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Hepatitis B Virus and DNA Stimulation Trigger a Rapid
Innate Immune Response through NF-xkB

Masato Yoneda,""Jr Jinhee Hyun,jt Silvia Jakubski,]lE Satoru Saito,§ Atsushi Nakajima,§
Eugene R. Schiff,*" and Emmanuel Thomas*"

Cell-intrinsic innate immunity provides a rapid first line of defense to thwart invading viral pathogens through the production of
antiviral and inflammatory genes. However, the presence of many of these signaling pathways in the liver and their role in
hepatitis B virus (HBV) pathogenesis is unknown. Recent identification of intracellular DNA-sensing pathways and involvement in
numerous diverse disease processes including viral pathogenesis and carcinogenesis suggest a role for these processes in HBV
infection. To characterize HB V-intrinsic innate immune responses and the role of DNA- and RNA-sensing pathways in the liver,
we used in vivo and in vitro models including analysis of gene expression in liver biopsies from HBV-infected patients. In addition,
mRNA and protein expression were measured in HBV-stimulated and DNA-treated hepatoma cell lines and primary human
hepatocytes. In this article, we report that HBV and foreign DNA stimulation results in innate immune responses characterized by
the production of inflammatory chemokines in hepatocytes. Analysis of liver biopsies from HBV-infected patients supported a
correlation among hepatic expression of specific chemokines. In addition, HBV elicits a much broader range of gene expression
alterations. The induction of chemokines, including CXCL10, is mediated by melanoma differentiation—associated gene 5 and NF-kB—
dependent pathways after HBV stimulation. In conclusion, HBV-stimulated pathways predominantly activate an inflammatory
response that would promote the development of hepatitis. Understanding the mechanism underlying these virus-host interactions
may provide new strategies to trigger noncytopathic clearance of covalently closed circular DNA to ultimately cure patients with HBV

infection. The Journal of Immunology, 2016, 197: 630-643.

ell-intrinsic innate immunity provides a first line of de-
fense to thwart invading viral pathogens (1). Production of
type I and IIT IEN are critical aspects of this initial response,
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with type III/IFNL being a significant component of the antiviral
response in the liver (2). Significant progress has been made recently
relating to how cells recognize pathogen-derived RNA, although it
has been less clear how cells in the liver trigger innate immune sig-
naling in response to DNA species originating from microbes.

Hepatitis B virus (HBV) has a DNA genome that is converted to
RNA intermediates through the activity of cellular RNA poly-
merases (3-5). HBV-associated liver damage is thought to be the
consequence of a long-lasting cytolytic immune response against
infected hepatocytes (6). Using experimentally infected chimpan-
zees, microarray analyses suggested that HBV, early in infection,
does not modulate host cellular gene transcription significantly and
would induce neither innate antiviral responses in hepatocytes nor
intrahepatic innate immune responses (7). After this study, HBV
was designated as a “stealth virus” (8), but this may not be the case
(9). Furthermore, a study demonstrated that HBV may be cleared
from infected hepatocytes before any detectable adaptive immune
response (10), thus suggesting that innate immunity or antiviral
responses at the level of infected cells could play an important role.
In addition, the source of chemokines that are detected in HBV
infection such as CXCL10/IFN-v inducible protein 10 has been an
area of debate. Initial studies demonstrated that these chemokines
were mainly produced after an adaptive immune response (11-13).
However, more recent studies have shown that HBV can also
stimulate production of chemokines such as CXCL10 at early time
points (14-16). Unfortunately, antiviral innate immunity against
HBYV that occurs minutes after virus contact is an area that has been
neglected and necessitates further investigation. In addition, as
compared with RNA viruses such as hepatitis C virus (HCV), less is
known about how human hepatocytes recognize DNA viruses such
as HBV and their replicative RNA intermediates.

Recent breakthroughs in our understanding of DNA-dependent
signaling processes arose through the discovery of proteins that
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have been implicated in the sensing of these nucleic acids (17).
DNA has been shown to directly or indirectly through RNA inter-
mediates induce cytokines through the activation of transcription
factors including NF-«kB (18, 19). However, little is known about
these DNA-sensing mechanisms, which can be tissue specific, in
hepatocytes and their role in production of type III IFN/IFNL or
HBYV antiviral responses. To investigate the pathways involved in
sensing of HBV DNA and associated RNA intermediates in hu-
man hepatocytes within minutes to hours after stimulation, we
used several in vitro models including primary human hepatocytes
(PHHs) and the HepaRG cell line that have functional intrinsic
innate immune responses as opposed to transformed hepatoma cell
lines (20, 21). Because HBV has a DNA genome that is transcribed
into viral RNAs (3-5), characterization of DNA-sensing pathways
and associated RNA intermediaries are needed to gain insight into
the mechanisms by which HBV can rapidly induce an innate re-
sponse in human hepatocytes.

Materials and Methods
Cells

HepaRG cells (Life Technologies) were maintained in William’s medium
E (Life Technologies) supplemented with additives for the HepaRG growth
medium (Life Technologies) and with 50 U/ml penicillin/streptomycin
(Invitrogen), GlutaMAX 2 mM (Life Technologies) and cultured at 37°C
in humidified incubators at 5% CO, (22). To obtain differentiation of
HepaRG, we maintained cells for 2 wk in standard medium and then for
2 wk in medium supplemented with 1.8% DMSO (cell culture grade;
Sigma, St. Louis, MO) (23). HepG2/NTCP cells were maintained at 37°C
in 5% CO, in DMEM (Life Technologies) containing 10% FBS with 50 U/ml
penicillin/streptomycin. HepG2.2.15 cells (HBV serotype ayw, genotype D)
were maintained at 37°C in 5% CO, in DMEM with 10% FBS and 400 p.g/ml
G418 (Life Technologies) (24). PHHs and HepaRG cells were purchased
from Thermo Fisher Scientific. The HepG2/NTCP cell line was provided by
C. Seeger (Fox Chase Cancer Center, Philadelphia, PA).

HBYV preparation and stimulation

HBYV used in this study was derived from HepG2.2.15 cells. Media were
cleared through a 0.45-puM filter and precipitated with PEG-ir Virus Pre-
cipitation Solution (System Biosciences) according to the manufacturer’s
instructions. The precipitates were resuspended in PBS containing 25%
FBS at 100-fold concentration. Aliquots were stored at —80°C. HepaRG
cells were stimulated with HBV at 4-100 genome equivalents (GEq)/cell in
the presence of 4% PEG8000 (Sigma) for indicated times at 37°C. PHHs
were stimulated with HBV at 4-100 GEq/cell with or without the presence
of 4% PEG8000 for 24 h at 37°C. At the end of the stimulation period,
cells were washed three times with the culture medium and maintained in
new medium. A mock “HBV-negative” inoculum was generated by deple-
tion of Dane particles using centrifugal filters devices (Amicon Ultracel 50K;
Millipore) and used as a mock control (25).

UV inactivation

HBYV was UV irradiated in a UVC 500 UV Crosslinker (Hoefer) for a total
dose of 5.94 or 11.88 J/cm? (25).

Reagents

Alpha IFN 2a (IFN-o) was purchased from PBL (Piscataway, NJ) and was
used to treat cells for 24 h at 100 U/ml unless otherwise indicated. Poly-
inosinic:polycytidylic acid [poly(I:C)], poly(deoxyadenylic-deoxythymidylic)
[poly(dA:dT)], poly(deoxyguanylic-deoxycytidylic) acid [poly(dG:dC)],
and cyclic [G(2',5")pA(3",5")p] (2'3'-cGAMP), obtained from Invivogen
(San Diego, CA), were reconstituted in PBS at 1 mg/ml, denatured at 55°C
for 30 min, and allowed to anneal at room temperature before use. IFN
stimulatory DNA (ISD), which is a 90-bp non-CpG oligomer, was synthe-
sized using following primers: forward primer: 5'-TAC AGA TCT ACT AGT
GAT CTA TGA CTG ATC TGT ACATGA TCT ACATAC AGA TCT ACT
AGT GAT CTA TGA CTG ATC TGT ACA TGA TCT ACA-3'; reverse
primer: 5'-TGT AGA TCATGT ACA GAT CAG TCA TAG ATC ACT AGT
AGATCT GTATGT AGA TCATGT ACA GAT CAG TCATAG ATC ACT
AGT AGA TCT GTA-3'. HepaRG, HepG2, Huh 7.5.1, and PHH cells were
transfected with 1 pg poly(I:C), poly(dA:dT), poly(dG:dC), ISD, 2'3'-cGAMP
in 3.2 pl Lipofectamine 2000 (Invitrogen) for 24 h unless otherwise indicated.
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IL-28 (detects both IL-28 A/IFNL2 and IL-28B/IFNL3) and CXCL10 ELISA
kits were purchased from RayBiotech (Norcross, GA). Anti-Actin, anti—cyclic
GMP-AMP synthase (cGAS), and anti-IFI16 were purchased from Sigma.
Anti-STAT1 was purchased from BD Biosciences. Anti—-phospho-STAT1 was
purchased from Millipore. Anti-TANK-binding kinase 1 (TBK1), anti—phospho—
NF-kB p65 (Western blot), and NF-kB p65 (immunofluorescence) Abs were
purchased from Cell Signaling. Anti—absent in melanoma 2 was purchased
from Novus Biologicals. Anti—I-kB-a was purchased from Santa Cruz. Anti-
human IFN-stimulated gene (ISG) 15 was purchased from PBL Assay Sci-
ence. BX795 was purchased from Invivogen (San Diego, CA). Entecavir
(hydrate) was purchased from Cayman Chemical (Ann Arbor, MI).

RNA interference

Chemically synthesized 21-nt sense and antisense RNA oligonucleotides
were obtained from Dharmacon as On Target Plus SMART pools. HepG2 or
HepaRG cells were plated on 12-well plates at 250,000 cells/well and
transfected with small interfering RNA (siRNA) at a final concentration of
50 mM/well using RNAIMAX (Invitrogen). Assays were typically performed
72 h after siRNA treatment, when gene knockdown was found to be maxi-
mal. A negative control (siCONTROL NonTargeting siRNA #2, Dharmacon
D-001210-02) was used to account for any off-target effects of the trans-
fected siRNAs.

Microarray analysis

Total RNA was extracted from PHHs with the RNeasy kit from Qiagen
according to the manufacturer’s instructions. RNA was quantified with a
spectrophotometer, and the RNA quality was analyzed with an Agilent bio-
analyzer (Agilent Technologies, Palo Alto, CA) according to the manufacturer’s
instructions. RNA was then amplified with an Agilent Enzo kit. Amplified
cRNA was hybridized to an Affymetrix Human 133 Plus 2.0 microarray chip
containing 54,675 gene transcripts. The microarray signals were normalized
using the robust multiarray average (RMA) algorithm. The significantly
expressed genes were selected based on ANOVA analysis by Partek Pro
software (Partek, St. Charles, MO). To identify genes in the gene ontology
analysis, we used the commercial gene pathway analysis web tool (http://
trials.genego.com/cgi/index.cgi). The signal values of each probe set ID from
the selected gene lists were plotted by the commercial software Partek to
generate the heat map. The microarray data can be found using the Gene
Expression Omnibus accession number GSE69590 (http://www.ncbi.nlm.
nih.gov/genbank). Additional information on microarray data analysis is
presented later in the Statistical Analysis section.

Quantitative PCR

For analysis of endogenous mRNA levels, total RNA was isolated from cells
using the RNeasy RNA extraction kit (Qiagen), and cDNA synthesis was
performed using 1 pg total RNA (qScript cDNA Supermix; Quanta Bio-
Sciences). Fluorescence real-time PCR analysis was performed using an
ABI 7500 instrument (Applied Biosystems, Foster City, CA) and TagMan
gene expression assay (Applied Biosystems). For detection of IFNL2/3, a
TagMan probe that detects both IL-28A/IFNL2 and IL-28B/IFNL3 (FAM
Probe CTG CCT CAG GTC CCA, Forward: 5'-CTT TAA GAG GGCCAA
AGA TGC-3', Reverse: 5'-CCA GCT CAG CCT CCA AAG-3') was
purchased from IDT (Coralville, IA), and the amplicon was confirmed by
sequencing analysis to be derived from IFNL2/3. HBV DNA was quanti-
fied by real-time PCR analysis using the primer set 5'-ACTCACCAAC-
CTCCTGTCCT-3" and 5'-GACAAACGGGCAACATACCT-3" and probe
5'-FAM-TATCGCTGGATGTGTCTGCGGCGT-(TAMRA)-3’ (26). Detection
of covalently closed circular DNA (cccDNA) was achieved using 5'-CGTC-
TGTGCCTTCTCATCTGC-3" and 5'-GCACAGCTTGGAGGCTTGAA-3" as
primers and 5'-CTGTAGGCATAAATTGGT (MGB)-3’ as a probe (27).
This primer probe set theoretically detected neither relaxed circular DNA nor
HBYV DNA integrated into host genome but can capture cccDNA as described
previously (27). In instances when expression of genes was undetectable, a
cycle threshold value of 40 was assigned because this is the limit of detection
for this primer-probe set. Relative amounts of mRNA, determined using a
FAM-Labeled TagMan Probe, were normalized to the 18S rRNA levels in
each PCR using the eukaryotic 18S rRNA endogenous control from ABI
(VIC/MGB Probe, Primer Limited, catalog no. 4319413E). The 2(—38 & C(T))
method was used for quantitation of relative mRNA levels and fold induction
(28). All other TagMan probe primers for quantitation of mRNA for target
genes were purchased from ABI (Applied Biosystems).

Quantification of HBV DNA

HBYV DNA was quantified using COBAS AmpliPrep/COBAS TagMan HBV
test, v2.0 (29). HBV DNA was extracted from the samples with the
COBAS AmpliPrep instrument, using the total nucleic acid isolation kit
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according to the manufacturer’s instructions. Extraction, amplification, and
detection steps were performed in batches without the user’s intervention.
The HBV DNA concentration was automatically calculated by comparing
the HBV signal with the HBV quantitation standard for each sample and
control. As stated by the manufacturer, the limit of detection was 20 IU/ml.
The linear dynamic range of the COBAS AmpliPrep-total nucleic acid
isolation-COBAS TaqMan HBV test was 20 to 1.7 X 10° HBV IU/ml. For
all values =1.7 X 10° HBV IU/ml, it was recommended to retest the sample
after dilution if required. The AmpliLink software (Roche Molecular Sys-
tems) reported the results as follows: a positive result was considered to be
any quantitative value, regardless of the value, or any result <20 IU/ml.
According to the manufacturer’s insert, 1 IU is equivalent to 5.82 HBV
DNA copies.

Liver biopsy specimens from patients with HBV

Liver biopsy specimens were obtained from patients with chronic hepatitis
B or nonalcoholic fatty liver disease (control). A sample of each biopsy
specimen was placed in RNALater (Qiagen) and stored at —80°C until
analysis. Total RNA was purified using an RNeasy kit. Hepatic mRNA
levels of the target gene were normalized to the level of 18S RNA in each
PCR and then plotted relative to the same patient. The 2(—8 & C(T))
method was used for quantitation of relative mRNA levels (28). The re-
search protocol used to obtain these samples was approved by the Institu-
tional Review Board, and all patients gave written, informed consent for
participation in the study and for the liver biopsy procedure.

Statistical analysis

Data from repeated experiments were averaged and are expressed as means =+
SD. The ¢ test was used for univariate comparisons between patient groups.
The p values <0.05 were considered significant. For microarray experi-
ments, the signal intensity from gene transcripts was compared between
treated and untreated samples. Affymetrix CEL files were imported into
Partek Genomics Suite 6.3 (Partek, St. Louis, MO) using the default Partek
normalization parameters. Probe-level data were preprocessed, including back-
ground correction, normalization, and summarization, using RMA analy-
sis. RMA adjusts for background noise on each array using only the perfect
match probe intensities, and subsequently normalizes data across all arrays
using quantile normalization followed by median polish summarization to
generate a single measure of expression. These expression measures were
then log-transformed, base 2. ANOVA analysis was performed for compari-
sons using Partek Pro software (Partek). Before the samples were compared,
the signal-to-noise ratio was evaluated by a source of variance analysis. Only
genes for which a signal was detected in at least 50% of the samples were
included. Expression differences of at least 2.0-fold with p < 0.05 were
considered significant. Analysis of the data set with Partek using a false
discovery rate cutoff of 0.05 yielded similar results. For analysis of human
hepatic gene expression, the significance of correlation was assessed using
Spearman’s rho, using IBM SPSS Statistics version 22 (IBM, Somers, NY).
The asterisks indicate *p < 0.05, **p < 0.01, and ***p < 0.001.

Results
Upregulation of inflammatory genes by HBV

To determine the biologic role of innate immune responses in the
liver to HBV, we used short durations of HBV stimulation. Fig. 1A
and 1B demonstrates marked upregulation of chemokines after
HBYV stimulation of HepaRG cells and PHHs that are known to
have functional innate immune responses (2). Increasing GEq per
cell used for HBV stimulation resulted in increased upregulation
of CXCL10 and CCL5 that increased steadily from 16 to 48 h
(Supplemental Fig. 1A, 1B); however, we did not observe signifi-
cant upregulation of ISG15 and/or STAT1 by Western blot (data not
shown). Importantly, we confirmed upregulation of CXCL10 pro-
tein by ELISA after stimulation with HBV (Fig. 1C). In addition,
treatment with IFN-a was able to decrease levels of both HBV
DNA and cccDNA; however, it enabled cells to induce more robust
gene induction after stimulation with HBV (Fig. 1D). Similarly,
PHHs also induced CXCL10 and CCLS5 in response to HBV
stimulation, and increasing GEq per cell used for HBV stimulation
also correlated with levels of both HBV DNA and cccDNA
(Supplemental Fig. 1C, 1D). We also used HepG2 cells expressing
the NTCP receptor that supports HBV infection, but we were

INNATE IMMUNITY IN HEPATOCYTES: HBV AND DNA

unable to demonstrate upregulation of chemokines after HBV
stimulation in this cell line with defective innate immune responses;
however, IFN demonstrated antiviral activity against HBV as expected
(Supplemental Fig. 2A, 2B). In addition, we used UV-inactivated
HBYV to stimulate HepaRG cells and also observed upregulation, al-
beit at lower levels, of CXCL10 and CCLS demonstrating that protein
components of the intact virion can contribute to stimulation of he-
patocytes (Supplemental Fig. 2C). An additional mock stimulation
was performed, utilizing filtrate from our HBV preparation using
centrifugal filtration (50-kDa filter) that would remove intact HBV
particles but would contain viral or cellular debris including protein
and nucleic acid components, with no stimulation being observed. We
also confirmed the effectiveness of our UV inactivation in both PHHs
and HepG2-NTCP cells (Supplementary Fig. 2D, 2E). To validate our
data obtained in vitro, we obtained and analyzed liver biopsies from
HBV-infected and uninfected patients. As seen in the in vitro models,
levels of CXCL10 and CCLS were higher in HB V-infected patients,
where continuous infection of naive hepatocytes occurs, and there was
a significant correlation in levels of these genes indicating concurrent
gene induction. In addition, CXCL10 levels correlated with alanine
aminotransferase (ALT) levels in HBV-infected patients (Fig. 1E,
Supplemental Table I). To determine whether HBV DNA synthesis
and nucleic acid replication is needed to stimulate upregulation of
these chemokines, we used entecavir. This small molecule is an ef-
fective antiviral agent that inhibits the activity of hepadnaviral poly-
merases and prevents the formation and continued production of viral
replication intermediates. However, we were unable to demonstrate an
effect of entecavir on HBV-induced gene expression at early time
points pointing to a role for molecular components of the pre-existing
virion (Fig. 1F).

To further characterize gene induction by HBV, we performed
microarray analysis on HBV-infected PHHs. Fig. 2A demonstrates
that there is detectable gene induction of inflammatory cytokines,
including CXCL10, after stimulation by HBV. Although CXCL10
was significantly induced, there were many other genes that were
induced to a greater level and have yet to be implicated in HBV
pathogenesis (Fig. 2B). Pathway analysis performed on this data
set demonstrated that there is a marked inflammatory response
triggered by HBV (Fig. 2C).

Robust induction of chemokines and IFNL2/3 in response to
DNA, poly(dA:dT) and poly(dG:dC), in hepatocytes

Because HBV has a DNA genome and because a recent study has
demonstrated that HBV induces type III IFN/IFNL (30), we next
investigated the innate immune response and induction of IFNL2/3
mounted after stimulation with dsSDNA in human hepatocytes. We
initially used dsDNA viral mimetics to stimulate in vitro cell culture
models including PHHs and HepaRG cells. As a control, both IFN-o
and transfected poly(I:C) were able to upregulate well-characterized
viral-stimulated genes that included CXCL10 and IFNL2/3 as pre-
viously described (2). Similarly, transfected DNA species such as
poly(dA:dT) (b-DNA) and poly(dG:dC) (z-DNA) mounted robust
antiviral responses similar to that seen with transfected poly(1:C)
(Fig. 3A). We next confirmed upregulation of CXCL10 and IFNL2/3
at the protein level by ELISA (Fig. 3B) and upregulation of ISG15
and STAT1 by Western blot (Fig. 3C). To address the role of the
downstream signaling proteins TBK1 and IFN regulatory factor 3
(IRF3) in these models, we first performed experiments studying the
ability of poly(dG:dC) and poly(dA:dT) to stimulate IRF3 nuclear
translocation using the selective TBK1 inhibitor BX795. As depicted
in Fig. 4A, TBKI1 is necessary for antiviral responses to poly(dG:dC)
and poly(dA:dT) because BX795 blocks nuclear translocation of
IRF3. In addition, BX795 also blocks upregulation of CXCL10,
radical S-adenosyl methionine domain—containing protein (RSAD2),
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FIGURE 2. Microarray analysis of PHHs stimulated with HBV. PHHs were stimulated with HBV (GEg/cell = 100) for 40 h. (A) Heat maps generated
using microarray data from three replicates (three mock-treated control and three HBV-stimulated PHH samples from the same donor). (B) Top 26 genes
ranked by fold induction after stimulation with HBV. (C) GeneGo networks that are significantly upregulated after stimulation with HBV.

and IL-28 at the mRNA level (Fig. 4B). siRNA-mediated down-
regulation of TBKI1 also proved to be effective in blocking upreg-
ulation of these genes by poly(dG:dC) and poly(dA:dT) (Fig. 4C).

Robust induction of chemokines in response to DNA, ISD, and
2'3"-cGAMP in hepatocytes

Recently, additional pathogen DNA mimetics including ISD and
2'3'-cGAMP have been shown to stimulate robust innate immune
responses in transfected cells (31, 32). To examine the effect of
these DNA mimetics, we first used the HepaRG cell line that has
intact antiviral signaling pathways. Fig. 5SA demonstrates that
transfected ISD is able to induce IRF3 translocation, suggesting
that HepaRG cells can be stimulated by ISD to mount an antiviral
response. ELISA analysis in both PHHs and HepaRG cells dem-
onstrated the ability of both ISD and 2'3’-cGAMP to produce only
CXCL10 24 h after stimulation, but not IFNL2/3 protein (Fig. 5B),
unlike poly(dA:dT) and poly(dG:dC) (Fig. 4B). Fig. 5C also shows
that ISD and 2'3’'-cGAMP are able to induce ISG15 by Western blot
and CXCL10 and RSAD?2 at the RNA level (Fig. 5D). However, we
were unable to detect phosphorylation of STAT1 after 6 h of stim-
ulation with the transfected ISD and 2'3’-cGAMP, whereas both
poly(dA:dT) and poly(dG:dC) did so as determined by Western blot

analysis (Fig. 5E). Interestingly, phosphorylation of STAT1 was ob-
served after 24 h of stimulation with transfected ISD and 2'3’'-cGAMP
(Fig. 5E), demonstrating a delay in activation of STAT1 when com-
pared with poly(dA:dT) and poly(dG:dC).

Transfected dsDNA results in a distinct pattern of gene
expression

Having validated the upregulation of CXCL10 at the mRNA and
protein levels, we next examined the global gene expression after
transfection of ISD into PHHs at 12 and 24 h posttransfection to
provide additional information on the upregulation of the IFNs and
other antiviral genes in hepatocytes. We identified genes that showed
significant changes after transfection of ISD using a cutoff of p <
0.05 and fold change >2.0 (Fig. 6), as well as with a false discovery
rate cutoff of 0.05 (data not shown). The results shown in the heat
map of Fig. 6A illustrate the broad range of changes in the tran-
scriptome that occur after transfection of dsDNA into PHHs that
increased over time (Fig. 6B).

Using pathway analysis, we identified various biological processes
that were overrepresented by genes whose expression levels were
significantly affected after transfection of ISD (Fig. 6C). RSAD2 and
CXCL10, which were confirmed to be upregulated by quantitative
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FIGURE 3. Activation of RNA-stimulated antiviral pathways after treatment with DNA in hepatocytes. (A) Analysis of CXCL10, RSAD2, and IFNL2/3
mRNA levels by qPCR in PHHs and HepaRG cells after treatment with IFN-a (100 U/ml) or transfection with 1 pg/ml poly(I:C), poly(dA:dT), or poly(dG:dC)
for 24 h relative to 18S rRNA levels. (B) Analysis of protein production of CXCL10 and IFNL2/3 by ELISA in PHHs and HepaRG cells after transfection with

1 pg/ml poly(I:C), poly(dA:dT), or poly(dG:dC) for 24 h. (C) Western blot analysis of STAT1, ISG15, and 3-actin on protein lysates from PHHs and HepaRG

cells after treatment with IFN-a (100 U/ml) or 1 pg/ml poly(I:C), poly(dA:dT), or poly(dG:dC) for 24 h. Lipofectamine 2000 (LF2000) was used as indicated.
*p < 0.05, **p < 0.01, #**p < 0.001, in comparison with control group. N.D., not detected.

PCR (qPCR) (Fig. 5D), were among the top 20 genes upregulated
(ranked by fold induction) in the transfected cells (Fig. 6D). Com-
parison of the genes induced at 12 versus 24 h demonstrated that
with time, ISD increases the level of mRNA upregulation including
CCL5. To further confirm these changes in induction of antiviral
genes by ISD, a time-course and dose-dependency study was con-
ducted (Supplemental Fig. 3A). Similar results were obtained from
cells transfected with 2'3'-cGAMP (Supplemental Fig. 3B).

Role of known DNA-sensing pathways in innate immune
responses to HBV in hepatocytes

To further address the mechanisms by which ISD can induce an-
tiviral gene signaling in hepatocytes, we begin by studying proteins

that have been demonstrated to have a role in foreign DNA-sensing
because most demonstrate tissue-specific expression. Gamma IFN
inducible protein 16 (IFI16), a known DNA sensor (33), was found to
be absent in hepatoma cells lines except HepaRG cells (Supplemental
Fig. 3C). After inducing a marked decrease in IFI16 protein levels
using siRNA, we were unable to observe any role for this protein in
the upregulation of CXCL10 and RSAD2 by transfected ISD
(Supplemental Fig. 3D). We next investigated the role of absent in

melanoma 2, another known DNA signaling molecule (34), and

similarly observed little effect on ISD-stimulated gene induction
(Supplemental Fig. 3E, 3F).

To further investigate the recognition of foreign DNA in he-
patocytes, we also examined the stimulator of IFN genes (STING)
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Role of TBK1 in signaling after stimulation with poly(dA:dT) or poly(dG:dC) determined by IRF3 translocation or gPCR. (A) Immuno-

fluorescence microscopy analysis of IRF3 nuclear localization (red) and nuclear staining of DAPI (blue) in HepaRG cells after transfection with 1 pg/ml
poly(I1:C), poly(dA:dT), or poly(dG:dC) for 24 h with Lipofectamine 2000. BX795, a selective TBK1 inhibitor, was added at a final concentration of 5 uM
for 6 h before the transfection. Original magnification X40. (B) qPCR analysis of CXCL10, RSAD2, and IL-28 gene expression in HepaRG cells after
transfection of 1 wg/ml poly(I:C), poly(dA:dT), or poly(dG:dC) for 24 h in the presence or absence of TBK1 inhibitor BX795 (5 uM). (C) gPCR analysis of
CXCL10, RSAD2, IL28, and TBK1 gene expression in HepaRG cells, which were treated with siRNA against nontargeting control or TBK1 for 72 h before
stimulation with 1 pg/ml poly(I:C), poly(dA:dT), or poly(dG:dC) for 5 h. All transfections were performed using Lipofectamine 2000. *p < 0.05, **p <

0.01, **p < 0.001.

pathway that has been shown to be important for DNA responses
and innate responses to HBV (17, 35, 36). Interestingly, knockdown
of STING and the associated molecule cGAS and downstream
proteins TBK1 and IRF3 had dramatic effects on gene induction by
ISD, demonstrating almost complete inhibition (Fig. 7A-D). We
next addressed the role of NF-«kB by targeting IkB kinase y (IKKy)/
NEMO using siRNAs or using a chemical inhibitor targeting the
IKK complex (BMS-345541), and we also observed a decrease in
gene upregulation (Fig. 7E, 7F).

To determine the signaling pathways involved in HBV-induced
gene induction, we used siRNA to target the previous pathways that
were interrogated for their role in DNA signaling. Interestingly,
most of them did not play a significant role in chemokine induction

(Fig. 8A). However, NF-kB signaling proved to be important for
gene induction by HBV as demonstrated by experiments using
siRNAs targeting IKK+y (Fig. 8B). Furthermore, through the use
of a chemical inhibitor of the IKK complex (BMS-345541),
which blocks NF-«kB signaling, we validated this pathway to
be important for chemokine upregulation in both HepaRG cells
(Fig. 8C) and PHHs (Fig. 8D). In line with this result, HBV
stimulation of HepaRG cells and PHHs resulted in dramatic
activation of the NF-kB pathway as demonstrated by significant
induction of phospho-p65 and degradation of IkB-a as seen by
Western blot (Fig. 8E), and activation of p65/nuclear transloca-
tion was confirmed through confocal microscopy at very early
time points (Fig. 8F).
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FIGURE 5.

Activation of RNA-independent antiviral pathways after treatment with DNA in hepatocytes. (A) Immunofluorescence of IRF3 (red) and

DAPI (blue) in HepaRG cells after transfection with 1 pwg/ml poly(I:C), poly(dA:dT), or ISD for 24 h. Original magnification X40. (B) Analysis of protein
production of CXCL10 and IFNL2/3 by ELISA in PHHs and HepaRG cells after transfection with 1 pg/ml poly(I:C), ISD, or 2'3'-cGAMP for 24 h. (C)
Western blot analysis of STAT1, ISG15, and (3-actin on protein lysates from PHHs and HepaRG cells after treatment with IFN-a (100 U/ml), 1 pg/ml poly(I1:C),
ISD, or 2'3'-cGAMP for 24 h. Lipofectamine 2000 (LF2000) was used as indicated. (D) Analysis of CXCL10, RSAD2, and IFNL2/3 mRNA levels by qPCR in
PHHs and HepaRG cells after treatment with 1 pg/ml poly(I:C), ISD, or 2'3'-cGAMP for 24 h relative to 18S rRNA levels. (E) Western blot analysis of
phosphorylation of STAT1 and -actin from HepaRG cell lysates after treatment with IFN-a (100 U/ml) or 1 pg/ml poly(I:C), poly(dA:dT), poly(dG:dC), ISD,
or 2'3’-cGAMP for 6 or 24 h. Lipofectamine 2000 (LF2000) was used as the transfection reagent as indicated. *p < 0.05, **p < 0.01, ***p < 0.001, in

comparison with control group. N.D., not detected.

Further experiments were conducted to identify additional genes
involved in sensing of HBV infection. We had noticed that HBV-
induced gene upregulation was increased when cells were also
treated with IFN-a (Figs. 1D, 9A), and this occurred for CCL5 that
is a minimally IFN-induced gene (2). Therefore, we surmised that
an ISG was involved in sensing of HBV. Because HBV produces a
pregenomic RNA species from its DNA genome during its viral
life cycle and HBV virions contain viral RNAs (5), we determined
the role of two RNA sensors, melanoma differentiation—associated
gene 5 (MDAS5) and retinoic acid-inducible gene (RIG-I), which
are known ISGs involved indirectly in recognition of DNA through

the activity of cellular RNA polymerases and are also induced
by HBV stimulation at early time points (Fig. 9B). Surprisingly,
siRNA-mediated knockdown of MDAS5 had a dramatic effect on
HBYV gene upregulation that was much stronger than the effect of
RIG-I knockdown (Fig. 9C, 9D). Interestingly, downregulation of
MDAS resulted in increased levels of intracellular HBV DNA,
cccDNA, and extracellular HBV DNA (Fig. 9E) that was not ob-
served with knockdown of RIG-I (data not shown). To further in-
vestigate our data obtained in vitro, we analyzed liver biopsies from
HBV-infected and uninfected patients. As seen in the in vitro
models, both MDAS and RIG-I are expressed, as determined by
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FIGURE 6. Microarray analysis of PHHs transfected with ISD. PHHs were transfected with 1 pg/ml ISD for the indicated time points. (A) Heat maps
generated using microarray data from three replicates (12 or 24 h treatment.). (B) Venn diagrams displaying the number of probe sets upregulated (>2.0-
fold change) after treatment with ISD for 12 or 24 h. (C) GeneGo networks that are significantly upregulated after treatment with ISD for 12 or 24 h. (D)
Top 18 genes ranked by fold induction after treatment with ISD for 12 or 24 h.

gPCR, but they were not significantly upregulated in our patient
samples and there was not a correlation with either gene and ALT as
presented in Fig. 9F and 9G. However, as shown in Fig. 9B, MDAS
and RIG-I are expressed in hepatocytes and with IFN treatment, we
believe that MDAS and RIG-I are strongly upregulated and con-
tribute more to the antiviral response to HBV. In addition, as shown
in Fig. 9H, both MDAS5 and RIG-I mRNA levels demonstrate the
highest correlation in expression demonstrating similar gene regu-
lation. In addition, both MDAS and RIG-I expression levels are
significantly correlated to CCLS gene expression. We did not ob-
serve a significant correlation between MDAS and RIG-I expression
levels and CXCL10 gene expression. However, there appears to be a
trend supporting a correlation between MDAS and CXCL10 that is
more significant than that between RIG-I and CXCL10 (Fig. 9H).
This supports a stronger link between MDAS and the expression
levels of CXCL10 when compared with RIG-I, and the roles of
MDAS and RIG-I in HBV innate immune responses are outlined in
Fig. 10.

Discussion
In patients and chimpanzees infected with HBV, previous studies
have been unable to demonstrate a robust intrinsic innate immune
response (7) that can be seen with other hepatitis viruses such as
HCV (2), even though HBV can replicate to very high levels in
patients. However, several published studies have recently investi-
gated and characterized HBV infection in vitro models and have
provided evidence for activation of innate immune pathways (25, 30).
We therefore endeavored to investigate this by focusing on very early
time points after simulation with HBV and DNA-driven innate im-
mune pathways that may play a role in HBV infection. We repro-
ducibly demonstrate that foreign DNA and HBV can stimulate innate
immune responses in hepatocytes in multiple models and have used
several controls to rule out the possibility of stimulation arising from
contaminants in the viral preparation.

In this study, we used DNA mimetics that are known to result in
the activation of RNA pathways and the RNA mimetic poly(I:C) as
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FIGURE 7. Induction of inflammatory genes by ISD is mediated through signaling pathways involving cGAS, STING, TBKI, IRF3, and NF-«B in
hepatocytes. (A) gPCR analysis of RSAD2, CCL5, and CXCL10 in HepaRG cells first treated with siRNA for 3 d targeting cGAS or STING and then
transfected with 1 wg/ml ISD for 24 h relative to 18S rRNA levels. Nontargeting siRNA represents control. (B) gPCR analysis of STING or cGAS in
HepaRG cells first treated with siRNA for 3 d targeting cGAS or STING and then transfected with 1 pg/ml ISD for 24 h. Western blot of STING and
B-actin after treatment with siRNA for 3 d targeting STING relative to 18S rRNA levels. Nontargeting siRNA represents control. (C) qPCR analysis of
RSAD2, CCLS, and CXCL10 in HepaRG cells first treated with siRNA for 3 d targeting TBK-1 or IRF3 and then transfected with 1 pg/ml ISD for 24 h
relative to 18S rRNA levels. Nontargeting siRNA represents control. (D) qPCR analysis of TBK-1 or IRF3 in HepaRG cells first treated with siRNA for 3 d
targeting TBK-1 or IRF3 and then transfected with 1 pg/ml ISD for 24 h. Western blot of TBK-1 and (-actin expression after treatment with siRNA for 3 d
targeting TBK-1 relative to 18S rRNA levels. Nontargeting siRNA represents control. (E) gPCR analysis of CXCL10, CCLS, and IKKy/NEMO in HepaRG
cells first treated with siRNA for 3 d targeting IKKy/NEMO and then transfected with 1 pg/ml ISD for 24 h relative to 18S rRNA levels. Nontargeting
siRNA represents control. (F) qPCR analysis of CXCL10, CCLS5 in PHHs incubated with 10 wM BMS-345541 and transfected with 1 pg ISD for 24 h
relative to 18S rRNA levels. **p < 0.01, ***p < 0.001.

a control. Through these experiments, we discovered that certain DNA Interestingly, stimulation with transfected ISD and 2'3’'-cGAMP
mimetics including poly(dG:dC) and poly(dA:dT), when transfected, resulted in significant production of CXCL10 at both the mRNA
are potent stimulators of IFNL2/3 production and corresponding and the protein level. However, IFNL2/3 was not detected at the
activation of STAT1 through phosphorylation at early time points. This protein level, alluding to the possibility that RNA-independent
production of IFNL2/3 occurs mainly through TBK1 and IRF3 in DNA-sensing pathways do not result in secretion of IFNL2/3 at
hepatocytes. early time points. To characterize this RNA-independent DNA-

To extend these studies, we then used DNA mimetics that stimulated pathway further in hepatocytes, we then used micro-
stimulate antiviral responses independent of an RNA intermediary. array analyses to characterize the transcriptional profile induced
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FIGURE 8. Induction of inflammatory genes by HBV is mediated through signaling pathways involving NF-«kB. (A) qPCR analysis of CXCL10, CCLS5,
cGAS, STING, and IRF3 in differentiated HepaRG cells first treated with siRNA for 3 d targeting cGAS, STING, or IRF3 and then stimulated with HBV
(GEg/cell = 100) for 40 h or treated with 1 pg/ml ISD for 24 h relative to 18S rRNA levels. Nontargeting siRNA represents control. (B) qPCR analysis of
CXCL10, CCLS, or IKKy/NEMO in differentiated HepaRG cells first treated with siRNA for 3 d targeting IKKy/NEMO and then stimulated with HBV
(GEg/cell = 100) for 40 h or treated with 1 pg/ml ISD for 24 h relative to 18S rRNA levels. Nontargeting siRNA represents control. (C) qPCR analysis of
CXCL10 and CCLS5 in differentiated HepaRG cells incubated with BMS-345541 (1 or 10 wM) and stimulated with HBV (GEq/cell = 100) for 40 h relative
to 18S rRNA levels. (D) gPCR analysis of CXCL10 and CCL5 in PHHs incubated with 10 uM BMS-345541 and stimulated with HBV (GEg/cell = 100) for
40 h relative to 18S rRNA levels. (E) Western blot analysis of IkB-a, phospho-p65, and B-actin on protein lysates from differentiated HepaRG or PHHs.
HepaRG or PHHs were incubated with 2 ng/ml TNF-a for 30 min or stimulated with HBV (5 min, 30 min, 1 h, or 2 h). (F) Immunofluorescence of p65
(red) and DAPI (blue) in differentiated HepaRG cells after incubation with 2 ng/ml TNF-« or stimulation with HBV (GEq/cell = 100) for 1 h. Original
magnification X40. *p < 0.05, **p < 0.01, ***p < 0.001.

by ISD in PHHs. It was evident that a robust inflammatory re-
sponse was triggered with transfection of ISD. Pathway analysis
of the microarray data was also informative as additional insight
was gained into the effects of transfected ISD on the transcriptome.
Surprisingly, when the top 20 upregulated genes are examined, both
type I and III IFNs are absent in ISD-stimulated cells, whereas the
type III IFNs are among the top 5 genes stimulated by HCV (2).

Through the utilization of siRNAs targeting several DNA sensors,
we were able to confirm the importance of the STING-TBK1-IRF3
pathway in the recognition of ISD in hepatocytes. In addition, NF-kB
also played an important role in upregulation of CXCL10 and CCLS5
by ISD.

Through the use of in vitro models of HBV stimulation, we
observed upregulation of CXCL10, mRNA and protein, and CCL5
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FIGURE 9. HBYV stimulation induces cytokine upregulation through the IFN-induced genes MDAS and RIG-I. (A) qPCR analysis of CXCL10, CCLS in
PHHs stimulated with HBV (GEqg/cell = 100) for 40 h with or without IFN-a (100 U/ml) relative to 18S rRNA levels. (B) qPCR analysis of MDAS and
RIG-I in PHH stimulated with HBV (GEq/cell = 100) for 24 or 40 h with or without using PEG8000 relative to 18S rRNA levels. (C) qPCR analysis of
CXCL10, CCL5, and MDAS in differentiated HepaRG cells first treated with siRNA for 3 d targeting MDAS and then stimulated with HBV (GEq/cell =
100) for 40 h. Nontargeting siRNA represents control relative to 18S rRNA levels. (D) qPCR analysis of CXCL10, CCLS, and RIG-I in differentiated
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chronic hepatitis B (n = 25) and control group (n = 10) by gPCR. Correlation of MDAS and RIG-I (relative to 18S rRNA levels) in livers of patients by
qPCR analysis. (G) Serum ALT levels in patients with chronic hepatitis B (n = 25) (right two panels). Dashed lines represent regression; p value represents
significance of the Spearman correlation coefficient (p). r = goodness of fit of the regression line. (H) Correlation of CXCL10, CCL5, MDAS, and RIG-I
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represents significance of the Spearman correlation coefficient (p). r = goodness of fit of the regression line. *p < 0.05, **p < 0.01, ***p < 0.001.

at very early time points. We were unable to detect upregulation of
IFNL?2/3 protein with our sensitive assays that are able to detect
both upregulation of IFNL2/3 mRNA and protein secretion post
HCYV infection (2). Indeed, these observations were confirmed in
patient liver biopsies, where new hepatocytes are constantly being
infected, with both CXCL10 and CCLS5 upregulation observed and

their levels correlating with each other. In addition, stimulation with
both ISD and 2'3'-cGAMP triggered gene induction that increased
with time, whereas HBV-induced genes increased at early time
points and then subsequently decreased slightly. It is therefore
possible that the HBV virion possesses the ability to downregulate
inflammatory gene induction through unknown mechanisms and
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FIGURE 10. Proposed model that highlights the
role of nucleic acid signaling in intrinsic innate
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these may contribute to the previous description of HBV as a stealth
virus. Indeed, we were unable to demonstrate upregulation of the
known ISGs MDAS and RIG-I in HBV-infected patient liver biopsies.

We also explored changes in the transcriptome after stimulation
with HBV in PHHs. When compared with cells treated with ISD, it
is apparent that HBV stimulates a stronger inflammatory response
as opposed to an antiviral IFN response. As expected, CXCL10 was
among the top genes upregulated by HBV stimulation; however,
many genes are upregulated in this data set that have not been
associated with HBV infection before. It is evident that inflam-
matory pathways are significantly stimulated in contrast with that
observed post HCV infection where IFN pathways are most ac-
tivated (2). Future interrogation of this data set will facilitate ad-
ditional comparative analyses between changes in gene expression
triggered by HBV and HCV infection; however, an initial compar-
ison of microarray results between HBV- and HCV-infected PHHs
demonstrate a much stronger stimulation of the innate immune
response by HCV, which may support the notion that HBV is much
more of a “stealth” virus. Interestingly, in our microarray experi-
ments, we observed the upregulation of APOBEC3G, after HBV
stimulation, which has recently been implicated in antiviral re-
sponses to HBV (data not shown) (37).

Lastly, we demonstrated that HBV stimulates innate immunity
mainly through NF-kB-dependent pathways, whereas HCV and
DNA mimetics mainly activate both IRF3 and NF-«kB (2). A recent
study has proposed that HBV triggers antiviral innate immunity
through retinoic acid—inducible gene (RIG-I) activation from RNA
produced from HBV’s DNA genome (30). In addition, other recent
studies have demonstrated a role for the STING-TBKI1-IRF3 in
detection of HBV (35, 36). Our studies were unable to substantiate a
role for the STING pathway in early HBV responses. We used HBV
virions for our studies in PHHs and HepaRG cells, whereas the
other studies used other hepatoma cell lines and transfected nucleic
acids that stimulate stronger responses than that seen with HBV.
Indeed, we validated the role of STING in responses to transfected
DNA mimetics in hepatocytes demonstrating the functionality of
our assays (Fig. 7A-D).

This study builds on these findings by implicating MDAS as a
receptor for RNA transcribed from the HBV DNA genome (5) and
NF-kB as the downstream transcription factor responsible for gene
induction. The predominant activation of NF-kB as opposed to
IRF3 is compatible with the stronger inflammatory response. In ad-
dition, chronic NF-kB activation may be important for the devel-
opment of hepatocellular carcinoma in HB V-infected patients. Data
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presented in Fig. 1D showing increased upregulation of CCLS, a
gene we have found to be minimally stimulated by IFN (2), in the
presence of both HBV and IFN indicates that genes stimulated by IFN,
such as MDAS, can aid in the rapid innate immune response to HBV.
However, a recent study has demonstrated that HBV has the ability
to downregulate early antiviral responses (25). This ability to down-
regulate innate response would support the characterization of HBV as
a “stealth” virus when compared with other viruses such as HCV.

In conclusion, our data demonstrate a significant rapid inflam-
matory response in several models of HBV stimulation. A proposed
model of hepatocyte nucleic acid sensing is shown in Fig. 10. We
believe the activation of this rapid innate response in hepatocytes
drives the subsequent inflammatory responses that are responsible
for recruitment of immune cells into the liver in HBV-infected
patients. Further characterization of chemokine responses to HBV
using appropriate models will add crucial insight into the patho-
genesis of HBV infection and possibly provide innovative targets
for therapeutic development against hepatitis B—triggered liver in-
flammation as well as novel strategies to target the degradation of
cccDNA that can occur after treatment with type I IFN.
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