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Therapeutic administration of type I IFN (IFN-I) is a common treatment option for
individuals suffering from hepatitis B virus (HBV) infection. IFN-I therapy, however,
has a relatively low response rate in HBV-infected patients and can induce serious
side-effects, limiting its clinical efficacy. There is, thus, a clear need to understand
the molecular mechanisms governing the influence of IFN-I therapy in HBV treatment
in order to improve patient outcomes. In this study, we explored the interactions
between HBV and IFITs (IFN-induced proteins with tetratricopeptide repeats), which are
classical IFN-inducible genes. Specifically, we found that HBV patients undergoing IFN-I
therapy exhibited elevated expression of IFITs in their peripheral blood mononuclear cells
(PBMCs). We further observed upregulation in the expressions of IFIT1, IFIT2, and IFIT3
in cells transfected with the pHBV1.3 plasmid, which yields infectious virions in hepatic
cells. We additionally found that HBx, which is the only regulatory protein encoded within
the HBV genome, activates NF-κB, which in turn directly drives IFIT3 transcription. When
IFIT3 was overexpressed in HepG2 cells, HBV replication was enhanced. Together,
these results suggest that IFIT genes may unexpectedly enhance viral replication, thus
making these genes potential therapeutic targets in patients with HBV.
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INTRODUCTION

Hepatitis B virus (HBV) infection remains a major cause of morbidity and mortality globally
(Hirschman et al., 1969; Cossart and Field, 1970; Dane et al., 1970; Zanen-Lim, 1976; Glebe,
2007). Regions, where HBV is endemic, contain roughly 75% of the global population, and up
to a third of these individuals have suffered HBV exposure at some point in their lives. While
an HBV vaccine has been available for three decades, there are still approximately 240 million
chronically HBV-infected individuals worldwide, with 39 million of these residing in Southeast
Asia (Childs et al., 2018). In addition, roughly 100 million individuals in China and Africa are
HBV surface antigen (HBsAg)-positive, and these individuals are at an elevated risk of suffering
from liver cirrhosis or hepatocellular carcinoma (HCC) later in life (El-Serag and Rudolph, 2007;
Levrero and Zucman-Rossi, 2016).
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Type I interferons (IFN-I) are a group of interferon
cytokines originally identified for their antiviral activity (Isaacs
and Lindenmann, 1957). IFN-I mediates antiviral activity via
JAK/STAT-mediated signaling through the type I IFN receptor
(IFNAR1), leading to the upregulation of roughly 300 IFN-
stimulated genes (ISGs) (Ivashkiv and Donlin, 2014). These
ISGs mediate a range of varied antiviral activities (Liu et al.,
2013; Chen et al., 2014), with many exhibiting specific efficacy
against HBV infection and activity (Tan et al., 2018a). Our
group and others have previously found that many ISGs are
able to inhibit the replication of HBV, including APOBEC3G,
TRIM25, CBFB, and TRIM14 (Xu et al., 2016, 2018; Tan et al.,
2018b,c). Despite ISG induction, however, in chronically infected
individuals, Hepatitis B virus is able to continuously replicate
and survive within infected hepatocytes for unclear reasons. One
potential explanation for this observation is that HBV-infected
cells may suffer from impaired IFN-I signaling. Consistent with
this hypothesis, studies have found that HBV is able to effectively
infect and replicate in hepatocytes in part due to their lack of
the pattern recognition receptors (PRRs) expression which are
necessary to detect and respond to viral DNA (Thomsen et al.,
2016). However, even when patients are directly administered
IFN-I therapeutically which induces inhibitory ISGs, many
patients still exhibit poor responses and outcomes, suggesting
that ISG induction alone is insufficient to eliminate HBV
infection. Based on these findings, we hypothesized that some
among the 300 ISGs induced by IFN-I signaling, may facilitate
enhanced HBV replication.

In the present study, we focused on the IFN-induced
tetratricopeptide repeat (IFIT) family of classical ISGs and
examined their roles in this context. IFITs have been shown
to play important roles in antiviral responses (Diamond and
Farzan, 2013), but their specific functions in the context of HBV
replication are not fully understood. IFIT3 has been reported to
be an effective marker of patient outcomes in those undergoing
interferon therapy, with high hepatic IFIT3 expression predicting
better outcomes (Yang et al., 2017). IFIT3 was further reported
to stabilize IFIT1, modulating the RNA-binding domains of
IFIT1 and giving rise to the specific recognition of the viral
RNA (Johnson et al., 2018). In the present study, we found
that when HepG2 cells were transfected with the pHBV1.3
plasmid, they exhibited increased expression of IFIT1, IFIT2, and
IFIT3, whereas IFIT5 expression was reduced. Interestingly, we
found that IFIT3 enhanced HBV replication following pHBV1.3
transfection, and in these infected cells, we found that HBx
promoted the activation of NF-κB, which in turn induced IFIT3
expression. Together, these findings suggest that IFIT3 promotes
rather than suppress HBV replication in hepatocytes, making it a
potential therapeutic target for the treatment of HBV infection.

MATERIALS AND METHODS

Cell Culture, Plasmids, and Reagents
HEK293T and HepG2 cells were grown in DMEM supplemented
with 10% heat-inactivated fetal bovine serum (FBS), penicillin
(100 IU/mL), and streptomycin (100 mg/mL) in a 5% CO2

incubator at 37◦C. siRNA targeting p65 was purchased from
Cell signaling technology (SignalSilence NF-κB p65 siRNA II
#6534). An IFIT3 expression construct was generated via cloning
the coding region sequence into the VR1012 expression vector.
Antibodies specific for the Flag-tag were obtained from Sigma
(F4049, United States). Antibodies specific for GAPDH were
obtained from Proteintech (10494-1-AP). Antibodies specific for
IFIT2 (#39584), IFIT3 (#22040), and IFIT5 (#35225-2) were
purchased from Signalway. IFIT1 and p65 were purchased
from CST (#14769, # 8242). An antibody specific for HBc was
purchased from Abcam (ab8638).

Quantitative Real-Time PCR
An EasyPure RNA Kit (ER01-01,Transgen, China) was used to
extract total cellular RNA based on manufacturer’s instructions,
after which cDNA was generated using a TransScript First-Strand
cDNA Synthesis SuperMix Kit (AT341-02, Transgen, China).
Supernatant HBV DNA was obtained based on kit instructions
provided with the EasyPure Viral DNA/RNA Kit (ER201-01,
Transgen, China). For all qPCR experiments, GAPDH served as
a normalization control, and we quantified gene expression as in
previous studies (Tan et al., 2012). Primer sequences used in this
study are compiled in Supplementary Table S1.

Western Blotting
We performed western immunoblotting as in previous studies
(Tan et al., 2017). Briefly, ice-cold cell lysis buffer (20 mM
HEPES, 350 mM NaCl, 20% glycerol, 1% NP40, 1 mM MgCl2,
0.5 mM EDTA, 0.1 mM EGTA, 0.5 mM DTT) was used to
lyse cells for 30 min with agitation. After extraction, protein
levels were quantified with the Coomassie PlusTM protein
assay reagent (Thermo Fisher Scientific). Proteins were then
loaded and separated via SDS-PAGE, followed by transfer onto
PVDF membranes. Blots were blocked using 5% skim milk in
TBST, after which appropriate antibodies were used for protein
detection. A ChemiDocTM XRS+ Molecular Imager software
(Bio-Rad) was used to quantify protein band densities.

Enzyme-Linked Immunosorbent Assay
At 72 h post-transfection with pHBV1.3 and IFIT3 expression
plasmids or mock transfection, cell supernatants were collected
and HBeAg and HBsAg levels were assessed via ELISA according
to the instructions provided with a commercial kit (Kehua
Shengwu, China).

CRISPR/Cas9 Knockout
HepG2 cells were plated in 24-well plates for 16 h, after which
they were transfected with plasmids encoding a puromycin-
resistance gene as well as Cas9 and an IFIT3-targeting
sgRNA using the Viafect transfection reagent (E4982, Promega).
Puromycin selection (2 ug/mL) was initiated 36 h after
transfection, after which cells were assessed with IFIT3-specific
antibodies via western blotting. After a 2-day selection period,
single-cell cloning was performed via serial dilution, with clonal
cells plated and cultured in 96-well plates. After clonal lines had
proliferated sufficiently, IFIT3 knockout was again confirmed via
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western blotting, and this result was further confirmed through
DNA sequencing of selected clones. The sgRNA sequences used
are given in Supplementary Table S1.

IFIT3 Promoter Reporters and
Dual-Luciferase Reporter Assay
In order to construct IFIT3 promoter reporters, the IFIT3
promoter region was cloned into the pGL4.11 expression vector,
with mutated promoter sequences being generated using the
Quick-Change PCR primers (Supplementary Table S1). These
wild-type (WT) or mutant IFIT3 promoters were then transfected
into HEK293T cells along with the pGL4.74 Tk-Rluc reporter,
with or without plasmids encoding HBx. After 24 h, cells were
lysed using a passive lysis buffer, and a Dual-Luciferase Reporter
Assay System (E1910, Promega) was used to measure firefly and
Renilla luciferase activity in these samples.

Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were carried out
as described previously (Sato et al., 2015). Briefly, the treated cells
were cross-linked with 1% formaldehyde, sheared to an average
size of ∼500 bp, and immunoprecipitated with immunoglobulin
G (IgG) or antibodies against p65. The ChIP-PCR primers
(Supplementary Table S1) were designed to amplify the proximal
promoter regions containing putative p65-binding sites within
the IFIT3 promoter as illustrated (Figure 3).

Samples
We enrolled a total of eight HCC patients with HBV infection
in the present study who were undergoing IFN-α treatment
for the first time (Supplementary Table S2). Venous blood
samples were obtained from these patients 15 min prior to IFN-
α administration, as well as 24, 48, 96, 168, and 240 h following
treatment. These blood samples were then used to isolate PBMCs
by Ficoll density gradient separation for processing. The IRB of
Jilin University, the First Hospital approved this study.

Statistical Analysis
Data are presented as means ± SD, and the observations were
compared by Students t-tests. P < 0.05 was the threshold for
statistical significance.

RESULTS

IFNα-Treated HBV Patients Exhibit IFIT
Expression
As classical ISGs, IFITs have been found to play key antiviral
roles against a number of viral pathogens, leading us to assess
their relevance in the context of HBV infection (Pichlmair
et al., 2011; Diamond and Farzan, 2013; Katibah et al., 2013;
Johnson et al., 2018). Following HepG2 cells stimulation with
IFNα, we found that IFIT1, IFIT2, IFIT3, and IFIT5 mRNA and

FIGURE 1 | IFNα-treated HBV patients exhibit IFIT expression. (A,B) HepG2 cells were plated in 12-well plates and treated using 10 ng/mL IFNa. The expression of
IFIT1, IFIT2, IFIT3, IFIT5, and GAPDH was then assessed via western blotting and qPCR. (C) PBMCs were collected from patients with HBV that were undergoing
IFNα therapy (control:8, 24 h:4, 48 h:6, 96 h:4, 168 h:4, 240 h:3). Expression of IFIT1, IFIT2, IFIT3, and IFIT5 in these cells was assessed via qPCR. Data are
means ± SD of triplicate experiments, and were compared via Student’s t-test. #p > 0.5, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗p < 0.001.
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FIGURE 2 | HBx is a key regulator of IFIT expression. (A,B) pHBV1.3 or Empty vector was transfected into HepG2 cells at the indicated time points, after which cells
were analyzed by qPCR and Western blotting to assess the expression of IFIT1, IFIT2, IFIT3, IFIT5, and GAPDH. (C,D) After transfection with Flag-HBx or Flag-EV
(empty vector) at the indicated time points, cells were analyzed by qPCR and Western blotting to assess the expression of IFIT1, IFIT2, IFIT3, IFIT5, and GAPDH.
Data are means ± SD of triplicate experiments, and were compared via Student’s t-test. ∗P < 0.05, ∗∗P < 0.01.

protein expressions were increased significantly (Figures 1A,B).
We next assessed the expression pattern of these same genes
in patients suffering from HBV infections by collecting PBMCs
from both controls and HBV patients undergoing IFNα therapy.
Consistent with our in vitro findings, we observed a comparable
upregulation of these IFIT proteins in response to IFN
stimulation in patient samples compared to controls (Figure 1C).
Together, these results indicate that IFNα therapy in HBV
patients leads to the upregulation of IFIT proteins.

HBx Regulates IFIT Protein Expression
While IFITs being induced upon IFN treatment was not
unexpected, their specific role in liver cells in the context of
HBV replication remains poorly understood. We, therefore,
transfected HepG2 cells with the pHBV1.3 plasmid in order
to generate infectious HBV and found that this led to the
upregulation of IFIT1, IFIT2, and IFIT3 in these cells. IFIT1 and
IFIT2 were both induced at early time points and decreased at
later time points, while although IFIT3 was rapidly induced at
the mRNA level, the IFIT3 protein levels did not decline till the

72 h time point. IFIT5 was not upregulated at either the mRNA
or protein level (Figures 2A,B). As we and others have previously
reported, HBV infection can induce the production of type III
IFNs, whereas it fails to induce type I or II IFN production
(Sato et al., 2015; Xu et al., 2018). We, therefore, assessed
whether type III IFNs were responsible for the upregulation
of IFITs in HBV-replicated cells. Unlike CBFβ, even after
neutralizing these type III IFNs, we found that IFIT3 was
still induced in HepG2 cells following pHBV1.3 transfection
(Supplementary Figure S1), suggesting that these proteins are
likely regulated by other factors within the host cells, or by
HBV-associated proteins. The viral factor HBx is known to be
expressed in patients suffering from both acute and chronic
hepatitis, and it is also thought to play key roles in regulating
HBV replication and modulating the expression of genes in
infected host cells (Zhang et al., 2004; Kremsdorf et al., 2006;
Slagle and Bouchard, 2018). As such, we next explored whether
HBx was able to modulate IFIT expression, by overexpressing
HBx in HepG2 cells. Through this approach, we found that
IFITs were significantly induced at the mRNA and protein level
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FIGURE 3 | HBx induces IFIT3 expression in an NF-κB dependent fashion. (A,B) After transfection with Flag-HBx or Flag-EV (empty vector) at the indicated time
points, HepG2 cells were treated with TPCA-1 (5 um/mL) as indicated. Cells were then analyzed by qPCR or Western blotting to assess IFIT3, Flag, or GAPDH.
(C) HepG2 cells were transfected with Flag-HBx and NF-κB luciferase reporter as indicated, 16 h later, cells were treated with TPCA-1 for 3 h, and cells were
collected and NF-κB luciferase activity was measured. (D) 24 h after transfection with Flag-HBx, pHBV1.3 or an empty vector, HepG2 cells were used to assess
IFTI3 promoter luciferase activity. (E) HepG2 cells were transfected with p65 siRNA or control siRNA, and then 24 h later Flag-HBx was transfected as indicated, and
cells were collected after another 36 h and subjected to immunoblotting with p65, IFIT3, Flag or GAPDH antibodies. (F) Diagram indicating putative NF-κB binding
sites in the IFIT3 promoter region. Luciferase reporters encoding WT or mutated IFIT3 promoter regions were transfected into HepG2 cells along with Flag-HBx and
the pGL4.7 TK-Luc reporter, and IFTI3 promoter luciferase activity was assessed 24 h following transfection. (G) HepG2 cells were transfected with Flag-HBx or EV
as indicated, and 48 h later a ChIP assay was conducted to analyze p65 binding to sites (#1 and #3) within the IFIT3 promoter region. IgG was used as a negative
control. Data are means ± SD of triplicate experiments, and were compared via Student’s t-test. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗p < 0.001.
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FIGURE 4 | IFIT3 promotes HBV replication. (A,B) HepG2 cells were transfected with pHBV1.3, Flag-Trim25, Flag-IFIT3, or an empty vector, and after 72 h cells
supernatants were collected. qPCR was used to measure cellular HBV DNA and pgRNA, while supernatant HBeAg and HBsAg levels were measured via ELISA.
Data are means ± SD of triplicate experiments, and were compared via Student’s t-test. ∗P < 0.05, ∗∗P < 0.01. (C) WT or IFIT3-KO HepG2 cells were transfected
with pHBV1.3, or were co-transfected with pHBV1.3 and IFIT3 as indicated. At 72 h post-transfection, qPCR was used to measure cellular HBV DNA and pgRNA,
while supernatant HBeAg and HBsAg levels were measured via ELISA. Data are means ± SD of triplicate experiments, and were compared via Student’s t-test.
∗P < 0.05, ∗∗P < 0.01.

(Figures 2C,D), suggesting that HBx plays a key role in inducing
IFIT expression upon HBV infection.

HBx-Mediated NF-κB Activation Drives
IFIT3 Induction
We next sought to assess how HBx induces and regulates IFIT3
expression, given that in HBV-infected patients, IFIT3 serves as
an important marker of IFN therapy (Yang et al., 2017). HBx
is known to activate NF-κB signaling (Waris et al., 2001), and
consistent with this we found that treating the cells with TPCA-
1, which inhibits NF-κB activation, led to a reduction in IFIT3
induction in response to HBx overexpression (Figures 3A,B).
We further confirmed that HBx-mediated NF-κB activation
using a luciferase reporter system, and the HBx-induced NF-κB
activation was inhibited by TPCA-1 (Figure 3C), and found that
HBx or pHBV1.3 plasmid transfection led to a significant increase
in IFIT3 promoter activity (Figure 3D). We further confirmed
these results by knocking down p65 with a specific siRNA. As
expected, HBx-induced IFIT3 expression was inhibited in the
p65 knockdown cells (Figure 3E and Supplementary Figure
S2A). These findings were consistent with a model wherein
HBx induces IFIT3 promoter activation in an NF-κB-dependent

manner. To confirm this possibility, we mutated the putative NF-
κB binding sites in the IFIT3 promoter region [predicted using
JASPAR (Mathelier et al., 2016)], and found that mutations at
both sites #1 and #3 led to a significant disruption in NF-κB
binding to the IFIT3 promoter, whereas site #2 mutations had
no effect (Figure 3E). In addition, a ChIP assay confirmed that
p65 was able to bind to site #1 and #3 (Figure 3G). Together,
these findings indicate a key role for NF-κB in the HBx-mediated
expression of IFIT3.

IFIT3 Promotes HBV Replication
Given that IFIT3 can be induced both by host factors (IFN)
and viral factors (HBx), we next sought to explore its functional
role in the context of HBV viral replication. Given that we have
previously found TRIM25 to be able to restrict the replication of
HBV, we used this factor as a positive control and transfected cells
with pHBV1.3 along with either IFIT3 or TRIM25. Interestingly,
we found that TRIM25 and IFIT3 played opposing roles in
modulating HBV replication (Figure 4A and Supplementary
Figure S2B). And we found that IFIT2 slightly enhanced
HBV replication, while both IFIT1 and IFIT5 inhibited HBV
replication (Supplementary Figures S2C,D). In addition, we
used CRISPR/Cas9 technology to knock out IFIT3 expression
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FIGURE 5 | A model of the IFIT3-mediated crosstalk between IFN-I and HBV.

in HepG2 cells (Supplementary Figure S2E, line 1 and 3) and
then confirmed that HBV replication in these cells was markedly
reduced as compared to WT HepG2 cells, whereas transfecting
IFIT3 back into these IFIT3-KO cells rescued HBV replication
(Figure 4B and Supplementary Figure S2E). Together, these
findings clearly reveal that IFIT3 serves to promote HBV
replication, in contrast to the traditional roles played by
most known ISGs.

DISCUSSION

Hepatitis B virus remains a major threat to human health,
yet treatment with IFN-I is largely ineffective and patients
suffer from high rates of substantial side effects. In the present
study, we sought to explore the expression and function of the
classical ISG IFIT3 in the context of HBV infections, while
unexpectedly revealing it to promote viral replication. IFN
treatment in HBV patients led to robust IFIT upregulation,
while viral infection of liver cells also led to direct IFN-
independent IFIT3 upregulation. This IFIT3 expression was
at least in part induced via HBx-mediated activation of
the transcription factor NF-κB, which subsequently bound
to the IFIT3 promoter and drove its transcription. These
results together highlight opposing roles for certain ISGs in
the context of HBV viral infection, suggesting that IFIT3
may represent a novel target for the treatment of HBV
infections in addition to providing additional insight into
the mechanistic reasons for the failure of IFN-I therapy in
many HBV patients.

IFN signaling induces the expression of roughly 300 different
ISGs, which primarily exhibit potent antiviral effector activities

(Liu et al., 2012). IFITs are known to be strongly induced
upon viral infection (Wacher et al., 2007; Diamond and
Farzan, 2013), and they have been found to interact with the
eIF3 proteins to limit viral mRNA translation for a range
of virus types (Terenzi et al., 2006). Furthermore, IFIT1
has been proposed to directly recognize 5′-triphosphate viral
RNA, as host mRNAs lack this feature (Pichlmair et al.,
2011). IFIT1, IFIT2, IFIT3, and IFIT5 (ISG56, ISG54, ISG60,
and ISG58, respectively) are the four members of the IFIT
family that have been characterized. IFIT1 was the first
of these proteins found to be capable of identifying viral
mRNA (Pichlmair et al., 2011), and further work has suggested
that it can bind to IFIT3 in order to increase its stability
and specificity (Johnson et al., 2018). IFIT5 has been found
to be able to bind to certain endogenous 5′-PPP-RNAs,
such as tRNAs (Katibah et al., 2013). While few reports
have focused on IFIT expression in HBV infected patients,
IFIT3 expression has been found to be a reliable marker
of patient outcomes in those undergoing interferon therapy.
Interestingly, in this study higher IFIT3 expression was associated
with better patient outcomes (Yang et al., 2017), whereas we
found that IFIT3 overexpression enhanced HBV replication.
Furthermore, we found that HBx, which is essential for
normal HBV replication (Hodgson et al., 2012), and which
activates NF-κB (Waris et al., 2001), drove direct NF-κB
binding to the IFIT3 promoter to induce IFIT3 expression.
Our work suggests that there is crosstalk between the HBV
and IFN signaling pathways, with IFN-mediated and IFN-
independent IFIT3 induction enhancing, rather than impairing,
HBV replication. Further research will be needed to fully
understand the mechanisms whereby such HBV/IFIT3 crosstalk
function in enhancing viral replication. One study has found that
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IFIT3 can bind to signal transducer and activator of transcription
1 (STAT1) and STAT2, thereby enhancing STAT1/STAT2 hetero-
dimerization and nuclear translocation in those being treated
with IFNα (Yang et al., 2017). When IFIT3 is overexpressed
but basal STAT1 activation remains low, it is possible that
IFIT3 primarily serves to regulate other signaling pathways,
thus explaining the seemingly contradictory results in these two
studies. We also found that all IFITs with the exception of IFIT5
were induced upon HBV replication HepG2 cells, and as such
these additional IFITs warrant further study.

Taken together, our results provide clear evidence for IFIT3
as a factor, which is induced by HBx in an NF-κB-dependent
manner, leading to enhanced HBV replication (Figure 5). Our
results suggest that HBV patients resistant to IFN therapy may
benefit from therapeutic efforts targeting IFIT3 expression.
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FIGURE S1 | (A,B) pHBV1.3 plasmids were transfected into HepG2 cells, and
after 42 h these cells were administered with an IFN-γ neutralizing antibody for
6 h, after which qPCR and western blotting were performed to assess the
expression of the indicated genes of interest. Data are means ± SD of triplicate
experiments, and were compared via Student’s t-test. ∗P < 0.05, ∗∗P < 0.01.

FIGURE S2 | (A) IFIT3 mRNA expression was analyzed by Q-PCR. Data are
means ± SD of triplicate experiments, and were compared via Student’s t-test.
∗P < 0.05, ∗∗P < 0.01. (B) HepG2 cells were transfected with pHBV1.3 or
together with Flag-IFIT1, IFIT2, or IFIT5, and after 72 h cells supernatants were
collected. qPCR was used to measure cellular HBV DNA and pgRNA, while
supernatant HBeAg levels were measured via ELISA. Data are means ± SD of
triplicate experiments, and were compared via Student’s t-test. ∗P < 0.05,
∗∗P < 0.01. (C) Samples from B were immunoblotted with Flag or GAPDH
antibodies. (D) Samples from Figure 4A were immunoblotted with Flag or
GAPDH antibodies. (E) Samples from Figure 4B were immunoblotted with IFIT3
or GAPDH antibodies.

TABLE S1 | qPCR Primers.

TABLE S2 | Hepatitis B virus infected patients with IFN treatment.
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