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A B S T R A C T

RNA with 5′-triphosphate (3p-RNA) is recognized by RNA sensor RIG-I (retinoic acid–inducible gene I protein).
Previously, we reported that small interfering RNA targeting HBx (3p-siHBx) could confer potent anti–hepatitis B
virus (HBV) efficacy via HBx silencing and RIG-I activation. However, the characteristics of innate and adaptive
immunity especially exhaustion profiles in the liver microenvironment in response to 3p-siHBx therapy have not
been fully elucidated. Here, we observed that 3p-siHBx more significantly inhibited HBV replication in vivo. 3p-
siHBx enhanced natural killer (NK) cell activation with KLRG1 and CD69 upregulation and interferon (IFN)-γ
secretion. 3p-siHBx significantly reversed the exhaustion phenotype of CD8+ T cells, and augmented CD8+ T
cell activation and function. Importantly, 3p-siHBx disrupted the differentiation of myeloid-derived suppressor
cells (MDSC) and regulatory T cells (Treg), accompanied by the reduction of the immunosuppressive cytokines
interleukin (IL)-10 and transforming growth factor (TGF)-β. 3p-siHBx also enhanced dendritic cell maturation.
Further investigation showed that RIG-I was involved in 3p-siHBx–induced IFN-α, IFN-β, and IFN-λ production.
Moreover, RIG-I activation in HBV+ hepatocytes would improve the recruitment of CD8+ T cells and NK cells.
These results reveal that 3p-siHBx therapy can improve the immune microenvironment in HBV-carrier liver and
inhibit HBV replication, indicating the potential utility of RIG-I ligands as molecular adjuvants for viral vaccines
or candidate drugs.

1. Introduction

RNA interference (RNAi) is a conserved mechanism against exo-
genous nucleic acid and transposon transcripts in organisms ranging
from nematodes to humans, which is mediated by short double-
stranded (ds) RNAs usually 21 or 22 nucleotides in length (Elbashir
et al., 2001). The great potential of RNAi is the specific repression of the
expression of disease-causing genes.

Recently, anti-tumor or antiviral strategies using RNAi for both gene
silencing and innate-receptor activation were designed; one mechanism
of these strategies is activating the intracellular retinoic acid–inducible
gene I protein (RIG-I). 5′-Triphosphate RNA (3p-small interfering RNA
[siRNA]) is the exact molecular feature of RNA required for RIG-I re-
cognition, and acts as a RIG-I agonist (Schlee et al., 2009; Schmidt

et al., 2009). Upon ligand binding, RIG-I initiates a specific signaling
cascade and results in the activation of transcription factors such as
interferon (IFN) regulatory factor (IRF)-3, IRF-7, and nuclear factor
(NF)-κB, depending on the adaptor protein mitochondrial antiviral
signaling protein (MAVS, also known as IPS-1, VISA, or Cardif). RIG-I
signaling triggers the potent induction of a set of genes, including type I
IFN, IFN-stimulated genes (ISGs), and the chemokine CXCL10 (Kell and
Gale, 2015; Yoneyama and Fujita, 2009). Based on these findings, bi-
functional 3p-siRNAs combining RIG-I–mediated immune activation
with target gene silencing have been designed within a single molecule
as a novel 3p-siRNA therapeutic strategy.

Early in 2005, Poeck et al. reported that bifunctional 3p-siRNAs
targeting Bcl-2 led to better melanoma tumor reduction than OH-siRNA
or 5′-triphosphate siRNAs containing target mismatches (Poeck et al.,
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2008). Subsequently, bifunctional 3p-siRNAs targeting the transforming
growth factor β1 (TGFB1), survivin (BIRC5), glutaminase (GLS), and
vascular endothelial growth factor (VEGF) genes were designed, and
provoked massive apoptosis of tumor cells and induced more prominent
anti-tumor responses in different tumor models (Ellermeier et al., 2013;
Meng et al., 2014; Wang et al., 2013; Yuan et al., 2015). These pro-
cesses required the RIG-I–mediated type I IFN response. In a pancreatic
cancer model, 3p-siRNA-TGFβ1 induced high levels of type I IFN and
CXCL10, which led to the infiltration of activated CD8+ T cells to the
tumor tissue, while the frequency of CD11b+Gr-1+ myeloid cells was
reduced (Ellermeier et al., 2013). Recently, it was shown that RIG-I
activation induced by 3p-siRNAs could block the suppressive function
of regulatory T cells (Tregs) and myeloid-derived suppressor cells
(MDSCs) (Anz et al., 2010).

We and others have previously demonstrated that 3p-siRNAs against
hepatitis B virus (HBV), influenza A virus, and coxsackievirus could
elicit potent antiviral effects through gene silencing and RIG-I activa-
tion. Virus-specific 3p-siRNA could activate the RIG-I–mediated IFN-β
pathway and significantly reduce viral load and virus-induced patho-
genesis (Ahn et al., 2012; Chen et al., 2013; Ebert et al., 2011; Han
et al., 2011; Lin et al., 2012). In primary HBV+ hepatocytes, 5′-tri-
phosphate-siRNA against HBx gene (3p-siHBx) inhibited HBV replica-
tion more strongly and promoted IFN production compared to siHBx,
and this effect was mediated by RIG-I activation (Chen et al., 2013;
Ebert et al., 2011; Han et al., 2011). However, during chronic HBV
infection, the adaptive and innate immunity exhibit functional defi-
ciency. In the case of natural killer (NK) cells, the percentage and ex-
pression of activating receptors are reduced, while inhibitory molecules
are upregulated, and the capacity for producing cytokines such as IFN-γ
and tumor necrosis factor (TNF)-α is impaired (Wu et al., 2015; Yang
et al., 2017). As RIG-I activation is crucial for initiating antiviral innate
responses and activating adaptive immunity, whether 3p-siHBx can
reverse immune tolerance and improve the liver immune micro-
environment is therefore worth investigating.

In this study, we analyzed the characteristics of liver immunity in
response to 3p-siHBx treatment. And we found 3p-siHBx triggered NK
cell and CD8+ T cell activation in HBV-carrier mice, and decreased
negative regulatory cells and cytokines. Furthermore, 3p-siHBx pro-
moted type I IFN production mediated by RIG-I activation, inhibiting
HBV replication and inducing immune response. This study provides in
vivo evidence for the potential of 3p-siHBx in anti-HBV strategies.

2. Material and methods

2.1. HBV Carrier mouse model

HBV-carrier mice were established as previously described by P-J
Chen's lab (Huang et al., 2006). Briefly, the pAAV/HBV1.2 vector
(kindly provided by Pei-Jer Chen, National Taiwan University College)
was delivered into C57BL/6 mice using the hydrodynamic tail vein
injection method. After 4 weeks, the serum was collected, and the he-
patitis B surface antigen (HBsAg) level was assayed. HBV-carrier mice
(HBV+) were defined as harboring serum HBsAg levels> 500 ng/mL.
All animals were kept under standard laboratory conditions and pro-
vided with food and water ad libitum. The animal experiments were
approved by the Research Ethics Committee of Shandong University.

2.2. siHBx and 3p-siHBx treatment

siHBx was obtained from RiboBio (Guangzhou, China,
Supplementary Table 1). 3p-scramble and 3p-siHBx were prepared
using in vitro Transcription T7 Kit (Cat#6140, Takara, Dalian, China);
the DNA templates (Supplementary Table 2) were synthesized by
Beijing Genomics Institute (Beijing, China). For in vivo administration,
50 μg RNA complexed with 1, 2-dioleoyl-3-trimethylammonium-pro-
pane (DOTAP, Cat#144189-73-1, Roche Life Science) was injected via

the tail vein three times every 2 days.

2.3. HBV DNA and pgRNA assay

HBV copies were detected by quantitative PCR (qPCR) using a HBV
DNA assay kit (Da An Gene, Guangzhou, China) according to the
manufacturer's instructions. The level of pgRNA was detected by qPCR,
and the primers was list in (Supplementary Table 3).

2.4. Enzyme-linked immunosorbent assay (ELISA)

Serum and liver protein lysate were collected, and the levels of IFN-
α, IFN-β, TGF-β, and IL-10 levels were determined using ELISA kits
(Cusabio, Wuhan, China) according to the manufacturer's specifica-
tions. ELISA kits were also used to assay anti-HBs (Cat#S10980089,
Wantai Bio-pharm, Beijing, China) and HBsAg (Cat# A2000, Antobio,
Zhengzhou, China) according to the manufacturers' instructions.

2.5. Hematoxylin–eosin staining (H&E)

Two weeks after the last RNA treatment, the mice were sacrificed,
and mouse liver sections were embedded. Then, formalin-fixed and
paraffin-embedded liver tissues were stained with H&E for histological
investigations to evaluate the degree of liver injury, which was based on
necrotic lesion severity in the liver parenchyma. Then, liver histological
changes such as hepatocyte lesions and liver structural changes were
evaluated.

2.6. Immunohistochemistry (IHC)

Two weeks after the last RNA treatment, the mice were sacrificed,
and mouse liver sections were embedded. Paraffin-embedded and for-
malin-fixed mouse liver samples were cut into 5-μm sections and pro-
cessed for IHC as described previously (Lan et al., 2013). After in-
cubation with antibody against hepatitis B core antigen (HBcAg)
overnight at 4 °C (Cat#A2000, Genetech, Shanghai, China), the signal
was developed with an EnVision™ detection kit (Cat#GK500705, Gen-
etech).

2.7. Fluorescence-activated cell sorting (FACS)

Intrahepatic lymphocytes were isolated as previously described (Lan
et al., 2013), then stained with peridinin chlorophyll protein (PerCP)-
Cy5.5–conjugated anti-CD3(Cat#35-0031-82), fluorescein iso-
thiocyanate (FITC)-conjugated anti-NK1.1 (Cat#11-5941-82), PerCP-
eFluor 710–conjugated anti-CD27 (Cat#46-0271-82), phycoerythrin
(PE)-conjugated anti-CD69 (Cat#12-0691-82), FITC-conjugated anti-
CD11c (Cat#11-0114-82), PE-conjugated anti-NKG2A (Cat#12-5897-
81), PE-conjugated anti-NKG2D (Cat#12-5882-82), or isotype-matched
controls (eBioscience, San Diego, CA). For intracellular staining, the
cells were first stained with surface markers, fixed and permeabilized,
followed by intracellular staining for IFN-γ with PE-conjugated anti-
eIFNeγ (Cat#25-7311-82, eBioscience). Cells were acquired on a
FACSCalibur flow cytometer or FACSAria II cell sorter (BD), and ana-
lyzed using WinMDI analysis software and FlowJo.

2.8. RNA extraction and PCR gene expression

Total RNA was extracted from liver tissues using TRIzol
(Cat#15596026, Invitrogen Life Technologies) according to the man-
ufacturer's instructions. Complementary DNA (cDNA) was synthesized
with Moloney murine leukemia virus (Cat#M350B, M-MLV, Promega,
Madison, WI). Quantitative real-time PCR was performed using SYBR
Green master mix (Cat# 4707516001, Roche, Indianapolis, IN). All
reactions were run in triplicate and the housekeeping gene glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) was amplified in a
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parallel reaction for normalization. Supporting Table 3 lists the HBx,
IFN-λ, IRF-7, and 2′-5′-oligoadenylate synthetase (OAS) primers used.

2.9. Western blotting

Liver samples were homogenized using radioimmunoprecipitation
assay (RIPA) lysis buffer with protease inhibitor cocktail (Cat#P0013B,
Beyotime Biotechnology, Shanghai, China). Protein (30 μg) was sepa-
rated on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel. The
proteins were transferred onto polyvinylidene fluoride (PVDF) mem-
branes, and the blots were incubated for 1 h in blocking buffer con-
taining 5% milk before being incubated with anti–RIG-I (Cat#4200),
anti–extracellular signal–regulated kinase (ERK) (Cat#4695), or anti–β-
actin rabbit monoclonal antibody (Cat#3700) (1:2000, Cell Signaling
Technology, Danvers, MA) overnight at 4 °C, and subsequently treated
with peroxidase-conjugated goat anti-rabbit immunoglobulin G (IgG)
(Cat#57100, Dako, Carpentaria, CA) for 1 h at room temperature.
Protein bands were visualized by enhanced chemiluminescence (ECL)
(Cat#0000367, Millipore, Billerica, MA, USA) and analyzed by
ImageLab software (Version 3.0, Bio-Rad).

2.10. MDSC isolation and flow cytometry analysis

MDSCs characterized as CD11b+Gr-1+ were sorted from freshly
obtained intrahepatic mononuclear cells with the FACSAria II cell sorter
(BD). Multicolor cell analysis was performed using FITC-conjugated
anti-CD11b (Cat#11-0112-82), PE-conjugated anti–Gr-1 (Cat# 12-
5931-82), and allophycocyanin (APC)-conjugated anti–inducible nitric
oxide synthase (iNOS) (Cat#17-5920-82) (eBioscience). Cell surface
and intracellular staining were performed as indicated in the manu-
facturer's data sheet.

2.11. Transwell invasion assay

HepG2. 2.15 cells (an HBV genomic DNA–transfected cell line) were
transfected with 3p-siHBx, 3p-scramble or siHBx; 24 h later, the su-
pernatant was collected. The cell migration assay was performed using
24-well Transwell plates containing 8-μm pore size polycarbonate fil-
ters (Corning Costar, Cambridge, MA). Peripheral blood mononuclear
cells (PBMCs) isolated using Ficoll-Paque were placed in the top
chamber, while the supernatant from HepG2. 2.15 cells treated with
different types of siRNA were placed in the bottom chamber. The mi-
grated cells were stained with crystal violet for image capture and
counted under a light microscope. The percentages of immune cell
subsets in the bottom chamber were determined by flow cytometry.

2.12. Statistical analysis

Data are presented as the mean ± SD (in vitro data) or
mean ± SEM (in vivo data). Significant differences were analyzed using
Student t-test or one-way analysis of variance (ANOVA) followed by
Tukey's post-hoc test. Statistical analysis was conducted using
GraphPad Prism (version 5.0a); P < 0.05 was considered significant.

3. Results

3.1. 3p-siHBx inhibited HBV replication in HBV-Carrier mice

To evaluate the potential anti-HBV effects of 3p-siHBx in vivo, HBV-
carrier mice were established as described previously (Lan et al., 2013),
and the conventional siRNA targeting HBx carrying a free 5-OH group
(siHBx), non-targeting 5′-triphosphate siRNA (3p-scramble) and 3p-
siHBx (50 μg) were hydrodynamically injected three times into HBV-
carrier mice, respectively (Fig. 1A). As shown in Fig. 1B, both siHBx and
3p-siHBx showed inhibition of HBx and pgRNA in the liver tissue,
compared with the DOTAP-treated control group (CTRL). HBsAg and

HBV DNA levels in the serum were also markedly suppressed in a time-
dependent manner compared to the CTRL mice (Fig. 1C and D). Most
importantly, 3p-siHBx exhibited stronger anti- HBV effect than the
conventional siHBx, while the irrelevant 3p-scramble only showed
slight inhibitory effect on HBV in HBV carrier mice (Fig. 1B–D). Fur-
thermore, histological examination of liver tissue sections by IHC re-
vealed an obvious reduction of HBcAg by 3p-siHBx (Fig. 1E). HBsAb
was not detectable in the serum of 3p-siHBx-treated mice
(Supplementary Table 4). The anti-viral effect of 3p-siHBx treatment
could last for three weeks (sFig. 1). In addition, 3p-siHBx or siHBx
treatment did not elevate serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) levels compared with the CTRL mice
(sFig. 2A), nor was significant necrosis observed in the 3p-siHBx-treated
mice (sFig. 2B). Therefore, these results indicate that 3p-siHBx is more
effective than conventional siHBx for inhibition of HBV replication
without liver injury.

3.2. NK cell function was significantly activated in 3p-siHBx–treated HBV-
Carrier mice

Innate immune response is disrupted during chronic HBV infection
(Schuch et al., 2014; Yang et al., 2017). As shown in sFig. 3A, HBV-
carrier mice (HBV+) had lower numbers of liver mononuclear cells
than HBV- mice. Notably, NK cell number was also decreased in the
liver in HBV-carrier mice (sFig. 3B), and there was increased NKG2A
expression (sFig. 3C) and reduced CD107a and IFN-γ (sFig. 3E&F).
Given the critical antiviral role of NK cells, we wanted to know whether
3p-scramble, siHBx or 3p-siHBx could affect NK cell maturation in the
liver. We found that the liver of 3p-siHBx–treated mice had increased
frequency and total number of fully activated NK cells
(CD11bhighCD27low) compared to CTRL mice (Fig. 2A&B), accompanied
by elevated expression of KLRG1 and CD69, which are markers of NK
cell cytotoxic activity (Fig. 2C&D). Importantly, 3p-siHBx also aug-
mented the ability of NK cells to produce IFN-γ (Fig. 2E), which was
accompanied by increased serum IFN-γ (Fig. 2F). Meanwhile, we ob-
served the irrelevant 3p-scramble could activate NK cells, which was
similar to the effect of 3p-siHBx, while the stimulatory effect of con-
ventional siHBx was lower than 3p-RNA (Fig. 2C–F). These data suggest
that 3p-siHBx promotes NK cell maturation and activation in HBV-
carrier mice.

3.3. 3p-siHBx reactivated CD8+ T cell function in HBV-Carrier mice

Chronic HBV infection causes defective adaptive immunity (de Niet
et al., 2016). Here, we detected a marked reduction in CD8+ T cells 4
weeks after pAAV/HBV1.2 injection, whereas CD4+ T cells were not
affected significantly (Fig. 3A&B). Via 3p-siHBx therapy, a potent im-
mune activation was observed, as evidenced by strong upregulated
CD69 expression on CD8+ T cells in the livers of the HBV-carrier mice
(Fig. 3C). 3p-siHBx also enhanced the ability of CD8+ T cells to produce
IFN-γ and TNF-α (Fig. 3D&E). In addition, we observed a 20% reduction
in the Treg proportion by 3p-siHBx (Fig. 3F). Furthermore, PD-1 (pro-
grammed cell death protein 1), but not CTLA-4 (cytotoxic T-lymphocyte
associated protein 4), was decreased on CD8+ T cells in the livers from
HBV-carrier mice 7 days after 3p-siHBx treatment (Figs. 3G and H).
Although CD69 and TNF-α on CD8+ T cells were increased by the
administration of irrelevant 3p-scramble (Fig. 3C–E), the proportion of
Treg and the expression of PD-1 and CTLA-4 were not affected sig-
nificantly. Additionally, we observed that siHBx treatment slightly
promoted the activation of CD8+T cells (Fig. 3C–E), but significantly
decreased the proportion of Treg and the expression of PD-1
(Fig. 3F–H). The irrelevant 3p-scramble treatment resulted in CD8+ cell
activation with upregulation of CD69, IFN-γ and TNF-α, which is si-
milar to the effect of 3p-siHBx (Fig. 3C–E). Unlike 3p-siHBx, 3p-
scramble has no significant effect on Treg and PD-1 (Fig. 3F–H).
Therefore, 3p-siHBx induces CD8+ T cell activation by reversing CD8+
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T cell exhaustion.

3.4. 3p-siHBx promoted dendritic cell (DC) maturation in HBV-Carrier
mice

DC maturation and activity are important for CD8+ T cell activa-
tion. However, accumulating data suggest the function of pDC, in-
cluding IFN-α production and costimulatory molecule expression, from
chronic HBV patients are impaired significantly (Duan et al., 2005;
Urcuqui-Inchima et al., 2017). Here, we observed no obvious difference
in hepatic CD11c+ DC proportions and total numbers among liver tis-
sues of 3p-scramble, 3p-siHBx, siHBx-treated and DOTAP-treated mice
(Fig. 4A). However, 3p-siHBx upregulated the costimulatory molecule
CD80 in hepatic DCs (Fig. 4B), but did not affect CD86 or major his-
tocompatibility complex (MHC) expression significantly (Fig. 4C&D). A
similar trend of CD80 upregulation was observed in DCs from mice
treated by irrelevant 3p-scramble, while siHBx treatment did not affect
CD80 and CD86 of DC significantly (Fig. 4B–D). Furthermore, IFN-α
was increased in DCs from HBV-carrier mice 7 days after 3p-siHBx or
3p-scramble treatment, but not in siHBx-treated mice (Fig. 4E). These
results indicate that 3p-siHBx can augment DC activity in chronic HBV
mice.

3.5. 3p-siHBx decreased MDSCs in chronic HBV mice

A hallmark of chronic HBV infection is the expansion of MDSCs that
effectively suppresses CD8+ T and NK cell responses (Fang et al., 2015).
Here, we observed larger accumulation of these suppressive cells in
HBV-carrier mice in comparison with pAAV-infected mice, which was
significantly reversed in 3p-siHBx-injected mice; however, irrelevant
3p-scramble did not affect MDSC proportion significantly (Fig. 5A).
Simultaneously, 3p-siHBx significantly and 3p-scramble slightly in-
hibited reactive oxygen species (ROS) production in MDSCs, but siHBx
treatment did not show significant effected on ROS production
(Fig. 5B). In addition, we observed the production of im-
munosuppressive cytokines IL-10 and TGF-β was decreased in HBV-
carrier mice after 3p-siHBx treatment, while TGF-β but not IL-10 was
deceased by siHBx treatment, and irrelevant 3p-scramble treatment did
not affect TGF-β or IL-10 significantly (Fig. 5C). These results show that
3p-siHBx suppresses MDSC differentiation in HBV-carrier mice.

3.6. The antiviral effects of 3p-siHBx were partially mediated by RIG-I
activation in vivo

RIG-I recognizes specific molecular patterns of viral RNAs with 5′-

Fig. 1. 3p-siHBx inhibited HBV in HBV-carrier mice. (A) Schematic representation of HBV-carrier mice construction. pAAV/HBV1.2 plasmids were hydro-
dynamically injected into C57BL/6 mice, 4 weeks later, HBV-carrier mice were identified. (B–E) HBV-carrier mice (n=6) were injected with irrelevant 3p-scramble,
siHBx or 3p-siHBx every other day for three times after complexation with DOTAP. Two weeks after the last treatment, the expression of HBx and pgRNA liver tissues
was detected by PCR (B) Serum HBsAg and HBV DNA copies (D) was detected by ELISA (C) and qPCR on day 0, 3 and 14 after the last treatment, respectively. (E) IHC
assay of HBcAg expression in liver tissue on day 14 after the last treatment; the percentage of the HBcAg-positive cells were calculated from three fields.
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triphosphate (Chen et al., 2013). To determine whether the RIG-I sig-
naling pathway was activated after 3p-siHBx treatment in vivo, hepa-
tocytes were isolated from HBV-carrier mice. As shown in Fig. 6A, 3p-
siHBx and 3p-scramble increased RIG-I expression in hepatocytes, while
conventional siHBx did not affect RIG-I expression. IRF-3 regulates IFN-
β expression and plays an important role in RIG-I–mediated antiviral
immunity (Chen et al., 2013). 3p-siHBx and 3p-scramble significantly
enhanced the RIG-I–mediated IRF-3 activation in hepatocytes, while
siHBx exhibited a weak ability to promote IRF-3 activation (Fig. 6B,
Left). Meanwhile, the activation of the two mitogen-activated protein
kinases (MAPKs), ERK and p38, was increased in the hepatocytes of 3p-
siHBx–treated mice, and siHBx was also found to activate p38 and ERK
(Fig. 6B, Right). Moreover, 3p-siHBx and 3p-scramble led to obvious
upregulation of IFN-β (Fig. 6C) and type III IFN (IFN-λ) in the liver
tissue (Fig. 6D), and the expression of ISGs such as ISG15 and OAS1
(Fig. 6E). These results also demonstrate that conventional siRNA tar-
geting HBx only induced a moderate IFN response (Fig. 6C–E). To
confirm whether RIG-I activation contributed to 3p-siHBx–induced
HBV inhibition, siRIG-I was administered to the HBV-carrier mice to
silence RIG-I before 3p-siHBx treatment, the RNAi effect of siRIG-I was
verified (Fig. 6F, left). We observed that RIG-I pre-silencing partially
abrogated 3p-siHBx–induced HBx and pgRNA inhibition (Fig. 6F,
right). Moreover, the level of HBsAg was partly restored in HBV-carrier
mice pre-treated with siRIG-I before 3p-siHBx treatment (Fig. 6G).
These results demonstrate that 3p-siHBx–induced type I and type III IFN
responses and HBV inhibition depend partially on RIG-I activation in
vivo.

3.7. 3p-siHBx enhanced T cell and NK cell infiltration

Based on the above observations, we wanted to know whether 3p-
siHBx could enhance the infiltration of effector cells to improve the
liver immune microenvironment. First, we determined whether 3p-
siHBx could affect chemokine expression in HBV+ HepG2. 2.15 cells. As
shown in Fig. 7A, CCL2, CCL5, CCL8, and CXCL10 levels were upre-
gulated in 3p-siHBx–transfected cells. Meanwhile, we observed the ir-
relevant 3p-scramble could promote the expression of these chemo-
kines, which was similar to the effect of 3p-siHBx, while this effect
induced by conventional siHBx was lower than 3p-RNA. Transwell
migration assays performed to analyze immune cell infiltration in vitro
revealed that 3p-siHBx–treated HepG2. 2.15 cells were sufficient to
recruit immune cells from PBMCs (Fig. 7B). Obviously, the supernatant
from 3p-siHBx–treated HepG2. 2.15 cells enhanced the T cell and NK
cell recruitment (Fig. 7C). These results indicate that RIG-I activation
might be important for the infiltration of activated CD8+ T cells and NK
cells into HBV-infected liver tissue.

4. Discussion

HBV develops several strategies to suppress antiviral immune re-
sponses. Here, we used a bifunctional siRNA molecule to silence HBx
and activate RIG-I, which induced HBV inhibition partly mediated by
RIG-I in HBV-carrier mice. Furthermore, this 3p-siHBx could induce DC
maturation and NK cell activation, and reverse HBV-induced CD8+ T
cell exhaustion. These data clearly indicate that RNAi-mediated

Fig. 2. 3p-siHBx activated NK cells in HBV-carrier mice. Two weeks after the last treatment, the mice were sacrificed and intrahepatic lymphocytes were isolated.
(A) Representative FACS plots of CD11b+ and CD27low NK1.1+ cells in liver leukocytes (left). The percentages of NK cells according to their maturation phenotype
(Right). (B) Absolute numbers of CD11b+CD27low NK cells. (C) Representative FACS plots of CD69+ and KLRG1+NK1.1+ cells in liver leukocytes (left). The
percentages of NK cells according to CD69 and KLRG1 expression (right). (D) Absolute numbers of NK cells according to CD69 and KLRG1 expression. (E)
Quantification graph of IFN-γ–producing NK cells. (F) ELISA analysis of serum IFN-γ levels. Data were obtained from 3 independent experiments with similar results
(n=6).
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sequence-specific degradation of HBV RNA and RIG-I responses are
major antiviral mechanisms in HBV-carrier mice.

A major hurdle to treating HBV is the profound immunosuppression,
both systemically and locally, within the liver immune microenviron-
ment through different pathways (Chyuan and Hsu, 2018; Shin et al.,
2016). For example, HBx disrupts the interaction between RIG-I and
TRAF3 (TNF receptor–associated factor 3) and finally dampens type I
IFN induction. HBV polymerase inhibits RIG-I–induced IFN-α/β in-
duction by interfering with IRF-3 phosphorylation, dimerization, and
nuclear translocation, and suppressing TBK1/IKKε (TANK-binding ki-
nase 1/inhibitor of NF-κB kinase) and DDX3 (DEAD-box helicase 3, X-
linked) interaction in human hepatocytes (Jiang and Tang, 2010; Wang
et al., 2010).

RIG-I activation leads to type I IFN responses, triggering the innate
and adaptive immune responses. We previously demonstrated that 3p-
siHBx exerted potent anti–HBV efficacy via HBx silencing and RIG-I
activation (Han et al, 2011). We found HBx-siRNA has obvious HBx
silencing but weak RIG-I activation effect. On the contrary, 3p-scramble
siRNA has week HBV silencing but strong RIG-I activation effect by
their 5′-triphosphate structure. In addition to its direct HBx silencing,
the bifunctional siRNA (3p-siHBx) exerts more inhibitory effect on HBV
replication, which derived from its arousal of IFN response by activa-
tion of RIG-I pathway. The potential of bifunctional 3p-siRNAs has also
been studied in several other models, including influenza A Virus,
coxsackievirus, Nodamura virus infection (Fan et al., 2015; Lin et al.,
2012). Also, several studies reported bifunctional 3p-siRNA (Ex-
p:targeting Bcl 2/TGF-β/Survivin/Glutaminase/IDO/VEGF/MDR1)
with target silence and stimulated innate immunity by way of RIG-I
activation, could confer potent antitumor efficacy (Li et al., 2017; Meng
et al., 2014; Wang et al., 2013; Yuan et al., 2015). Therefore, bifunc-
tional 3p-siRNA is extremely attractive as a candidate for tumor or
antiviral therapy.

NK cells and CD8+ T cells are important effector cells in anti-HBV
immune responses; however, both are impaired in the presence of

chronic HBV infection. TGF-β, IL-10, MDSCs, and Tregs play im-
munosuppressive roles during HBV infection (Hong and Bertoletti,
2017; Li et al., 2015; Tan et al., 2015). Here, we confirmed that 3p-
siHBx markedly decreased HBV load (Fig. 1). Significantly, we observed
that 3p-siHBx could promote the activation of NK cells and CD8+ T
cells, and induce the expression of CD80 and CD86 on DCs in naïve
C57BL/6 mice (sFig. 4). Subsequently, we found NK cells, particularly
CD11bhighCD27low mature NK cells, were recruited to the liver after 3p-
siHBx treatment (Fig. 2). Meanwhile, the frequency of
CD69highKLRG1low hepatic NK cells was increased in 3p-siHBx–treated
HBV-carrier mice, accompanied by increased IFN-γ–producing NK cells.
Furthermore, 3p-siHBx activated CD8+ T cells, exhibited augmented
ability to produce TNF-α and IFN-γ and decreased PD-1 expression,
which is similar to the effect of irrelevant 3p-scramble treatment. In-
terestingly, 3p-siHBx but not 3p-scramble inhibited Treg generation
and TGF-β and IL-10 production effectively (Fig. 3). More importantly,
3p-siHBx significantly induced DC maturation (Fig. 4) and reduced
CD11b+Gr-1+ MDSC numbers, while siHBx treatment only slightly
inhibited MDSC, and there is no difference in MDSC and suppressive
cytokines between 3p-scramble and control group (Fig. 5). To date,
there has been no report that RIG-I activation can activate B cells and
promote antibody secretion. In our study, we found that 3p-siHBx did
not increase anti-HBs antibodies in HBV-carrier mice (sTable.1). We
surmise that the cytokines produced by the 3p-siHBx–treated hepato-
cytes were not sufficient to activate B cells and T follicular helper (Tfh)
cells. Nevertheless, this study presents an interesting issue to be re-
solved in future studies. These findings all suggest that the bifunctional
3p-siHBx can reverse HBV infection–induced immune dysfunction by
improving NK cell and CD8+ T cell function.

It is important to note that upon RIG-I activation, IRF-3, p38, and
ERK were activated by 3p-siHBx, leading to upregulated IFN response
(Fig. 6). This suggests that 3p-siHBx has specific effects on HBV re-
plication. In addition, 3p-siHBx induced type III IFN response (Fig. 6D),
which could also inhibit HBV replication. We speculate that the type III

Fig. 3. 3p-siHBx induced CD8+ T cell
response in HBV-carrier mice. (A, B)
pAAV or pAAV/HBV1.2 vector were
delivered into C57BL/6 mice using the
tail vein injection, 4 weeks later, in-
trahepatic lymphocytes were isolated.
The percentage of CD4+ T cells (A) and
CD8+ T (B) cells was detected by FACS.
(C–H) HBV-carrier mice were treated
by irrelevant 3p-scramble, siHBx, or
3p-siHBx every other day for three
times. The percentage of CD69+CD8+

T cells (C), IFN-γ+- (D) and TNF-α+-
(E) CD8+ T cells, and Tregs (F), as well
as CTLA-4 (G) and PD-1 (H) expression
on CD8+ T cell were assayed on day 14
after the last injection. CTRL, untreated
HBV-carrier mice as above. Data were
obtained from 3 independent experi-
ments with similar results (n= 5).
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Fig. 4. 3p-siHBx induced DC maturation in HBV-carrier mice. HBV-carrier mice were sacrificed on day 14 after irrelevant 3p-scramble, siHBx, or 3p-siHBx
treatment, then intrahepatic lymphocytes were isolated. (A) DC percentages (left) and absolute numbers (right) according to CD11c expression. (B–D) FACS assay of
CD80 (B), CD86 (C), and MHC II (D) expression. (E) FACS assay of IFN-α production in DCs after the treatments. CTRL, HBV-carrier mice untreated as above. Data
were obtained from 3 independent experiments with similar results. n= 5, ns, not significant; MFI, mean fluorescence index.

Fig. 5. 3p-siHBx inhibited MDSCs in
HBV-carrier mice. Intrahepatic lympho-
cytes were isolated on day 14 after the last
irrelevant 3p-scramble, siHBx, or 3p-siHBx
treatment. (A) Representative FACS plots of
CD11b+ and Gr-1+ MDSCs (Left).
Quantification graph of MDSCs in HBV-
carrier mice after treatment (Right). (B)
Quantification graph of iNOS expression
after 3p-siHBx treatment in HBV-carrier
mice. (C, D) ELISA of serum TGF-β (C) and
IL-10 (D) levels. Each dot represents an in-
dividual mouse. Data were obtained from 3
independent experiments with similar re-
sults (n= 5).

Q. Han et al. Antiviral Research 161 (2019) 36–45

42



IFN response might be partially attributed to anti-viral effect mediated
by 3p-siHBx. In relation to the evaluation of the experiments shown in
Fig. 6F, silencing RIG-I partially recovered HBV inhibition. Therefore,
we presume that the effect of 3p-siHBx might not only base on its RNAi
activity but also on RIG-I activating activity. In addition to RIG-I, pre-
vious studies have indicated that Toll-like receptor (TLR)7/8/9 or
STING (transmembrane protein 173) agonists can activate the in-
trahepatic innate immune responses, which can control HBV infection
efficiently. Therapeutic strategies based on pathogen recognition re-
ceptor (PRR) activation are intended to activate the antiviral signaling
pathway that suppresses HBV replication and simultaneously reverse
HBV-specific T cell exhaustion (Thursz, 2014; Urcuqui-Inchima et al.,
2017). A potent and orally available TLR7 agonist (GS-9620) activated
B cells, CD8+ T cells, and/or NK cells and induced type I/II IFN re-
sponse in the liver microenvironment (Menne et al., 2015). Moreover,
ssRNA40, a TLR8 agonist, selectively activated NKT and CD56bright NK
cells to produce IFN-γ in HBV-infected livers (Jo et al., 2014).

Interestingly, 3p-siHBx could recruit NK cells and T cells (Fig. 7); it
is possible that DC mutation in PBMCs and chemokine secretion of 3p-
siHBx treated HBV + hepatocytes contributed to this process. There-
fore, RIG-I is likely to play dual roles as an innate sensor and as a direct

antiviral effector for host defense during viral infection. Whether TLR
7/8/9 or STING activation promotes the recruitment of NK and T cells
in HBV models need to be further studied.

RNAi has been widely used to interference HBV infection in basic
research. As the smallest open reading frame and also the most obvious
overlap on the structure of the HBV genome region, HBx is required for
HBV efficient replication, thus making it a potentially useful target for
antiviral therapy (Belloni et al., 2009). Nowadays, the most effective
and clinically advanced siRNA delivery systems should be investigated
to protect siRNA from degradation in vivo. And a clinical trial of ARC-
520 based on RNAi surpassed expectations (Liu et al., 2016). Our study
might provide a candidate strategy for the development of a nucleic
acid drug for therapy of not only virus infections, including HBV, but
also for different tumors. 3p-siHBx is expected to be a promising im-
munomodulatory drug for improving treatment efficacy by abrogating
immunosuppression.

In conclusion, combining RIG-I activation with HBx silencing via a
bifunctional 3p-siRNA disrupts HBV-mediated immunosuppressive
mechanisms and confers potent antiviral efficacy. RIG-I is an important
target for immunotherapy of HBV infection. However, the therapeutic
potential of 3p-siHBx requires further evaluation in more biologically

Fig. 6. HBV inhibition was partially dependent on RIG-I activation in vivo. (A) Western blot of RIG-I expression in liver tissues from 3p-siHBx– or siHBx-treated
HBV-carrier mice. (B) Western blots of IRF (left) and MAPK (right) signals. (C) ELISA analysis of serum IFN-β levels. (D) Real-time PCR detection of IFN-λ expression
in liver tissues. (E) Real-time PCR assay of ISG15 and OAS1 expression. RIG-I protein was verified after treated with siRIG-I for 24h (F, left). qPCR detection of HBx,
pgRNA (F,right) and ELISA detection of HBsAg levels (G) were performed in HBV-carrier mice pre-treated with siRIG-I before 3p-siHBx treatment. Data are expressed
as the mean ± SD from at least three independent experiments (n=5).
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relevant animal species and in human clinical trials.
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