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Hepatitis B Virus–Induced Imbalance of Inflammatory and
Antiviral Signaling by Differential Phosphorylation of STAT1
in Human Monocytes

Hongxiao Song,* Guangyun Tan,* Yang Yang,* An Cui,* Haijun Li,* Tianyang Li,*

Zhihui Wu,* Miaomiao Yang,* Guoyue Lv,† Xiumei Chi,‡ Junqi Niu,‡ Kangshun Zhu,x

Ian Nicholas Crispe,*,{ Lishan Su,*,‖ and Zhengkun Tu*,‡

It is not clear how hepatitis B virus (HBV) modulates host immunity during chronic infection. In addition to the key mediators of

inflammatory response in viral infection, monocytes also express a high-level IFN-stimulated gene, CH25H, upon response to IFN-a

exerting an antiviral effect. In this study, the mechanism by which HBV manipulates IFN signaling in human monocytes was

investigated. We observed that monocytes from chronic hepatitis B patients express lower levels of IFN signaling/stimulated genes

and higher levels of inflammatory cytokines compared with healthy donors. HBV induces monocyte production of inflammatory

cytokines via TLR2/MyD88/NF-kB signaling and STAT1-Ser727 phosphorylation and inhibits IFN-a–induced stat1, stat2, and

ch25h expression through the inhibition of STAT1-Tyr701 phosphorylation and in an IL-10–dependent, partially autocrine

manner. Further, we found that enhancement of STAT1 activity with a small molecule (2-NP) rescued HBV-mediated inhibition

of IFN signaling and counteracted the induction of inflammatory cytokines. In conclusion, HBV contributes to the monocyte

inflammatory response but inhibits their IFN-a/b responsiveness to impair antiviral innate immunity. These effects are mediated

via differential phosphorylation of Tyr701 and Ser727 of STAT1. The Journal of Immunology, 2019, 202: 2266–2275.

A
lthough an effective vaccine has been in use for decades,
over 240 million people in the world are chronically
infected with hepatitis B virus (HBV), and new infec-

tions continue to occur (1–3). HBV is an infection in which
chronic liver inflammation coexists with impaired antiviral im-
munity. The functionality of many immune cells is impacted, in-
cluding monocytes, but the molecular details of such impairment
are not well understood.
HBV infects hepatocytes of the human liver and initiates virus

replication to release HBV virions, HBVe Ag (HBeAg), and HBV
surface Ag (HBsAg). The serum levels of HBsAg, HBeAg, and
HBV DNA may fluctuate over time and are a reflection of disease

activity to define the natural course of chronic HBV infection (4–6).
During HBV infection, the virus exposes a number of pathogen-
associated molecular patterns to be recognized by pattern recog-
nition receptors located on the cell membrane, such as TLR.
Circulating monocytes express a variety of pattern recognition
receptors, so it is likely that the function of these cells will be
affected. Monocytes represent ∼10% of leukocytes in human pe-
ripheral blood and also reside in or pass through the liver as
precursors of dendritic cells and macrophages. The frequency and
number of CD14+/CD16+ monocytes in immune active chronic
hepatitis B (CHB) patients were significantly increased (7), and
their positive correlation with alanine amino transferase (ALT)
suggested a potential role contributing to liver inflammation (8).
However, the role of HBV infection in monocytes remains con-
troversial. It has been reported that HBsAg induces TNF-a and
IL-10 production of monocytes (9, 10), suggesting that HBsAg
can potentially trigger TLR activation through its association with
CD14 (11). The arginine-rich domain of the core protein was
shown to bind the macrophage-like cell line, THP-1, in a heparin
sulfate–dependent manner and trigger signaling through TLR-2
(12). But others have reported that exposure of monocytes to
HBsAg suppresses LPS-induced TNF and IL-1b production (13).
Type I IFNs (IFN-I), produced by cells infected with viruses and

some sentinel cells of the innate immune system, play a crucial role
in defense against viral infections by inducing the expression of
IFN-stimulated genes (ISGs) such as cholesterol 25-hydroxylase
(ch25h) (14–17). CH25H can be expressed at high levels in
monocytes and macrophages activated by IFN-I via STAT1 and
synthesizes 25HC to exert an antiviral effect (18–20). Monocytes
interact with the virus to produce proinflammatory cytokines and
IFN-I and to initiate immune responses to control infection.
Most vertical transmission of HBV from mother to child often

leads to chronic infection, whereas horizontal transmission be-
tween adults often leads to self-limited acute infection. It has been
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demonstrated that Kupffer cells from nontransgenic offspring of
HBV transgenic mothers that have been exposed to HBeAg in
utero express a higher level of PD-L1 to exhaust the function of
CTLs. But Kupffer cells from nontransgenic adult mice that were
never exposed to HBeAg generate efficient immunity to control
HBV infection (21). More recently, we reported that both HBV
and HBsAg induce immune suppressive monocytes to initiate
regulatory NK cell differentiation, resulting in T cell inhibi-
tion (22). We thus postulated that HBV develops sophisticated
strategies to counteract this defense, as it established de novo
infection.
We now show that the HBV-induced antagonism between in-

flammation and antiviral immunity can be studied in vitro. HBV
activates TLR2/NF-kB signaling and STAT1-Ser727 phosphory-
lation to induce the production of inflammatory cytokines and to
make a concerted attack on the IFN signaling pathway manifest
both as reduced transcription of STAT1 and STAT2 genes and in
aberrant STAT1 phosphorylation.

Materials and Methods
Human subjects

Thirty-six treatment-naive CHB patients in hospital, which were identi-
fied as immune active phase based on sera levels of HBV DNA, HBeAg,
HBsAg, and ALT, and 30 healthy donors were enrolled in this study
(Table I). All studies were conducted according to the experimental
practices and standards that were approved by the Medical Ethics Com-
mittee of The First Hospital of Jilin University (approval code 2015-125).
Written informed consent was obtained from all adult participants, and
no children were involved in this study. There were no hepatitis D virus
coinfected in any of the patients. All experiments were carried out in ac-
cordance with the approved guidelines and regulations.

Reagent

HBsAg was purchased from Meridian (catalog no. R36100), which was
purified from human plasma with the purification .95% and dissolved in
the following buffer: 0.02 M sodium phosphate, pH 7.2. Human serum
albumin (HSA) purified from healthy person serum was purchased from
ProSpec (catalog no. PRO-354). Human TLR2 Ab (catalog no. MAB2616),
human TLR4 Ab (catalog no. AF1478), and human recombinant IFN-a
(catalog no. 11200-1) were purchased from R&D Systems. Anti-human
CD282 (TLR2) FITC was purchased from eBioscience (catalog no.
11-9922-41). Human IL-10 Ab (catalog no. MAB2171), human IL-1b/IL-
1F2 Ab (catalog no. MAB201), and human TNF-a Ab (catalog no.
MAB210) were purchased from R&D Systems. Abs against MyD88 and
p-STAT2 (Tyr690) were purchased from Abcam. Protease/Phosphatase In-
hibitor Cocktail and Abs against p-STAT1 (Tyr701 and Ser727), STAT1,
STAT2, p-IkBa, IkBa, and TRAF6 were purchased from Cell Signaling
Technology (Danvers, MA). CH25H Ab was purchased from Santa Cruz
catalog no. sc-293256). BAY-11-7085 was purchased from Medchem Ex-
press (catalog no. HY-10257). 2-(1,8-naphthyridin-2-yl)phenol (2-NP) was
purchased from Sigma-Aldrich (catalog no. N2040).

Purification of cell-cultured HBV

HepG2 cells and HepG2.2.15 cells purchased from American Type Culture
Collection were maintained in DMEM medium (Corning Life Science,
Lowell, MA) with 10% FBS, penicillin, streptomycin, and glutamine. HBV
particles were collected and purified from the supernatant of HepG2.2.15
cells as described previously with modification (23, 24). Briefly,
HepG2.2.15 cells and HepG2 cells were cultured in 75T flasks in DMEM
complete medium to induce HBV replication and virion production; su-
pernatant was collected every other day with culture medium replenish-
ment for 18 d. The pooled supernatant was mixed with polyethylene glycol
(PEG)-8000 powder (Sigma-Aldrich, final concentration of 10%) and
gently rotated at 4˚C for overnight; HBV particles were then precipitated
by centrifugation at 10,000 3 g for 45 min at 4˚C and redissolved in
serum-free DMEM medium with 1% vol of the original supernatant
samples. HBV virion stocks, which were measured using the COBAS
AmpliPrep/COBAS TaqMan assay (Roche Molecular Diagnostics, Grenzach,
Germany) for viral load and ELISA for encoded proteins were aliquoted and
stored at 280˚C. The supernatant of HepG2 cell has been treated with
PEG8000 and concentrated in the same way as cell-cultured HBV (HBVcc)
stock, then used as mock control.

Limulus amebocyte assay for LPS contamination

Endotoxic contamination of HBsAg and HBVcc was assessed using
QCL-1000 chromogenic end point assay (Combrex, Cottonwood, AZ) and
found to be ,1 pg/ml.

Cell isolation and purification

PBMCs were freshly isolated from peripheral blood of healthy individuals
and CHB patients by Ficoll density gradient separation. Monocytes were
then purified by magnetic cell sorting with CD14 microbeads (Miltenyi
Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s
instructions. The purity of the CD14+ cells was equal or.95% determined
by flow cytometry.

Cell culture

Purified monocytes were cultured with HBsAg, HBVcc, and/or IFN-a
(concentrations are given in the figure legends) in 96-well plates con-
taining 200 ml of complete medium (RPMI 1640, 10% FBS, penicillin,
streptomycin, and glutamine) at 37˚C in the presence of 5% CO2 for 12 or
24 h. Cells were collected for quantitative real-time PCR (qRT-PCR),
Western blot, FACS analysis, and the supernatants were harvested for
cytokine detection by ELISA.

RNA extraction and qRT-PCR

Total RNA was extracted from cells using EasyPure RNA Kit (TransGen
Biotech, Beijing, China) and then converted to first-strand cDNA using
TransScript First-Strand cDNA Synthesis SuperMix (TransGen Biotech).
Real-time PCR was performed with Power SYBR Green PCR Master Mix
(TransGen Biotech) in an ABI StepOne Plus Real-Time PCR system
(Applied Biosystems). Housekeeping gene GAPDH was used as an internal
control for quantitation, respectively. The sequences of gene-specific pri-
mers used for qRT-PCR are listed in Supplemental Table I.

Immunoblotting

Immunoblotting was carried out as described previously (25). Briefly, cells
were collected and lysed by adding lysis buffer (RIPA buffer) together with
Protease/Phosphatase Inhibitor Cocktail on ice for 30 min and tapping
tubes every 10 min. Protein concentration was quantified by Coomassie
Plus protein assay Reagent (Thermo Fisher Scientific). The quantitation of
immunoblotting band intensity was carried out with ChemiDoc XRS+
Molecular Imager software (Bio-Rad). Samples were separated by SDS–
PAGE and transferred to PVDF membranes. After blocking in PBS con-
taining 0.1% Tween-20 and 5% skim milk, the blots were probed with
relative Abs.

STAT1 knockout and mutation

STAT1 knockout (KO) of THP1 cells was carried out by CRISPR/Cas9 as
described previously (26, 27). Briefly, 293T cells were cotransfected with
GagPol, VSV-G expression plasmid, and plentiCRISPRv2-STAT1 plas-
mids using ViaFect Transfection Reagent (Promega). Supernatant was
harvested 2 d after transfection and added to THP1 cell; transduced bulk
cells were selected with puromycin selection marker. Immunoblotting was
done to ensure STAT1 KO results, and DNA sequencing was performed to
further confirm the results of gene KO. Single guide RNA sequences are
shown in Supplemental Table I. The expression constructs of STAT1 were
generated by cloning the sequence of the coding region into a Flag-tagged
VR1012 expression vector (STAT1 wild type [WT]). Site-directed muta-
genesis of STAT1 (Y701A and S727A) was generated using mutations
primers by Quik Change PCR (TransGen). All constructs were confirmed
by DNA sequencing, and plasmids were prepared using Endo-Free Plasmid
Kits (V). STAT1-KO THP1 cells were differentiated with 0.5 mg/ml of
PMA for 3 h. To remove the residual effect of PMA, the medium was
replaced with complete RPMI 1640 overnight, then transfected with the
plasmids of STAT1 WT and mutation (STAT1-S727A and STAT1-Y701A).

Flow cytometry

Purified monocytes were cultured with HBsAg or HBVcc, resuspended in
staining buffer, and preincubated with FcR blocking reagent (Miltenyi
Biotec) for 15 min at 4˚C. The cells were stained with anti-human CD14-
PE, anti-human CD282 (TLR2) FITC Abs, and incubated for 15 min at 4˚C
in the dark. The cells were washed with staining buffer, then resuspended
in PBS containing 1% paraformaldehyde. For intracellular STAT staining,
cells were first fixed/permeabilized and subsequent STAT staining per-
formed according to the manufacturer’s protocol (Cytofix Buffer and
Permeabilization Buffer III; BD Biosciences). The intracellular Abs in-
cluded STAT1 (pY701) Alexa Fluor 488 (4a; BD Biosciences), STAT1
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(pS727) PE (clone K51-856 [RUO] BD Biosciences). All data were ac-
quired with an LSRII flow cytometer (BD Biosciences) and analyzed with
FlowJo (Tree Star) software (Ashland, OR).

Cytokine measurements

IL-1b, IL-10, and TNF-a were quantified in supernatants using ELISA kits
(R&D Systems) according to the manufacturer’s recommended protocol.

Statistical analysis

Statistical analysis was performed using a two-tail unpaired Student
t test. Correlation coefficient: Pearson correlation analysis was used to
determine R-values. A p value ,0.05 was considered statistically
significant. Statistical analysis and Pearson correlation analysis were
performed using GraphPad Prism 5 software (GraphPad Software, San
Diego, CA).

Results
Peripheral monocytes express lower levels of IFN
signaling/stimulated genes and higher levels of
inflammatory cytokines in CHB patients

Wefirst compared the difference of antiviral and inflammatory gene
expression in monocytes between healthy donors and CHB patients
(Table I). Monocytes were purified to determine the mRNA ex-
pression of IFN signaling/stimulated genes and inflammatory cy-
tokines by qRT-PCR, and the relative fold induction was
normalized to a housekeeping gene (GAPDH). We observed that
the mRNA expression levels of stat1 (Fig. 1A), stat2 (Fig. 1B),
and ch25h (Fig. 1C) were significantly lower in CHB patients than
in healthy individuals. However, the mRNA expression levels of
IL-1b (Fig. 1D), TNF-a (Fig. 1E), and IL-10 (Fig. 1F) in CHB
patients were significantly higher than in healthy individuals. Among
CHB patients, our statistical analysis showed (Supplemental Fig. 1)
that the serum levels of HBV DNA and HBsAg correlate negatively
with the expression levels of stat1, stat2, and ch25h positively with
the expression levels of IL-1b, TNF-a, and IL-10 in monocytes. IL-10
correlates negatively with the expression levels of stat1, stat2, and

ch25h. These results indicate that the inflammatory cytokines (IL-10)
may inhibit the expression of IFN signaling/stimulated genes in
monocytes of CHB patients.

HBV and IFN-a inversely modulate ISGs expression
of monocytes

Next, we investigated HBVeffect on the antiviral gene expression.
Purified monocytes from healthy donors were cultured with in-
creasing concentrations of HBsAg (0, 0.2, 2, 20 mg/ml), HBVcc
(0, 105, 106, 107 copies/ml), or IFN-a (0, 1, 10, 100 ng/ml) using
HSA, the supernatant of non-HBV transfected cells (HepG2), and
vehicle of IFN-a as controls, respectively. The mRNA expression
levels of stat1, stat2, and ch25h were examined by qRT-PCR, and
the relative fold induction was normalized to HSA, HepG2,
or vehicle of IFN-a. We observed that both HBsAg and HBVcc
caused a dose-dependent decrease in expression of stat1 (Fig. 2A),
stat2 (Fig. 2B), and ch25h (Fig. 2C); IFN-a induced a dose-
dependent increase in the expression of stat1 (Fig. 2D), stat2
(Fig. 2E), and ch25h (Fig. 2F). A total of 107 copies/ml of HBVcc,
20 mg/ml of HBsAg, and 10 ng/ml of IFN-a significantly modu-
lated expression of these genes and were used as the standard

FIGURE 1. Monocytes express lower levels of IFN signaling/stimulated genes and higher levels of inflammatory cytokines on chronic HBV infection.

Monocytes were purified from PBMC of 30 healthy individuals (HC) and 36 CHB patients. The mRNA expression levels of stat1 (A), stat2 (B), ch25h (C),

IL-1b (D), TNF-a (E), and IL-10 (F) were determined by qRT-PCR. Error bars represent the SD. *p , 0.05, **p , 0.01, ***p , 0.001.

Table I. Characteristics of study population

Clinical Data
Healthy Controls

(n = 30)

Chronic HBV
Patients
(n = 36)

Sex (male/female) 16/14 19/17
Age (y) 35.3 6 9.9 34.47 6 14.13
ALT (U/l) 32.6 6 5.5 391.4 6 319.7
HBsAg (IU/ml) Negative 8441.5 6 4598.5
HBeAg (S/CO) Negative 173.2 6 311.3
HBeAb (S/CO) Negative 11.6 6 15.5
HBV DNA (log10 IU/ml) Negative 6.6 6 1.1

Data are shown as average 6 SD.
HBeAb, HBV e Ab; S/CO, signal to cutoff ratio.

2268 HBV MANIPULATES INFLAMMATORYAND ANTIVIRAL SIGNALING

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1800848/-/DCSupplemental


concentrations in the following experiments. Although HBVcc
or HBsAg were added into monocytes cultured with IFN-a, both
HBsAg and HBVcc significantly inhibited IFN-a–induced
mRNA expression levels of stat1 (Fig. 2G), stat2 (Fig. 2H), and
ch25h (Fig. 2I). Also, cells were collected for RNAseq. Self-
organizing heat maps confirmed that HBsAg and HBVcc
inhibited IFN-a–induced ISG expression (e.g., CH25H, TRIM6,
TRIM58, APOBEC3B, APOBEC3D, STAT1, STAT2, etc.
Supplemental Fig. 2A).

HBV induces inflammatory response of monocytes via
TLR2/MyD88/NF-kB signaling pathway

We further investigated whether HBV has direct effects on the
inflammatory response of monocytes, which might account for the
abnormalities of monocytes from CHB patients. Fresh monocytes
from healthy donors were purified and cultured with increasing
concentrations of HBsAg or HBVcc. As expected, both HBsAg

(0, 0.2, 2, 20 mg/ml) and HBVcc (0, 105, 106, 107 copies/ml)
caused a dose-dependent increase in mRNA expression and se-
cretion of IL-1b (Fig. 3A), TNF-a (Fig. 3B), and IL-10 (Fig. 3C).
To determine if HBV activates MyD88/NF-kB signaling in
monocytes, the protein expression of MyD88, TRAF6, and
NFkB1, and IkBa phosphorylation was detected by Western blot.
As shown in Fig. 3D, both HBsAg and HBVcc also induced the
protein expression of MyD88, TRAF6, and promotes IkBa
phosphorylation and IkBa degradation compared with mock
control (HSA and the supernatant of HepG2 cell). Moreover, when
monocytes were treated with the inhibitor of NF-kB (BAY-11-
7085) and cultured with HBVcc or HBsAg, we observed that
BAY-11-7085 inhibited HBsAg- and HBVcc-induced production
of IL-1b, TNF-a, and IL-10 (Fig. 3E).

Previous reports showed that TLR2 expression of monocytes
was reduced in patients with HBeAg-positive chronic HBV in-
fection but increased in HBeAg-negative CHB, compared with

FIGURE 2. HBV and IFN-a inversely modulate ISGs’ expression of monocytes. Purified monocytes from healthy donors (n = 8) were cultured with

increasing concentrations of HBsAg (0, 0.2, 2.0, 20.0 mg/ml) or HBVcc (0, 105, 106, 107 copies/ml) or IFN-a (0, 1, 10, 100 ng/ml) for 12 h. Cells were

collected to assay the mRNA expression of stat1, stat2, and ch25h by qRT-PCR (A–F). Purified monocytes from healthy donors were cultured with or

without IFN-a (10 ng/ml) in presence of HBsAg (20 mg/ml) or HBVcc (107 copies/ml). Cells were collected to assay the mRNA expression of (G) stat1,

(H) stat2, and (I) ch25h by qRT-PCR. Error bars represent the SD. *p , 0.05, **p , 0.01, ***p , 0.001.
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controls (28). In our study population, these findings were con-
firmed as Fig. 4A. We thus investigated whether HBsAg is dif-

ferent from HBeAg in its ability to upregulate TLR2 expression

of monocytes, resulting in inflammatory cytokines production.

Purified monocytes from healthy donors were cultured with

HBsAg and HBVcc (without encoded protein contamination),

and we observed that both HBsAg and HBVcc upregulated

TLR2 expression of monocytes on both mRNA (Fig. 4B) and

protein level (Fig. 4C) but not other TLRs compared with HSA

and HepG2 controls. We thus tested if HBV-induced inflamma-

tory response is mediated via TLR2 signaling. Purified mono-

cytes were pretreated with anti-TLR2 or anti-TLR4 Ab and then

stimulated with HBsAg or HBVcc. We observed that blockade of

TLR2 significantly inhibited HBsAg- and HBV-induced cytokine

expression and secretion of IL-1b (Fig. 4D), TNF-a (Fig. 4E),

and IL-10 (Fig. 4F).

HBV and IFN-a, respectively, induce inflammatory and
antiviral gene by differential STAT1 phosphorylation

STAT1 is a key component of the transcription factor complex in
the IFN signaling pathway (29) and also plays a role in the in-
flammatory response (30). We investigated STAT1 phosphoryla-
tion in response to HBV and IFN-a. Purified monocytes were
treated with IFN-a and/or HBVcc/HBsAg, and the effect of HBV
and IFN-a on the phosphorylation of STAT1–Tyrosine 701 and
STAT1–Serine 727 was determined by Western blot. We observed
that both HBsAg and HBVcc activated STAT1 Serine 727 phos-
phorylation but not STAT1 Tyrosine 701 phosphorylation com-
pared with mock (Fig. 5A). IFN-a activated STAT1 Tyrosine 701
phosphorylation and CH25H protein expression, and both HBsAg
and HBVcc inhibited IFN-a–induced STAT1 Tyrosine 701 phos-
phorylation and CH25H protein expression compared with IFN-a
(Fig. 5B). Further, we found that IFN-a induced STAT2 protein

FIGURE 3. HBV activates MyD88/TRAF6/NF-kB signaling. Purified monocytes from healthy HBV-negative blood donors (n = 6) were cultured in the

presence of increasing concentrations of HBsAg (0, 0.2, 2.0, 20.0 mg/ml) or HBVcc (0, 105, 106, 107 copies/ml) for 24 h; the mRNA expression level and

production of IL-1b (A), TNF-a (B), and IL-10 (C) were determined by real-time RT-PCR and ELISA, and the relative fold induction was normalized to

HSA or HepG2. Purified monocytes from healthy HBV-negative blood donors were cultured with HBsAg (20 mg/ml) or HBVcc (107 copies/ml) for 12 h.

Western blots were performed for the expression of MyD88, TRAF6, IkBa, and IkBa phosphorylation. b-actin was used as loading control (D). Purified

monocytes were treated with 5 mM BAY-11-7085 in the presence of HBsAg (20 mg/ml) or HBVcc (107 copies/ml) for 24 h; cytokine production of IL-1b,

TNF-a, and IL-10 were detected by ELISA (E). Error bars represent the SD. *p , 0.05, **p , 0.01, ***p , 0.001.
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expression and phosphorylation, but HBsAg and HBVcc did not
inhibit IFN-a–induced STAT2 (Y690) phosphorylation. We next
constructed the plasmids encoding STAT1 WT and two mutations
(STAT1-S727A and STAT1-Y701A) and then transfected them into
STAT1-deficient THP1 cells. The cells were stimulated with IFN-a

or HBsAg. The results showed that HBsAg induced the phosphor-
ylation of STAT1–Serine 727 and IL-1b expression in STAT1 WT
transfected cells, but the mutation STAT1-S727A shut down HBsAg-
induced phosphorylation of STAT1–Serine 727 and IL-1b expres-
sion (Fig. 5C). Conversely, IFN-a induced the phosphorylation of

FIGURE 4. HBV induces inflammatory cytokines production via TLR2 signaling. Monocytes were purified from PBMC of 18 healthy individuals (HC),

13 HBeAg-negative CHB and 23 HBeAg-positive CHB. The mRNA expression levels of TLR2 were determined by real-time RT-PCR (A). Purified

monocytes from healthy HBV-negative blood donors (n = 10) were cultured with HBsAg (20.0 mg/ml) or HBVcc (107 copies/ml) for 12 h, the mRNA

expression level of TLR1-TLR10 were determined by real-time RT-PCR and agarose gel electrophoresis (B), and cell surface expression of TLR2 were

analyzed by flow cytometry (C). Purified monocytes were pretreated with anti-TLR2 Ab (0.5 mg/ml) or anti-TLR4 Ab (5 mg/ml) for 1 h, and then stimulated

with HBsAg or HBVcc for 24 h, the cytokine expression and production of IL-1b (D),TNF-a (E) and IL-10 (F) were determined by real-time RT-PCR and

ELISA, the relative fold induction was normalized to HSA or HepG2. Error bars represent the SD. *p , 0.05, **p , 0.01.
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STAT1–Tyrosine 701 and CH25H expression in STAT1 WT trans-
fected cells, but the mutation of STAT1-Y701A–shut off IFN-a in-
duced the phosphorylation of STAT1–Tyrosine 701 and CH25H
expression (Fig. 5D). These results indicate that HBV induces the
inflammatory response by activation of STAT1–Serine 727 phos-
phorylation, whereas IFN-a induces the antiviral effect by activation
of STAT1–Tyrosine 701 phosphorylation.

Given that HBV induces the production of IL-1b, TNF-a, and
IL-10 and inhibits IFN-a–induced mRNA expression of stat1,
stat2, and ch25h in monocytes, we next tested if HBV inhibits
IFN-a–induced IFN signaling gene expression through inflam-
matory cytokine production. The Abs were respectively added into
monocytes cultured with IFN-a in the presence of HBVcc or
HBsAg to neutralize IL-10, IL-1b, and TNF-a. We observed that

FIGURE 5. HBVactivates STAT1-ser727 phosphorylation and inhibits IFN-a–induced STAT1-Tyr701 phosphorylation. Purified monocytes from healthy

donors (n = 6) were stimulated for 12 h with HBsAg (20 mg/ml) or HBVcc (107 copies/ml) (A) or with IFN-a (10 ng/ml) in the presence of HBsAg

(20 mg/ml) or HBVcc (107 copies/ml) (B). Western blots were performed for STAT1, STAT2, CH25H expression and phosphorylation of STAT1-

Tyr701, STAT1-ser727, and STAT2-Tyr690; b-actin was used as loading control. STAT1 KO THP1 cells were seeded in 24-well plate and differentiated

with 0.5 mg/ml of PMA for 3 h. To remove the residual effect of PMA, the medium was replaced with complete RPMI 1640 overnight, then transfected

with STAT1-WT, STAT1-S727A, or STAT1-Y701A expression plasmids as indicated. After 24 h, Cells were treated with HBsAg (20 mg/ml) or HSA for

12 h, Cells were collected to examine phosphorylation of STAT1-ser727 and the mRNA expression levels of IL-1b by Western blot and qRT-PCR,

respectively (C). Cells were treated with IFN-a (10 ng/ml) or vehicle for 12 h; phosphorylation of STAT1-Tyr701 and the mRNA expression levels

of CH25H were detected as well (D) (n = 3). Purified monocytes were treated with neutralization Abs of IL-10 (0.5 mg/ml), IL-1b (1 mg/ml), or

TNF-a (0.5 mg/ml) for 1 h and then stimulated with IFN-a (10 ng/ml) in the presence of HBsAg (20 mg/ml) or HBVcc (107 copies/ml); cells were

collected to assay the mRNA expression of (E) stat1, (F) stat2, and (G) ch25h by qRT-PCR. Error bars represent the SD. *p , 0.05, **p , 0.01,

***p , 0.001.
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neutralization of IL-10 but not IL-1b or TNF-a partially restored
the mRNA expression levels of IFN-a–induced stat1 (Fig. 5E),
stat2 (Fig. 5F), and ch25h (Fig. 5G), which were inhibited by
HBsAg or HBVcc. These data suggest that HBV-induced IL-10
production of monocytes partially inhibited IFN-a–induced ISG
expression in an autocrine manner.

2-NP rescues IFN signaling and inhibits the inflammatory
cytokines production

As an enhancer of STAT1, 2-NP has been reported to specifically
enhance STAT1-dependent gene expression and the induction of
an endogenous STAT1 target gene by specifically prolonging the
tyrosine phosphorylation of STAT1 (31), and we confirmed this in
Supplemental Fig. 3B. We thus investigated whether 2-NP affects
IFN-a–induced IFN signaling gene expression and HBV-induced
inflammatory cytokines. Purified monocytes were pretreated with
increasing concentrations of 2-NP for 1 h and then stimulated with
HBsAg or HBVcc in the presence or absence of IFN-a. The results,
shown as Supplemental Fig. 3C, were that 2-NP causes a dose-
dependent increase of ch25h expression but not stat1 nor stat2. A
total of 45 mmol/l of 2-NP was used as the optimal concentration in
the following experiments. We further observed that 2-NP rescues
the inhibition of STAT1-dependent gene (ch25h) expression by
HBV (Fig. 6C) but not STAT1 (Fig. 6A) or STAT2 (Fig. 6B). 2-NP
also inhibits inflammatory cytokines in monocytes, including IL-1b
(Fig. 6D), TNF-a (Fig. 6E), and IL-10 (Fig. 6F). These results
imply that the combination of an agent that acts like 2-NP with
IFN-a warrants careful consideration as a potential therapeutic
strategy in chronic HBV infection.

Discussion
Circulating monocytes are a clinically accessible cell population
that differentiates into tissue macrophages resident or dendritic
cells and may directly be modified during the natural course of viral
infection (32). Monocytes are key mediators of inflammatory and
antiviral response in viral infection (33). In this study, we observed
the lower expression of IFN signaling/stimulated genes and higher
expression of inflammatory cytokines genes in peripheral mono-
cytes from CHB patients (Fig. 1), suggesting mutual antagonism
between the inflammatory and antiviral response. In addition, the
serum levels of HBsAg and HBV DNA correlate negatively with
IFN signaling/stimulated genes and positively with the expression
of inflammatory cytokines in monocytes. These data imply that
HBsAg and HBV may suppress the antiviral response and induce
the inflammatory response in the monocytes of CHB patients.
To analyze this phenomenon, peripheral blood monocytes from

healthy donors were exposed to HBVand/or IFN-a; we found that
HBsAg/HBV and IFN-a inhibit or induce stat1, stat2, ch25h ex-
pression, respectively, and HBsAg/HBV inhibits IFN-a–induced
stat1, stat2, ch25h expression in monocytes (Fig. 2). To the best of
our knowledge, this is the first description of HBV-impaired an-
tiviral response on monocytes. The nature of innate immunity
induced by HBV remains controversial. One study showed that
HBV cannot activate host innate antiviral responses in the liver
(34), whereas another showed that HBV induces IFN-I and type
III IFN, suggesting that the host can sense the HBV infec-
tion (35–37). At present, these conflicting conclusions are diffi-
cult to reconcile. STAT1 and STAT2 are key components of the
transcription factor complex in the IFN signaling pathways.

FIGURE 6. 2-NP rescues IFN signaling and inhibits the inflammatory cytokines production. Purified monocytes from healthy donors (n = 6) were

pretreated with 2-NP (45 mmol/l) for 1 h, then stimulated with HBsAg (20 mg/ml) or HBVcc (107 copies/ml) and IFN-a (10 ng/ml) for 12 h. Cells were

collected to assay the mRNA expression of (A) stat1, (B) stat2, and (C) ch25h by qRT-PCR, and the relative fold induction was normalized to HSA or

HepG2. The supernatants were collected at 24 h; the productions of IL-1b (D), TNF-a (E), and IL-10 (F) were detected by ELISA. Error bars represent

the SD. *p , 0.05, **p , 0.01, ***p , 0.001.
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The response of immune and nonimmune cells to type I and III
IFNs triggers the formation of heterotrimers containing STAT1,
STAT2, and the IFN regulatory factor 9 (38). STAT1 is the most
essential transcriptional factor involved in the induction of CH25H
(39). As shown previously, CH25H expression in response to viral
infections or IFNs was almost completely abrogated in STAT1-
deficient macrophages (40). HCV-induced CH25H expression
synthesizes 25HC to inhibit HCV RNA replication by preventing
formation of the viral replication factory in human hepatocytes
(41). IFN-a induces the transfer of resistance to HBV from non-
permissive liver nonparenchymal cells to permissive hepatocytes
via exosomes, which were rich in molecules with antiviral activity
(42). IFN-a induces CH25H expression in monocytes, and its
product, 25HC, may inhibit HBV replication primarily at the level
of transcription or RNA translation in hepatocytes. Our data fur-
ther reveal that HBV and HBsAg inhibit IFN-a–induced CH25H
expression of monocytes, which may be relevant to the poor re-
sponse rate of IFN-based clinical therapy in chronic HBV patients.
These findings show that the application of either HBVor HBsAg
reproduces the effects of in vivo HBV infection in terms of IFN
signaling/stimulated genes such as stat1, stat2, ch25h.
HBV is well known to subvert monocyte function, but molecular

mechanisms are not fully defined. TLRs are key sensors in HBV
recognition (43, 44). TLR2 detects several microbial pathogen-
associated molecular patterns either in its homodimer form or in
a heterodimer with TLR1 or TLR6 and subsequently activates
TRAF6 and NF-kB in a MyD88-dependent manner (45). In this
study, we found that both HBsAg and HBVcc upregulated TLR2
expression, whereas blockade of TLR2 suppressed the HBV-
induced inflammatory response (Fig. 4), confirming the specific-
ity of the effect. Because the inflammatory response was likely to
be driven via NF-kB (46, 47), we confirmed that HBV induces
the increased expression of MyD88, TRAF6, and NFkB1, pro-
motes IkBa phosphorylation, and that inhibition of NF-kB
suppressed HBV-induced inflammatory cytokine production
(Fig. 3). We consistently found that serum from CHB patients
significantly induced inflammatory cytokines production and
inhibited IFN-a–induced stat1, stat2, ch25h expression in mono-
cytes compared with serum from healthy individuals (Supplemental
Fig. 2B, 2C), Therefore we argue the NF-kB pathway was engaged.
Our findings identify a novel mechanism by which HBV induces
inflammatory response via TLR2/MyD88/NF-kB signaling pathway
in peripheral monocytes.
Previous studies have demonstrated that TLR2, TLR4, and TLR9

induce STAT1-Ser727 phosphorylation (48, 49) and that TLR-
induced STAT1-Ser727 phosphorylation is independent of IFN-I
production (30). TRAF6 appears to have a critical role not only
in transducing the canonical MyD88 signal transduction pathway
leading to NF-kB nuclear translocation but also interacting with
components of the JAK/STAT pathway. TRAF6 may act as the
proximal bridge for the recruitment of the STAT1 serine kinase
into the MyD88 canonical pathway to NF-kB activation (30).
In the current study, we found that HBV activates the STAT1-Ser727
phosphorylation and inhibits IFN-a–induced STAT1-Tyr701 phos-
phorylation in monocytes. However, HBV polymerase was shown to
suppress IFN-a–induced STAT1-Ser727 phosphorylation in human
hepatic cell lines (50), suggesting that HBV manipulates monocytes
in a way distinct from its effects on hepatocytes. It has been reported
that HBV represses IFN/JAK/STAT signaling by attenuating the
phosphorylation and nucleus translocation of STAT1 to facilitate
HBV replication (51). We consistently found that the expression level
of STAT1-Ser727 was significantly higher in monocytes from CHB
patients than those from healthy individuals, but the expression level of
STAT1-Tyr701 was not significantly different (Supplemental Fig. 3A).

Moreover, we also identified that HBV inhibits IFN-a–induced
stat1, stat2, ch25h expression via an autocrine effect of secreted
IL-10 partially (Fig. 5). These in vitro data reproduce our in vivo
findings, which showed IL-10 correlates negatively with the
expression of IFN signaling/stimulated genes in CHB patients. It
has been demonstrated that HBsAg stimulates monocytes to
produce IL-10, which then suppress IFN-a production by plas-
macytoid dendritic cells (10). IFN-a increases the sensitivity of
monocytes to IL-10 by upregulating the expression of IL-10R1,
and IL-10 induces a higher level of STAT3 phosphorylation in
IFN-primed cells (52). These findings suggest that HBV and
IFN-a differentially target the phosphorylation of STAT1 to
determine the inflammatory response and antiviral effect in
monocytes and that HBV induces the antagonism between in-
flammation and antiviral immunity in an IL-10–dependent,
partially autocrine manner.
It remains controversial whether chronically HBV-infected

patients have impaired immunity to infection with viruses
(e.g., influenza A virus, Sendai virus, etc.) that induce strong
IFN-I responses. Luangsay et al. (53) reported that HBV can
inhibit the innate response triggered by a super infection with
Sendai virus in dHepaRG cells. However, another studies
showed that Sendai virus and poly I:C–induced IFN-I responses
and ISG expression were not suppressed in HBV-infected liver
(54–56). Moreover, although HBV infection may not induce any
IFN-I response in hepatocytes, they nevertheless activate in-
flammatory response of macrophages (56). In our study we in-
vestigated that HBV manipulated IFN signaling in human
monocytes, not hepatocytes. In exposure of blood monocytes to
poly I:C and HBVcc/HBsAg, we found that poly I:C induced
stat1, stat2, ch25h, and IFN-b mRNA expression, whereas
HBsAg and HBVcc inhibited the effect of poly I:C (H. Song and
Z. Tu, unpublished observations). However, whether it reflects
the impaired immunity to infection with viruses (e.g., influenza
A virus, Sendai virus, etc.) in chronic HBV-infected patients
needs to be further explored.
In summary, we showed that HBsAg and HBVcc have similar

effects in inducing both proinflammatory and IL-10 responses but
inhibiting the induction of ISGs and that these effects are likely in-
tegrated through an effect of HBVon STAT1 phosphorylation. In the
presence of HBV, STAT1 phosphorylation on tyr701 is impaired, but
phosphorylation on ser727 is increased. This suggests HBV may
increase the abundance of signaling molecules in the NF-kB pathway
but conversely decreases the abundance of STAT1 and STAT2 as well
as ISGs. These data argue that HBV impairs STAT1/2–mediated
signaling at multiple levels, subverting host antiviral immunity. We
further conclude that monocytes display two distinct and mutually
antagonistic modes of activation in response to HBV and IFN-a
and that HBV imposes a bias, which emphasizes inflammation
at the expense of IFN-a– induced antiviral defense.

Disclosures
The authors have no financial conflicts of interest.

References
1. Lai, C. L., V. Ratziu, M. F. Yuen, and T. Poynard. 2003. Viral hepatitis B. Lancet

362: 2089–2094.
2. Levrero, M., T. Pollicino, J. Petersen, L. Belloni, G. Raimondo, and M. Dandri.

2009. Control of cccDNA function in hepatitis B virus infection. J. Hepatol. 51:
581–592.

3. Nassal, M. 2015. HBV cccDNA: viral persistence reservoir and key obstacle for
a cure of chronic hepatitis B. Gut 64: 1972–1984.

4. Ganem, D., and A. M. Prince. 2004. Hepatitis B virus infection--natural history
and clinical consequences. N. Engl. J. Med. 350: 1118–1129.

5. Wen, W. H., C. W. Huang, W. C. Chie, C. Y. Yeung, L. L. Zhao, W. T. Lin,
J. F. Wu, Y. H. Ni, H. Y. Hsu, M. H. Chang, et al. 2016. Quantitative maternal

2274 HBV MANIPULATES INFLAMMATORYAND ANTIVIRAL SIGNALING

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1800848/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1800848/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1800848/-/DCSupplemental


hepatitis B surface antigen predicts maternally transmitted hepatitis B virus in-
fection. Hepatology 64: 1451–1461.

6. Xu, F., H. Song, N. Li, and G. Tan. 2016. HBsAg blocks TYPE I IFN induced
up-regulation of A3G through inhibition of STAT3. Biochem. Biophys. Res.
Commun. 473: 219–223.

7. Zhang, J. Y., Z. S. Zou, A. Huang, Z. Zhang, J. L. Fu, X. S. Xu, L. M. Chen,
B. S. Li, and F. S. Wang. 2011. Hyper-activated pro-inflammatory CD16
monocytes correlate with the severity of liver injury and fibrosis in patients with
chronic hepatitis B. PLoS One 6: e17484.

8. Bility, M. T., L. Cheng, Z. Zhang, Y. Luan, F. Li, L. Chi, L. Zhang, Z. Tu,
Y. Gao, Y. Fu, et al. 2014. Hepatitis B virus infection and immunopathogenesis
in a humanized mouse model: induction of human-specific liver fibrosis and M2-
like macrophages. [Published erratum appears in 2015 PLoS Pathog. 11:
e1004718.] PLoS Pathog. 10: e1004032.

9. Boltjes, A., Z. M. Groothuismink, G. W. van Oord, H. L. Janssen,
A. M. Woltman, and A. Boonstra. 2014. Monocytes from chronic HBV patients
react in vitro to HBsAg and TLR by producing cytokines irrespective of stage of
disease. PLoS One 9: e97006.

10. Shi, B., G. Ren, Y. Hu, S. Wang, Z. Zhang, and Z. Yuan. 2012. HBsAg inhibits
IFN-a production in plasmacytoid dendritic cells through TNF-a and IL-10
induction in monocytes. PLoS One 7: e44900.

11. Vanlandschoot, P., F. Van Houtte, F. Hoek, R. Nieuwland, and G. Leroux-Roels.
2003. Saccharomyces cerevisiae-derived HBsAg preparations differ in their at-
tachment to monocytes, immune-suppressive potential, and T-cell immunoge-
nicity. J. Med. Virol. 70: 513–519.

12. Cooper, A., G. Tal, O. Lider, and Y. Shaul. 2005. Cytokine induction by the
hepatitis B virus capsid in macrophages is facilitated by membrane heparan
sulfate and involves TLR2. J. Immunol. 175: 3165–3176.

13. Vanlandschoot, P., A. Roobrouck, F. Van Houtte, and G. Leroux-Roels. 2002.
Recombinant HBsAg, an apoptotic-like lipoprotein, interferes with the LPS-
induced activation of ERK-1/2 and JNK-1/2 in monocytes. Biochem. Biophys.
Res. Commun. 297: 486–491.

14. Schoggins, J. W., S. J. Wilson, M. Panis, M. Y. Murphy, C. T. Jones, P. Bieniasz,
and C. M. Rice. 2011. A diverse range of gene products are effectors of the type I
interferon antiviral response. Nature 472: 481–485.

15. Liu, S. Y., D. J. Sanchez, R. Aliyari, S. Lu, and G. Cheng. 2012. Systematic
identification of type I and type II interferon-induced antiviral factors. Proc.
Natl. Acad. Sci. USA 109: 4239–4244.

16. Tan, G., Q. Xiao, H. Song, F. Ma, F. Xu, D. Peng, N. Li, X. Wang, J. Niu, P. Gao,
et al. 2018. Type I IFN augments IL-27-dependent TRIM25 expression to inhibit
HBV replication. Cell. Mol. Immunol. 15: 272–281.

17. Tan, G., H. Song, F. Xu, and G. Cheng. 2018. When hepatitis B virus meets
interferons. Front. Microbiol. 9: 1611.

18. Blanc, M., W. Y. Hsieh, K. A. Robertson, K. A. Kropp, T. Forster, G. Shui,
P. Lacaze, S. Watterson, S. J. Griffiths, N. J. Spann, et al. 2013. The transcription
factor STAT-1 couples macrophage synthesis of 25-hydroxycholesterol to the
interferon antiviral response. Immunity 38: 106–118.

19. Liu, S. Y., R. Aliyari, K. Chikere, G. Li, M. D. Marsden, J. K. Smith,
O. Pernet, H. Guo, R. Nusbaum, J. A. Zack, et al. 2013. Interferon-inducible
cholesterol-25-hydroxylase broadly inhibits viral entry by production of
25-hydroxycholesterol. Immunity 38: 92–105.

20. Bauman, D. R., A. D. Bitmansour, J. G. McDonald, B. M. Thompson, G. Liang,
and D. W. Russell. 2009. 25-Hydroxycholesterol secreted by macrophages in
response to Toll-like receptor activation suppresses immunoglobulin A produc-
tion. Proc. Natl. Acad. Sci. USA 106: 16764–16769.

21. Tian, Y., C. F. Kuo, O. Akbari, and J. H. Ou. 2016. Maternal-derived hepatitis B
virus e antigen alters macrophage function in offspring to drive viral persistence
after vertical transmission. Immunity 44: 1204–1214.

22. Li, H., N. Zhai, Z. Wang, H. Song, Y. Yang, A. Cui, T. Li, G. Wang, J. Niu,
I. N. Crispe, et al. 2018. Regulatory NK cells mediated between immunosuppressive
monocytes and dysfunctional T cells in chronic HBV infection. Gut 67: 2035–2044.

23. Guo, H., D. Jiang, T. Zhou, A. Cuconati, T. M. Block, and J. T. Guo. 2007.
Characterization of the intracellular deproteinized relaxed circular DNA of
hepatitis B virus: an intermediate of covalently closed circular DNA formation.
J. Virol. 81: 12472–12484.

24. Yan, R., Y. Zhang, D. Cai, Y. Liu, A. Cuconati, and H. Guo. 2015. Spinoculation
enhances HBV infection in NTCP-reconstituted hepatocytes. PLoS One 10:
e0129889.

25. Tan, G., J. Niu, Y. Shi, H. Ouyang, and Z. H. Wu. 2012. NF-kB-dependent
microRNA-125b up-regulation promotes cell survival by targeting p38a upon
ultraviolet radiation. J. Biol. Chem. 287: 33036–33047.

26. Tan, G., F. Xu, H. Song, Y. Yuan, Q. Xiao, F. Ma, F. X. Qin, and G. Cheng. 2018.
Identification of TRIM14 as a type I IFN-stimulated gene controlling hepatitis B
virus replication by targeting HBx. Front. Immunol. 9: 1872.

27. Herold, N., S. G. Rudd, L. Ljungblad, K. Sanjiv, I. H. Myrberg, C. B. Paulin,
Y. Heshmati, A. Hagenkort, J. Kutzner, B. D. Page, et al. 2017. Targeting
SAMHD1 with the Vpx protein to improve cytarabine therapy for hematological
malignancies. Nat. Med. 23: 256–263.

28. Visvanathan, K., N. A. Skinner, A. J. Thompson, S. M. Riordan, V. Sozzi,
R. Edwards, S. Rodgers, J. Kurtovic, J. Chang, S. Lewin, et al. 2007. Regulation
of Toll-like receptor-2 expression in chronic hepatitis B by the precore protein.
Hepatology 45: 102–110.

29. Au-Yeung, N., R. Mandhana, and C. M. Horvath. 2013. Transcriptional regulation
by STAT1 and STAT2 in the interferon JAK-STAT pathway. JAKSTAT 2: e23931.

30. Luu, K., C. J. Greenhill, A. Majoros, T. Decker, B. J. Jenkins, and A. Mansell.
2014. STAT1 plays a role in TLR signal transduction and inflammatory re-
sponses. Immunol. Cell Biol. 92: 761–769.

31. Lynch, R. A., J. Etchin, T. E. Battle, and D. A. Frank. 2007. A small-molecule
enhancer of signal transducer and activator of transcription 1 transcriptional
activity accentuates the antiproliferative effects of IFN-gamma in human cancer
cells. Cancer Res. 67: 1254–1261.

32. Fogg, D. K., C. Sibon, C. Miled, S. Jung, P. Aucouturier, D. R. Littman,
A. Cumano, and F. Geissmann. 2006. A clonogenic bone marrow progenitor
specific for macrophages and dendritic cells. Science 311: 83–87.

33. Howe, C. L., R. G. Lafrance-Corey, R. S. Sundsbak, B. M. Sauer, S. J. Lafrance,
E. J. Buenz, and W. F. Schmalstieg. 2012. Hippocampal protection in mice with
an attenuated inflammatory monocyte response to acute CNS picornavirus in-
fection. Sci. Rep. 2: 545.

34. Wieland, S., R. Thimme, R. H. Purcell, and F. V. Chisari. 2004. Genomic
analysis of the host response to hepatitis B virus infection. Proc. Natl. Acad. Sci.
USA 101: 6669–6674.

35. Sato, S., K. Li, T. Kameyama, T. Hayashi, Y. Ishida, S. Murakami, T. Watanabe,
S. Iijima, Y. Sakurai, K. Watashi, et al. 2015. The RNA sensor RIG-I dually
functions as an innate sensor and direct antiviral factor for hepatitis B virus.
Immunity 42: 123–132.

36. Shlomai, A., R. E. Schwartz, V. Ramanan, A. Bhatta, Y. P. de Jong, S. N. Bhatia,
and C. M. Rice. 2014. Modeling host interactions with hepatitis B virus using
primary and induced pluripotent stem cell-derived hepatocellular systems. Proc.
Natl. Acad. Sci. USA 111: 12193–12198.

37. Xu, F., H. Song, Q. Xiao, N. Li, H. Zhang, G. Cheng, and G. Tan. 2018. Type III
interferon-induced CBFb inhibits HBV replication by hijacking HBx. Cell. Mol.
Immunol.

38. Platanias, L. C. 2005. Mechanisms of type-I- and type-II-interferon-mediated
signalling. Nat. Rev. Immunol. 5: 375–386.

39. Matsumiya, T., and T. Imaizumi. 2013. How are STAT1 and cholesterol meta-
bolism associated in antiviral responses? JAKSTAT 2: e24189.

40. Park, K., and A. L. Scott. 2010. Cholesterol 25-hydroxylase production by
dendritic cells and macrophages is regulated by type I interferons. J. Leukoc.
Biol. 88: 1081–1087.

41. Anggakusuma, I. Romero-Brey, C. Berger, C. C. Colpitts, T. Boldanova,
M. Engelmann, D. Todt, P. M. Perin, P. Behrendt, F. W. Vondran, et al. 2015.
Interferon-inducible cholesterol-25-hydroxylase restricts hepatitis C virus replica-
tion through blockage of membranous web formation. Hepatology 62: 702–714.

42. Li, J., K. Liu, Y. Liu, Y. Xu, F. Zhang, H. Yang, J. Liu, T. Pan, J. Chen, M. Wu,
et al. 2013. Exosomes mediate the cell-to-cell transmission of IFN-a-induced
antiviral activity. Nat. Immunol. 14: 793–803.

43. Khvalevsky, E., L. Rivkin, J. Rachmilewitz, E. Galun, and H. Giladi. 2007.
TLR3 signaling in a hepatoma cell line is skewed towards apoptosis. J. Cell.
Biochem. 100: 1301–1312.

44. Momeni, M., N. Zainodini, R. Bidaki, G. Hassanshahi, H. Daneshvar,
M. Khaleghinia, M. Ebrahim, M. Karimi-Googheri, A. Askari, M. K. Arababadi,
and D. Kennedy. 2014. Decreased expression of toll like receptor signaling
molecules in chronic HBV infected patients. Hum. Immunol. 75: 15–19.

45. Bagheri, V., A. Askari, M. K. Arababadi, and D. Kennedy. 2014. Can Toll-Like
Receptor (TLR) 2 be considered as a new target for immunotherapy against
hepatitis B infection? Hum. Immunol. 75: 549–554.

46. Lawrence, T., M. Bebien, G. Y. Liu, V. Nizet, and M. Karin. 2005. IKKalpha
limits macrophage NF-kappaB activation and contributes to the resolution of
inflammation. Nature 434: 1138–1143.

47. Tu, Z., R. H. Pierce, J. Kurtis, Y. Kuroki, I. N. Crispe, and M. S. Orloff. 2010.
Hepatitis C virus core protein subverts the antiviral activities of human Kupffer
cells. Gastroenterology 138: 305–314.

48. Rhee, S. H., B. W. Jones, V. Toshchakov, S. N. Vogel, and M. J. Fenton. 2003.
Toll-like receptors 2 and 4 activate STAT1 serine phosphorylation by distinct
mechanisms in macrophages. J. Biol. Chem. 278: 22506–22512.

49. Schroder, K., M. Spille, A. Pilz, J. Lattin, K. A. Bode, K. M. Irvine,
A. D. Burrows, T. Ravasi, H. Weighardt, K. J. Stacey, et al. 2007. Differential
effects of CpG DNA on IFN-beta induction and STAT1 activation in murine
macrophages versus dendritic cells: alternatively activated STAT1 negatively
regulates TLR signaling in macrophages. J. Immunol. 179: 3495–3503.

50. Chen, J., M. Wu, X. Zhang, W. Zhang, Z. Zhang, L. Chen, J. He, Y. Zheng,
C. Chen, F. Wang, et al. 2013. Hepatitis B virus polymerase impairs interferon-
a-induced STAT activation through inhibition of importin-a5 and protein kinase
C-d. Hepatology 57: 470–482.

51. Yu, Y., P. Wan, Y. Cao, W. Zhang, J. Chen, L. Tan, Y. Wang, Z. Sun, Q. Zhang,
Y. Wan, et al. 2017. Hepatitis B virus e antigen activates the suppressor of cy-
tokine signaling 2 to repress interferon action. Sci. Rep. 7: 1729.

52. Liu, B. S., H. L. Janssen, and A. Boonstra. 2012. Type I and III interferons enhance
IL-10R expression on human monocytes and macrophages, resulting in IL-
10-mediated suppression of TLR-induced IL-12. Eur. J. Immunol. 42: 2431–2440.

53. Luangsay, S., M. Gruffaz, N. Isorce, B. Testoni, M. Michelet, S. Faure-Dupuy,
S. Maadadi, M. Ait-Goughoulte, R. Parent, M. Rivoire, et al. 2015. Early inhibition
of hepatocyte innate responses by hepatitis B virus. J. Hepatol. 63: 1314–1322.

54. Suslov, A., T. Boldanova, X. Wang, S. Wieland, and M. H. Heim. 2018. Hepatitis
B virus does not interfere with innate immune responses in the human liver.
Gastroenterology 154: 1778–1790.

55. Mutz, P., P. Metz, F. A. Lempp, S. Bender, B. Qu, K. Schoneweis, S. Seitz, T. Tu,
A. Restuccia, J. Frankish, et al. 2018. HBV bypasses the innate immune response
and does not protect HCV from antiviral activity of interferon. Gastroenterology
154: 1791–1804.e22.

56. Cheng, X., Y. Xia, E. Serti, P. D. Block, M. Chung, K. Chayama,
B. Rehermann, and T. J. Liang. 2017. Hepatitis B virus evades innate im-
munity of hepatocytes but activates cytokine production by macrophages.
Hepatology 66: 1779–1793.

The Journal of Immunology 2275


