPA-NOG Transgenic Mice

As viral-induced liver pathogenesis including fibrosis, cirrhosis
and even cancer can take decades to progress in humans, small
animal models like dual humanized mice are ideal hosts to
accelerate these processes for the study of its etiology. Hence,
various groups have attempted to reconstitute functional human
immune system in mice with high liver chimerism by tapping
onto the uPA transgene technology and Fah KO strains (29,
54, 61, 69). For instance, the uPA transgene was expressed in
a NOG mouse background instead of SCID to firstly stabilize
its expression and expands the timeframe for a human cell
transplantation (70). It was reported that the uPA expression
in SCID mice would deteriorate with age which may affect the
quality of liver humanization. Secondly, total body irradiation
was replaced with treosulfan, a non-myeloablative conditioning
method for engraftment of CD34" HSCs. Although irradiation of
mouse cells has been widely used prior to HSCs transplantation,
treosulfan provided a safer and well-tolerated alternative to the
more invasive method which may cause occasional mortality long
term. Lastly, uPA-NOG transgenic mice can be reconstituted with
mature human hepatocytes and HLA-mismatched HSCs from
two separate donors. One common phenotypic feature shared
in most humanized mouse models following transplants of fetal
hepatoblasts was the low hepatic repopulation levels and failure
of these epithelial cells to differentiate into its mature form fully.
Subsequent methods like delivery of adenoviral vector-expressing
human hepatocyte growth factor (HGF) into uPA-NOG mice was
performed in hope of improving engraftment of fetal liver cells
but this strategy proved to be unsuccessful (71, 72).

Although many have reported that 3-5% of human hepatocyte
engraftment is sufficient to trigger virus-mediated intrahepatic
immune responses and pathological changes, a much higher liver
chimerism is required to further elucidate these characteristics
(56-58, 60, 70). To overcome this challenge, adult human
hepatocytes were transplanted into uPA-NOG mice resulting in
>70% humanization of mouse liver together with functional
human immune system derived from mismatched fetal liver
HSCs. Since the supply of fetal liver tissues are becoming
scarce due to enforcements of human biomedical research acts,
the mismatched sample compatibility meant that HSCs can be
obtained from alternative sources like cord blood banks. In fact,
CD34" HSCs successfully differentiated into specific immune
cell subsets including CD3™ lymphocytes with a CD4:CDS8 ratio
similar to those established in an NSG background as well as
mature human B cells in a donor-dependent manner (70, 73—
75). Furthermore, the absence of haplotype restrictions between
the two grafts provided more flexibility in generation of dual
humanized mice without evidence of hepatocyte rejection by the
human immune system. Although there were mild liver damages
in some old mice, expansion of CD8" T cells were absent and
none of them developed signs of graft-vs.-host disease (GVHD)
(70, 76). Hence, the successful engraftment of mismatched HSCs
was clearly evidenced by low risk of cellular immune-mediated
rejection of hepatocytes.

FRGN Mice

Another very minute modification was made in FRG KO mice
in order to harbor decent human hematopoietic engraftment as
well as liver humanization. Although NSG mice remained one of
the most conventional hosts for engraftment of HSCs, it has been
demonstrated that immunodeficient mice in NOD background
conferred a more superior support for human hematopoiesis due
to the identification of SIRP-a polymorphism which primarily
enhanced human CD47 ligand binding on mouse macrophages
(77). Hence, FRG KO mice were intercrossed with NOD strains
until all generations were homozygous for the four alleles herein,
termed as FRGN mice (78). In fact, several advantages were
observed in FRGN mice compared to FRG KO ones. Firstly,
complete humanization of mouse liver was achieved quicker in
the FRGN strain. Secondly, the average litter size was almost
doubled in FRGN breeders and lastly, the average body weights
for both mouse genders were significantly heavier (~5g) than
conventional FRG KO mice which may ultimately be critical
for maintenance of a low mortality rate long-term. Like the
use of treosulfan in uPA-NOG transgenic mice, FRGN mice
were pre-conditioned with a DNA-damaging chemical, busulfan
as well as ad-uPA prior to transplantation of mismatched
CD34™" HSCs and adult hepatocytes intrasplenically (70, 78-80).
NTBC cycling was performed accordingly to facilitate mouse
hepatocyte cell death which in turn allow repopulation of human
ones (43). Although both HSCs and hepatocytes were from
two separate donors, FRGN mice displayed high hematopoietic
reconstitution in blood, spleen, thymus, bone marrow, and
liver organs along with high human hepatocyte replacement.
More importantly, human blood, mature B cells, T cells, and
Kupffer cells which plays a major role in pro-inflammatory
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TABLE 1 | Summary of humanized mouse models for the study of HBV.

Types

Advantages

Limitations

References

HBV-Trimera

uPA-SCID

FRG KO

TK-NOG

HIL

AFC8

A2/NSG/Fas

uPA-NOG

FRGN

First immunodeficient mouse model transplanted with ex vivo
human liver tissues isolated from HBV* patients

Hepatect and reverse transcriptase inhibitors reduced viremia
in vivo

First transgenic mouse model to repopulate human
hepatocytes in diseased livers of mouse recipients

Exhibited high levels of HBV replication

Good pre-clinical model for anti-viral applications

Mouse hepatic injury can be controlled with NTBC cycling
Immunodeficient background to permit better human
hepatocyte engraftments

Robust expansion of mature human hepatocytes (mg/ml
hALB levels)

Exhibited high levels of viremia and persistent HBV
Suitable for studying HBV life cycle

Good pre-clinical model for anti-viral applications

Immunodeficient background which requires non-toxic drug
GCV to destroy mouse hepatocytes in order to accommodate
human ones

Exhibited high levels of viremia

Mainly used for drug screening purposes

Human immune liver mice generated by transplantation of
CD34+ HSCs derived from fetal liver

Exhibited functional human T cell responses toward HCV/HBV
and developed liver pathogenesis

Identification of anti-GM-CSF therapy against HBV-induced
liver fibrosis

First dual humanized mouse model established with functional
human immune system and up to 30% humanized mouse liver
Generated by co-transplantation of CD34+ HSCs and hepatic
progenitors from same donor

Exhibited functional human T cell responses toward HCV and
developed liver inflammation

Transgenic mouse model expressing HLA-A2 to study
antigen-specific T cell responses to HBV

Generated by co-transplantation of CD34+ HSCs and hepatic
progenitors from same donor

Murine Jo2 induced mouse liver damage

Mice displayed long term viral persistence

Mice developed HBV-induced liver fibrosis, infiltration of T
lymphocytes and high accumulation of macrophages

UPA expression on NOG mouse strain has longer lifespan
compared to SCID background

Irradiation was replaced with treosulfan for HSC engraftment
Generated with HLA-mismatched HSCs and mature human
hepatocytes from different donors

UPA-NOG mice displayed hemato-lymphoid reconstitution
and expansion of human hepatocytes

No signs of GVHD

Quicker complete liver humanization than FRG KO mice
Larger litter size & body weight compared to FRG KO mice
Irradiation was replaced with busulfan

Generated with HLA-mismatched HSCs and mature human
hepatocytes from different donors

Displayed hemato-lymphoid reconstitution and expansion of
human hepatocytes

No signs of GVHD

Low viremia
Absence of HBV persistence
Very short lived functional human hepatocytes

Constitutive liver toxicity resulted in high mortality
Poor breeding capacity
Unpredictable mouse colonies

Absence of HBV-induced human immune responses
Absence of liver pathogenesis

Poor breeding capacity

Male mice are infertile. Requires genotyping for pups
Absence of HBV-induced human immune responses
Absence of liver pathogenesis

Very low human hepatocyte reconstitution
Low viremia

Hepatic progenitors did not fully differentiate into mature

human hepatocytes
Yet to be demonstrated in a HBV infection setting

Hepatic progenitors did not fully differentiate into mature

human hepatocytes
Persistent HBV but with low viral titers

Yet to be demonstrated in a viral infection setting

Yet to be demonstrated in a viral infection setting

@31)

(32-42)

(43, 50)

(51-53)

(56-58)

(60, 62)

(63-65)

(70)

(Continued)
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TABLE 1 | Continued

Types Advantages Limitations References
HIS-HUHEP e Generated with HLA-mismatched HSCs and mature human e Detection of antigen-specific T cell responses (81-84)
hepatocytes from different donors was absent
e Displayed hemato-lymphoid reconstitution and expansion of e Liver fibrosis and development of HCC was absent
human hepatocytes
¢ No signs of GVHD
e Exhibited high levels of viremia and persistent HBV
¢ Nucleoside analogs reduced viral titers and restored naive
human immune profiles
FRGS e Human hepatocyte-like cells (hHLCs) derived from hIPSCs can e Development of HCC was absent (87, 91)

differentiate and expand in FRGS mice (~40% liver chimerism)

® Human bone mesenchymal stem cells (hBMSCs) can
differentiate and expand in FRGS mice with ~58.7% liver

chimerism in addition to multiple human immune cell lineages

Exhibited high levels of viremia and persistent HBV
HBV-infected hBMSC-FRGS mice developed chronic
inflammation, liver fiorosis and cirrhosis

responses were all detected in the liver of these mice (78).
Although both uPA-NOG and FRGN mice demonstrated a
marked improvement in dual reconstitution efficiency when
utilizing mismatched HSCs and adult hepatocytes with minimal
immune rejection, they were surprisingly not validated with some
of the many potential applications such as HBV/HCV infection
or metabolically induced steatohepatitis (70, 78).

HIS-HUHEP Mice

It was only until more recently when another transgenic mouse
strain was generated for the engraftment of both human
immune system and mismatched adult hepatocytes. Basically,
dual reconstitution efficiency was compared between BALB/c
Rag2/IL-2ry KO NOD.sirpa uPA transgenic mice transplanted
with CD34% fetal-derived HSCs alone (HIS), adult human
hepatocytes alone (HUHEP), and both (HIS-HUHEP) (81).
Similar to what was observed in the dual humanized mice models
mentioned earlier, HIS-HUHEP mice hALB levels remained
stable for long periods even in the presence of a supposedly
allogeneic immune system, absolute numbers of blood leukocytes
including CD3™ T cells retained its naive phenotype without any
immune expansion or activation and pro-inflammatory immune
cell infiltration was absent in hepatocyte grafts suggesting
that HIS-HUHEP mice could be the best candidate for
investigating HBV-induced immune responses and developing
liver pathogenesis in vivo. Hence, it was later demonstrated
that HIS-HUHEP mice could indeed support chronic HBV
infection displaying up to 10° copies/ml viral DNA, both HBeAg
and HBsAg measurements which was clinically equivalent in
HBVT patients and detectable HBV cccDNA (82). In addition,
clusters of both CD3™ T cells and Kupffer cells were observed
in HBV-infected HIS-HUHEP mice particularly around HBcAg™
human hepatocytes throughout the liver parenchyma. The robust
increase of intrahepatic cytotoxic CD8% T cells, activated NK
cells and PD-1 mediated T cell exhaustion also indicated potential
key effectors involved in an immunosuppressive environment
(83). However, detection of antigen-specific T cell responses
was absent due to the engraftment of HLA-mismatched grafts

in HIS-HUHEP mice. Nevertheless, HBV-infected HIS-HUHEP
mice treated with the nucleoside analog Entecavir (ETV)
resulted in reduced HBV titers and restoration of naive immune
profiles evidenced by diminished liver immune cell infiltration
suggesting that this dual humanized mouse model is suitable for
potentially evaluating immunotherapeutic treatments (82, 84).
One other aspect that remained to be investigated is HBV-
mediated development of HCC. Although HBV-infected HIS-
HUHEP mice could sustain high viremia and exhibited chronic
inflammation phenotype, HCC development was not observed
(82). Since HCC takes several decades to form, it may be
difficult for dual humanized mice to recapitulate such HBV-
associated liver pathology. Nevertheless, this in vivo platform
could be helpful in elucidating tumorigenic pathways involving
early phases of HCC initiation and progression.

hBMSC-FRGS Mice

As accessibility to PHHs becomes more limited due to
affordability or simply lack of healthy donors, several labs have
started sourcing for in vitro alternatives. One prime example was
the generation of human hepatocyte-like cells (hHLCs) derived
from human induced pluripotent stem cells (hiPSCs) which
required a three-step procedure of endoderm priming, hepatic
specification and maturation (85-90). Although these hHLCs
required very distinct culture conditions for differentiation,
expansion and maintenance, these cells were well-differentiated
and fully functional. In addition, engraftment of mature hHLCs
was also successful in FRG KO-BALB/c SCID (FRGS) mice
(hHLC-FRGS) displaying ~40% liver chimerism (87). More
importantly, hHLCs and hHLC-FRGS mice were susceptible to
chronic HBV infection completed with a full viral life cycle
which was efficiently blocked by MyrB and ETV. The same
research group then adapted a similar approach in exploring the
possibility of generating a dual humanized mouse model by using
human bone mesenchymal stem cells (hBMSCs) (91). Basically,
hBMSCs were isolated from bone marrows of healthy male
volunteers and cultured in multilineage (osteocytes, adipocytes
and HLCs) differentiation media prior to transplantation
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into FRGS mice (hBMSC-FRGS). Unlike hHLC-FRGS mice,
hBMSC-FRGS actually displayed higher liver chimerism (58.7%)
including HLA™ cells that were also positive for mature human
hepatocyte-specific markers. Furthermore, varying amounts of
hCD45" cells were detected in bone marrows, thymus, lymph
node, spleen, liver, and peripheral blood of hBMSC-FRGS mice.
More notably, multiple human immune cell lineages such as
T cells, B cells, NK cells, macrophages, and dendritic cells
were present in the mouse liver following transplantation of
hBMSCs. Similar to HIS-HUHEP mice as mentioned earlier,
hBMSC-FRGS mice support persistence HBV infection with
high levels of HBV DNA, HBsAg, HBeAg, as well as detectable
intrahepatic HBV cccDNA (82, 91). Large production of human-
derived pro-inflammatory cytokines/chemokines triggered by
specific immune cell subsets was also released and sustained
throughout the course of infection which may contribute
to liver immunopathological injury. Critically, HBV-infected
hBMSC-FRGS mice developed acute/chronic hepatitis patterns
with varying degrees of lymphocytic portal inflammation, liver
fibrosis, accumulations of scar tissues and ultimately progressed
to liver cirrhosis which was similarly observed in CHB patients.
Thus, this dual humanized mouse system could possibly be the
most ideal model for evaluating viral immune pathophysiology
and refining antiviral therapeutics.

CONCLUSION

Many research groups have deciphered some of the basic
concepts of virus-host interactions by utilizing conventional
platforms like in wvitro culture systems as well as wild-
type/transgenic mice which have been instrumental in the
evolution of humanized mouse models. The generation of human
liver chimeric mice was the first model to permit long term
HBV persistence which were mainly used for understanding
HBV life cycle and identification of potential antiviral drug
targets. Over time, improvements led to the development of

REFERENCES

1. WHO. April 2017 Global Hepatitis Report. Geneva: World Health
Organization (2017). p. 83.

2. Brown CR, MacLachlan JH, Cowie BC. Addressing the increasing
global burden of viral hepatitis. Hepatobiliary Surg Nutr. (2017) 6:274-
6. doi: 10.21037/hbsn.2017.05.02

3. Lin CL, Kao JH. Hepatitis B virus genotypes and variants. Cold
Spring Harb Perspect Med. (2015) 5:a021436. doi: 10.1101/cshperspect.a0
21436

4. Li H, Yan L, Shi Y, Lv D, Shang J, Bai L, et al. Hepatitis B
virus infection: overview. Adv Exp Med Biol. (2020) 1179:1-
16. doi: 10.1007/978-981-13-9151-4_1

5. Ang LW, Cutter ], James L, Goh KT. Seroepidemiology of hepatitis B virus
infection among adults in Singapore: a 12-year review. Vaccine. (2013) 32:103-
10. doi: 10.1016/j.vaccine.2013.10.057

6. Zeisel MB, Lucifora ], Mason WS, Sureau C, Beck J, Levrero M,
et al. Towards an HBV cure: state-of-the-art and unresolved questions—
report of the ANRS workshop on HBV cure. Gut. (2015) 64:1314-
26. doi: 10.1136/gutjnl-2014-308943

dual humanized mice engrafted with high liver chimerism and
human immune cell lineages to better investigate HBV-triggered
human immune responses. Concurrently, these HBV-infected
mice developed severe pathological changes including chronic
inflammation and fibrosis/cirrhosis further recapitulating liver
pathogenesis observed in CHB patients. However, development
of HCC in vivo remains elusive which is high likely due to
its unpredictable proliferative nature to form over decades in
humans. Although usage of dual humanized mice has yielded
much progress in the field of HBV research as highlighted in this
review (summarized in Table 1), improved models are required
to incorporate the missing transition link of chronic HBV and
HCC in hope of moving one step closer toward HBV cure.

AUTHOR CONTRIBUTIONS

FL took the lead in writing the manuscript. CW and QC
contributed to writing. QC supervised the preparation of
manuscript. All authors studied the literature and approved the
submitted version.

FUNDING

This study was supported by the National Research Foundation
Singapore Fellowship (NRF-NRFF2017-03), NRF-ISF joint grant
(NRF2019-NRF-ISF003-3127), National Research Foundation
Singapore Competitive Research Programme NRF2016-CRP001-
103, Establishment of a scalable capability for autologous clinical
cell therapy manufacturing (IAF-PP, H18/01/a0/022) from
Agency for Science, Technology and Research (A*STAR),
Gilead Sciences International Research Scholars Program in
Liver Disease (to QC), Eradication of HBV TCR Program:
NMRC/TCR/014-NUHS/2015, NMRC/OFLCG/003/2018 from
National Medical Research Council, Singapore and National
Medical Research  Council-Clinician ~ Scientist-Individual
Research Grant (NMRC/CIRG/1427/2015).

7. Tu T, Block JM, Wang S, Cohen C, Douglas MW. the lived experience of
chronic hepatitis B: a broader view of its impacts and why we need a cure.
Viruses. (2020) 12:515. doi: 10.3390/v12050515

8. Lai F Chen Q. Humanized mouse models for the
infection and pathogenesis of human
10:643. doi: 10.3390/v10110643

9. Yan H, Zhong G, Xu G, He W, Jing Z, Gao Z, et al. Sodium
taurocholate cotransporting polypeptide is a functional receptor for human
hepatitis B and D virus. Elife. (2012) 1:e00049. doi: 10.7554/eLife.
00049

10. Ni Y, Lempp FA, Mehrle S, Nkongolo S, Kaufman C, Falth M, et al. Hepatitis
B and D viruses exploit sodium taurocholate co-transporting polypeptide for
species-specific entry into hepatocytes. Gastroenterology. (2014) 146:1070-
83. doi: 10.1053/j.gastro.2013.12.024

11. Li E Wang Z, Hu E Su L. Cell culture models and animal

study of

viruses.  Viruses. (2018)

models for HBV study. Adv Exp Med Biol. (2020) 1179:109-
35. doi: 10.1007/978-981-13-9151-4_5
12. Nassal, M. HBV cccDNA: viral persistence reservoir and key

obstacle for a cure of chronic hepatitis B. Gut. (2015) 64:1972-

84. doi: 10.1136/gutjnl-2015-309809

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 12 | Article 638447


https://doi.org/10.21037/hbsn.2017.05.02
https://doi.org/10.1101/cshperspect.a021436
https://doi.org/10.1007/978-981-13-9151-4_1
https://doi.org/10.1016/j.vaccine.2013.10.057
https://doi.org/10.1136/gutjnl-2014-308943
https://doi.org/10.3390/v12050515
https://doi.org/10.3390/v10110643
https://doi.org/10.7554/eLife.00049
https://doi.org/10.1053/j.gastro.2013.12.024
https://doi.org/10.1007/978-981-13-9151-4_5
https://doi.org/10.1136/gutjnl-2015-309809
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Lai et al.

Humanized Mice for HBV Study

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Newbold JE, Xin H, Tencza M, Sherman G, Dean J, Bowden S. The
covalently closed duplex form of the hepadnavirus genome exists in situ
as a heterogeneous population of viral minichromosomes. J Virol (1995)
69:3350-57. doi: 10.1128/JV1.69.6.3350-3357.1995

Qi Z, Li G, Hu H, Yang C, Zhang X, Leng Q, et al. Recombinant
covalently closed circular hepatitis B virus DNA induces prolonged
viral persistence in immunocompetent mice. J Virol. (2014) 88:8045-
56. doi: 10.1128/JV1.01024-14

Guidotti LG, Rochford R, Chung J, Shapiro M, Purcell R, Chisari
FV. Viral clearance without destruction of infected cells during acute
HBV infection. Science. (1999) 284:825-9. doi: 10.1126/science.284.54
15.825

Dupinay T, Gheit T, Roques P, Cova L, Chevallier-Queyron P, Tasahsu SI,
et al. Discovery of naturally occurring transmissible chronic hepatitis B
virus infection among Macaca fascicularis from Mauritius Island. Hepatology.
(2013) 58:1610-20. doi: 10.1002/hep.26428

Kock J, Nassal M, MacNelly S, Baumert TF, Blum HE, von Weizsacker
F. Efficient infection of primary tupaia hepatocytes with purified
human and woolly monkey hepatitis B virus. ] Virol. (2001)
75:5084-9. doi: 10.1128/JV1.75.11.5084-5089.2001

Yan RQ, Su JJ, Huang DR, Gan YC, Yang C, Huang GH. Human hepatitis
B virus and hepatocellular carcinoma. 1. Experimental infection of tree
shrews with hepatitis B virus. J Cancer Res Clin Oncol. (1996) 122:283-
88. doi: 10.1007/BF01261404

Kulkarni K, Jacobson IM, Tennant BC. The role of the woodchuck model in
the treatment of hepatitis B virus infection. Clin Liver Dis. (2007) 11:707-
25. doi: 10.1016/j.c1d.2007.08.012

Chisari FV. Hepatitis B virus transgenic mice: insights into the virus and the
disease. Hepatology. (1995) 22:1316-25. doi: 10.1002/hep.1840220443
Uprichard SL, Boyd B, Althage A, Chisari FV. Clearance of hepatitis B virus
from the liver of transgenic mice by short hairpin RNAs. Proc Natl Acad Sci
USA. (2005) 102:773-8. doi: 10.1073/pnas.0409028102

Huang LR, Gabel YA, Graf S, Arzberger S, Kurts C, Heikenwalder M, et al.
Transfer of HBV genomes using low doses of adenovirus vectors leads to
persistent infection in immune competent mice. Gastroenterology. (2012)
142:1447-50 e1443. doi: 10.1053/j.gastro.2012.03.006

Lucifora J, Vincent IE, Berthillon P, Dupinay T, Michelet M, Protzer U,
et al. Hepatitis B virus replication in primary macaque hepatocytes: crossing
the species barrier toward a new small primate model. Hepatology. (2010)
51:1954-60. doi: 10.1002/hep.23602

Dion S, Bourgine M, Godon O, Levillayer F, Michel ML. Adeno-associated
virus-mediated gene transfer leads to persistent hepatitis B virus replication in
mice expressing HLA-A2 and HLA-DR1 molecules. ] Virol. (2013) 87:5554—
63. doi: 10.1128/JV1.03134-12

Yang D, Liu L, Zhu D, Peng H, Su L, Fu YX, et al. A mouse model for HBV
immunotolerance and immunotherapy. Cell Mol Immunol. (2014) 11:71-
8. doi: 10.1038/cmi.2013.43

Li G, Zhu Y, Shao D, Chang H, Zhang X, Zhou D, et al. Recombinant
covalently closed circular DNA of hepatitis B virus induces long-term viral
persistence with chronic hepatitis in a mouse model. Hepatology. (2018)
67:56-70. doi: 10.1002/hep.29406

Rygaard J, Povlsen CO. Heterotransplantation of a human malignant
tumour to “Nude” mice. Acta Pathol Microbiol Scand. (1969) 77:758-
60. doi: 10.1111/j.1699-0463.1969.tb04520.x
lannacone M, Guidotti LG. Mouse
virus  pathogenesis. Cold  Spring  Harb
5:a021477. doi: 10.1101/cshperspect.a021477
Grompe M, Strom S. Mice with human livers. Gastroenterology. (2013)
145:1209-14. doi: 10.1053/j.gastro.2013.09.009
Dandri M, Lutgehetmann M. Mouse
and delta virus infection. ] Immunol
49. doi: 10.1016/j.jim.2014.03.002

Ilan E, Burakova T, Dagan S, Nussbaum O, Lubin I, Eren R, et al. The
hepatitis B virus-trimera mouse: a model for human HBV infection and
evaluation of anti-HBV therapeutic agents. Hepatology. (1999) 29:553-
62. doi: 10.1002/hep.510290228

Sandgren EP, Palmiter RD, Heckel JL, Daugherty CC, Brinster RL,
Degen JL. Complete hepatic regeneration

models of hepatitis B

Perspect  Med.  (2015)

models
Methods.

of hepatitis B
(2014) 410:39-

after somatic deletion

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

of an albumin-plasminogen  activator Cell.  (1991)
66:245-56. doi: 10.1016/0092-8674(91)90615-6

Dandri M, Burda MR, Torok E, Pollok JM, Iwanska A, Sommer
G, et al. Repopulation of mouse liver with human hepatocytes and
in vivo infection with hepatitis B virus. Hepatology. (2001) 33:981-
8. doi: 10.1053/jhep.2001.23314

Heckel JL, Sandgren EP, Degen JL, Palmiter RD, Brinster RL. Neonatal
bleeding in transgenic mice expressing urokinase-type plasminogen activator.
Cell. (1990) 62:447-56. doi: 10.1016/0092-8674(90)90010-C

Bissig KD, Wieland SE, Tran P, Isogawa M, Le TT, Chisari FV, et al. Human
liver chimeric mice provide a model for hepatitis B and C virus infection and
treatment. J Clin Invest. (2010) 120:924-30. doi: 10.1172/JCI40094

Dandri M, Lutgehetmann M, Volz T, Petersen J. Small animal model systems
for studying hepatitis B virus replication and pathogenesis. Semin Liver Dis.
(2006) 26:181-91. doi: 10.1055/s-2006-939760

Volz T, Lutgehetmann M, Allweiss L, Warlich M, Bierwolf ], Pollok JM,
et al. Strong antiviral activity of the new I-hydroxycytidine derivative, 1-
Hyd4FC, in HBV-infected human chimeric uPA/SCID mice. Antivir Ther.
(2012) 17:623-31. doi: 10.3851/IMP2075

Brezillon N, Brunelle MN, Massinet H, Giang E, Lamant C,
DaSilva L, et al. Antiviral activity of Bay 41-4109 on hepatitis
B virus in humanized Alb-uPA/SCID mice. PLoS ONE. (2011)
6:€25096. doi: 10.1371/journal.pone.0025096

Meuleman P, Leroux-Roels G. The human liver-uPA-SCID mouse: a model
for the evaluation of antiviral compounds against HBV HCV. Antiviral Res.
(2008) 80:231-8. doi: 10.1016/j.antiviral.2008.07.006

Lutgehetmann M, Mancke LV, Volz T, Helbig M, Allweiss L, Bornscheuer
T, et al. Humanized chimeric uPA mouse model for the study of hepatitis B
and D virus interactions and preclinical drug evaluation. Hepatology. (2012)
55:685-94. doi: 10.1002/hep.24758

Petersen ], Dandri M, Mier W, Lutgehetmann M, Volz T, von Weizsacker
E et al. Prevention of hepatitis B virus infection in vivo by entry inhibitors
derived from the large envelope protein. Nat Biotechnol. (2008) 26:335-
41. doi: 10.1038/nbt1389

Vanwolleghem T, Libbrecht L, Hansen BE, Desombere I, Roskams T,
Meuleman P, et al. Factors determining successful engraftment of hepatocytes
and susceptibility to hepatitis B and C virus infection in uPA-SCID mice. |
Hepatol. (2010) 53:468-76. doi: 10.1016/j.jhep.2010.03.024

Azuma H, Paulk N, Ranade A, Dorrell C, Al-Dhalimy M, Ellis E, et al.
Robust expansion of human hepatocytes in Fah-/-/Rag2-/-/I12rg-/- mice. Nat
Biotechnol. (2007) 25:903-10. doi: 10.1038/nbt1326

Grompe M, al-Dhalimy M, Finegold M, Ou CN, Burlingame T, Kennaway
NG, et al. Loss of fumarylacetoacetate hydrolase is responsible for the neonatal
hepatic dysfunction phenotype of lethal albino mice. Genes Dev. (1993)
7:2298-307. doi: 10.1101/gad.7.12a.2298

Overturf K, Al-Dhalimy M, Tanguay R, Brantly M, Ou CN, Finegold M,
et al. Hepatocytes corrected by gene therapy are selected in vivo in a
murine model of hereditary tyrosinaemia type 1. Nat Genet. (1996) 12:266-
73. doi: 10.1038/ng0396-266

Grompe M, Lindstedt S, al-Dhalimy M, Kennaway NG, Papaconstantinou J,
Torres-Ramos CA, et al. Pharmacological correction of neonatal lethal hepatic
dysfunction in a murine model of hereditary tyrosinaemia type I. Nat Genet.
(1995) 10:453-60. doi: 10.1038/ng0895-453

Traggiai E, Chicha L, Mazzucchelli L, Bronz L, Piffaretti JC, Lanzavecchia A,
et al. Development of a human adaptive immune system in cord blood cell-
transplanted mice. Science. (2004) 304:104-07. doi: 10.1126/science.1093933
Gorantla S, Sneller H, Walters L, Sharp JG, Pirruccello SJ, West JT,
et al. Human immunodeficiency virus type 1 pathobiology studied in
humanized BALB/c-Rag2-/-gammac-/- mice. ] Virol. (2007) 81:2700-
12. doi: 10.1128/JV1.02010-06

Lieber A, Vrancken Peeters MJ, Meuse L, Fausto N, Perkins J, Kay MA.
Adenovirus-mediated urokinase gene transfer induces liver regeneration and
allows for efficient retrovirus transduction of hepatocytes in vivo. Proc Natl
Acad Sci USA. (1995) 92:6210-14. doi: 10.1073/pnas.92.13.6210

Chen J, Li Y, Lai E Wang Y, Sutter K, Dittmer U, et al. Functional
comparison of IFN-alpha subtypes reveals potent HBV suppression by
a concerted action of IFN-alpha and -gamma Slgnaling. Hepatology.
(2020). doi: 10.1002/hep.31282

transgene.

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 12 | Article 638447


https://doi.org/10.1128/JVI.69.6.3350-3357.1995
https://doi.org/10.1128/JVI.01024-14
https://doi.org/10.1126/science.284.5415.825
https://doi.org/10.1002/hep.26428
https://doi.org/10.1128/JVI.75.11.5084-5089.2001
https://doi.org/10.1007/BF01261404
https://doi.org/10.1016/j.cld.2007.08.012
https://doi.org/10.1002/hep.1840220443
https://doi.org/10.1073/pnas.0409028102
https://doi.org/10.1053/j.gastro.2012.03.006
https://doi.org/10.1002/hep.23602
https://doi.org/10.1128/JVI.03134-12
https://doi.org/10.1038/cmi.2013.43
https://doi.org/10.1002/hep.29406
https://doi.org/10.1111/j.1699-0463.1969.tb04520.x
https://doi.org/10.1101/cshperspect.a021477
https://doi.org/10.1053/j.gastro.2013.09.009
https://doi.org/10.1016/j.jim.2014.03.002
https://doi.org/10.1002/hep.510290228
https://doi.org/10.1016/0092-8674(91)90615-6
https://doi.org/10.1053/jhep.2001.23314
https://doi.org/10.1016/0092-8674(90)90010-C
https://doi.org/10.1172/JCI40094
https://doi.org/10.1055/s-2006-939760
https://doi.org/10.3851/IMP2075
https://doi.org/10.1371/journal.pone.0025096
https://doi.org/10.1016/j.antiviral.2008.07.006
https://doi.org/10.1002/hep.24758
https://doi.org/10.1038/nbt1389
https://doi.org/10.1016/j.jhep.2010.03.024
https://doi.org/10.1038/nbt1326
https://doi.org/10.1101/gad.7.12a.2298
https://doi.org/10.1038/ng0396-266
https://doi.org/10.1038/ng0895-453
https://doi.org/10.1126/science.1093933
https://doi.org/10.1128/JVI.02010-06
https://doi.org/10.1073/pnas.92.13.6210
https://doi.org/10.1002/hep.31282
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Lai et al.

Humanized Mice for HBV Study

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Hasegawa M, Kawai K, Mitsui T, Taniguchi K, Monnai M, Wakui
M, et al. The reconstituted ’humanized liver in TK-NOG mice is
mature and functional. Biochem Biophys Res Commun. (2011) 405:405-
10. doi: 10.1016/j.bbrc.2011.01.042

Kosaka K, Hiraga N, Imamura M, Yoshimi S, Murakami E, Nakahara T,
et al. A novel TK-NOG based humanized mouse model for the study of
HBV and HCV infections. Biochem Biophys Res Commun. (2013) 441:230-
5. doi: 10.1016/j.bbrc.2013.10.040

Nakabori T, Hikita H, Murai K, Nozaki Y, Kai Y, Makino Y, et al.
Sodium taurocholate cotransporting polypeptide inhibition efficiently blocks
hepatitis B virus spread in mice with a humanized liver. Sci Rep. (2016)
6:27782. doi: 10.1038/srep27782

Allweiss L, Strick-Marchand H. In-vitro
for hepatitis B cure research. Curr Opin
15:173-9. doi: 10.1097/COH.0000000000000616
Chen Q, Khoury M, Limmon G, Choolani M, Chan JK, Chen J. Human fetal
hepatic progenitor cells are distinct from, but closely related to, hematopoietic
stem/progenitor cells. Stem Cells. (2013) 31:1160-9. doi: 10.1002/stem.1359
Keng CT, Sze CW, Zheng D, Zheng Z, Yong KS, Tan SQ, et al.
Characterisation of liver pathogenesis, human immune responses and drug
testing in a humanised mouse model of HCV infection. Gut. (2016) 65:1744—-
53. doi: 10.1136/gutjnl-2014-307856

Tan-Garcia A, Wai LE, Zheng D, Ceccarello E, Jo ], Banu N, et al. Intrahepatic
CD206(+) macrophages contribute to inflammation in advanced viral-related
liver disease. ] Hepatol. (2017) 67:490-500. doi: 10.1016/j.jhep.2017.04.023
Tan-Garcia A, Lai F Sheng Yeong JP, Irac SE, Ng PY, Msallam
R, et al. Liver fibrosis and CD206(4+) macrophage accumulation
are suppressed by anti-GM-CSF  therapy. JHEP Rep. (2020)
2:100062. doi: 10.1016/j.jhepr.2019.11.006

Chew M, Ye W, Omelianczyk RI, Pasaje CE Hoo R, Chen Q, et al.
Selective Expression of variant surface antigens enables Plasmodium
falciparum to evade immune clearance in vivo. bioRxiv [Preprint]. (2020).
doi: 10.1101/2020.07.22.215640

Washburn ML, Bility MT, Zhang L, Kovalev GI, Buntzman A, Frelinger
JA, et al. A humanized mouse model to study hepatitis C virus infection,
immune response, and liver disease. Gastroenterology. (2011) 140:1334-
44. doi: 10.1053/j.gastro.2011.01.001

Allweiss L, Dandri M. Experimental in vitro and in vivo models for the
study of human hepatitis B virus infection. J Hepatol. (2016) 64:S17-
31. doi: 10.1016/j.jhep.2016.02.012

Bility MT, Zhang L, Washburn ML, Curtis TA, Kovalev GI, Su L. Generation of
a humanized mouse model with both human immune system and liver cells to
model hepatitis C virus infection and liver immunopathogenesis. Nat Protoc.
(2012) 7:1608-17. doi: 10.1038/nprot.2012.083

Bility MT, Cheng L, Zhang Z, Luan Y, Li E Chi L, et al. Hepatitis B virus
infection and immunopathogenesis in a humanized mouse model: induction
of human-specific liver fibrosis and M2-like macrophages. PLoS Pathog.
(2014) 10:e1004032. doi: 10.1371/journal.ppat.1004032

Shultz LD, Saito Y, Najima Y, Tanaka S, Ochi T, Tomizawa M, et al. Generation
of functional human T-cell subsets with HLA-restricted immune responses in
HLA class I expressing NOD/SCID/IL2r gamma(null) humanized mice. Proc
Natl Acad Sci USA. (2010) 107:13022-7. doi: 10.1073/pnas.1000475107
Wang S, Chen Z, Hu C, Qian E, Cheng Y, Wu M, et al. Hepatitis B virus
surface antigen selectively inhibits TLR2 ligand-induced IL-12 production
in monocytes/macrophages by interfering with JNK activation. J Immunol.
(2013) 190:5142-51. doi: 10.4049/jimmunol.1201625

Mignon A, Guidotti JE, Mitchell C, Fabre M, Wernet A, De La Coste A,
et al. Selective repopulation of normal mouse liver by Fas/CD95-resistant
hepatocytes. Nat Med. (1998) 4:1185-8. doi: 10.1038/2681

Guidotti JE, Mallet VO, Parlier D, Mitchell C, Fabre M, Jaffray P,
et al. Fas/CD95 pathway induces mouse liver regeneration and allows for
highly efficient retrovirus-mediated gene transfer. Hepatology. (2001) 33:10-
5. doi: 10.1053/jhep.2001.20678

Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage
subsets. Nat Rev Immunol. (2011) 11:723-37. doi: 10.1038/nri3073
Kremsdorf D, Strick-Marchand H. Modeling hepatitis virus infections and
treatment strategies in humanized mice. Curr Opin Virol. (2017) 25:119-
25. doi: 10.1016/j.coviro.2017.07.029

models
(2020)

and  in-vivo
HIV AIDS.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Gutti TL, Knibbe ]S, Makarov E, Zhang ], Yannam GR, Gorantla S,
et al. Human hepatocytes and hematolymphoid dual reconstitution in
treosulfan-conditioned uPA-NOG mice. Am ] Pathol. (2014) 184:101-
9. doi: 10.1016/j.ajpath.2013.09.008

Delgado JP, Vanneaux V, Branger J, Touboul T, Sentilhes L, Mainot S,
et al. The role of HGF on invasive properties and repopulation potential
of human fetal hepatic progenitor cells. Exp Cell Res. (2009) 315:3396-
405. doi: 10.1016/j.yexcr.2009.07.007

Okoye AA, Picker LJ. CD4(+) T-cell depletion in HIV infection:
mechanisms of immunological failure. Immunol Rev. (2013) 254:54-
64. doi: 10.1111/imr.12066

Choi B, Chun E, Kim M, Kim SY, Kim ST, Yoon K, et al. Human T cell
development in the liver of humanized NOD/SCID/IL-2Rgamma(null)(NSG)
mice generated by intrahepatic injection of CD34(+) human (h) cord
blood (CB) cells. Clin Immunol. (2011) 139:321-35. doi: 10.1016/j.clim.2011.
02.019

Lang J, Kelly M, Freed BM, McCarter MD, Kedl RM, Torres RM, et al.
Studies of lymphocyte reconstitution in a humanized mouse model reveal
a requirement of T cells for human B cell maturation. J Immunol. (2013)
190:2090-101. doi: 10.4049/jimmunol.1202810

Chang H, Biswas S, Tallarico AS, Sarkis PT, Geng S, Panditrao MM, et al.
Human B-cell ontogeny in humanized NOD/SCID gammac(null) mice
generates a diverse yet auto/poly- and HIV-1-reactive antibody repertoire.
Genes Immun. (2012) 13:399-410. doi: 10.1038/gene.2012.16

Gorantla S, Makarov E, Finke-Dwyer J, Gebhart CL, Domm W, Dewhurst
S, et al. CD8+ cell depletion accelerates HIV-1 immunopathology in
humanized mice. J Immunol. (2010) 184:7082-91. doi: 10.4049/jimmunol.10
00438

Takenaka K, Prasolava TK, Wang JC, Mortin-Toth SM, Khalouei S, Gan O],
et al. Polymorphism in Sirpa modulates engraftment of human hematopoietic
stem cells. Nat Immunol. (2007) 8:1313-23. doi: 10.1038/ni1527

Wilson EM, Bial ], Tarlow B, Bial G, Jensen B, Greiner DL, et al. Extensive
double humanization of both liver and hematopoiesis in FRGN mice. Sterm
Cell Res. (2014) 13:404-12. doi: 10.1016/j.scr.2014.08.006

Hayakawa J, Hsiech MM, Uchida N, Phang O, Tisdale JF. Busulfan produces
efficient human cell engraftment in NOD/LtSz-Scid IL2Rgamma(null) mice.
Stem Cells. (2009) 27:175-82. doi: 10.1634/stemcells.2008-0583

Wilkinson FL, Sergijenko A, Langford-Smith KJ, Malinowska M, Wynn RE,
Bigger BW. Busulfan conditioning enhances engraftment of hematopoietic
donor-derived cells in the brain compared with irradiation. Mol Ther. (2013)
21:868-76. doi: 10.1038/mt.2013.29

Strick-Marchand H, Dusseaux M, Darche S, Huntington ND, Legrand N,
Masse-Ranson G, et al. A novel mouse model for stable engraftment of
a human immune system and human hepatocytes. PLoS ONE. (2015)
10:€0119820. doi: 10.1371/journal.pone.0119820

Dusseaux M, Masse-Ranson G, Darche S, Ahodantin J, Li Y, Fiquet O,
et al. Viral load affects the immune response to HBV in mice with
humanized immune system and liver. Gastroenterology. (2017) 153:1647-61
e1649. doi: 10.1053/j.gastro.2017.08.034

Park J-J, Wong DK, Wahed AS, Lee WM, Feld JJ, Lok ASE et al
Hepatitis B virus-specific global T-cell dysfunction in chronic hepatitis B.
Gastroenterology. (2016) 150:684-95.e685. doi: 10.1053/j.gastro.2015.11.050
Boni C, Laccabue D, Lampertico P, Giuberti T, Vigand M, Schivazappa S,
et al. Restored function of HBV-specific T cells after long-term effective
therapy with nucleos(t)ide analogues. Gastroenterology. (2012) 143:963-73
€969. doi: 10.1053/j.gastro.2012.07.014

Basma H, Soto-Gutierrez A, Yannam GR, Liu L, Ito R, Yamamoto
T, et al. Differentiation and transplantation of human embryonic
stem  cell-derived  hepatocytes.  Gastroenterology.  (2009)  136:990-
9. doi: 10.1053/j.gastro.2008.10.047

Xia Y, Carpentier A, Cheng X, Block PD, Zhao Y, Zhang Z, et al
Human stem cell-derived hepatocytes as a model for hepatitis B virus
infection, spreading and virus-host interactions. J Hepatol. (2017) 66:494-
503. doi: 10.1016/j.jhep.2016.10.009

Yuan L, Liu X, Zhang L, Li X, Zhang Y, Wu K, et al. A chimeric humanized
mouse model by engrafting the human induced pluripotent stem cell-derived
hepatocyte-like cell for the chronic hepatitis B virus infection. Front Microbiol.
(2018) 9:908. doi: 10.3389/fmicb.2018.00908

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 12 | Article 638447


https://doi.org/10.1016/j.bbrc.2011.01.042
https://doi.org/10.1016/j.bbrc.2013.10.040
https://doi.org/10.1038/srep27782
https://doi.org/10.1097/COH.0000000000000616
https://doi.org/10.1002/stem.1359
https://doi.org/10.1136/gutjnl-2014-307856
https://doi.org/10.1016/j.jhep.2017.04.023
https://doi.org/10.1016/j.jhepr.2019.11.006
https://doi.org/10.1101/2020.07.22.215640
https://doi.org/10.1053/j.gastro.2011.01.001
https://doi.org/10.1016/j.jhep.2016.02.012
https://doi.org/10.1038/nprot.2012.083
https://doi.org/10.1371/journal.ppat.1004032
https://doi.org/10.1073/pnas.1000475107
https://doi.org/10.4049/jimmunol.1201625
https://doi.org/10.1038/2681
https://doi.org/10.1053/jhep.2001.20678
https://doi.org/10.1038/nri3073
https://doi.org/10.1016/j.coviro.2017.07.029
https://doi.org/10.1016/j.ajpath.2013.09.008
https://doi.org/10.1016/j.yexcr.2009.07.007
https://doi.org/10.1111/imr.12066
https://doi.org/10.1016/j.clim.2011.02.019
https://doi.org/10.4049/jimmunol.1202810
https://doi.org/10.1038/gene.2012.16
https://doi.org/10.4049/jimmunol.1000438
https://doi.org/10.1038/ni1527
https://doi.org/10.1016/j.scr.2014.08.006
https://doi.org/10.1634/stemcells.2008-0583
https://doi.org/10.1038/mt.2013.29
https://doi.org/10.1371/journal.pone.0119820
https://doi.org/10.1053/j.gastro.2017.08.034
https://doi.org/10.1053/j.gastro.2015.11.050
https://doi.org/10.1053/j.gastro.2012.07.014
https://doi.org/10.1053/j.gastro.2008.10.047
https://doi.org/10.1016/j.jhep.2016.10.009
https://doi.org/10.3389/fmicb.2018.00908
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Lai et al.

Humanized Mice for HBV Study

88.

89.

90.

91.

Carpentier A, Tesfaye A, Chu V, Nimgaonkar I, Zhang F, Lee SB, et al.
Engrafted human stem cell-derived hepatocytes establish an infectious HCV
murine model. J Clin Invest. (2014) 124:4953-64. doi: 10.1172/JCI75456

Ang LT, Tan AKY, Autio MI, Goh SH, Choo SH, Lee KL, et al. A roadmap
for human liver differentiation from pluripotent stem cells. Cell Rep. (2018)
22:2190-205. doi: 10.1016/j.celrep.2018.01.087

Esteban MA, Wang T, Qin B, Yang J, Qin D, Cai J, et al. Vitamin C enhances
the generation of mouse and human induced pluripotent stem cells. Cell Stem
Cell. (2010) 6:71-9. doi: 10.1016/j.stem.2009.12.001

Yuan L, Jiang J, Liu X, Zhang Y, Zhang L, Xin J, et al. HBV
infection-induced liver cirrhosis development in dual-humanised mice with
human bone mesenchymal stem cell transplantation. Gut. (2019) 68:2044-
56. doi: 10.1136/gutjnl-2018-316091

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Lai, Wee and Chen. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

11

February 2021 | Volume 12 | Article 638447


https://doi.org/10.1172/JCI75456
https://doi.org/10.1016/j.celrep.2018.01.087
https://doi.org/10.1016/j.stem.2009.12.001
https://doi.org/10.1136/gutjnl-2018-316091~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Establishment of Humanized Mice for the Study of HBV
	Introduction
	The Evolution of Humanized Mice
	HBV-Trimera Mice
	uPA-SCID Transgenic Mice
	FRG Knockout Mice
	TK-NOG Transgenic Mice

	Dual Humanized Mouse Models
	AFC8-hu HSC/Hep Mice
	A2/NSG/Fas-hu-HSC/Hep Mice
	uPA-NOG Transgenic Mice
	FRGN Mice
	HIS-HUHEP Mice
	hBMSC-FRGS Mice

	Conclusion
	Author Contributions
	Funding
	References


