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The tsAPOBEC3 proteins restrict HBV replication and may
limit the establishment of persistent infection in tree shrews
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Hepatitis B virus (HBV) is a pathogen that infects humans and can
lead to the development of liver disease and hepatocellular
carcinoma. Currently, however, animal models of HBV infection
remain lacking. Similar to humans, tree shrews (Tupaia belangeri)
can be infected with HBV1,2 and exhibit similar hepatic
histopathological changes and hepatocellular carcinoma features
as those found in HBV-infected humans.2,3 Sodium taurocholate
cotransporting polypeptide is a functional HBV receptor that was
recently identified in tree shrews.4 However, the infection rate is
usually low in adult animals under natural conditions, and the
virus can be eliminated spontaneously over a short period of
time.1 Thus, the mechanism related to the weak HBV replication in
tree shrews needs to be further explored, although host factors
are hypothesized to be major factors affecting HBV infection and
persistence.
Most viruses depend on host factors to complete their

replication cycles, with restriction factors able to counteract viral
infection at every step of replication. Apolipoprotein B mRNA-
editing enzyme catalytic polypeptide-like 3 (APOBEC3) proteins
are polynucleotide cytidine deaminases and are known to restrict
HBV replication.5 In primary liver cultures of HBV-infected tree
shrews, the HBV genome-editing profiles with G to A hypermuta-
tion are similar to those observed in humans.6 We previously
annotated tree shrew genome sequences7 and identified the tree
shrew (ts) APOBEC3 family,8 thus revealing the existence of
APOBEC3 factors in tree shrews, as well as interactions between
tsAPOBEC3 and HBV.
Interferon (IFN)-ɑ exerts antiviral effects on HBV and is therefore

used in HBV therapy. Type I IFN controls viral replication and
initiates the transcription of IFN-stimulated genes (ISGs), including
the APOBEC3 family.9 Primary tree shrew hepatocytes (PTHs) are
susceptible to HBV infection1,4 and can respond to IFN-ɑ treatment
in vitro.8 In the current study, treatment of PTHs with IFN-ɑ
controlled HBV covalently closed circular DNA (cccDNA) which was
as efficient as treatment with the nucleoside analog lamivudine
(LAM, 3TC) (Fig. 1a). Furthermore, both IFN-ɑ and HBV activation
led to a strong upregulation of the tsAPOBEC3 family (Fig. 1b).
Thus, these results indicate that the tsAPOBEC3 family is likely to
be a major determinant of HBV restriction.
Gene expression patterns are often correlated with gene

function. To evaluate the effects of tsAPOBEC3 on HBV replication

in Huh7 cells, we cotransfected Huh7 cells with a plasmid
containing 1.3-fold the length of HBV genomic DNA and a
plasmid expressing tsAPOBEC3 or empty vector plasmid
(pcDNA3.1). The culture media and cells were harvested 3 days
post transfection. As shown in Fig. 1c–f, tsAPOBEC3 and human
A3G (hA3G) reduced hepatitis B surface antigen (HBsAg) and
hepatitis B e antigen (HBeAg) secretion in the supernatant of Huh7
cells by more than two-fold, while tsA3Z2d-Z2e did not. Moreover,
the tsAPOBEC3 genes significantly reduced the amount of
intracellular capsid DNA and cccDNA. Cytidine deamination of
HBV DNA by tsA3Z1a and tsA3Z2a-2b was strong (Fig. 1g), which
may be correlated with localization of these proteins in the
nucleus,8 where they can gain access to cccDNA. Interestingly,
tsA3Z3 exhibited weak hypermutation ability, but it had anti-
HBsAg/HBeAg activity in the culture supernatant. These results
suggest that other unknown mechanisms may be involved in the
restriction of HBV replication by tsAPOBEC3.
We also found that HBV X protein (HBx) enhanced HBV

replication in vitro by downregulating tsAPOBEC3 in cells via
exosomes (Fig. 1h–k). However, tsAPOBEC3 was still capable of
antiviral activity in the presence of the HBx protein. These results
suggest that HBx may not be an essential defense factor, such as
HIV-1 viral infectivity factor (Vif), against hA3G restriction. These
findings are consistent with those of Chen et al.10 Thus, the anti-
HBV activity of tsAPOBEC3 may be reduced by HBx following
downregulation of tsAPOBEC3 protein levels, but tsAPOBEC3
could still partly restrict HBV replication.
Tree shrews can be infected by HBV due to their functional

receptors, and the HBx protein can downregulate the tsAPOBEC3
protein level. However, HBx is not an essential defense against
tsAPOBEC3. Here, tsAPOBEC3 demonstrated a strong anti-HBV
replication activity, and the exosome-mediated intercellular transfer
of tsAPOBEC3 may amplify its antiviral response. Thus, we hypothesize
that tsAPOBEC3 may limit the establishment of persistent HBV
infection in tree shrews. This work provides information about the
innate immune restriction factors in tree shrews and guidance for
establishing tree shrew models of HBV infection.
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Fig. 1 The tsAPOBEC3 proteins restrict HBV replication, which can be counteracted by HBx protein. a PTHs (1.6 × 105 cells) infected with HBV
(105 copies) and treated with IFN-ɑ (1000 IU/ml) or lamivudine (LAM, 3TC) at 0.5 μM. Total DNA was collected to detect cccDNA levels by qPCR
after 72 h. b IFN-ɑ (1000 IU/ml)-treated and HBV (105 copies)-treated PTHs (1.6 × 105 cells). Total RNA was used to detect tsAPOBEC3 levels by
qPCR after 12 h. c–f pcDNA3.1-tsA3s-HA and pAAV-HBV 1.3B were cotransfected into Huh7 cells; the supernatant was used to detect HBsAg c
and HBeAg d by ELISA; and total DNA was used to detect HBV DNA e and cccDNA f levels via qPCR after 72 h. g pcDNA3.1-tsA3s-HA and
pAAV-HBV 1.3B were cotransfected into Huh7 cells with a low ratio of 1:5, and total DNA was used to detect G→ A mutation by 3D-PCR after
72 h. h pcDNA3.1-tsA3s-HA and HBV X+/HBV X− were cotransfected into Huh7 cells, and the supernatant was used to detect HBeAg by ELISA
after 48 h. i pcDNA3.1-tsA3s-HA and HBV X+ were cotransfected into Huh7 cells, then the cells were treated with GW4869 after 6 h to inhibit
exosome biogenesis and secretion, and the supernatant was used to detect HBeAg by ELISA after 48 h. j pcDNA3.1-tsA3s-HA and pcDNA3.1-
HBx-V5 were cotransfected into 293T cells at 1:0, 1:1, 1:5, and 1:10, and antibodies were used to detect tsA3 levels by Western blot analysis
after 48 h. k pcDNA3.1-tsA3s-HA and pcDNA3.1-HBx-V5 were cotransfected into 293T cells at 1:10, then the cells were treated with GW4869 or
MG132 after 6 h, and antibodies were used to detect tsA3 levels by Western blot analysis after 48 h
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