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Abstract

Nowadays, an estimated more than 300 million people live with hepatitis B virus (HBV) infection globally. One of
the main goals of the World Health Organization (WHOQO) is to eliminate viral hepatitis by the year 2030. The study
of the pathogenic and immunologic properties of HBV, as well as therapeutic substances and treatment regimens,
is significantly complicated by the insufficient number of susceptible biological test subjects (animal models)
and the lack of zoonotic reservoirs of the virus. In this regard, researching the properties of HBV and related
hepadnaviruses provides invaluable material for understanding the biology of the pathogen and the developing
methods of prevention and control of this chronic infectious disease, leading to severe hepatopathies (cirrhosis
and hepatocellular carcinoma).

Furthermore, prolonged HBV viremia leads to depletion of the immune system, reducing resistance against
pathogens of other infections, especially those with a chronic course and socially determined spread.

The aim of this research is to evaluate existing animal models of HBV infection in the context of pathogenesis,
immunologic and pathomorphological features. For the first time, the hypothesis of the possible use of certain
models for the research of HBV-associated socially significant infections is considered from the point of view
of the development of pathomorphological features.

To complete this review, we analyzed the information about the features of HBV infection models in vivo, published
over the last 25 years in open sources (Web of Science, PubMed, Scopus, ScienceDirect, Springer). The main
criteria for literature selection were the type of infecting agent, the observed immunologic features of the course of
the infectious process and the availability of a description of the pathomorphological features in model organisms.
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HakonneHHbIN onbIT N NepCcneKkTUBbI NCCNefoBaHNA
BupYyca renatuta B in vivo

HaropHbix A.M.”, TiomeHueBa M.A., TiomeHueB A.U., AKuMKuH B.T.

U,EHTpaJ'IbeIVI HayLIHO-I/ICCﬂep,OBaTEJ'IbCKI/II;I WHCTUTYT snngeMmmonormnmn Pocn0Tpe6Ha,q3opa, MockBsa, Poccnsa

AHHOMauus

Ha cerogHsiluHuin geHb B mupe 6onee 300 MnH YenoBek MHULUMpoBaHbl BUpycom renatuta B (HBV), a ogHow
13 uenen BO3 aengaetca nukemaauunsa supycHoro renatuta k 2030 r. 3yyeHne natoreHHbIX U UMMYHOMNOMMYECKMX
csovictB HBV, a Takke TepaneBTUYeCKMX CyGCTaHUMIA U CXEM €ro fieveHns CyLLEeCTBEHHO OCIOXHEHO OTCYTCTBU-
€M JOCTaTO4HOro KONmMyecTsa BOCMPUUMUUBBLIX OMONOrMYECcKNX TECT-CUCTEM (3KUBOTHBIX MOZENE) 1 300HO3HbIX
pes3epByapoB Bupyca. B cBA3n ¢ 3Tum nsydyeHme cBonctB HBV 1 poacTBeHHbIX eMy renagHaBupycoB AaéT Gec-
LieHHbIN MaTepuan Ans noHMMaHus Guonornm Bo3byautens n paspaboTkm MeTogoB npodunakTnku n 6opsbbl C
3TUM XPOHUYECKUM UHMEKLMOHHBLIM 3a6oneBaHNeM, NPUBOASLLMM K TSXKEMbIM renatonatnsiM (LMppo3 v renarto-
LenntonsipHasi KapumHoma).

Kpome Toro, npogomkutensHas supemus HBV npvBoauT K UCTOLLEHNIO MIMMYHHOW CUCTEMBbI, CHDKaA PE3NCTEHT-
HOCTb MPOTMB BO30yauTenewn Apyrux MHAEKLUA, OCOBEHHO UMEIOLLIMX XPOHUYECKOE TeYEHME U colmarnbHo oby-
CINOBIIEHHOE pacrnpoCTpaHeHMe.

Lenb paboTbl — oOLeHKa CyLLEeCTBYOLLUX XMBOTHbIX Mogenen nHgekumm HBV B kOHTEKCTe natoreHesa, UMMy-
HOJIOrMYECKMX 1 NaToMOpPdONorMyYecknx XxapakTepmucTmk. Bnepeble ¢ No3vummn pasButms NaTomopdonornieckmnx
0COOEHHOCTEN paccMaTpMBaETCA MMNoTe3a BO3MOXXHOIO MCMOSb30BAaHNST HEKOTOPbIX MOAENen ans n3y4yeHus co-
YyeTaHHbIX ¢ HBV counanbHO 3HaUMMbIX UHGEKLNIA.

[na noarotoBku ctaTbl Mcnonb3oBanacb MHdopmauns o6 ocobeHHOCTAX MogenupoBaHust MHdekunn HBV
in vivo, onybnukoBaHHas 3a nocrniegHue 25 net B oTKpbITbIX McToYHUKax (Web of Science, PubMed, Scopus,
ScienceDirect, Springer). OCHOBHbIMU KpUTEPUAMK ANA Nogdopa nuTepaTypbl ObiNy TN NHPULMPYIOLLIETO areH-
Ta, Habnogaemble UMMYHOINOrMYeckne 0COBEHHOCTM TeYEHUST MH(PEKLIMOHHOTO NpoLecca Y Hanuuue onucaHus
naToMoponorM4yeckon KapTHbl Y MOAENbHbLIX OPraHN3MOB.

Knrueeble cnoea: supyc senamuma B, xusomHblie mMoOernu, namomopghosio2udecKue xapakmepucmuku,
0630p

UcmoyHuk ¢puHaHcuposaHusi. PaboTa BbinonHeHa npu huHaHcoBow nogaepxke MuHMCTepcTBa Haykv U BbICLLETO
obpasoBaHusi PO B pamkax rpaHTa B chopme cybeuaum Ha cosgaHve u passutue «LleHTpa reHoMHbIX uccrnegosa-
HWIN MMPOBOTO YPOBHS No obecrneyeHnto Gruonornyeckon 6e3o0nacHOCTU U TEXHOMNOMMYECKON HE3aBUCKMMOCTM B pamMKax
degepanbHOM HayYHO-TEXHUYECKOW NPOrpaMmmbl Pa3BUTUSI TEHETUYECKMX TeXHOMNOrnn», cornaweHne Ne 075-15-2019-
1666.

KoHgbniukm uHmepecoe. ABTOpbI AEKNapUpyOT OTCYTCTBME SBHbIX M NOTEHLMArbHbLIX KOH(MUKTOB MHTEPECOB, CBS-
3aHHbIX C Mybnukaumnen HacTosiLLen cTaTbi.

Ansa yumupoesaHusi: HaropHbix A.M., TiomeHueBa M.A., TiomeHueB A.L., AkumkuH B.I. HakonneHHbI onbIT 1 nep-
CMEeKTUBbI UCCneaoBaHusi Bupyca renatuta B in vivo. XKypHan mukpobuonoauu, anudemuonoauu u ummyHobuonoauu.
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Introduction

Hepatitis B virus (HBV) is a small enveloped
hepatotropic DNA virus. HBV has a relaxed partial-
ly double-stranded circular DNA genome of approxi-
mately 3200 bases in length with 4 major overlapping
open reading frames (ORF): pre-S/S, pre-C/C, X and
P [1, 2]. The pre-S/S ORF encodes 3 structural enve-
lope proteins: large (L), medium (M) and small (S). The
S protein, known as HBsAg, consists of 226 amino ac-
ids. The pre-C/C ORF encodes 2 proteins: Core (core
protein), also known as hepatitis B core antigen (HB-
cAg) forms the nucleocapsid; pre-Core (pre-core pro-
tein) is produced as a result of the translation initiation
from alternate sites within the pre-C/C HBV ORF. The
X ORF encodes a small regulatory X protein that is re-
quired for viral replication. Finally, the P ORF encodes
a viral DNA polymerase [3], which is also a speciali-
zed reverse transcriptase required for the replication of
HBYV genomic DNA via an intermediate RNA [4].

HBsAg is a surface antigen and the main mar-
ker of HBV infection. In acute hepatitis, HBsAg can
already be detected in the blood during the incubation
period within the first 4-6 weeks from the onset of the
clinical period. The presence of HBsAg for more than
6 months is considered a factor in the disease transition
to the chronic stage. It should be noted that only part of
HBsAg proteins formed during virus reproduction, is
used for the construction of new viral particles, while
the rest of the antigen enters the blood of the infected
host [5].

HBcAg is a core antigen detectable only in the nu-
clei of hepatocytes, but is absent in the bloodstream.
The detection of IgM antibodies to this antigen in the
blood is of great diagnostic importance. These antibod-
ies in acute hepatitis are detected earlier than antibod-
ies for other viral antigens. Anti-HBcIgM are detected
in 100% of patients with acute hepatitis B, while the
total anti-HBc antibodies may be the only marker of
HBYV in the so-called "window period", when neither
HBsAg, nor antibodies to it could be detected in the
bloodstream. Because of this, they are detected at blood
transfusion centers when testing donated blood and
plasma [6].

HBcAg and HBsAg are the major structural an-
tigens of HBV. Both antigens are potent immunogens
for animal models as well as humans infected with
HBV [7].

HBYV protein X (HBx) is a pleiotropic regulatory
protein [8]. Its role in viral replication has been demon-
strated in a number of in vitro and in vivo studies. HBx
was first identified as a transactivator of gene expres-
sion. HBx does not bind DNA elements directly, but at-
taches to proteins that are responsible for binding DNA.
HBx moderately stimulates transcription driven by a
wide range of promoters, including its own enhancer in
the context of the entire viral genome [9]. However, the
role of HBx and its induced gene transcription, as well

as its impact on cytoplasmic signaling pathways during
natural HBV infection, remains up for debate [10].

After the virus enters the cell, the HBV capsid is
transported to the nucleus where the viral DNA is re-
leased. In the nucleus, the incomplete viral DNA ge-
nome with the help of cellular enzymes is reconstituted
into covalently closed circular DNA (cccDNA), which
then serves as a template for HBV gene transcription
[11]. The disease is associated with the formation of
infectious virions as well as overexpression of viral
proteins.

HBYV has a strict tropism to its host and organs.
It attaches to heparan sulfate proteoglycans and is ab-
sorbed upon binding to sodium-taurocholate cotrans-
porting polypeptide (NTCP). NTCP is a hepatocyte-spe-
cific bile acid transporter and has been identified as a
high-affinity HBV receptor.

Ex vivo expression of human NTCP (hNTCP) in
mouse, rat and dog hepatocytes enables HBV entry
into cells, but the virus is then blocked at one or more
stages of its life cycle [12]. However, hNTCP expres-
sion in the hepatocytes of pigs, cynomolgus monkeys
(Macaca fascicularis) and rhesus macaques (Macaca
mulatta) allows HBV to undergo a complete replica-
tion cycle. It is likely that additional host factors are
required to import incomplete HBV genomes into the
nucleus or to reconstitute them to a persistent form of
cccDNA [13].

HBV is a member of the Hepadnaviridae family,
which includes other hepatotropic enveloped DNA vi-
ruses such as Duck hepatitis B virus (DHBV), Wood-
chuck hepatitis virus (WHV) and Woolly monkey hep-
atitis B virus (WMHBYV). DHBV, WHV and WMHBV
are widely used as surrogate models of HBV infection.
Mammalian hepadnaviruses, including HBV, are mem-
bers of the Orthohepadnavirus genus and lead to the
development of liver pathologies, while DHBV be-
longs to the Avihepadnavirus genus, though infection
with this virus does not lead to the development of
hepatopathies.

Surrogate animal models of HBV

Ducks

In 1980, DHBYV was detected in the serum of do-
mestic ducks and became an instrumental model for
understanding the life cycle of hepadnaviruses [14]. In
duck hepatocyte cultures, this model has played a key
role in elucidating the mechanisms of viral replication,
including viral capsid assembly, initiation of reverse
transcription and finally formation of double-stranded
relaxed circular DNA [15-19]. Using this model, the
stages of cccDNA formation were investigated [20-22].
Duck models with persisting DHBYV infection have also
been used extensively to evaluate antiviral drugs, nu-
cleocapsid assembly inhibitors and combined therapy
(Fig. 1) [23-25].
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Fig. 1. Pathogenesis, immunological and pathological characteristics of animal models of HBV infection
based on surrogate viruses.

Nevertheless, duck models based on DHBYV still
greatly differ from human HBV in the following aspects:
DHBYV is only 40% homologous to human HBV [26],
DHBYV uses carboxypeptidase D as an entry receptor
[27], furthermore, drug toxicity may manifest different-
ly in humans and ducks [28, 29]. Therefore, screening
of candidate drugs as well as mechanism studies using
this system may require further validation due to the
existing differences between viruses and hosts.

Woodchucks

The discovery of WHYV, which infected wood-
chucks (Marmota monax) at the Philadelphia Zoo [30],
provided new opportunities for studying the host re-
sponse to hepadnaviruses in vivo. WHYV is similar to
HBYV not only in virological features such as length,
organization, and nucleotide sequence of the genome
(the similarity reaches 60-70%), but also in innate and
adaptive host immune responses that occur during viral
infection [31].

Currently, two species of woodchucks are used as
animal models for HBV-related studies: Marmota mo-
nax [32, 33] and Marmota himalayana [34]. The course
of infection, pathogenesis and disease progression in
WHV-infected woodchucks are similar to HBV infec-
tion in humans. Consequently, the woodchuck model is
widely used for preclinical studies of antiviral drugs as
well as studies of HBV-induced hepatocellular carcino-
ma (HCC). As preclinical models, infected woodchucks
have been tested for susceptibility to antiviral drugs
such as nucleos(t)ide analogs including lamivudine
[35], entecavir [36], and tenofovir [37]. Infection of

newborn woodchucks usually results in chronic infec-
tion, whereas adult woodchucks usually develop acute
hepatitis, indicating a similar immune response against
HBYV infection in humans. This has made it possible to
use woodchucks as an animal model of HBV for the
development of prophylactic vaccines and screening
of immunotherapeutic drugs against HBV infection
[15, 16, 32, 33]. In particular, the Marmota himalaya-
na model has shown that the use of nucleoside analogs
alone or in combination with DNA vaccine can induce
a partial or complete immune response, preventing vi-
remia after WHYV infection [38].

Nevertheless, there are certain limitations when
conducting research on the woodchuck model. Firstly,
the woodchucks are a large animals and can be diffi-
cult to handle during experimental procedures. Sec-
ondly, there are a limited amount of reagents available
to study the immune response of woodchucks to viral
infection. Furthermore, HBV- and WHV-mediated car-
cinogenesis differ, as WHV DNA often integrates into
the Myc proto-oncogene, resulting in the development
of HCC in almost all neonatally infected woodchucks,
whereas HBV prefers to integrate into the TERT, MLL4
and CTNNBI genes [39]. Thus, the differences between
HBV and WHYV viruses and their effects on their re-
spective hosts should be taken into account to evaluate
the efficacy of potential therapeutic agents and vaccines
against HBV.

Bats

Metagenomic analysis of tissue samples from bat
populations revealed numerous hepadnavirus-like se-
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quences showing more than 70% homology with WHV
and HBV genome sequences [40]. Whole-genome se-
quencing of tissue samples from bats living in Panama
and Gabon also revealed the presence of hepadnavi-
ruses in these populations, but zoonotic potential was
only confirmed in New World bats. This virus was ca-
pable of infecting human hepatocytes via hNTCP and
cross-reacted with monoclonal antibodies against the
S-domain of HBsAg. Histopathologic examination in-
dicated a slight to moderate presence of lymphocytic
as well as scant neutrophilic-eosinophilic infiltrates in
the portal triads of infected animals [41]. The presence
of HBx suggests the potential development of HCC in
infected bats. However, the detection of antibody-pos-
itive and DNA-negative bats combined with high sero-
prevalence in the same research indicates that bats are
possibly able to clear this infection.

The use of bats as a model organism for HBV stud-
ies is costly and time consuming due to the importance
of arranging for the animal care and maintenance in an
isolated vivarium. Furthermore, bat hepadnaviruses are
insufficiently studied. However, the question of model-
ing HBV infection in bats is open to debate, given the
migratory nature of these animals.

Non-human primates

Another HBV-like virus, WMHBY, infects its nat-
ural host, the woolly monkey (Lagothrix lagotricha)
[42]. WMHBYV has been successfully used in various
studies on spider (Ateles geoffroyi) and squirrel (Saim-
iri sciureus) monkeys. An infectious WMHBYV clone
was developed for studies in spider monkey models,
resulting in moderate viremia (10*-10° genomic equiv-
alent per 1 ml) 8 weeks after inoculation followed by
immune-mediated clearance [28]. Woolly and spi-
der monkeys are endangered and are unavailable for
HBV-related studies for ethical reasons [43, 44]. Ne-
vertheless, HBV models based on non-human primates
may be promising. For example, squirrel monkeys in-
fected with WMHBYV have shown acute infection and
in some cases chronic infection when WMHBYV ge-
nomes were delivered using adeno-associated viruses
[45]. It has been shown that in squirrel monkeys infect-
ed with WMHBY, viremia lasts 6-8 months, which is
more than 2 times longer than the duration of viremia in
other non-human primates. This fact allows us to con-
sider them as a surrogate model for the development of
therapeutic approaches for HBV treatment [45].

In 2013, a single naturally transmissible HBV
strain 99% identical to the HBVgenotype D (ayw)
strain was detected in a population of cynomolgus
monkeys on the island of Mauritius (mcHBV), which
raised some hopes of creating an HBV model based on
the small Old World monkey [46]. So far, however, it
has not been possible to obtain productive infection of
cynomolgus monkeys with mcHBYV, despite them being
inoculated with high doses [47].

After ANTCP was identified as a functional HBV
receptor, researchers discovered that it is a key host
factor limiting HBV infection in cynomolgus monkeys
and rhesus macaques [13]. hANTCP differs from primate
NTCP by only five amino acid residues in the HBV
binding region. However, a difference at one of these
divergent amino acid residues (G158R) results in an in-
ability to bind HBV to primate NTCP. The induction
of a corresponding mutation in the primate NTCP gene
resulted in HBV susceptibility [48]. In order to develop
a new virus model that provides susceptibility to HBV,
the R158G mutation could be induced into macaque
NTCP using the CRISPR/Cas genome editing system.

Furthermore, an HBV model based on rhesus
macaques transduced with a viral vector to express
hNTCP in vivo was developed [47]. The addition of a
viral vector followed by HBV infection resulted in sus-
tained HBV viremia for at least 6 weeks. Humoral and
antiviral cellular immunity were generated in the model
animals, and cccDNA was expressed in hepatocytes of
rhesus macaques during infection. However, the level
of hNTCP expression in rhesus macaques remains at a
low level and therefore, this model of HBV infection is
not considered effective (only 0.5-1.0% of hepatocytes
are HBcAg-positive, while HBsAg is not detected in
blood) [47].

The above data inspire the development of oth-
er HBV models based on non-human primates which
would be capable of demonstrating a higher efficiency
of HBV infection.

Immunotolerant animal models of HBV

Transgenic mice

Since 1985, transgenic mouse models express-
ing HBV proteins (such as HBsAg [49], HBeAg [50]
or HBx [51]) have been developed to study their role
in pathogenesis or study the full-length HBV genomes
that can produce infectious HBV virions in mouse he-
patocytes [52—55]. These models have contributed im-
mensely to the identification of oncogenic functions of
HBsAg and the HBx protein that induce inflammation,
alter host gene expression and ultimately lead to the de-
velopment of HCC [51, 56].

Transgenic mice expressing HBeAg are immu-
nologically tolerant not only to HBeAg, but also to
HBcAg, however, they are capable of transplacental
transmission of HBeAg. It is shown that the nonchi-
meric offspring of such animals after birth demonstrate
a reduced T-cell response to HBcAg. All of this indi-
cates that at the early stage of infection, HBeAg plays
a crucial role in limiting the T-cell response to HBcAg
and contributes to the transition of the process into a
chronic course of the disease. While HBcAg expres-
sion causes no obvious pathomorphological changes in
these mice, enhanced HBeAg expression inhibits its re-
lease, leading to the formation of acidophilic inclusions
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in the cytoplasm and causing focal nodular hyperpla-
sia of the liver. The cells with acidophilic inclusions,
in turn, resemble the ground-glass hepatocytes in HBV
carriers [57].

Transgenic mice expressing HBxAg in liver tissue
under the control of its native promoter have been used
to establish the oncogenic potential of HBxAg. Due to
HBxAg not being expressed in all hepatocytes, not all
animals develop HCC. In certain mice, only moderate
nuclear pleomorphism and increased mitotic hepatocy-
tic activity of a non-inflammatory nature is observed,
multifocal hepatolipidosis also occurs (Fig. 2). It is
worth noting that disease progression and death are ob-
served in males earlier than in females [58].

Transgenic mice with integrated full-length HBV
genomes capable of producing HBV virions in periph-
eral blood have also been used to test the efficacy of an-
tiviral drugs such as lamivudine and entecavir, as well
as to evaluate the antiviral effects of therapeutic drugs
based on small interfering RNA [59, 60].

Transgenic mice have an immune tolerance to
HBYV because the virus genome is integrated into the
mouse genome [61]. Nevertheless, transgenic mice
have been used to study the antiviral effects of the in-
terferon inducer [62] and the toll-like receptor 7/8 ago-

HBeAg expressing

HBxAg expressing

Immunotolerance to HBeAg and HBcAg;
transplacental transmission of HBeAg
to non-chimeric offspring

REVIEWS

nist [54]. Furthermore, transplantation of immune cells
from naive mice to transgenic mice can provoke the
development of an immune response to HBV [63-65].

Transduced mice

The main method of transduction of mouse he-
patocytes in vivo is hydrodynamic injection, which
involves the rapid (6-8 s) injection of a large number
of genetic constructs containing the HBV genome in-
to the tail vein under high pressure [66]. This causes
hepatocyte damage, which entails a post-injection in-
crease in alanine transaminase levels to large values,
but after transduction, HBV replication is temporary
[67]. Hepatocyte transduction in vivo is accomplished
using plasmid DNA, adenoviral (Adv) or adeno-associ-
ated viral vectors. Transduction with high doses of Adv
has been shown to induce temporary antigenemia [68]
and HBV replication for 3 months. This is followed by
a strong immune response against the adenovirus itself
[67]. Transduction with adeno-associated viruses results
in an immune tolerant phenotype with prolonged anti-
genemia, minimal inflammation and liver fibrosis [69].

The use of plasmid DNA reduces the risks of
strong immune responses against viral vehicles [70].
The formation of antigens, viral transcripts and DNA

Development of focal nodular liver
I— .
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Fig. 2. Pathogenesis, immunological and pathological characteristics of immunotolerant animal models of HBV infection.
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synthesis lasts for 14 days in immunocompetent ani-
mals. This is associated with the development of a
T-cell immune response aimed at destroying infected
hepatocytes. It is important to note that in immunode-
ficient NOD/SCID mice, the same process lasts for 81
days after transduction [70].

Optimization of the carrier containing the HBV
genome extended the duration of antigenemia in immu-
nocompetent mice up to 6 months. Due to this, HB-
sAg-positive mice produced antibodies against HBcAg,
but not against HBsAg, resembling the pattern of the
immune tolerant phase of infection in human carriers.
Transfer of HBcAg-specific immune cells promoted
the elimination of HBsAg from the serum of mice
carriers, demonstrating the critical importance of the
immune response against HBcAg in eliminating HBV
persistence [71].

A crucial role in HBV persistence in vivo is played
by cccDNA, which is responsible for viral recurrence
in chronically infected patients. It should be noted that
cccDNA is unable to infiltrate into hepatocyte nuclei
of unmodified mice. Using Adv, an HBV recombinant
cccDNA (rcccDNA) incapable of replication was suc-
cessfully delivered to the liver of Alb-Cre transgenic
mice and remained stable for more than 62 weeks, re-
sulting in HBV persistence. The persistent non-blood
inflammatory response and liver fibrosis found at the
late stage of virus persistence were similar to lesions
in the progressive course of chronic hepatitis B (CHB)
infection in humans [72]. A similar hepatotropic rc-
ccDNA model was established in the same mice via
adeno-associated virus 8. The model was characterized
by more than 72 weeks of antigenemia and cccDNA
persistence for more than 51 weeks. In contrast to the
previous model, minor parenchymatous inflammation
and focal fibrosis were observed in the liver [73].

Thus, it is quite evident that the approach of HBV
transduction of mice mediated by viral vectors and plas-
mid DNA is suitable for further use in HBV immuno-
tolerance studies. Moreover, delivery of adeno-associa-
ted virus-HBV vectors to mice induced histopathologic
manifestations consistent with liver fibrosis, which is
characteristic of the HBV infection [74]. However, this
issue has yet to be fully investigated.

Chimeric mice with humanized livers

Transgenic and transduced mice do not support a
full-scale infection due to the absence of the hNTCP
receptor. The Trimera model is the result of the earli-
est attempts of improving existing mouse models of
HBYV. To develop this model, fragments of infected hu-
man liver were transplanted into immunodeficient mice
under the renal capsule. After engraftment, viral DNA
and antigens were detectable for 2 months [75]. This
model was used to evaluate antiviral drugs, despite its
limited applicability to other HBV research tasks due
to the relatively short time window for infection and

the transient viremia. In another simple model, partial-
ly immunodeficient Nude mice were subcutaneously
transplanted with HepAD38 cells, capable of inducible
HBYV production. Sustained viremia developed 21 days
after the subcutaneous neoplasm was formed and per-
sisted for 30 days [76].

An alternative to the Trimera model involves us-
ing mice with liver-specific expression of the uroki-
nase-type plasminogen activator (uPA). Such animals
are characterized by increased uPA concentration, hy-
pofibrinogenemia and neonatal hemorrhages. Expres-
sion of the uPA gene induces hepatocyte necrosis in
young mice and provides marked repopulation of about
87% of liver parenchyma after 9 weeks [77]. Despite
sustained viremia, ground-glass hepatocytes are not de-
tected in such animals [78]. The hu-uPA/SCID model is
widely used to evaluate antiviral drugs and investiga-
tional immune therapy regimens. It is also used to study
the mechanism of the innate immune response against
HBV. The main disadvantage of this model is the un-
controlled expression of the uP4 gene, which requires
xenotransplantation of hepatocytes in the neonatal pe-
riod, as well as an increased risk of extensive hemor-
rhage in model animals [79].

In 2018, G. Dalton et al. introduced Fah gene
knockout mice. These animals significantly solved the
problem of the hu-uPA/SCID model. The lack of the
Fah gene causes accumulation of toxic metabolic inter-
mediates of phenylalanine catabolism to tyrosine and
induction of liver failure is regulated by administration
of  2-(2-nitro-4-fluoromethylbenzoyl)-1,3-cyclohex-
anedione [80]. Based on this feature, several models
have been established, including FRG mice carrying a
genotype with the knockout of Fah, Rag? and IL-2ry
genes. These mice achieved 95% liver repopulation
with human hepatocytes [81, 82]. After HBV infection,
increased levels of cccDNA, vRNA and viral DNA rep-
lication intermediates were observed in hu-HEP/FRG
mice. The hu-HEP/FRG model has been successfully
used to study the pathogenesis of HBV [82] and evalu-
ate the efficacy of antiviral drugs and therapeutic regi-
mens [83].

Immunocompetent animal models of HBV
Tupaia

Tupaia (Tupaia belangeri) are small mammals that
are genetically more closely related to primates than to
rodents [84]. Tupaia are susceptible to HBV and HCV
experimental infections, which has led them to become
a non-primate animal model studied in recent decades
[85, 86]. Similar to other species, tupaia have a greater
propensity to develop chronic disease when infected as
newborns and show similar histopathologic changes in
the liver as those seen in humans infected with HBV
[83]. Primary tupaia hepatocytes are widely available
and used in HBV and WMHBY infections [87, 88].
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Due to the primary cell culture of tupaia hepato-
cytes, accurate mapping of the HBV binding site be-
came possible and NTCP was identified as its function-
al receptor [12]. Intraperitoneal inoculation of HBV
into newborn animals leads to HBsAg persistence
in the liver accompanied by short-term HBsAg- and
HBeAg-antigenemia, while intrahepatic transduction
of recombinant viral DNA leads to the emergence of
serum antibodies against HBsAg and HBcAg and the
development of chronic hepatitis ending in fibrosis in
certain individuals [89]. In adult tupaia, intravenous
or intraperitoneal infection leads to a rapid increase
in antibody titers against HBcAg, HBsAg and HBeAg
within 2-3 weeks. Histopathologic changes in the liv-
er of chronically infected animals are similar to those
observed in human HBV [89], including HCC forma-
tion at the late stage of life in 30% of animals (Fig. 3).
Nonetheless, no increase was observed in the levels of
serum transaminases in tupaia [90].

Nowadays, there are a number of caveats that limit
the applicability of tupaia as an animal model of HBV.
First, being outbread, tupaia have genetic heterogene-
ity that may be useful for real-world studies, but is not
acceptable for large-scale animal studies. Second, only

Persistence of HBcAg in the liver;

short-term HBsAg- and HBeAg-antigenemia;

REVIEWS

low titers of virus are detectable in vivo in tupaia. Last-
ly, there is an acute shortage of tools and materials to
investigate HBV in this species.

Chimeric mice with humanized
immune systems and livers

A significant disadvantage of chimeric mice with
humanized livers is their high immunodeficiency back-
ground. To enable analysis of the human immune re-
sponse to HBYV, virus-induced immunopathogenesis
and testing of immunomodulators for the treatment of
CHB infection, protocols for the co-grafting of human
hepatocytes and human immune cells into mice are
constantly being updated and improved.

Reconstitution of the human immune system is
achieved by intrahepatic injection of newborn NSG
mice carrying the HLA-A2 allele with human hema-
topoietic CD34* stem cells (hCD34*%). The hCD34*
together with human liver progenitor cells repopulate
mouse livers damaged by agonistic antibodies against
CD95. This model achieves 25% humanization, HBV
persistence with low viral load (< 5 x 10° copies/mL),
and the development of an HBV-specific hCD8" T-cell
response. The accumulation of M2-like macrophages,

Chronic hepatitis; liver fibrosis;
selective formation of HCC

the increasing of serum antibody titers

humanized immune
system and liver

Macaca
fascicularis

Pan troglodytes

Primates

HLA- TR e Chronic hepatitis
and liver fibrosis
Chimeric mice with A2/NSG

Maintenance of productive HBV
infection for 16-20 weeks; formation
of an immune response against HBsAg

of human HBV infection

Acute hepatitis,
not accompanied by fibrosis
and HBcAg

The natural form

of transmissible chronic HBV

The closed imitation

Portal liver fibrosis; serum

transaminase levels within the

Macaca sylvanus

Macaca mulatta
(hNTCP expressing)

physiological norm range

Temporary moderate

viremia

Fig. 3. Pathogenesis, immunological and pathological characteristics of immunocompetent animal models of HBV infection.
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which contribute to accelerated liver fibrosis in HBV
patients, leads to the development of severe hepatitis
and fibrosis in mice [91].

Another model, HIS/hu-HEP, is developed by
engrafting hCD34" cells and adult human hepatocytes
into BALB/c Rag2”IL2ry”~ Sirpa NOD Alb-uPA''e
mice. HIS/hu-HEP is characterized by higher levels
of HBV antigen production and the development and
maintenance of productive infection for 16-20 weeks.
Infection of animals of this model leads to infiltration of
inflammatory cells into areas containing antigen-posi-
tive hepatocytes without subsequent formation of foci
of fibrosis. At the same time, exposure to small doses
of HBsAg and HBcAg antigens induces a stronger im-
mune response [92].

The FRGS (Fah”Rag2”IL-2Ryc”~ SCID) mice
are also used to develop chimeric mice with humani-
zed immune system and liver. This is done by in-
trasplenial transplantation of human bone marrow
mesenchymal stem cells. As a result, after 12 weeks,
human bone marrow mesenchymal stem cells differen-
tiate into functional hepatocytes directly in the liver of
the mice. Furthermore, hCD45" cells repopulate bone
marrow, thymus, lymph nodes, liver and are found in
the peripheral blood of model animals to varying de-
grees. After infection, persistent HBV infection with
high viral load and antigenemia develops, attracting a
large number of inflammatory cells to the liver paren-
chyma. The pathomorphological signs of acute lobular
hepatitis with the formation of lymphoid aggregates
and ductal lesions appears 12 weeks after infection,
and the portal and periportal lymphocytic infiltration
characteristic of HBV is detected from week 24. The
formation of diffuse scars and areas of focal nodular
hyperplasia in the liver, as well as elevated levels of
serum y-glutamyltranspeptidase and hyaluronic acid,
persist for 36 weeks after infection. Taken together,
such liver changes in animals are similar to some
pathomorphological features of the CHB infection in
humans. Moreover, 10% of infected animals develop
cirrhosis, which resembles the natural history of CHB
infection in humans [92].

Chimeric mice with humanized immune systems
and livers represent a new type of animal models of
HBYV. Such models successfully reproduce the natural
progression of HBV infection and thus offer opportuni-
ties to understand the pathophysiology of viral immuni-
ty and improve intervention strategies for HBV-related
liver disease.

Primates

The chimpanzee is the only known immunocom-
petent model that is fully susceptible to HBV and can
reproduce pathogenesis and disease progression quite
accurately. It has been shown that even 1 genomic
equivalent of HBV DNA is sufficient to successfully
infect chimpanzees [93]. After injection of HBV ob-

tained from patients with CHB infection, chimpanzees
can develop acute and chronic disease with immune re-
sponse and inflammation profiles very similar to those
of HBV-infected patients [94].

In the early stages of HBV research, the chim-
panzee model played an important role in evaluating
the safety and efficacy of HBV vaccines under devel-
opment. Chimpanzee studies were used to test the ef-
ficacy of the first-generation HBV vaccine (derived
from blood plasma) and a later developed recombinant
vaccine containing HBsAg produced in yeast cells [94,
95]. In recent years, the efficacy of modified recombi-
nant vaccines, vaccines against antiviral drug-resistant
mutant variants of HBV, and some therapeutic vaccina-
tion studies have also been tested using a chimpanzee
model [96-98].

Chimpanzees seem to be indispensable as an im-
munocompetent animal model in immunity studies
due to the fact that they can reproduce the same liv-
er inflammation and cellular immune responses as in
HBV-infected patients. Studies in chimpanzees have
shown that non-cytopathic antiviral mechanisms me-
diated by pro-inflammatory cytokines can promote
viral clearance during acute viral hepatitis [99]. More
recently, studies in chimpanzee models of CHB infec-
tion have shown that immune modulation can enhance
antiviral immunity and suppress HBV replication (e.g.,
through TLR-7 agonist activation) [100]. Although
chimpanzees have historically been the most relevant
animal species for HBV research, limited availability,
high costs and serious ethical concerns have limited
their use as an experimental model.

Besides chimpanzees, other primate models have
been used to study HBV. For example, Barbary ma-
caques (Macaca sylvanus) transduced with plasmid
DNA containing the HBV genome develop viremia and
early portal liver fibrosis, which is also characteristic of
the disease in humans. At the same time, serum trans-
aminase levels in infected macaques remain within the
physiologic normal range [101]. In rhesus macaques
expressing hNTCP in hepatocytes, moderate transient
viremia can also be established [47].

Primate models, which are extremely important
in the study of HBYV, are not widely used not only for
ethical reasons, but also because of their high cost and
the lack of necessary materials (reagents) for such
studies.

Models of socially significant HBV
co-infections
HBYV infection is a socially determined chronic
disease and can be mixed with other infections caused
by hepatitis C (HCV) and D (HDV) viruses, human
immunodeficiency virus (HIV) or tuberculosis. The
pathophysiologic, immunologic, and pathomorpholo-
gical features of these co-infections differ significantly
from those of mono-infection. Therefore, when devel-
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oping therapeutic approaches, it is advisable to develop
animal models that can reflect the properties of co-in-
fections.

HBV/HCV and HBV/HDV coinfections

Hepatitis C is widespread. The WHO estimates
that about 3% of the world's population is infected with
HCYV, with about 1.5 million new infections occurring
each year. More than 250,000 people die each year
from the hepatitis C sequelae (mainly cirrhosis and liv-
er cancer).

Hepatitis D is an inflammatory liver disease caused
by hepatitis D virus (HDV). HDV requires the presence
of HBV for its reproduction (without HBV, even hepati-
tis D infection is not possible). HBV/HDV co-infection
is considered the most severe form of chronic hepatitis
due to the more rapid development of HCC, which is
fatal.

Due to their ability to control hepatocyte apop-
tosis, transgenic humanized hu-uPA/SCID/beige and
AFC8-hu-HSC/Hep mice can be used to mimic HBV/
HCV or HBV/HDV co-infections. Virus titers in these
models reach detectable serum levels 3 weeks after
HBV/HDV infection. HBV viremia is slightly lower
than HDV viremia because HBV/HDV co-infection is
associated with induction of human type I interferon
expression, in contrast to HBV mono-infection [102].
FRG and Alb-uPA mice have also been successfully
used for xenotransplantation of human hepatocytes and
subsequent HCV infection. Interestingly, the transmis-
sible nature of the disease was confirmed in the course
of these studies [103, 104].

Y. Amako et al. demonstrated the possibility of
the infection of naive animals with serum of seropos-
itive tupaia with subsequent development of acute
hepatitis and viremia. Infection of tupaia with serum
of HCV-positive humans resulted in a 2-5-fold increase
in serum alanine aminotransferase level and prolonged
transient viremia. At the same time, hepatolipidosis was
observed in infected animals. During the next 2 years,
lymphocytic infiltrates characteristic of chronic patho-
logy was formed around the portal areas and liver sinu-
soids. And in the next year, the inflammation led to the
development of moderate and even severe fibrosis with
elements of liver cirrhosis [105].

As with HBV, the functional receptor for HDV
is NTCP. At the same time, HDV requires HBV enve-
lope proteins for release from infected hepatocytes and
continuation of the infectious process [106], although
it is known that HDV can persist in resting (non-divid-
ing) woodchuck hepatocytes for at least 42 days, inde-
pendently of HBV [103]. In vivo studies performed on
woodchucks infected with both WHV and HDV have
helped in the development of immunization strategies.
However, J.L. Gerin claimed that one of the obstacles
to the multilateral use of this model was the early devel-
opment of WHV-induced HCC [107].

REVIEWS

HBV/HIV co-infection

At the end of 2022, 33.1-45.7 million people
worldwide are infected with HIV, according to various
estimates. About 1% of people living with HBV infec-
tion (2.7 million people) are also infected with HIV.
HIV-positive patients with HBV are known to have
an 8-fold higher risk of liver-associated mortality due
to the use of highly active antiretroviral therapy. Fur-
thermore, HIV infection accelerates the progression of
HBYV infection, significantly increasing the risk of liver
cirrhosis or HCC. However, HBV infection does not
lead to an accelerated reduction in the amount of CD4*
T-cells [108].

Given the similar transmission routes and risk
factors, cases of HBV/HIV co-infection are not uncom-
mon. Therefore, double-humanized mouse models are
used to study HBV/HIV co-infection. Such a model
would be AFC8-hu-HSC/Hep mice. AFC8-hu-HSC/
Hep mice are characterized by inducible hepatocyte
apoptosis due to a transgene incorporated the genome
(AFC8 — FK506-binding protein and caspase 8 under
the control of the albumin promoter). Infection of these
mice with HBV leads to the expression of human fi-
brogenic proteins that cause the development of liver
inflammation and fibrosis correlating with the activa-
tion of hepatic stellate cells in the humanized region
of the liver [109]. Humanized models of HIS/hu-HEP
[91] or TK-NOG-hu-HSC/Hep [110] mice can be used
in a similar manner. However, the main obstacle to the
development of these models is the necessity to use tis-
sues obtained from a single donor.

The mouse model of HIL, obtained by transplan-
tation of embryonic hCD34" cells into the liver paren-
chyma of immunodeficient mice, is more simple to use.
With this method, it is possible to obtain mice with dou-
ble humanization and minimized risk of graft-versus-
host reaction. After infection, HIL mice exhibited nod-
ular liver fibrosis progressing to diffuse fibrosis with
multiple septa. The diffuse fibrosis led to the develop-
ment of severe scarring and nodular cirrhosis as a result
of inflammation and activation of hepatic stellate cells.
At the same time, a threefold increase in the number of
hCD45" cells and improved regulation of both human
and murine fibrogenic genes were observed in the liver
parenchyma of animals [111].

HBV/Mycobacterium tuberculosis co-infection

Tuberculosis, like infections caused by HCV,
HDV and HIV, is a socially significant disease. In 2021,
an estimated 10.6 million people worldwide had tuber-
culosis. Co-infections of HBV and Mycobacterium tu-
berculosis (MTB) are not uncommon.

It is a known fact that antitubercular drugs are pri-
marily used in the therapy of HBV and MTB co-infec-
tion, which against the background of hepatic tubercu-
losis can carry a huge risk of liver damage [112]. Rhe-
sus macaques and cynomolgus monkeys are susceptible
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to MTB infection by the natural route of infection, and
they develop granulomas, including in the liver, with a
highly ordered architecture with central necrosis sur-
rounded by a peripheral rim [113].

The development of an aerosolized method of in-
fection mice made it possible to increase the virulence
of mycobacteria relative to the intravenous method
[114]. The BLT model obtained by transplantation of
fetal tissues of human bone marrow, liver and thymus
under the kidney capsule of immunodeficient mice is
susceptible to infection with mycobacteria. 3-4 weeks
after MTB inoculation, multifocal inflammation of liv-
er parenchyma developed. The bacteria were localized
in the areas of inflammation, but no ductal obstruction
was observed in the liver 4 weeks after infection [115].
The main difficulty of the BLT model lies in the xe-
notransplantation procedure, which requires manipula-
tions with extreme precision. Furthermore, in the BLT
model, the developing human liver tissue does not re-
constitute the full structure of the organ.

Highly immunodeficient TK-NOG mice, suitable
for xenotransplantation of both liver tissue and hema-
topoietic stem cells, may become a universal model for
some infections. Their humanization may make it pos-
sible to mimic not only HBV infection combined with
HIV [110], but also make these mice a promising model
for future studies of HBV/MTB co-infection.

L. Zhan et al. reported the susceptibility of tupaia
to experimental intravenous infection with high and
low doses of MTB. Given that tupaia are outbred, the
observed clinical signs of disease varied among ani-
mals even within the same experimental group. Path-
omorphological examination showed the presence of
tuberculous granulomas in the lungs and spleen with
central caseous necrosis and a large number of inflam-
matory cells in the periphery. Focal necrosis with in-
flammatory cells was common in the adrenal cortex and
capsule and cerebellum. Infiltrated with inflammatory
cells, MTB-containing lesion foci were found in the
liver, kidney and extensive necrotic foci in muscle. It
is important to note thatanimals reached humane end-
points by week 11 [116]. Taking all of this into account,
tupaia can also be considered a promising model for
future HBV/MTB co-infection studies.

Conclusion

DHBYV is only 40% homologous to HBV [26]
and uses carboxypeptidase D as an entry receptor [27].
Therefore, ducks have low relevance as models for
evaluating the efficacy of antiviral therapy [117]. Sim-
ilar to ducks, woodchucks, bats, and primates are not
inbred, and immunologic reagents for comprehensive

studies of hepadnavirus infections are not available.
Furthermore, many natural models of infection are sim-
ply endangered.

Mice with immunotolerance can only maintain
HBYV replication in the context of mouse morphologic
and physiologic features. In this case, the life cycle of
the virus is incomplete due to the absence of the sta-
ges of virus entry, cccDNA formation and infection
dissemination. The relevance of the results obtained
on chimeric mice possessing a humanized liver cannot
be translated to humans due to their immunodeficiency
and, consequently, the absence of pathomorphological
changes caused by the immune response against infect-
ed cells.

Tupaia can be infected with HBV, but they are
also outbred and their use in vivo as models requires
preliminary studies. Double-humanized mice repre-
sent a promising area for further research. However,
the stability of viremia is directly dependent on the de-
gree of humanization of mouse liver with administered
human hepatocytes [102]. Furthermore, transplantation
(engraftment) of xenogeneic immune system and liv-
er induces mismatches in the major histocompatibility
complex system, which leaves open the question of the
relevance of recognition mechanisms and immune re-
sponses against the virus in such models.

Given the inaccessibility of chimpanzees for
HBYV research, as well as the similarity of the immune
system and the relative availability of some reagents,
non-human primates possibly provide the most reli-
able immune data for translational research [46]. How-
ever, these results need to be carefully interpreted by
cross-checking in other biological systems.

A new trend is the development of animal mod-
els of HBV-associated socially significant infections.
Immunodeficiency of some models would possibly
become their advantage, as in the case of simulated
HBV/HIV co-infection. On the other hand, simulta-
neous infection with two pathogens carries the risk of
a significant reduction in the quality of life of the an-
imal. Therefore, the design of such studies should be
reviewed by ethical committees in the strictest manner.

During the study of a pathogen such as HBV, there
are no models that are of no practical value. In conclu-
sion, models that can demonstrate both the long-term
development of hepatopathy and the immunologic fea-
tures of the infection process in vivo will become more
widespread in future studies of both hepatotropic viruses
and co-infections. Furthermore, the identification of nov-
el natural reservoirs of hepadnavirus infections for the
purpose of expanding the selection of available models
will shed light on the origin and evolution of HBV.
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