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Hepatitis B virus (HBV) infection is a global public health problem. The clinical
outcomes of HBV infections are influenced by host as well as viral factors,
including viral genotypes and subgenotypes. The interplay between HBV and
host innate immunity remains unclear because of the lack of a suitable small
animal model. Tree shrews (Tupaia belangeri) have been utilized as a useful
animal model for hepatitis viruses such as hepatitis B and C viruses. In this study,
we characterized acute infections by HBV genotype F (HBV-F) wild type (Wt)
and mutant type (Mt) viruses in adult tree shrews. Serum alanine
aminotransferase levels were measured before and post- infection 7 and 14
dpi. Both HBV-F-Wt and Mt were detected in the HBV-F-infected tree shrew
serum and liver tissue at 7 and 14 dpi. We examined the intrahepatic expression
patterns of Toll-like receptors (TLRs) (TLR1-9 mRNAs), cGAS, several
transcription factors such as STAT1, STAT2, IRF7, HNF4, PD-L1, and
cytokines, including IFN-B, IFN-v, IL-6, and TNF-« in HBV-F Wt/Mt-infected
tree shrews. When compared with uninfected animal group, significant
suppression of TLR8 in HBV-F-Wt infected animals and significant
suppression of PD-L1 in both HBV-F-Wt and Mt infected animals were
observed. Thus, tree shrew can be a useful animal model to characterize
HBV-F pathogenesis.
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Introduction

Hepatitis B virus (HBV) infection remains a major public
health concern worldwide, despite the availability of an effective
preventive vaccine (1, 2). HBV infection may cause several
hepatic complications, including acute and chronic hepatitis,
cirrhosis, and hepatocellular carcinoma (3, 4). According to a
recent report by the World Health Organization, 296 million
people were infected with chronic HBV infection in 2019, with
1.5 million new infections annually (5).

HBYV is an enveloped, circular, and partially double-stranded
DNA virus belonging to the Hepadnaviridae family (3). HBV
has a genome of approximately 3.2 kb containing four
overlapping open reading frames, which encode the following
seven proteins: polymerase, core, precore, three envelope/surface
proteins (large, middle, and small), and the X protein (6-8).
HBV has eight well-known genotypes (A-H), with more than
8% difference in the nucleotide sequence of the HBV genome
and distinct geographic distribution (9, 10). Genotype A is
highly prevalent in northwestern Europe, Sub-Saharan Africa,
India, and North, Central, and South America, whereas
genotypes B and C are common in the Asia-Pacific region.
Genotype D is prevalent in the Mediterranean area, Central Asia,
and South America, genotype E is restricted to West Africa, and
genotype F is found in Central and South America. Genotype G
has been reported in France, Germany, and the Americas, and
genotype H is found in Central America and Mexico (11, 12). In
addition to the A-H genotypes, two new genotypes have been
described, including genotype I, which was isolated in Vietnam
and Laos (13, 14), and genotype J, which was identified in Japan
(15). Due to the high genetic variability of HBV, genotypes are
further classified into 40 different subgenotypes, distinguished
by greater than 4% difference in the nucleotide sequence of the
HBV genome (16).

The functional cure, which is the new target for chronic
HBYV infection treatment, cannot be achieved by the currently
available therapies consisting of peg-interferon and nucleos(t)ide
analogs (17). Moreover, existing therapies for chronic HBV
infection have limitations, such as frequent relapse and
emergence of resistant viral variants, particularly in cirrhotic
and immunosuppressed patients during short- and long-term
treatment, respectively (18, 19). During chronic HBV infection,
impairment of the immune response, including the T cell
response, is observed (20), highlighting the necessity of
developing novel therapies that can improve the immune
response. Furthermore, the clinical progression and outcomes
of HBV infections are regulated by many factors, including the
host’s age and genetic factors, as well as viral factors such as
HBYV genotypes and subgenotypes (21, 22). All HBV genotypes
have not been fully characterized, and HBV-induced
immunopathogenesis is not well-understood because of the
lack of an appropriate small animal infection model.
Moreover, characterization of each HBV genotype is
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important for the proper understanding of HBV pathogenesis
and host immune response for promoting the development of
antivirals and vaccines (23). Although the role of adaptive
immunity in the control of HBV infection is well-documented,
the effects of innate immunity are only partially studied (24).

The innate immune response acts as the first line of immune
defense to prevent viral infections (25). Components of viral
pathogens, including viral nucleic acids and proteins, can be
recognized by different pattern recognition receptors (PRRs),
such as Toll-like receptors (TLRs), retinoic acid-inducible gene
(RIG)-I-like receptors (RLRs), nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs), and C-
type lectin receptors, which may induce the synthesis of
interferons (IFNs) and cytokines through distinct signaling
pathways, thereby inhibiting infection and enhancing adaptive
immune responses (26, 27). TLRs are evolutionarily conserved
PRRs, which play an important role in sensing invaders and
initiating innate immune responses, thereby limiting the spread
of infections and triggering adaptive immune responses (26).
Cyclic GMP-AMP (cGAMP) synthase (cGAS), a recently
discovered cytosolic DNA sensor, is a key player in inducing
the innate immune response against invaders (28, 29). Different
TLRs and cGAS can lead to the activation of transcription
factors, including signal transducer and activator of
transcription (STAT) and IEN regulatory factor (IRF), which
may play essential roles in the molecular and cellular signaling
pathways of IFN induction (30, 31). Programmed cell death
ligand 1 (PD-L1) is a co-inhibitory molecule associated with the
immune response, which may inhibit cytokine secretion and
induce apoptosis (32). Hepatocyte nuclear factor 4 (HNF4) is
considered an important transcription factor for HBV
replication, and the control of HNF expression and function
might inhibit HBV replication (33, 34).

So far, chimpanzees have been used as natural infection
models for HBV; however, high cost and ethical reasons restrict
their use in experimental infections. Recently, humanized
chimeric mice were developed (35) that can be effectively
infected by HBV (36), but limitations including high cost,
immunocompromised animal status, and inability to examine
chronic HBV infections remained. Therefore, an alternative
animal model is essential to study host-virus interactions and
develop new drugs or vaccines. In this study, we used Tupaia
belangeri (also known as tree shrew or tupaia) to investigate the
infectivity of HBV-F and characterize the innate immune
responses during an acute HBV infection. Tree shrews are
widely distributed in Southeast Asia, including South and
Southwest China (37). Tree shrew belongs to the Tupaiidae
family, which contains four genera and 19 extant species (37).
Whole-genome analysis of tree shrews has revealed that it is
more closely related to humans than to rodents (38, 39). Tree
shrews have been reported to be susceptible to HBV infection in
several studies (40-44). In addition, primary tupaia hepatocytes
(PTHs) are being widely used for HBV infection studies, which
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might provide further insights into HBV pathogenesis (43, 45,
46). It is important to mention that sodium taurocholate co-
transporting polypeptide (NTCP), the cellular entry receptor for
HBYV, was recently identified using PTHs (46). Therefore, tree
shrews could be a useful animal model for the experimental
analysis of various molecular and clinical aspects of HBV
infection, and can be developed as an immunocompetent
infection model (47). Furthermore, viral factors such as viral
genotypes also influence the clinical outcome and treatment
response; therefore, it is essential to study the molecular basis of
HBYV pathogenesis for each genotype. However, HBV genotype
F (HBV-F) has not yet been characterized in the tree shrew
model. Notably, it has been reported that in the chimeric mice
hepatocytes, HBV-F Mt (BCP/PC/2051 including A1762T/
G1764A, G1896A, and A2051C mutation which were observed
in HCC patients) can replicate better compared to HBV-F Wt
(48). Therefore, in this study, we characterized HBV-F wild- and
mutant-type (HBV-F Wt/Mt) infection in tree shrews, including
the intrahepatic innate immune response against acute HBV-F
Wt/Mt infection to gain insights into the role of host innate
immune response in immunopathogenesis during acute HBV-F
infection in this model animal.

Materials and methods
Animals

Twelve adult male and female tree shrews were used in this
study. Among the tree shrews used in this study, #386 and # 395
were female (4 years old) (Figure S1), and the remaining shrews
were males (6 years old) (Figure 1; Figure S2). Tree shrew #386
and #395 were immunized with HBs-S antigen (10 pg/dose,
intranasally, 6 times, 2017.11.30~2018.02.22). Adult tree shrews
were originally purchased from the Laboratory Animal Center at
the Kunming Institute of Zoology, Chinese Academy of Sciences
(Kunming, China). Tree shrews were reared in separate cages
and fed a daily regimen of eggs, fruits, water, and dry mouse
food. The animals were handled humanely according to the
guidelines of the Institutional Animal Care and Use Committee
for Laboratory Animals. This study was carried out in
accordance with the ‘Guidelines for Animal Experimentation’
from the Japanese Association for Laboratory Animal Science
and the recommendations of the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health.

Virus infection

All tree shrews used in this study were confirmed to be
HBV negative by polymerase chain reaction (PCR), as shown
by the HBV DNA measurements, before viral infection. HBV
inocula for animal inoculation were derived from humanized
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chimeric mice but not from humans. Intravenous inoculation
of HBV-F Wt (48) (in tree shrews #149, #192, and #395) and
HBV-F Mt (48) (in tree shrews number #178, #191, and #386)
with 1.0 x 107 HBV DNA copies per animal was performed in
the tail vein of tree shrews, and four tree shrews #3, 5, 38, and
53) were used as uninfected controls. The HBV-F Wt/Mt-
infected and uninfected tree shrews were bled (0.3 mL) before
infection (days -7 and 0), and 1, 3, 5, 7, 10, and 14 days post-
infection (dpi). Sera were obtained for the indicated time
points and stored at —80°C until further use. At 14 dpi, the
shrews were sacrificed, and liver tissues were extracted and
stored at —80°C until further use. In addition to the above-
mentioned animals, two adults with HBV-Wt (tree shrew #19)
and HBV-F Mt (tree shrew #M0-001) were infected and then
sampled as previously described (Supplementary Figure S2).
Seven days post-infection, the animals were sacrificed, and
liver tissues were extracted and stored at —80°C until
further use.

Measurement of serum alanine
aminotransferase

Serum ALT activity in tree shrews was determined using a
commercial kit, Transaminase CII-test Wako (Wako Pure
Chemical Industries, Osaka, Japan), and standardized
according to the manufacturer’s instructions. ALT activity
is presented in international units (IU)/L (L) and the
acceptable values for healthy tree shrews were values lower
than 100.

Viral load measurement

HBV DNA from serum samples pre- and post-infection was
extracted using SMltest EX-R&D kits (Nippon Genetics Co., Ltd.,
Tokyo, Japan), according to the manufacturer’s instructions. HBV
DNA was measured by real-time PCR, as described previously (49).
Genomic DNA (gDNA) from tree shrew liver tissue was extracted
using the phenol-chloroform extraction method, and intrahepatic
HBV DNA was measured by real-time PCR, as described previously
(49). The primers and probes for the S gene consisted of a forward
primer HB-166-S21 (nts 166-186): 5'-CACATCAG
GATTCCTAGGACC-3/, a reverse primer HB-344-R20 (nts 344-
325): 5'-AGGTTGGTGAGTGATTGGAG-3', and Taq Man probe
HB-242-S26FT (nts 242-267): 5'-CAGAGTCTACACTCG
TGGTGGACTTC-3". The limit of detection (LOD) of HBV in
sera was 2 copies/mL, and that in genomic DNA was 0.2 copies/|Lg
genomic DNA. The primers and probes for cccDNA were detected
using the forward primers HBV-cccDNA 1519-S25; 5’-
ACGGGGCGCACCTCTCTTTACGCGG-3’ and the reverse
primers 1519-R25; 5-CCGTGTGCACTTCGCTTCACCTCTGC-
3’. The probe used was the HBV-cccDNA 1575 S26FT; 5'-
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FIGURE 1

HBV genotype F wild-type or mutant-type (HBV-F Wt#149 and 192/Mt#178 and 191) infections in adult tree shrews. (A) Experimental design of

HBV-F infection in tree shrew. (B) Serum HBV levels from day O to day

14 in HBV-F Wt/Mt-infected tree shrews. (C) Serum alanine

aminotransferase (ALT) levels from day -7 (before infection) to 14 dpi in HBV-F Wt/Mt-infected and uninfected controls. Error bars indicate
standard deviation. (D) Intrahepatic HBV DNA loads in HBV-F Wt/Mt-infected tree shrews at 14 dpi. (E) Intrahepatic HBV RNA levels in HBV-F
Wt/Mt-infected tree shrews at 14 dpi. (F) Serum hepatitis B surface antigen (HBsAg) levels in HBV-F Wt/Mt-infected tree shrews at 7 days before
infection (Day -7) and 14 dpi. Serum HBsAg levels in HBV-D-infected tree shrew after 10 weeks post infection and in HBV-Al-infected tree
shrew after 39 weeks post infection were shown (right). Thick horizontal lines indicate arithmetic mean.

CCGTGTGCACTTCGCTTCACCTCTGC-3 after treatment of
genomic DNA with Plasmid-Safe ATP-dependent DNase
(Lucigen) (50). The LOD of HBV cccDNA in the genomic
DNA was 0.02 copies/pig genomic DNA. The HBV RNA levels
in tree shrew liver tissues were measured using total RNA as a
template. After reverse transcription (RT), the template was
used for qPCR as described above. Total RNA from liver tissues
was extracted using the RNeasy Plus Mini Kit (QIAGEN)
according to the manufacturer’s instructions, and genomic
DNA was removed using the gDNA Eliminator Spin
Column. The concentration and purity of the extracted RNA
samples were measured using a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Inc., Waltham,
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MA, USA). The RNA samples were stored at —80°C until
further use. The extracted liver RNA was subsequently used
for gene expression analysis.

Measurement of HBsAg

HBsAg levels in the tree shrew sera were measured using the
two-step sandwich assay principle with a fully automated
chemiluminescent enzyme immunoassay system (Lumipulse G
1200, Fujirebio, Tokyo, Japan), as described previously (51). The
LOD for the HBV genotype C HBsAg was 5.0 IU/L and the LOD
for the HBV mutant was 1.0 TU/L.
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Gene expression analysis by qRT-PCR

To investigate the expression patterns of TLR mRNAs,
including TLR1-9 mRNAs, in tree shrews, a one-step qRT-
PCR was performed using Brilliant IIT Ultra-fast SYBR Green
QRT-PCR Master Mix (Agilent Technologies, Santa Clara, CA,
USA), as described previously (44). The extracted liver RNA was
used for gene expression analysis as described above. The
expression patterns of immune checkpoint PD-L1 and several
transcription factors, including STAT1, STAT2, IRF7, and
HNF4, were also measured using one-step qRT-PCR. The
cycling conditions included reverse transcription at 50°C for
10 min, primary denaturation at 95°C for 3 min, and 40 cycles at
95°C for 5 s and 60°C for 10 s. IEN-3, IFN-y, IL-6, and TNF-o
mRNA expression were measured by a one-step qRT-PCR, as
described previously (44, 52). The sequences of primers used for
amplification of the target genes are listed in Table 1. The actual
copy number of the gene of interest per microgram of liver RNA
was determined by preparing a standard curve from pre-
quantified copies of each corresponding gene. Each sample
was measured in triplicate and significant difference with
uninfected controls was statistically analyzed.

Western blot analysis

Western blot analysis was performed to detect HBc and
HBsAg in the liver tissues using a standard protocol.
Recombinant HBc and HBs Ag and anti-HBc and HBs rabbit

TABLE 1 Primers used in this study.

10.3389/fviro.2022.926831

polyclonal or mouse monoclonal antibodies were purchased
from Beacle Inc. (Kyoto, Japan).

Histological analysis

For histological analysis, liver tissues were harvested, fixed
with paraformaldehyde, and stained with hematoxylin and
eosin (H&E).

Statistical analysis

A one-way ANOVA was performed using GraphPad Prism
(Version 9) to compare gene expression among uninfected
(n=3), HBV-F Wt (n=2) and Mt (n=2) infected groups
(Figures 2 and 3). Statistical significance was set at P < 0.05.

Results

Infection of tree shrews with HBV-F Wt/
Mt

To investigate the infectivity of HBV-F Wt and Mt in adult tree
shrews, the animals were inoculated with HBV-F Wt (n=2) or
HBV-F Mt (n=2) and investigated for 14 days post infection (dpi)
(Figure 1A). We also investigated the infectivity of HBV-F Wt/Mt
in two immunized adult tree shrews for 14 dpi (Figure S1). Serum

Tree shrew gene Forward (5’ to 3°) Reverse (5’ to 3°) Product length (bp) Reference
TLRI TGCTGACTGTGACCATGACC GCAAGTTCCTTGCTCTGCG 105 (44)
TLR2 AGCTGCTGTTTTACGCTT AGGTAAAACTTGGGGATGTG 160 (44)
TLR3 AGCCTTCAACGACTGATGCT GTTGAGGACGTGGAGGTGAT 264 (44)
TLR4 TACAGAAGCTGGTGGCTGTG CTCCAGGTTGGGCAGGTTAG 152 (44)
TLR5 GCTGGTCAGTGGACATCACA CCAGGCCAGCAAATGTGTTC 147 (44)
TLRG GTGGAGGACTGGCCTGATTC GATGCAGAGGAGGGTCATGG 168 (44)
TLR7 AGATGTCCCCACTGTTTTGC TAACAACGAGGGCAGTTTCC 141 (44)
TLRS AAACCTCTCTAGCACTTC CAAGTGTTTCTAAGTAGTCC 152 (44)
TLR9 TATAACTGCATCGCGCAGAC CGGCTGTGGATATTGTTGTG 257 (44)
cGAS ACGCAAAGGAAGGAAGTGGT TTTAAACAATCTTTCCTGCAACA 145 (44)
STATI GCCCTGTGCTTTCTCTAGACCCTTT GCCTGCCAAACCCATTCCCTATACC 102 This study
STAT2 CCTGCTCATTCTTTCTATACCTCTT CAGGGTCCTATTTAGAATTACAGTCA 203 This study
IRF7 CAAGTGCAAGGTGTACTGGGA TGGAAGAAAGTGCCGAAGTTGA 120 This study
HNF4 AAGAACCACATGTACTCCTGCAGATTTAGCC ~ GCTGCTGTCCTCGTAGCTTGACCTT 177 This study
IFN-B GCAGCAGTTTGGCGTGTAAG TTCTGGAACTGCTGTGGTCG 121 (44)
IFN-y TACACTGGCTTTCCTGCTTTCTATC TTTTGTCACTCTCCTCTGTCCAA 179 (52)
IL-6 ATACCAGAACCCACCTCCAC GTGCAACCCTGCACTTGTAA 115 (44)
TNF-o; GCCTAGTCAACCCTCTGACC CCCTTGTTTTGGGGGTTTGC 100 (44)
PD-LI CTTTTCATGGATCAGATCTTGAGAC GTGTTACACTAATGACCAATAGGAC 135 This study
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HBV and ALT levels were monitored for 14 days (Figures 1B, C;
Figures S1A, B). At 14 dpi, HBV DNA was detected in the sera of all
HBV-F Wt/Mt-infected tree shrews (Figure 1B; Figure S1A). HBV
DNA quantification in the genomic DNA (gDNA) isolated from

HBV-F Wt/Mt-infected tree shrew liver tissues was performed by
real-time PCR at 14 dpi. HBV DNA was detected in the liver tissues
of all HBV-F Wt/Mt-infected tree shrews (Figure 1D; Figure S1C).
The mean intrahepatic viral loads in HBV-F Wt- and HBV-F Mt-
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IFN-7, (H) IL-6, and (1) TNF-o in HBV-F Wt/Mt-infected tree shrews at 14 dpi. We performed the statistical analysis, and the P values are shown if
they are statistically significant. Thick horizontal lines indicate arithmetic mean.
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infected tree shrews were 10510 and 8570 copies HBV DNA/
milligram gDNA, respectively (Figure 1D). The intrahepatic viral
loads in immunized tree shrews infected with HBV-F Wt- and
HBV-F Mt were 1165 and 4630 copies HBV DNA/milligram
gDNA, respectively at 14 dpi (Figure S1C). Although the titer was
low, HBV RNA was detected in the liver tissues of HBV-F Wt- and
HBV-F Mt-infected tree shrews (Figure 1E). Also, HBsAg was
measured in the serum of HBV-F Wt and HBV-F Mt-infected tree
shrews at 7 days before infection (Day -7) and 14 dpi (Figure 1F;
Figure S1D). HBV-D and HBV-A1 infected tree shrew sera were
also pleasured as positive controls. Two additional animals were
infected with HBV-F Wt (n=1) or HBV-F Mt (n=1) and then
monitored for 7 dpi (Figure S2A). Serum HBV and ALT levels were
monitored 4 days before infection to 7 dpi in HBV-F Wt/Mt-
infected tree shrews (Figure S2B, C). HBV DNA was detected in
HBV-F Wt/Mt-infected tree shrew liver gDNA at 7 dpi (Figure
S2D). HBV cccDNA was only detected in HBV-F Mt-infected tree
shrew liver genomic DNA (Figure S2E). Western blot analysis
detected intrahepatic HBc and HBsAg at 14 dpi (Figure S2F).

Intrahepatic TLR response in tree shrews
to HBV-F infection

In this study, we investigated the innate immune response,
including expression of TLRs (TLR1-9) and cytokine responses in
HBV-F Wt/Mt-infected adult tree shrews in order to have
comparable results with other HBV subtypes (39). We have
performed statistical analysis on each value comparing with
uninfected control group (Tree shrew No. 5, 38 and 53)
(Figure 2). In addition, significant suppression of TLR8 was
observed in HBV-F Wt-infected tree shrew liver tissue as
compared to the uninfected controls (Figure 2H). The
intrahepatic TLRs and ¢GAS response were also characterized in
immunized tree shrews infected with HBV-F Wt- and HBV-F Mt at
14 dpi (Figure S3A-]). TLR1-9 mRNAs were upregulated in
immunized tree shrew liver tissues infected with HBV-F Wt as
compared to uninfected controls (Figure S3A-I). cGAS mRNAs
were found to be upregulated in immunized tree shrew liver tissues
infected with HBV-F Wt/Mt at 14 dpi (Figure S3]J). The TLR
response was also characterized in HBV-F Wt/Mt-infected tree
shrew liver tissues at 7 dpi, and TLR response was mostly
downregulated except for TLR7 in HBV-F Mt infected animals
(Figure S4).

Effects of HBV-F infection on expression
levels of transcription factors and
cytokines in tree shrew livers

We measured the changes in expression patterns of several
transcription factors and cytokines, including STATI, STAT2,
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IRF7, HNF4, PDLI, IFN-f3, IEN-%, IL-6 and TNF-¢ in the livers
of HBV-F Wt/Mt-infected tree shrews (Figure 3). We observed
significant decrease of PDLI (Figure 3E) in HBV-F Wt-infected
tree shrew livers. We also measured the intrahepatic changes in
expression patterns of several transcription factors and
cytokines, including STATI, STAT2, IRF7, HNF4, PDLI, IFN-
B, IFN-y, IL-6 and TNF-¢in immunized tree shrew infected with
HBV-F Wt/Mt at 14 dpi (Figure S5A-I). Compared with the
controls, STAT2, IFN-B3 and TNF-o. mRNAs were found to be
upregulated in immunized tree shrew livers infected with HBV-F
Wt (Figures S5B, F, I). The intrahepatic cytokine expression in
HBV-F Wt/Mt-infected tree shrew liver tissue at 7 dpi was also
measured (Figure S6).

Histological analysis of liver tissues from
HBV-F-infected tree shrews

Histological analysis showed lymphocyte infiltration into the
liver tissues of HBV-F Wt/Mt-infected tree shrews (Figure 4;
Figure S7). A comparison with the liver tissues of uninfected
control tree shrew (#38) showed abnormal architecture of liver
cell cords, as indicated by destruction and necrosis of
hepatocytes in HBV-F Wt/Mt-infected tree shrew liver tissues
(Figure 4; Figure S7). At 7 dpi, abnormal architecture of the liver
cell cords was also observed in the liver tissues of HBV-F Wt/Mt-
infected tree shrews (Figure S7B).

Discussion

Tree shrews are a promising animal model for studying
human viral infections, including HBV (53). In this study, we
investigated the infectivity of HBV-F Wt/Mt in tree shrews and
characterized the innate immune response against HBV
infection in this model. We observed that HBV-F Wt/Mt
could establish an acute infection in adult tree shrews, as
demonstrated by the increased level of ALT in the sera and
the detection of HBV DNA in the liver tissues of HBV-F Wt/
Mt-infected tree shrews at both 7 and 14 dpi. Also, intrahepatic
HBV RNA and serum HBsAg could be detected at 14 dpi,
indicating the replication of HBV-F in tree shrew liver.
Although HBV-F Mt (BCP/PC/2051) showed a higher
replication compared to HBV-F Wt in the chimeric mice
hepatocytes (48); it was not reflected in the tree shrew model,
which could be due to differences in animal models and host
immune response. Induction of IFN-f3 and upstream TLR1, 3,
7,8, and 9 was only observed in HBV-F-Wt-infected tree shrew
liver tissues (#395), suggesting a stronger stealth nature of
HBV-F-Wt infection. Tree shrews (#395 and #386) were
immunized, intranasally, with HBs-S antigen four years ago,
therefore, lymphocyte infiltration was more pronounced than
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HBV-F-Mt
FIGURE 4
Histopathological analysis of liver tissues from uninfected control and HBV-F Wt/Mt-infected tree shrews at 14 dpi. Histopathological analysis of
liver tissues from uninfected control and HBV-F Wt (#149, 192)/Mt (#178, #191)-infected tree shrews at 14 dpi. Histopathological analysis was
performed with H&E. The images were taken using a BZ-X700 fluorescence microscope (Keyence Co., Japan) at 100x, 200x and 400x
magnification.

in other Tupaia tissues (Figure 4A). Characterization of TLR
response showed some different response between HBV-F-Wt
and Mt, such as down regulation of TLR8 (#178, #386) in
HBV-F-Wt infected Tupaia liver tissue. Thus, these differences
might link to the higher replication activity and pathogenesis of
HBV-F-Mt than Wt, but further investigation using tree shrew
model is required. Suppression of PDL1 was observed in both
HBV-F Wt and Mt infected tree shrew liver tissues at 14 dpi,
which may link to pathogenesis of HBV infection (54).
Several previous studies have also highlighted the stealth
nature of HBV, where the induction of innate immune response,
including IFNs and IFN-stimulated genes (ISGs), was not
observed in acute HBV infection in chimpanzee (55) and
woodchuck models (56). An early innate intrahepatic response
was determined to be partially effective in controlling
woodchuck hepatitis virus (WHV) replication in a woodchuck
model of HBV infection (57). It has also been reported that in
patients with acute HBV infection, type I IFN induction is either
lacking or there is negligible induction (58, 59). However, in our
previous study, during acute infection at 28 dpi, a significantly
upregulated expression of TLR2, 3, 8, and 9 was observed in
HBV A2_JPI-infected tree shrews (44), which suggest the effects
of different conditions, including genotype difference and days
after infection. Moreover, the sensing of HBV by PRRs,
including TLRs, has been reported in several studies (24, 60,
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61). An earlier study showed that a single intravenous injection
of TLR3, 4, 5, 7, and 9 agonists induced an IFN-o/3 production
that inhibited HBV replication in the liver of HBV-transgenic
mice (62). The role of TLR4 in inhibiting HBV replication has
also been demonstrated in an in vitro study (63). TLR signaling
is involved in anti-HBV response, while HBV has devised
strategies to avoid the host TLR response to establish infection
(64, 65). A recent study demonstrated that TLR-mediated
signaling pathways play a significant role in eliciting functional
HBV-specific CD8+ T cell responses in vivo (66). HBV
reportedly suppresses TLR-mediated antiviral response in
hepatic cells by inhibiting the activation of IRF-3, nuclear
factor kappa B (NF-kB), and extracellular signal-regulated
kinase 1/2 (ERK1/2) (67). HBV polymerase can inhibit IRF
activation by interfering with the interaction between IxB
kinase-e¢ and DEAD box RNA helicase, which may inhibit IFN
production (68).

We found no induction of STATI, but STAT2 in HBV-F-
infected tree shrew livers, compared to uninfected controls. A
previous study reported that HBV polymerase can impair IFN-
o-induced STAT activation (69). Poor induction of early
intracellular innate responses are characteristics of HBV
infection (70). Ruan et al. reported similar histopathological
changes in chronically infected tree shrew livers as observed in
CHB (71). Our study had similar results to a previous study
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whereby abnormal architecture of the liver cell cords was also
observed (44).

Thus, HBV-F Wt/Mt acute infection model in tree shrews
can become a suitable animal model for investigation of early
immune response. The mechanisms by which HBV-F modifies
the host innate immune response remain to be investigated.
Although further investigations are required, with a larger
number of tree shrews, to unravel the mechanisms implicated
in the immunopathogenesis during HBV-F acute infection in the
tree shrew model, this study highlights the tree shrew as a
suitable small animal model for acute HBV-F infection and
the host-virus interaction study.
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SUPPLEMENTARY FIGURE 1

HBV genotype F wild-type or mutant-type (HBV-F Wt #386/Mt #395)
infections in HBs-S immunized adult tree shrews. (A) Serum HBV levels
from day O to day 14 in HBs-S immunized adult tree shrews infected with
HBV-F Wt/Mt (B) Serum alanine aminotransferase (ALT) levels from day -7
(before infection) to 14 dpi in immunized adult tree shrews infected with HBV-
F Wt/Mt-infected and uninfected controls. (C) Intrahepatic HBV DNA loads in
HBs-S immunized adult tree shrews infected with HBV-F Wt/Mt at 14 dpi. (D)
Serum HBsAg levels in HBs-S immunized adult tree shrews infected with
HBV-F Wt/Mt at 7 days before infection (Day -7) and 14 dpi. Serum HBsAg
levels in HBV-D-infected tree shrew after 10 weeks post infection and in HBV-
Al-infected tree shrew after 39 weeks post infection were shown (right).

SUPPLEMENTARY FIGURE 2

HBV genotype F wild-type or mutant-type (HBV-F Wt/Mt) infections in
adult tree shrews up until 7 days post infection (dpi). (A) Experimental
design of HBV-F infection in tree shrews. Serum ALT and HBV-DNA levels
in HBV-F Wt (Tupaia #19) (B) or HBV-F Mt (Tupaia #M0-001) (C) infected
Tupaia from 4 days before infection (dbi) to 7 dpi. Intrahepatic HBV DNA
(D) or cccDNA (E) loads in HBV-F Wt/Mt-infected tree shrews at 7 dpi. (F)
Detection of HBs-S antigen and HBc antigen in the livers from HBV-F Mt
infected (#191) or HBV-F Wt infected (#149, #192) Tupaia at 14 dpi.
Recombinant HBs-S and HBc protein were also indicated (controls).

SUPPLEMENTARY FIGURE 3

Intrahepatic TLR responses to acute HBV-F Wt/Mt infection in HBs-S
immunized adult tree shrews. Intrahepatic expression of (A-1) TLR1-9
MRNA in uninfected control (#5, 38 and 53), and HBs-S immunized and
HBV-F Wt (#395) and Mt (#386)-infected tree shrews at 14 dpi. (J) cGAS
MRNA expression in uninfected control and HBs-S immunized and HBV-F
Wt (#395) and Mt (#386)-infected tree shrews at 14 dpi.

SUPPLEMENTARY FIGURE 4

Intrahepatic TLR responses to acute HBV-F Wt/Mt infection in tree
shrews. TLR and cGAS mRNA response in uninfected control (#5, 38,
and 53) and HBV-F Wt (#19)/Mt (#M0-001) infected tree shrews at 7 dpi
have been indicated.

SUPPLEMENTARY FIGURE 5

Changes in the intrahepatic transcription factors and cytokines in acute
HBV-F Wt/Mt infection in HBs-S immunized adult tree shrews (#395 and
#386). The mRNA expression of transcription factors, including (A) STAT1
(B) STAT2 (C) IRF7 (D) HNF4, and immune checkpoint (E) PDL1, and
cytokines, including (F) IFN-B (G) IFN-v, (H) IL-6, and (I) TNF-o in HBs-S
immunized adult tree shrews infected with HBV-F Wt/Mt at 14 dpi.

SUPPLEMENTARY FIGURE 6

Changes in the intrahepatic transcription factors and cytokines in acute
HBV-F Wt/Mt infection in tree shrews. The mRNAs were measured in
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uninfected controls (#5, 38, and 53) and HBV-F Wt (#19)/Mt (#M0-001)
infected tree shrews at 7 dpi.

SUPPLEMENTARY FIGURE 7

(A) Histopathological analysis was performed with H&E. H&E staining
images of liver tissues from uninfected control (#38), HBs-S immunized
and HBV-F Wt-infected (#395), and HBV-F Mt-infected (#386) tree shrews
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