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ABSTRACT. The molecular features of hepatitis B virus (HBV) infection, eradication, and 
pathogenesis are poorly understood, partly due to the lack of an adequate animal model 
that faithfully reproduces the course of infection. Although Tupaia belangeri were previously 
recognized as HBV-susceptible animals, the course of infection in adult tupaias remains obscure. 
Herein, we performed a longitudinal study and demonstrated that adult tupaias were efficiently 
infected (90% infection rate) with 108 copies of the HBV genome. HBV replicated vigorously, 
produced high levels of covalently closed circular DNA (cccDNA) in hepatocytes, and released 
hepatitis B surface antigen (HBsAg), hepatitis Be antigen (HBeAg), and HBV DNA into the serum 
at day 9 post-inoculation (p.i.), which then decreased on day 15 p.i. The kinetics were consistent 
with the expression of liver HBsAg and HBeAg, as determined with immunohistochemistry. The 
viral products in serum at day 9 and 15 p.i. represented de novo synthesized viral products, as 
treatment with a viral entry inhibitor completely abolished these products from the serum. Viral 
clearance and serological conversion occurred at day 21 p.i. and were accompanied by elevated 
alanine transaminase (ALT) levels and liver pathology, such as inflammatory infiltration and 
hepatocyte ballooning degeneration. Although ALT levels eventually returned to normal levels 
by day 42 p.i., the liver pathology persisted until at least day 120 p.i. The HBV infection process in 
tupaia, therefore, exhibits features similar to that of human acute HBV infection, including viral 
replication, viral eradication, ALT elevation, and liver pathology. Thus, adopting the tupaia model 
to study host-HBV interactions presents an important advance which could facilitate further 
investigation and understanding of human HBV infection, especially for features like cccDNA that 
current small-animal models cannot effectively model.

KEY WORDS: acute infection, hepatitis B virus, pathogenesis, small animal model, viral replication

Hepatitis B virus (HBV) infection is a major public health problem worldwide; approximately 350 million people are 
chronically infected with HBV at present, and 1 million annual deaths are due to HBV-related liver cirrhosis and hepatocellular 
carcinoma [2, 28]. Currently, available treatments for HBV, including interferon and nucleotide/nucleoside analogs [27], may 
reduce viral load in the host but are rarely able to cure HBV infection. One major contributing factor to this inability to find a cure 
is an incomplete understanding of the molecular and clinical features of HBV infection, including viral replication, eradication, and 
pathogenesis, which is partially due to the absence of convenient animal models [29, 30, 49] that accurately model human disease 
pathogenesis.

HBV has a narrow host range and it infects humans and chimpanzees through natural means only. Chimpanzees are the most 
well-known HBV-susceptible animal species [3, 15, 45]; however, the utilization of chimpanzees as an animal model is severely 
restricted because of their limited availability and high costs. Animal models based on HBV-related hepadnaviruses, such as 
woodchuck, ground squirrel, and duck HBV, have provided important insights into factors involved in the establishment of viral 
infection, viral persistence, and hepatocarcinogenesis [9, 19, 22, 23, 33, 40]. However, HBV-specific life cycle steps, such as viral 
entry and host immune responses, cannot be addressed in these animal models.
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The development of HBV-transgenic mice has also provided important insights regarding hepatocellular biology and pathology. 
However, although HBV-transgenic mice can produce infectious HBV, the full viral life cycle, including uptake and elimination 
of the virus by the host, cannot be fully investigated in this model system because mice are not naturally susceptible to HBV 
infection. In order to generate virus particles in these mice, the virus has to be produced from viral genome copies that have 
been integrated into the host chromosomes rather than the natural covalently closed circular DNA (cccDNA) template that HBV 
normally uses in its natural hosts [5, 16]. In recent years, artificial HBV-permissive animal models have been developed by 
transplanting primary human or Tupaia belangeri (tree shrew) hepatocytes into immunodeficient mice [7, 8, 35]; however, a lack 
of host immune responses to HBV infection renders this model ineffective for studying the pathogenesis underlying HBV infection 
since the host immune response to HBV is the most crucial factor in HBV disease [6, 17].

The northern tree shrew, tupaia, is evolutionarily related to primates and can be chronically infected with HBV, leading 
to observable histopathological changes in the liver [38, 43]. Currently, the tupaia is the only non-primate susceptible to 
human HBV [38]. Tupaia are susceptible to chronic infections, relatively close to those in humans. However, in contrast with 
chimpanzees, tree shrews develop HBV-associated HCC. The susceptibility of tupaia hepatocytes to infection in vitro and in vivo 
revealed that the tree shrew has the potential to be an immunocompetent HBV infection model [20, 39, 47]. However, the lack 
of tupaia-specific experimental reagents such as antibodies against Tupaia belangeri have limited its application as an effective 
model for HBV infection study. Moreover, a normal course of human HBV infection in adult tupaias has not yet been assessed. 
Here, we characterized the full course of HBV infection in adult tupaias in a 42-day longitudinal study period. In doing so, we 
assessed the tupaia host response according to the parameters normally associated with human acute HBV infection, including 
changes in serum alanine transaminase (ALT) levels, serological response, and the development of liver pathology. The results 
from the current study provide evidence to support establishing tupaias as a suitable animal model for acute HBV infection 
in order to further investigate the molecular mechanisms underlying HBV, the pathogenesis of HBV-related liver disease, and 
various features of the host immune response to HBV.

MATERIALS AND METHODS

Animals
Adult hybrid tupaias more than 60 days old were obtained from the Kunming Institute of Zoology, Chinese Academy of Sciences 

(Kunming, China). They were bred and maintained under optimal conditions, including 26–28°C (room temperature) and daily 
12-hr light/dark cycles. All animal experiments were approved by the Committee on Laboratory Animal Care of the Third Military 
Medical University (Chongqing, China).

In vivo infection of tupaias
The HBV-containing human serum used to infect tupaias was obtained from chronic hepatitis B (CHB) patients under the 

approval of the local ethics committee and with patient consent. Fourteen tupaias were inoculated intraperitoneally (i.p.) with 1 ml 
of HBV DNA-positive human serum containing 108 copies of the HBV genome 2 days after receiving i.p. triamcinolone steroid 
treatment (5 mg/kg body weight) as described previously [42]. Eleven tupaias in the control group were injected with phosphate 
buffered saline (PBS). Additional detailed procedures are provided in the Supplementary Data.

Infection inhibition by an inhibitory peptide for viral entry
To distinguish de novo synthesized viral products from those carried over from the original i.p. HBV inoculation, HBV infection 

was blocked by hepalatide (a peptide derived from the HBV-encoded Pre-S1) as previously described [14, 37]. Additional detailed 
procedures are provided in the Supplementary Data.

Detection of HBV antigens, antibodies, HBV DNA, and ALT in serum
HBV-derived surface antigen (HBsAg) and e antigen (HBeAg) as well as antibodies against HBsAg (HBsAb), HBeAg (HBeAb), 

and the core antigen (HBcAg) (HBcAb) in the serum were quantified using the commercially available electrochemiluminescence 
immunoassay (ECLIA) kits. For antibody measurements, concentrations greater than 10 IU/l for HBsAb and cut-off indices (COIs) 
of less than 1 for HBeAb and HBcAb were considered to be positive results. Serum HBV DNA titers were determined with a 
real-time PCR Fluorescence Quantification Kit (Shanghai Fosun Biology High Technology Ltd., Shanghai, China). Serum ALT was 
measured using an automated clinical analyzer (Automatic Analyzer 7060, Hitachi, Tokyo, Japan).

HBV titer assay
HBV titer was determined by measuring HBV DNA with a real-time PCR-fluorescence quantification kit (Shanghai Fosun 

Biology High Technology Ltd.) with quantification range from 103 to 108 copies/ml. Samples were diluted with HBV negative 
human serum if HBV titer was higher than 108 copies/ml.

Histological analysis
Liver biopsy samples were fixed in neutral buffered formalin followed by paraffin embedding. The sections were stained with 

hematoxylin and eosin (H&E) for pathological analysis. For immunohistochemistry, a mouse monoclonal antibody against HBsAg and 
a rabbit polyclonal antibody against HBcAg (Maixin Bio, Fuzhou, China) were used according to the manufacturer’s instructions.
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Detection of intrahepatic HBV cccDNA
Protein-free DNA was extracted from the homogenized tupaia liver biopsy samples as previously described [45]. cccDNA in the 

isolated DNA samples was detected with rolling circle amplification (RCA) combined with Southern blot analysis as previously 
described [32]. cccDNA was further quantitatively analyzed with real-time PCR using a commercially available kit (Shanghai 
Fosun Biology High Technology Ltd.). Additional detailed procedures are provided in the Supplementary Data.

Statistical analysis
The statistical significance between serum ALT levels before HBV inoculation and on day 21 post-infection (p.i.) was 

determined with a two-tailed paired-data t-test using SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). Values of P less than 0.05 
were considered to be statistically significant.

RESULTS

Adult tupaias displayed vigorous enhancement of serum HBV and viral proteins after intraperitoneal inoculation of HBV-
containing serum from CHB patients

In order to characterize the HBV life cycle in adult tupaia hosts, we infected tupaias with human HBV in serum obtained 
from CHB patients. Similar to the successful infection strategy used in previous reports [42], adult tupaias were first transiently 
immunosuppressed with the corticosteroid triamcinolone and then injected with HBV-containing serum from CHB patients (108 
copies of the HBV genome). HBsAg, HBeAg, and HBV DNA titers reached their peak at day 9, declined at days 15 and 21, 
and became undetectable by day 42. (Fig. 1A); these levels remained relatively consistent with each other throughout the HBV 
infection process. These data indicated that HBV inoculation in adult tupaias elicited an obvious transient course of infection that 
was similar to the acute self-limited HBV infection observed in humans.

In the human population, this transient course of HBV infection is heterogeneous among individuals. Similarly, HBV infection 
also displayed heterogeneity among adult tupaias as illustrated by the variation in serum levels of HBsAg, HBeAg, and HBV 
DNA titers at day 9 p.i. (Fig. 1C). More specifically, serum samples from 9/10 tupaias were positive for HBsAg, HBeAg, and 
HBV DNA, indicating an overall typical infection rate of 90%; 1/10 animals remained negative throughout the observation period 
(Supplementary Table 1). Among the 9 infected animals, 2 (#3 and #7) experienced a “super infection” with high levels of serum 
HBsAg, HBeAg, and HBV DNA on day 9 p.i.; however, the majority of infected tupaias underwent a routine infection course with 
moderate HBsAg, HBeAg, and HBV DNA levels.

Serum HBV and viral proteins were synthesized de novo in tupaia
To verify that the viral antigens and DNA detected in the serum of the inoculated animals were synthesized de novo and 

to exclude any contribution from the original HBV inoculum, 2 mg/kg hepalatide, an HBV entry inhibitor derived from the 
Pre-S113-59 polypeptide of HBV genotype C with an N-terminal myristoylation, similar to Myrcludex B derived from Pre-S12-48 
of the HBV genotype D [18, 32], was administered to a separate group of 10 HBV-inoculated tupaias. In our previous study, we 
showed that hepalatide could bind to NTCP, a functional receptor for HBV infection [46]. Here, we confirmed that hepalatide 
bound to NTCP (Supplementary Fig. 1A–C) and efficiently inhibited HBV infection of primary tupaia hepatocytes by preventing 
the binding of virus to NTCP at a 50% inhibitory concentration (IC50) of 1.6 nM (Supplementary Fig. 1D and 1E). Administering 
hepalatide to tupaia in vivo almost completely abolished the presence of serum HBsAg, HBeAg, and HBV DNA on day 9 p.i. (Fig. 
1D), indicating that these viral products were de novo synthesized by HBV replication in tupaia hepatocytes.

High serum ALT levels were maintained even after HBV clearance
As a marker of hepatocyte damage, serum ALT levels were analyzed longitudinally in 10 HBV-inoculated tupaias. ALT levels 

slightly increased during the initial decrease in the cycling viral HBsAg, HBeAg, and HBV DNA products, and its peak occurred at 
day 21 p.i. after the observed significant reduction in viral products (Fig. 1A). Indeed, serum ALT levels were significantly elevated 
in HBV-inoculated adult tupaias on day 21 p.i. as compared to baseline levels (P<0.05). ALT levels returned to normal by day 42 
p.i., coinciding with the elimination of HBsAg, HBeAg, and HBV DNA from the serum, a phenomenon consistent with acute HBV 
infections in chimpanzees and humans [17, 44]. Therefore, all HBV-inoculated tupaias exhibited ALT elevation on day 21 p.i., 
including tupaia #3, which had ALT concentrations of 11 IU/ml at baseline and 31 IU/ml on day 21 p.i. (Supplementary Table 3).

Seroconversion occurred after viral elimination in tupaia
To further determine the host response to HBV infection in tupaia, we evaluated the generation of antibodies against major HBV 

proteins (HBsAb, HBeAb, and HBcAb) with ECLIA. In contrast to the various viral replication patterns, the serologic response 
observed in the tupaias was typically uniform, with HBsAb appearing during antigenemia, and HBeAb and HBcAb arising after 
antigenemia had already ceased (Fig. 1B). Specifically, the presence of HBsAg and HBsAb overlapped between days 9 and 15 
p.i., with HBsAb levels peaking at day 42 p.i. upon clearance of circulating HBsAg and the development of HBsAb, HBeAb, and 
HBcAb. Seroconversion occurred in all 10 HBV-inoculated tupaias after viral clearance. Taken together, the serological profile of 
the tupaias in the present study was consistent with a previous report on HBV in vivo infections in tupaias [42] and very similar to 
acute self-limited HBV infection in humans [44].
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Fig. 1. The kinetics of hepatitis B virus (HBV) viral products, anti-HBV antibodies, and alanine aminotransferase (ALT) in tupaia serum. Tupaias 
were inoculated i.p. with 1 ml of HBV DNA-positive human serum containing 108 copies of the HBV genome 2 days after receiving i.p. 
triamcinolone steroid treatment (5 mg/kg body weight). (A) Analysis of serum HBsAg and HBeAg levels with electrochemiluminescence im-
munoassay (ECLIA); HBV DNA using real-time PCR; and ALT using a clinical biochemical analyzer. HBsAg and HBeAg levels higher than the 
cut-off index (COI) of 1 were considered positive. The reference normal ALT level was identified as 56.82 IU/l based on the average ALT levels 
from 50 healthy tupaias. All values are shown as mean ± SD from 10 tupaias. (B) Analysis of serum HBsAb, HBeAb, and HBcAb with ECLIA. 
Concentrations of HBsAb higher than 10 IU/l were considered positive. HBeAb and HbcAb values are presented as 1/COI and were considered 
positive if 1/COI was greater than 1. All values are shown as mean ± SD from 10 tupaias. (C) Individual serum HBsAg, HBeAg, and HBV DNA 
levels on day 9 p.i. among 10 HBV-inoculated tupaias. (D) In vivo HBV infection in tupaias was blocked by a peptide derived from Pre-S1. An 
HBV entry inhibitor was administered to 10 HBV-inoculated tupaias. HBsAg, HBeAg, and HBV DNA levels in the serum on day 9 p.i. were 
compared between HBV-inoculated animals and HBV-inoculated animals that also received an HBV entry inhibitor. All values are shown as 
mean ± SD from 10 tupaias.

HBV infection induced acute inflammation in the liver and long-lasting pathological changes to hepatocytes
The increased serum ALT levels that occurred along with HBV clearance suggested that HBV infection in tupaia hepatocytes 

induced liver injury. To formally evaluate whether liver injury occurred in HBV-infected tupaia, liver biopsy samples from a 
subset of 4 HBV-inoculated tupaias were obtained longitudinally and stained with H&E for histopathological assessment. Figure 
2A shows the biopsy samples obtained over time from 1 representative tupaia. Only weak staining was observed in the cytoplasm 
of perilobular hepatocytes on days 9 and 15 p.i., and no significant lesions in the liver were observed until day 21 p.i. However, 
coincident with the elevated ALT activity observed on day 21 p.i., mild acute hepatitis was noted in all 4 tupaias with features that 
included scattered mononuclear cells throughout the lobules and occasional focal infiltration. The inflammatory exudate spread 
through the slightly enlarged portal tracts, and these infiltrates expanded into portal areas. The portal tract walls were thickened 
with activated sinusoidal cells and infiltrated by mononuclear cells. Occasionally, lymphoid cells accumulated and formed follicles 
within the tissue. Perilobular hepatocellular variations were predominantly pronounced in the periportal regions at this time 
point, leaving the centrilobular hepatocytes nearly normal. The pathological changes in the hepatocytes were characterized by 
vacuolization, swelling, and pale-staining cytoplasm, although the lobular architecture remained essentially intact. In addition, 
apoptotic hepatocytes identified by their rounded, deeply eosinophilic cytoplasm and deeply basophilic nuclear remnants were 
rare, whereas binucleate and multinucleate hepatocytes were present. By 6 weeks p.i., the hepatic inflammation had subsided 
with minimal portal infiltrates. In contrast, hepatocellular variation extended throughout all parts of the lobules. This included the 
centrilobular zone, which was pervaded by hydropic degeneration of the hepatocytes despite the complete normalization of serum 
ALT levels and clearance of HBsAg on day 42 p.i. Unexpectedly, long-lasting hepatocellular variation persisted without significant 
hepatic inflammatory infiltration in a final biopsy specimen obtained from a tupaia that survived to 120 days p.i (Fig. 2B and 2C).

HBV antigen expression in hepatocytes indicated vigorous HBV replication in the tupaia liver
To further confirm successful HBV infection in adult tupaias, liver biopsy samples were obtained by surgery from a subgroup 

of 4 tupaias that received the same HBV inoculation as the main group of 10 tupaias in the abovementioned serology analysis, 
and HBsAg and HBcAg expression was detected with immunohistochemistry. In contrast to a previous report showing that viral 
antigens were detected in only a few tupaia hepatocytes [44], HBsAg and HBcAg expression was detected in nearly all hepatocytes 
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on day 9 p.i. (Fig. 3A and 3B), consistent with studies on acute HBV infection in chimpanzees [6, 17]. HBcAg was mainly 
expressed in the cytoplasm and occasionally in the nuclei of some tupaia hepatocytes at this time point. Viral protein expression 
decreased on days 15 and 21 p.i. and was cleared by day 42 p.i., which paralleled the observed changes in these viral proteins 
within the serum at the same time points. Taken together, these data indicated that vigorous viral replication occurred in the livers 
of HBV-inoculated tupaias [24].

cccDNA formation in hepatocytes confirmed successful HBV infection in tupaias
To definitively confirm that a full course of HBV infection occurred in the tupaia liver after virus inoculation, we looked for 

the formation of cccDNA, which could only be generated when filling in the gaps within HBV DNA after successful entry into 
hepatocytes and served as the crucial template for HBV replication. Using Southern blotting, the RCA signal was evaluated over 
time in liver tissue from 1 tupaia animal using a digoxin-labeled HBV DNA-specific probe, and the results indicated that cccDNA 
appeared on day 9 p.i., decreased by days 15 and 21 p.i., and almost completely disappeared by day 42 p.i. (Fig. 3A and 3B).

To further evaluate cccDNA formation in hepatocytes, we next quantitatively analyzed cccDNA with real-time PCR using a 
commercially available kit with primers selective for amplifying cccDNA. In this real-time PCR system, cccDNA was specifically 

Fig. 2. Detection of viral antigens in tupaia liver biopsy samples using immunohistochemistry. (A) Tupaia livers were biopsied 4 days before hepa-
titis B virus (HBV) inoculation and on days 9, 15, 21, and 42 p.i. Liver samples were sectioned and stained with HBsAg and HBcAg antibodies. 
The images represent sequential biopsy sections from a single HBV-inoculated tupaia. (B and C) A series of liver biopsy samples were obtained 
4 days before HBV inoculation and on days 9, 15, 21, 42, and 120 p.i., and then stained with hematoxylin eosin. The images represent sequential 
biopsy sections from a single HBV-inoculated tupaia.
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amplified, and false negative reactions were avoided in the 
presence of HBV DNA at no more than 107 copies/ml. cccDNA 
was undetectable before HBV inoculation and peaked on day 9 p.i. 
with 2345 copies/µg protein-free DNA (Fig. 3B and Supplementary 
Table 2). Consistent with the RCA results, cccDNA levels declined 
on days 15 and 21 p.i., and finally became undetectable on day 42 
p.i. Collectively, cccDNA analysis with both RCA and real-time 
PCR revealed that HBV inoculation resulted in successful infection 
of tupaia hepatocytes in vivo.

DISCUSSION

HBeAg is considered a marker of HBV replication and 
infectivity [11]. Although tupaias were found to be susceptible to 
HBV infection [44], the present study thoroughly demonstrated 
a full understanding of HBV infection kinetics. We found that 
serum from CHB patients containing 108 HBV genome copies 
was sufficient to infect adult tupaias. Highly variable responses 
to HBV infection occurred among the individual tupaias, and we 
speculated that this variability might be due to the species not being 
inbred. Despite this variability, however, the subsequent course of 
events during HBV infection in tupaias was typical in terms of 
the dynamic changes in serum viral antigen, HBV DNA, and ALT 
levels as well as in viral protein expression, cccDNA, and liver 
histopathology.

After HBV infected the hepatocytes, HBV cccDNA accumulated 
in the cells for later use as the replication template, and HBV 
produced its core antigen (HBcAg) in the hepatocyte nuclei and 
cytoplasm as well as its HBsAg in the cytoplasm. Antigenemia 
caused by HBsAg and HBeAg release then persisted along with 
the viremia caused by the progeny virions, both peaking at day 9 
p.i. Following the viral replication peak at day 9 p.i., the infection 
transitioned into the elimination period beginning around day 15 
p.i. During this elimination period, the levels of circulating viral 
components fell sharply, closely correlating to intrahepatic virus 
levels before the onset of liver injury. In terms of liver injury, the 
maximal hepatic damage occurred after HBV clearance at day 21 
p.i., possibly as a result of the functional oscillation of specific T 
cells that express various regulatory factors at different stages of 
the infection [21].

In the tupaia model, rapid and massive decreases in HBV 
levels occurred before the onset of liver injury and lymphocyte 
infiltration, similar to what was observed in the chimpanzee and 
woodchuck animal models [17, 23, 44]. These consistent results among the different animal models suggest that noncytopathic 
antiviral mechanisms contribute to viral clearance during acute viral hepatitis, likely by purging viral cccDNA from the infected 
cells [15]. HBV-specific CD8+ T lymphocytes are effectors for viral clearance and abolish HBV replication in the liver of 
transgenic mice by a noncytopathic mechanism induced by inflammatory cytokines [24, 26]. Our data showed that the initial 
reduction in cccDNA levels preceded the onset of ALT elevation and intrahepatic inflammation at day 15 p.i. in HBV-infected 
tupaias. This finding suggests a noncytopathic-mediated control of hepatocellular cccDNA contents during acute viral hepatitis, 
which might provide clues to understanding the mechanism involved in cccDNA elimination.

The tupaia model serves as an in vivo model to refine therapeutics that target the cccDNA pathway. For example, Interferon 
(IFN)-γ or lymphotoxin-β has been shown to degrade cccDNA in the nucleus through activating nuclear deaminases [31], and 
IFN-γ may also epigenetically regulate and inhibit the cccDNA minichromosome [4]. Another study showed suppression of IFN-β 
in the tupaia infection model of HBV [41]. Moreover, the development of phenomena on cccDNA, such as CpG methylation [48], 
observed in patient samples or in hepatocyte/hepatocarcinoma cell lines could be monitored in vivo in real time in the tupaia model 
after infection.

In association with the peak in serum ALT on day 21 p.i., dramatic changes in liver morphology occurred. Furthermore, the 
cytopathological variation in liver cells extended to the centrilobular zone despite the normalization of serum ALT levels on day 
42 p.i. Damage to the liver cells was sustained, and liver cells still had not recovered even by day 120 p.i. We speculate that the 
decreased ALT levels observed on day 42 p.i. may have been due to a reduction in granzyme B-expressing specific T cells and the 

Fig. 3. Detection of cccDNA in tupaia liver biopsy samples. 
Tupaias were biopsied 4 days before hepatitis B virus inocula-
tion and on days 9, 15, 21, and 42 p.i., and protein-free DNA 
was extracted from the biopsy samples. (A) The protein-free 
DNA was subjected to rolling circle amplification (RCA), 
and the reaction product was linearized by digestion with the 
restriction enzyme SpeI followed by Southern blotting with 
the digoxin-labeled HBV DNA-specific probe. (B) cccDNA 
in protein-free DNA extracted from liver biopsy samples was 
quantified with quantitative PCR. cccDNA levels in the liver 
biopsy are displayed as the copy number per microgram of 
DNA. The figures represent the blotting signal and cccDNA 
quantification of longitudinal liver tissue from a single HBV-
inoculated tupaia. All values are shown as mean ± SD from 3 
independent experiments run in duplicate.
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persistence of other inflammatory cells, such as CD69+ or PD-1+ T cells, at day 120 p.i. [21].
The immune response acts like a double-edged sword for the host in terms of protection against pathogens vs. the generation 

of immune-mediated pathology. The inherent capacity of the immune system to efficiently restrict HBV during acute infection 
provides a strong rationale for immunotherapeutic treatments for chronic HBV infection. Since the morphologic changes within the 
HBV-infected tupaia liver are very similar to those observed in HBV-infected humans [1, 10, 36], the tupaia animal model therefore 
presents a convenient and valuable approach in which to gain further insight into the complex biology of the immune response. 
In particular, the tupaia animal model may be the most valuable for further investigating the intrahepatocellular pathogenesis 
mechanisms underlying HBV-induced liver injury.

The tree shrew model contains a complete and natural process from HBV infection to elimination, making it an ideal model for 
studying the life history of HBV. However, the tree shrew is not a routine experimental animal, and is lack of genetic uniformity 
and relevant reagents of interest, such as antibodies, immune cell markers, etc. With the availability of high-quality transcriptomics 
of the entire tupaia genome [12, 13, 34], such issues may be solved in the future.

Collectively, our data depicted the landscape of viral replication, immune response, and liver pathology in a tree shrew model of 
HBV infection, providing evidence for studying HBV infection and new therapies for hepatitis B.
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