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Chronic hepatitis B virus (HBV) infection remains a serious disease, mainly due to its
severe pathological consequences, which are difficult to cure using current therapies.
When the immune system responds to hepatocytes experiencing rapid HBV replica-
tion, effector cells (such as HBV-specific CD8+ T cells, NK cells, NKT cells, and other
subtypes of immune cells) infiltrate the liver and cause hepatitis. However, the precise
recruitment of these cells remains unclear. In the present study, we found that the
cytoplasm-translocated Ku70/80 complex in liver-derived cells sensed cytosolic HBV
DNA and promoted hepatitis-associated chemokine secretion. Upon sensing HBV DNA,
DNA-dependent protein kinase catalytic subunit and PARP1 were assembled. Then,
IRF1 was activated and translocated into the nucleus, which upregulated CCL3 and
CCL5 expression. Because CCR5, a major chemokine receptor for CCL3 and CCL5, is
known to be critical in hepatitis B, Ku70/80 sensing of HBV DNA likely plays a critical role
in immune cell recruitment in response to HBV infection.

Keywords: HBV, DNA sensor, chemokine, innate immunity, IRF1

INTRODUCTION

According to data from the World Health Organization, hepatitis B virus (HBV) infection is
an ongoing major health concern worldwide, with an estimated 240 million people chronically
infected. Moreover, HBV-associated complications, including cirrhosis and liver cancer, kill more
than 780,000 people worldwide annually (1). Unfortunately, the major HBV therapies currently
available, such as interferon and/or nucleotide analog treatments, are unsatisfactory in terms of
virus eradication (2). Although much knowledge regarding this enigmatic disease remains unclear,
researchers have identified some common immune responses in hepatitis B. For example, various
immune cell types play a role in the development of acute and chronic hepatitis, including NK,
CD4+ T, and CD8+ T cells (3). These cells accumulate at the site of infection and contribute to the
process of hepatitis, resulting in hepatocyte damage and an increase in serum alanine aminotrans-
ferase (ALT). However, the way in which the recruitment of immune cells is initiated requires
further elucidation. Many studies have revealed the crucial roles of cytokines during viral hepatitis
progression, and these include immune cell activation and suppression (4-6), viral clearance (7, 8),
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and effector cell recruitment (9-11). Determining how the first
round of cytokine secretion occurs, which leads to the resulting
cascade of immune reactions, is thus essential to understand the
mechanisms underlying viral hepatitis.

The innate immune system serves as the vanguard in host
defense, before the adaptive immune system responds. Pattern-
recognition receptors (PRRs) recognize pathogen-associated
molecular patterns (PAMPs) at the front line of the interaction
between host and pathogen and subsequently engage various
pathways that lead to host-protective mechanisms (12). As all
microbes contain DNA and/or RNA, nucleic acids constitute an
important type of PAMP, especially in viral infection. Recently,
numerous studies on cytosolic nuclear acid-sensing pathways
have identified the key roles of cytosolic nuclear acid sensors in
protecting the host against invading pathogens (13). Regarding
HBYV, a DNA virus with a special life cycle that involves reverse-
transcribed genomic DNA, both viral RNA and DNA, are present
in the host cell cytoplasm (14-16). RIG-I has been shown to
be responsible for HBV pre-genomic RNA (pgRNA) sensing
and antiviral activity in HBV-expressing cells (17). In human
immunodeficiency virus (HIV) infection and other retrovirus
infections, cyclic GMP-AMP synthase (cGAS) acts as an impor-
tant sensor of cDNA (18-20). The DNA sensor IFI16 has also
been shown to be involved in the response to viral infection (21,
22). Considering the similar reverse transcription replication
strategy of HBV and retroviruses, it seems possible that similar
DNA-sensing pathways exist in HBV infection. For instance,
cGAS has been reported to be required for the innate immune
response against HBV (23). However, much is unknown about
HBV DNA sensing.

In this study, we observed that chemokines, especially CCL5,
are expressed at very high levels in patients with HBV-associated
disease, by using data mining of the Gene Expression Omnibus
(GEO). Serum test results of HBV patients and Ad-HBYV infection
of mice also confirmed this observation. CCL5 and CCL3 are well
characterized as inflammation-associated chemokines (24-26),
and their main receptor, CCR5, is also essential in hepatitis B
progression (27). We found that the Ku70/80 complex senses
HBV DNA in the cytoplasm and upregulates CCL3 and CCL5
expression in an HBV DNA transfection model. The Ku70/80
complex is well known to be a DNA damage repair factor that
monitors DNA breaks and non-homologous end joining (NHE])
in the nucleus (28). Although Ku protein translocation to the
cytoplasm has been reported about a decade ago (29, 30), it was
not until recently that Ku’s DNA sensor capability was identified
(31, 32). Zhang et al. revealed that Ku70 senses DNA in different
forms and promotes type III interferon expression in an IRF1/
IRF7-dependent manner. In addition, data reported by Ferguson
et al. showed that Ku proteins sense viral DNA together with the
DNA-dependent protein kinase catalytic subunit (DNA-PKcs)
and that signal transduction involves TBK1-IRF3. Moreover,
when the DNA-binding capability of Ku70/80 complex is blocked
by vaccinia virus component C16, cytokines, such as IL-6,
CXCL10, induced by DNA stimulation is downregulated (33).
The data reported in this study identify a different mechanism
by which the Ku70/80 complex coordinates with DNA-PKcs and
PARPI to activate an IRF1-dependent pathway and upregulate

CCL3 and CCL5 chemokine expression upon sensing HBV DNA
in the cytoplasm. In Ad-HBV-infected mice, CCL3 and CCL5
contributed to the recruitment of effector immune cells to the
liver and promoted hepatitis. Moreover, knockdown of Ku70
expression significantly affected CCL3 and CCL5 secretion.
Considering the critical role of CCR5 in hepatitis B (27), this type
of DNA-sensing-dependent chemokine upregulation mechanism
may explain how immune cells are recruited in response to HBV
infection.

MATERIALS AND METHODS

GEO Dataset Analysis

Gene expression profile data (GSE38941 and GSE65359) were
downloaded from GEO: https://www.ncbi.nlm.nih.gov/geo (34).
Student’s t-tests, hierarchical clustering, and heat map analysis
were performed using MultiExperiment Viewer (MeV) (35).
Gene set enrichment analysis (GSEA) was performed using the
GSEA software (36).

HBV-Infected Patients

Twenty patients with chronic hepatitis B were selected randomly
from the cohort studied in our lab previously (37). The patients
received continuous antiviral treatment of 1.5 pg/kg Peg-IFNa-2b
(Peglntron, Schering-Plough, Kenilworth, NJ, USA) weekly or
Peg-IFNa-2b weekly combined with 10 mg adefovir dipivoxil
(ADV, Hepsera, Gilead Sciences, Foster City, CA, USA) daily for
48 weeks. Patient sera collected at 0 and 48 weeks were tested for
CCLS5 concentration by BD Cytometric Bead Array.

All serum samples of HBV patients were collected at the
Department of Infectious Diseases, the First Affiliated Hospital
of Anhui Medical University from June 2012 to July 2014. Written
informed consent was obtained from all patients donating blood
samples. The study was approved by the ethics committee of the
First Affiliated Hospital of Anhui Medical University (Grant
No. K2010003) and was carried out in accordance with the
approved guidelines. This clinical research was also enrolled in
the Chinese Clinical Trial Registry (Clinical trial registration
number: ChiCTR-TRC-12002226). The characteristics of the
HBYV patients are listed in Table 1.

Cell Culture

The cell lines SK-Hep-1 and Huh 7 were provided by the Cell Bank
of the Chinese Academy of Sciences. The cell lines HepG2, HepG
2.2.15, and 293A were maintained in our laboratory. The cells
were cultured in DMEM containing 10% FBS (Sigma or Gibco)
and antibiotics (100 U/ml penicillin, 80 pg/ml streptomycin).

TABLE 1 | Characteristics of HBV patients.

Characteristics Pre-treatment Treatment for 48 weeks
HBsAg (SD), IU/ml 29,945 (43,519) 6107 (8084)
HBeAg (SD), COI 676 (434) 212 (368)

Cases 20

Male 13

Mean age (SD) 30.7 (7.5)

HBV genotype B(9), C(11)
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Human sinusoidal endothelium cells (HSECs) were purchased
from Sciencell. The HSECs were cultured with Endothelial Cell
Medium (Sciencell) at 37°C with 5% CO,, and the culture medium
was renewed every other day.

Plasmid Construction

The pAAV-HBV1.2 plasmid was provided by Pei-Jer Chen
(National Taiwan University, Taipei) and maintained in our labo-
ratory. The pAAV plasmid was subcloned from pAAV-HBV1.2.

The HBV subtype adw sequence was subcloned from the
rAAV-HBV1.3 virus (FivePlus Molecular Medicine Institute,
Beijing, China). The pAAV-HBV1.3 plasmid was constructed
by ligating 1.3 copies of the HBV sequence (subtype “adw;
Nsil + EcoRI-cleaved fragment, and EcoRI + BglII-cleaved frag-
ment) into the pAAV plasmid. The pAAV-HBV1.3 plasmid was
digested using Nsil, and the HBV sequence fragment was cleaved
off and then ligated into the Nsil-linearized pAAV-HBV 1.3 plas-
mid to construct the pAAV-HBV2.3 plasmid.

CCL3 promoter (2 kbp upstream CCL3) was cloned and
inserted to replace the CMV promoter of pEGFP plasmid. Then,
luciferase reporter sequence was cloned downstream the CCL3
promoter to construct pCCL3p-luc-eGFP plasmid.

Cell Transfection

Plasmid transfection of SK-Hep-1, Huh 7, and HepG 2 cells
was performed using Lipofectamine 2000 or Lipofectamine
3000 (Invitrogen). HSECs were transfected with FuGENE HD
(Promega). siRNAs were synthesized by GenPharma, Shanghai,
China, and then transfected into cells with RNAIMAX
(Invitrogen). Cells were plated 24 h before transfection. All of
the transfection experiments were performed according to
the manufacturer’s instructions. Briefly, 1 pg/ml plasmid was
transfected using 4 pl Lipofectamine 2000/3000 or 2 pl FuGENE
HD. The 20 pmol siRNA was transfected with 4 ul RNAIMAX
in 24-well plate. Fresh culture medium with 10% FBS was added
24 h post-transfection.

Luciferase Reporter Assay

SK-Hep-1 cells were transfected with pCCL3p-luc-eGFP plas-
mid and selected with G418 (Gibco) for stable expression. Then,
the cells were challenged with different stimulants. Forty-eight
hours later, 150 pg/ml of firefly luciferin was added to the cell
culture supernatant and bioluminescence was determined
immediately.

Determination of Chemokine Levels by

Enzyme-Linked Immunosorbent Assay

Cell culture supernatant was collected and centrifuged at 16,000 ¢
for 10 min to remove cell fragments, and serum samples were
prepared by spinning coagulated blood and collecting the super-
natant. Tissue samples were grinded with cell lysis buffer on ice
centrifuged at 16,000 g for 10 min, and then the supernatant
was collected. CCL3 and CCL5 enzyme-linked immunosorbent
assay (ELISA) kits were purchased from R&D. Experiments were
carried out according to the protocols of the manufacturer’s
instructions.

HBV DNA Labeling, Pulldown, and Mass

Spectrometry

Biotin-labeled HBV DNA was amplified by PCR with the
5'-biotin sense primer and anti-sense primer from the pAAV-
HBV2.3 plasmid, excised from the agarose gel, and then trans-
fected into SK-Hep-1 cells for 6 h. Then, the cells were lysed with
NP-40 lysis buffer (150 mM NaCl, 50 mM Tris-HCI, pH = 7.4,
1 mM freshly added PMSF). The DNA-binding proteins were
pulled down with a uMACS Streptavidin kit (Miltenyi Biotec).
Mass spectrometry results were obtained by APTbiotech,
Shanghai, China. Briefly, protein samples were digested with
trypsin for 20 h. Then, protein peptides were identified by lig-
uid chromatography (Zorbax 300SB-C18; Agilent) and tandem
mass spectrometry (Thermo Finnigan). The mass spectral data
were searched against UniProt human proteomic database using
the Mascot 2.2 software.

Mouse Protocols

C57BL/6 mice were purchased from Vitalriver, Beijing, China.
All mice were kept in a specific pathogen-free (SPF) microen-
vironment, receiving care in compliance with the guidelines set
forth in the Guide for the Care and Use of Laboratory Animals.
All experiments were approved by the Ethical Review Board of
the School of Life Science, University of Science and Technology
of China. Mice aged between 6 and 8 weeks were used for these
experiments. For virus infection, the plasmid of recombinant
adenovirus that transfers a 1.3-fold overlength HBV genome
(Ad-HBV) was provided by Prof. Ulrike Protzer (Technischen
Universitit Miinchen). Ad-null virus was purchased from the
FivePlus Molecular Medicine Institute. The virus was packaged
and amplified in 293A cells, and the titer was determined by
plaque formation. A total of 1 X 10° pfu/200 pl virus was injected
intravenously (i.v.) into each mouse. Six days later, the mice were
sacrificed.

Hepatic Mononuclear Cell Isolation and
Flow Cytometry

Livers were ground to pass through a 200-gauge stainless steel
mesh. The precipitate was re-suspended in 40% Percoll (Sigma)
and centrifuged at 2400 rpm for 10 min at room temperature.
Then, the precipitate was collected and re-suspended in RBC
Lysis Buffer (BioLegend), incubated at room temperature for
10-15 min, and then washed twice in PBS. Splenocytes were
obtained in the same manner, except for Percoll re-suspension.
Flow cytometry was performed, as previously described (38).

BD Cytometric Bead Array

Samples were diluted according to the manufacturer’s instruc-
tions if necessary. Then, incubated with the mixed beads at 4°C
for 30 min, washed the beads with PBS twice, and applied them
on flow cytometry.

Serum Transaminase Assay
Serum ALT activity was measured using a commercially available
kit (Rong Sheng, Shanghai, China).
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Immunofluorescence Staining

Cells or frozen tissue sections were fixed in 4% paraformaldehyde
(PFA) for 15-20 min, followed by permeabilization with 1%
Triton X-100 for 15-20 min, and blocking with 5% donkey serum
for 1 h at room temperature. Then, the sections were incubated
with the primary antibodies at 4°C overnight. Secondary anti-
bodies were incubated with the sections at 37°C for 3 h. The nuclei
were stained with DAPI (1 ng/ml) for 3 min at room temperature.
Confocal images were acquired on a Zeiss LS710 microscope, and
GSD super-resolution images were acquired using the Leica 3D
GSD system.

mRNA Isolation, Reverse Transcription
PCR, and Real-time PCR

Cell or tissue mRNA was isolated with TRIzol and reverse tran-
scribed into cDNA with M-MLV (Invitrogen). Relative quantita-
tive real-time PCR analysis was performed on Roche LightCycler
96 using the SYBR Premix Ex Taq II (Takara). These data were
analyzed using AAC; method.

Cytosolic and Nuclear Protein Extraction
Cells were lysed on ice for 30 min with cytoplasm extraction
buffer (10 mM HEPES, 40nM KCI, 2mM MgClL, 10% glycerol,
and 1mM PMSF). The cells were lysed on ice for 30 min with
cytoplasm extraction buffer (10 mM HEPES, 40 nM KCl, 2 mM
MgCl,, 10% glycerol,and 1 mM PMSE). The cells were centrifuged
at 2000 rpm for 5 min at 4°C, and the supernatant was collected.
The supernatant was then centrifuged at 14,000 rpm for 15 min at
4°C. The supernatant was the cytosolic protein solution, and the
pellet was used as the nuclear protein sample.

Co-Immunoprecipitation

Cells were lysed with 500 pl NP-40 lysis buffer, and then cen-
trifuged at 14,000 rpm for 15 min at 4°C. The supernatant was
collected, added in 30 pl protein G-Agarose beads (Sangon,
Shanghai) together with 1-10 pg isotype IgG antibody, and
incubated at 4°C for 1 h with gentle agitation. Then, centrifuged
and the beads were discarded, the supernatant added in 30 pl
protein G-Agarose beads and 1-10 pg intended antibody. It was
incubated at 4°C overnight with gentle agitation. Centrifuged to
collect down the beads and washed three times in lysis buffer.

Western Blot

Protein samples were applied to SDS-PAGE, and then transferred
to PVDF membrane (0.45 pm, Millipore). It was incubated with
the primary antibody at 4°C overnight or 3 h at room temperature.
The membrane was washed in TBST for three times, 5 min each,
followed by incubation of HRP-conjugated secondary antibody at
room temperature for 1 h. The membrane was washed four times
in TBST, and then developed it with SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher).

Antibodies

Ku70, Ku80, PARP1, IRF1, cGAS, STING primary antibodies,
anti-HBsAg, and anti-HBcAg were purchased from Abcam. IRF3,
IRF7, RNA pol III, CCL3, and CCL5 antibodies were purchased

from Santa Cruz. Secondary antibodies labeled with Alexa Flour
were all purchased from Invitrogen. Mouse antibodies were all
purchased from BD Bioscience, except for CD8 primary antibody
from eBioscience. Refer to Table S1 in Supplementary Material
for detailed information.

PCR Primers and siRNA Sequences
For detailed information on PCR primers and siRNA sequences,
see Table S1 in Supplementary Material.

Statistical Analyses

We used Student’s {-tests to compare the mean values between
groups. Bars represent the SD of each group (*p < 0.033,
**p < 0.002, ***p < 0.0002, and ****p < 0.0001).

RESULTS

Chemokines CCL3 and CCLS5 Are Involved
in Hepatitis B

To identify HBV infection-related factors, we searched HBV-
associated gene expression profiles in GEO. In dataset GSE38941,
which consisted of liver specimens from patients with HBV-
associated acute liver failure (ALF) and healthy donors (39),
we noticed that most of the chemokines were significantly
upregulated in the livers of patients compared with healthy
donors (Figure 1A). A GSEA plot of the chemokine activity gene
set also showed a strong enrichment of chemokines in the livers
of patients (Figure 1B). In particular, CCL5 had a top-ranked
p-value among genes that were significantly different between
patientsand donors (Figure 1C). The absolute expression of CCL5
in HBV-associated ALF patients was also much higher than that
in healthy donors (Figure 1D). In another dataset, GSE65359
(40), which consisted of which consisted of liver specimens from
HBV-infected patients in the immune tolerance, immune clear-
ance, and chronic phases, some chemokines were also highly
expressed in patients in the immune clearance phase (Figure
S1A in Supplementary Material). Of these chemokines, CCL5
showed a very significant difference and high expression levels
in immune clearance group (Figures S1B,C in Supplementary
Material). Considering the symptoms of hepatitis in patients
with HBV-associated ALF and in patients of immune clearance
phase, these data suggest that CCL5 is important in hepatitis B.
Next, we tested the serum of HBV patients receiving continuous
antiviral treatment (Table 1). As expected, when the hepatitis-
related symptoms of ALT level and HBV DNA copy number
decreased, the CCL5 concentration in the patient serum also
decreased (Figure 1E).

We used an Ad-HBV infection model of acute viral hepatitis
in C57BL/6 mice (41) to determine whether inflammation-
associated chemokines were present at higher levels during
HBV-mediated hepatitis. As previously reported, mice infected
with Ad-HBV showed a high level of serum ALT, which indi-
cated severe liver damage. Meanwhile, the serum CCL5 level was
significantly increased in Ad-HBV infection group (Figure 2A).
When we examined the expression of CCL3 and CCL5 in the
liver, both protein secretion and mRNA expression increased
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FIGURE 1 | Chemokines, especially CCL5, are highly expressed in the livers of patients with HBV-associated disease. (A) Heat map of chemokine
expression in GSE38941. These data were normalized with MeV. (B) GSEA of the chemokine activity gene set in GSE38941. (C) Genes with top-ranking p-values
from Student’s t-tests comparing the expression profiles of liver samples from HBV-associated ALF patients with those of healthy donors. These data were
derived from GSE38941. (D) Scatter plot of genes with p-values less than 0.01 in (A). Three CCL5 probes are indicated. (E) The levels of CCL5, ALT, and HBV
DNA were measured in the serum of patients with hepatitis B. 0 W, serum samples before antiviral treatment; 48 W, serum samples after 48 weeks of antiviral

treatment (n = 20).

dramatically (Figures 2B,C). CCL3 is another ligand for CCR5,
and because CCL3 and CCLS5 possess strong chemotactic activ-
ity for CCR5+ circulating cells, a large number of immune cells
infiltrated the liver in response to the increased expression of
these chemokines (Figure 2D). In comparison, mononuclear
cells in the spleen exhibited no changes. Analysis of the subtypes
of infiltrating lymphocytes revealed a major population of
CD8+ T cells (Figure 2E), which tended to be HBV specific and
constituted the main cause of hepatitis, according to a previous

publication (41). In addition, the accumulation of NK and CD4+
T cells was also substantial, although not as large as that of CD8+
T cells (Figure 2F).

We next investigated chemokine and immune cell localization
using frozen liver sections. As expected, the livers of Ad-HBV-
infected mice showed robust lymphocyte infiltration, and the
hepatocytes with HBV replication secreted a large amount of
CCL3 (Figure 2G). These data reveal that CCL3 and CCLS5 are
hepatitis-associated immune factors.
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HBV DNA Transfection Upregulates
CCL3 and CCL5 Expression in

Liver-Derived Cells

Chemokine expression can be regulated in various ways in dif-
ferent types of cells. However, whether HBV directly stimulates
liver cells to express CCL3 and CCL5 remains to be determined.
To imitate HBV genomic DNA presentation in the cytoplasm, we
transfected the pAAV-HBV1.2 plasmid into liver-derived cells,
i.e., SK-Hep-1, HepG 2, Huh 7, and primary HSECs. Forty-eight
hours later, we evaluated the changes in mRNA expression encod-
ing several inflammation-associated cytokines (Figure 3A). The
PCR bands revealed that the chemokines CCL3 and CCL5 were
strongly increased in HSEC and SK-Hep-1 cells, despite other
weak changes. Further real-time qPCR showed that, although
some other cytokines such as IL-6 were significantly upregu-
lated, the fold changes in CCL3 and CCL5 were much higher
(Figures 3B,D). Meanwhile, CCL3 and CCL5 secretion into
HBV plasmid-transfected SK-Hep-1 cell supernatants increased
robustly (Figure 3E), confirming the results of mRNA level.
Notably, IFN-p, a cytokine that is widely involved in cytosolic
innate immune responses, showed an increased mRNA level after
HBYV plasmid transfection (Figures 3A,D). However, IFN-f} was
barely detectable in the cell culture supernatant (data not shown),

which is similar to HBV infection in vivo. This transfection model
showed that HBV DNA stimulation directly upregulates CCL3
and CCL5 expression in liver-derived cells.

We next constructed two additional types of HBV plasmid
containing 1.3 or 2.3 copies of HBV genomic DNA (Figure
S2A in Supplementary Material). In this transfection model,
the induction of CCL3 and CCL5 did not depend on the HBV
DNA insertion length of the plasmids; all three plasmids effi-
ciently stimulated SK-Hep-1 cells (Figure S2B in Supplementary
Material). However, chemokine upregulation depended on the
stimulant dosage (Figure S3A in Supplementary Material) and
stimulation duration (Figure S3B in Supplementary Material),
and we chose 1 pg/ml and 48 h as optimal conditions for subse-
quent experiments.

The Cytoplasm-Translocated

Ku70/80 Complex Recognizes

Transfected HBV DNA

Although CCL3 and CCL5 are hepatitis associated, precisely
how their expression is regulated remains unclear. Upon observ-
ing that cells respond quite rapidly to HBV DNA, within 24 h
(Figure S3B in Supplementary Material), and considering that
an autocrine feedback mechanism might not be sufficient, we
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FIGURE 3 | CCL3 and CCL5 expression increases in liver-derived cells upon HBV plasmid transfection. (A-E) The pAAV-HBV1.2 or pAAV plasmid
(1 pg/ml) was transfected into liver-derived cells (0.2 pg/ml for HSECs). Transfection reagent was only applied as a control. RNA isolation and reverse transcription
proceeded 48 h post-transfection. (A) PCR detection of inflammation-associated chemokine and cytokine mRNAs. (B-D) Real-time gPCR determination of
chemokine and cytokine mRNA expression (n = 3). (E) ELISA determination of the secreted CCL3 and CCLS5 levels in the cell culture supernatant (n = 3).

hypothesized that this response was due to direct nucleic acid
sensing. As the backbone vector pAAV contained no open read-
ing frames (ORFs) and did not stimulate the cells in comparison
to the HBV plasmids (Figure 3; Figure S2 in Supplementary
Material), the inserted HBV DNA in the vector was likely the
factor that elicited a response. However, it remained unclear
whether HBV DNA itself or the transcribed HBV RNAs medi-
ated the observed chemokine upregulation. To address this
question, we inserted a luciferase sequence downstream of
the CCL3 promoter region and stably expressed the construct
in SK-Hep-1 cells. Then, total RNAs and cytosolic DNAs were
isolated from HepG 2.2.15 cells, an HBV replication-competent
cell line (42), and used for transfection as an HBV nucleic acid
stimulator. Although the relationship between HBV RNAs and
RIG-I has been identified (17), our data comparing the relative
luciferase activity indicated that HBV DNA, rather than RNA,
functioned more efficiently in the chemokine upregulation
response (Figure 4A).

We next labeled HBV DNAs with 5'-biotin, transfected them
into SK-Hep-1 cells, and then pulled down the DNA-binding
proteins 6 h later. Through subsequent mass spectrometry
analysis (Table S2 in Supplementary Material), we found that
the most abundant HBV DNA-binding proteins were the
Ku70/80 complex. The Western blot results also confirmed
this observation (Figure 4B). Classically responsible for DNA
repair reactions, the Ku70/80 complex is mainly localized into
the nucleus. However, most of the HBV DNAs were cytosolic
6 h after transfection. To directly examine the localization of the

sensing reaction in the cells, we labeled the Ku70/80 complex by
immunofluorescence. The confocal images revealed that without
transfection stimulation, almost all of the complex molecules
remained in the nucleus, whereas a substantial amount was trans-
ferred to the cytoplasm and colocalized with HBV DNAs 6 h after
transfection (Figure 4C). Moreover, in HepG 2.2.15 cells, we also
observed colocalization of Ku80 and HBcAg in the cytoplasm
(Figure 4D). With total internal reflection fluorescence (TIRF)
microscopy, colocalization of the HBcAg and Ku70 proteins was
also visualized near the cell membrane (Figure 4E). Because
HBV genomic DNA is reverse transcribed within the assembling
core particle during replication (16), this colocalization suggests
that HBV DNA could be recognized by the Ku70/80 complex in
the cytoplasm.

Next, we investigated whether HBV DNA sensing by the
Ku70/80 complex resulted in chemokine upregulation signals.
We used RNA interference (RNAi) targeting Ku70 in SK-Hep-1
cells (Figure 5A) and re-transfected the cells with HBV plasmid.
Both the mRNA synthesis and protein secretion of CCL3 and
CCL5 were reduced as a consequence of Ku70 knockdown
(Figures 5B,C). These data show that HBV DNA sensing by the
Ku70/80 complex leads directly to CCL3 and CCL5 upregulation.

Ku70/80 Drives DNA-PKcs and PARP1
to Promote CCL3 and CCL5 Expression

As mentioned earlier, the Ku70/80 complex is known for its
DNA repair activities, which also require DNA-PKcs (28).
Recently, a DNA-sensing function was reported for Ku70/80, in
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FIGURE 5 | Knockdown of Ku70 expression impacts chemokine
upregulation. (A) SK-Hep-1 cells were treated with Ku70 RNAI. Six hours
later, the cells were harvested, and Western blotting was performed to
measure Ku70 expression. (B,C) SK-Hep-1 cells were treated with RNAI
against Ku70 24 h before pAAV-HBV1.2 plasmid transfection. Forty-eight
hours later, the secreted CCL3 and CCL5 protein levels in the cell culture
supernatant were determined by ELISA (B), and RT-PCR and real-time qPCR
were performed to determine the mRNA expression (C) (n = 3).

which DNA-PKcs is involved, independently of its kinase activ-
ity (32). In our research, DNA-PKcs also co-precipitated with
Ku70 after HBV DNA transfection (Table S3 in Supplementary
Material). DNA-PKcs participated in CCL3 and CCL5 regula-
tion in a kinase activity-independent manner because inhibition
of its kinase activity by Nu7026 had no effect on subsequent
CCL3 and CCL5 upregulation (Figure 6A), while knockdown
of DNA-PKcs inhibited this response (Figure 6B). Another
DNA repair-related molecule, PARP1, was also a Ku70-co-
precipitated protein (Table S3 in Supplementary Material;
Figure 6C). Consistent with the Ku70/80 complex, PARPI
demonstrated significant cytoplasmic translocation after HBV
DNA transfection (Figure 6D). Moreover, the colocalization of
PARP1 and Ku70 was observed by super-resolution microscopy
(Figure 6E). When we knocked down PARPI1 in SK-Hep-1
cells, the upregulation of CCL3 and CCLS5 in response to HBV
DNA transfection was affected significantly (Figure 6F). Thus,
we believe that the Ku70/80 complex elicits both DNA-PKcs
and PARP1 to activate the intracellular signaling cascade that
upregulates the chemokines CCL3 and CCLS5.
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Because there are different DNA-sensing pathways in the
cytoplasm, we investigated whether Ku70/80 sensing interacts
with multiple DNA-sensing pathways. In addition to inflam-
masome-associated DNA-sensing pathways, which usually
result in IL-1P and/or IL-18 production, the RNA polymerase
II/RIG-I and ¢cGAS-STING pathways are crucial methods of
cytosolic DNA sensing (13). For this reason, we investigated
whether members of these two pathways were recruited to
the Ku70/80-DNA-sensing complex by immunofluorescence.
However, confocal images showed neither RNA polymerase III
nor cGAS colocalized with cytosolic Ku70 proteins (Figure S4A
in Supplementary Material), which ruled out the possibility of
their direct participation in the HBV DNA response. Because
STING functions as a DNA-sensing adapter capable of activating
both the IRF3 and NF-kB pathways, on which many cytosolic
nucleic acid-sensing pathways rely, we examined the behavior
of the STING protein post-transfection. The results suggested

that STING did not assemble to the extent of activation and
that IRF3 protein nuclear transfer did not occur (Figure S4B in
Supplementary Material). Moreover, native PAGE and Western
blotting showed that IRF3 proteins remained as inactive mono-
mers (Figure S4C in Supplementary Material). Furthermore, we
found that inhibition of the NF-kB pathway did not affect the
chemokine upregulation signal (Figure S4D in Supplementary
Material). These results indicate no direct roles for typical DNA-
sensing pathways in Ku70/80 DNA sensing.

IRF1 Acts as the Key Transcriptional
Factor That Elicits CCL3 and CCL5

Expression

Immunofluorescence data from a previous publication clearly
revealed the translocation of IRF3 to the nucleus after stimulation
with DNA (32). However, in our model, IRF3 did not seem to be
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crucial, as it demonstrated no significant nuclear translocation
after HBV plasmid transfection (Figures S4B,C in Supplementary
Material). In another study, IRF1 and IRF7 were identified as the
key transcription factors for activating type III interferon expres-
sion (31). Thus, we examined whether these transcription factors
played a role in the Ku70/80-mediated chemokine upregulation
response. We observed that IRF1 was assembled to DNA sites in
the cytoplasm, and nuclear translocation occurred 6 h after trans-
fection, while IRF7 remained cytosolic (Figure 7A). Moreover,
in GSD super-resolution images, cytosolic colocalization of
Ku70 and IRF1 was observed upon HBV plasmid stimulation
(Figure 7B), which implied a direct interaction. To confirm this
result, we immunoprecipitated IRF1 and found increased binding
of IRF1 to Ku70/PARP1 (Figure 7C). Meanwhile, the IRF1 protein
abundance decreased significantly in the cytoplasm, compared to
a moderate increase observed in the nuclear (Figure 7D). This
response clearly indicated the activation and nuclear transfer of
IRF1. Next, we knocked down IRF1 in SK-Hep-1 cells and then
stimulated the cells with HBV DNA. As expected, CCL3 and
CCL5 mRNA expression decreased dramatically (Figure 7E). In
contrast, knockdown of IRF7 decreased only CCL3 expression
(Figure 7F). From the above results, we can conclude that IRF1
plays a crucial role as a key transcription factor in the Ku70/80
sensing-mediated chemokine upregulation pathway.

DISCUSSION

Previous publications suggest an essential role for chemokines
in lymphocyte recruitment during hepatitis progression (3, 43).
Chemokine secretion is commonly regarded as the consequence
of interferon-mediated stimulation. However, HBV infection
inhibits type I IFN production by host cells through HBV pro-
tein X (44). Here, we report a means of direct regulation of the
chemokines CCL3 and CCL5 that are mediated by Ku70/80 sens-
ing of HBV DNA, and this mechanism is the missing link between
HBYV infection and lymphocyte recruitment. It has been reported
that CCL5 expression is reduced in the serum of chronically
HBV-infected patients (45). The cohort in that previous study had
a normal serum ALT level, indicating mild liver inflammation.
However, in our study, all patients had high serum ALT levels,
suggesting severe hepatitis. Thus, both results suggest that CCL5
is hepatitis associated. Moreover, our data show that the expres-
sion of CCL3 and CCL5 would be upregulated concomitantly in
both acute phase and chronic phase patients with high ALT levels.
When liver inflammation was relieved using antiviral treatment,
the levels of chemokines were downregulated in both responders
and non-responders (data not shown). These results suggested
that these chemokines are closely related to liver inflammation
and not to the other symptoms of hepatitis B. CCR5, as the main
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FIGURE 7 | IRF1 acts as the key transcription factor in this chemokine upregulation pathway. (A,B) SK-Hep-1 cells were transfected with pAAV-HBV1.2
plasmid (medium as control). Six hours later, the cells were fixed and labeled using immunofluorescence. Subsequently, the cells were imaged using confocal (A) or
GSD systems (B) Scale bars: 10 pm. (C) SK-Hep-1 cells were transfected with pAAV-HBV1.2 plasmid (medium as control). Six hours later, IRF1 was
immunoprecipitated from the cell lysate. Western blotting was performed to analyze the Co-IP samples. (D) SK-Hep-1 cells were harvested at 3-24 h after
PAAV-HBV1.2 plasmid transfection. IRF1 expression in the cytosol and nuclear was determined by Western blotting. (E,F) IRF1 (E) or IRF7 (F) expression was
knocked down by RNAI in SK-Hep-1 cells 24 h before the transfection of pAAV-HBV1.2 plasmid. RT-PCR and real-time qPCR were subsequently used to determine
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receptor for CCL3 and CCLS5, is expressed on various immune
cells, including NK, NKT, CD4+ T, and CD8+ T cells, and its
expression on the cell surface varies in response to HBV infection
(27). Thus, the crosstalk between CCR5 and its ligands seems
critical for the progression of hepatitis B.

Our experiments used an HBV DNA transfection model in
SK-Hep-1 cells, an endothelium-derived liver cancer cell line
(46), because these cells exhibit a similar chemokine upregula-
tion response to that of primary HSECs (Figure 3). Although
HBYV is the prototype of the hepadnavirus family, whose primary
host is the hepatocyte, HSECs are also capable of HBV particle
uptake (47), which means that it is possible that HBV DNA sens-
ing occurs in these cells. In addition to producing chemokines
themselves, HSECs also possess chemokine transfer functions
(48). As the major route by which circulating immune cells enter
the liver (43, 49), HSEC-mediated increases in chemokine levels
are an indication of liver inflammation and mediate the efficient
recruitment of lymphocytes.

The amount of HBV DNA delivered to the cells was a crucial
experimental parameter for the DNA-binding experiments.
Consequently, we used the same concentration of labeled HBV
DNA as the plasmid in the HBV plasmid stimulation experi-
ments (1 pg/ml) when performing the transfection. Therefore,
the binding activity would occur intracellularly, similar to the
HBV plasmid stimulation experiments, which avoided many
non-specific protein interactions. Notably, the quantity of DNA
that we introduced into cells is much higher than that in HBV-
infected cells. Therefore, the amount of HBV DNA level used
for mass spectrometry identification of DNA-binding protein
might not match that of natural HBV infection. Nevertheless,
this kind of DNA transfection model was proved to be valid
in DNA sensor identification by previous researches such as
the finding of IFI16 sensing HIV ¢cDNA in CD4+ T cells (22).
Moreover, we observed colocalized HBcAg and Ku80 in the
cytoplasm of HepG2.2.15 cells (Figures 4D,E), which sug-
gested natural binding of Ku proteins to HBV DNA. Our data
also showed dose-dependent HBV DNA-mediated chemokine
upregulation. Thus, the first wave of CCL3 and CCL5 chemokine
secretion in vivo may be subtle, but it could still be capable of
recruiting immune cells. The recruited cells early in infection
interact with the infection microenvironment, leading to more
cytokine secretion and more immune cell recruitment. Indeed,
CCL3 and CCL5 upregulation mediated by HBV DNA sens-
ing by the Ku70/80 complex may initiate this type of cascade
reaction.

As Ku70 and Ku80 are DNA repair-associated proteins, the
Ku70/80 complex is predominantly localized to the nucleus,
whereas DNA sensing primarily occurs in the cytosol. How
this translocation is precisely achieved remains unclear. One
hypothesis focuses on the dynamic equilibrium between nuclear
and cytosolic Ku proteins. Cytosolic Ku proteins may bind to and
assemble on exogenous DNAs upon viral infection, which would
disrupt the equilibrium and drive Ku proteins from the nucleus.
Our Ku70 Co-IP MS data (Table S3 in Supplementary Material)
also suggest the binding of myosin and plectin, indicating an

unknown mechanism of Ku protein transfer. Considering the
similar DNA-binding role and similar subsequent molecules
that they recruit within both DNA repair and cytosolic DNA-
sensing reactions, Ku proteins seem to recognize DNA with
no bias. Nevertheless, the location of the recognition should
indicate the type of reaction. Molecules used for DNA repair are
abundant in the nucleus; thus, Ku proteins enter into DNA repair
pathways without hindrance. However, in the cytosol, which is
usually a DNA-free environment, molecules needed for DNA
repair are rarely accessible. Instead, DNA-sensing pathways
are much easier to deploy. Through an as-yet-undetermined
mechanism, this results in increased IFN-A and/or chemokine
expression.

The Ku70/80 complex has been shown to be capable of
sensing all types of DNA, with a preference for ssDNA and
dsDNA with strand breaks (31), which is consistent with its
DNA repair function. From minus-strand reverse transcription
to relaxed circular DNA (rcDNA), HBV DNA in the cytoplasm
of host cells always remains non-cyclic, which is consistent
with the characteristics of Ku proteins. Notably, in the previous
publication (22), the authors focused on the sensing function of
IFI16. However, their data also demonstrated that the highest-
ranked proteins on the list of HIV DNA-binding proteins that
were immunoprecipitated were Ku70/80 and PARP1. This may
suggest that Ku70/80 elicits a common response upon sensing
cytosolic DNA during infection by viruses that use a reverse
transcription replication strategy.

AUTHOR CONTRIBUTIONS

YoL performed experiments. YW, XZ, and JC did some
experiments. YaL and JL communicated with HBV patients
and collected the patient serum, testing ALT, and HBV DNA.
RS established techniques of flow cytometry and interpreted the
data, ZT and HW designed the study, supervised research, and
revised the manuscript.

ACKNOWLEDGMENTS

The authors thank Prof. Pei-Jer Chen for providing pAAV-
HBV1.2 plasmid and Prof. Ulrike Protzer for providing
Ad-HBV1.3 plasmid.

FUNDING

This work was supported by the Ministry of Science and Tech-
nology of China (973 Basic Science Project No.2012CB519004)
and the key project of the National Natural Science Foundation
of China (#91442202, 81330071).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
http://journal.frontiersin.org/article/10.3389/fimmu.2016.00569/
full#supplementary-material.

Frontiers in Immunology | www.frontiersin.org

December 2016 | Volume 7 | Article 569


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://journal.frontiersin.org/article/10.3389/fimmu.2016.00569/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2016.00569/full#supplementary-material

Lietal

Ku70/80 Senses HBV DNA

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K, Aboyans V, et al. Global
and regional mortality from 235 causes of death for 20 age groups in 1990
and 2010: a systematic analysis for the Global Burden of Disease Study 2010.
Lancet (2012) 380:2095-128. d0i:10.1016/S0140-6736(12)61728-0

Manzoor S, Saalim M, Imran M, Resham S, Ashraf]. Hepatitis B virus therapy:
what’s the future holding for us? World ] Gastroenterol (2015) 21:12558-75.
doi:10.3748/wjg.v21.i44.12558

Rehermann B. Pathogenesis of chronic viral hepatitis: differential roles of T
cells and NK cells. Nat Med (2013) 19:859-68. doi:10.1038/nm.3251

Dunn C, Brunetto M, Reynolds G, Christophides T, Kennedy PT, Lampertico
P, et al. Cytokines induced during chronic hepatitis B virus infection promote
a pathway for NK cell-mediated liver damage. ] Exp Med (2007) 204:667-80.
doi:10.1084/jem.20061287

Peppa D, Micco L, Javaid A, Kennedy PT, Schurich A, Dunn C, et al. Blockade
of immunosuppressive cytokines restores NK cell antiviral function in chronic
hepatitis B virus infection. PLoS Pathog (2010) 6:€1001227. doi:10.1371/
journal.ppat.1001227

Raue HP, Beadling C, Haun J, Slifka MK. Cytokine-mediated programmed
proliferation of virus-specific CD8(+) memory T cells. Immunity (2013)
38:131-9. doi:10.1016/j.immuni.2012.09.019

Heise T, Guidotti LG, Cavanaugh V], Chisari FV. Hepatitis B virus RNA-
binding proteins associated with cytokine-induced clearance of viral RNA
from the liver of transgenic mice. J Virol (1999) 73:474-81.

Stacey AR, Norris PJ, Qin L, Haygreen EA, Taylor E, Heitman J, et al. Induction
of a striking systemic cytokine cascade prior to peak viremia in acute human
immunodeficiency virus type 1 infection, in contrast to more modest and
delayed responses in acute hepatitis B and C virus infections. J Virol (2009)
83:3719-33. doi:10.1128/JV1.01844-08

Shields PL, Morland CM, Salmon M, Qin S, Hubscher SG, Adams DH.
Chemokine and chemokine receptor interactions provide a mechanism for
selective T cell recruitment to specific liver compartments within hepatitis
C-infected liver. ] Immunol (1999) 163:6236-43.

Kakimi K, Lane TE, Wieland S, Asensio VC, Campbell IL, Chisari FV, et al.
Blocking chemokine responsive to gamma-2/interferon (IFN)-gamma induc-
ible protein and monokine induced by IFN-gamma activity in vivo reduces
the pathogenetic but not the antiviral potential of hepatitis B virus-specific
cytotoxic T lymphocytes. JExp Med (2001) 194:1755-66. doi:10.1084/
jem.194.12.1755

Casrouge A, Decalf ], Ahloulay M, Lababidi C, Mansour H, Vallet-Pichard A,
et al. Evidence for an antagonist form of the chemokine CXCLI10 in patients
chronically infected with HCV. J Clin Invest (2011) 121:308-17. doi:10.1172/
JCI40594

Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell
(2010) 140:805-20. d0i:10.1016/j.cell.2010.01.022

Wu J, Chen ZJ. Innate immune sensing and signaling of cytosolic nucleic
acids. Annu Rev Immunol (2014) 32:461-88. do0i:10.1146/annurev-immunol-
032713-120156

Seeger C, Ganem D, Varmus HE. Biochemical and genetic evidence for the
hepatitis B virus replication strategy. Science (1986) 232:477-84. doi:10.1126/
science.3961490

Will H, Reiser W, Weimer T, Pfaff E, Buscher M, Sprengel R, et al. Replication
strategy of human hepatitis B virus. J Virol (1987) 61:904-11.

Nassal M. Hepatitis B viruses: reverse transcription a different way. Virus Res
(2008) 134:235-49. doi:10.1016/j.virusres.2007.12.024

Sato S, Li K, Kameyama T, Hayashi T, Ishida Y, Murakami S, et al. The
RNA sensor RIG-I dually functions as an innate sensor and direct antiviral
factor for hepatitis B virus. Immunity (2015) 42:123-32. doi:10.1016/j.
immuni.2014.12.016

Gao D, Wu ], Wu YT, Du E Aroh C, Yan N, et al. Cyclic GMP-AMP synthase
is an innate immune sensor of HIV and other retroviruses. Science (2013)
341:903-6. doi:10.1126/science.1240933

Lahaye X, Satoh T, Gentili M, Cerboni S, Conrad C, Hurbain I, et al. The
capsids of HIV-1 and HIV-2 determine immune detection of the viral cDNA
by the innate sensor cGAS in dendritic cells. Immunity (2013) 39:1132-42.
doi:10.1016/j.immuni.2013.11.002

Herzner AM, Hagmann CA, Goldeck M, Wolter S, Kubler K, Wittmann §,
et al. Sequence-specific activation of the DNA sensor cGAS by Y-form DNA

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

structures as found in primary HIV-1 cDNA. Nat Immunol (2015) 16:1025-33.
doi:10.1038/ni.3267

Jakobsen MR, Bak RO, Andersen A, Berg RK, Jensen SB, Tengchuan J, et al.
IFI16 senses DNA forms of the lentiviral replication cycle and controls HIV-1
replication. Proc Natl Acad Sci U S A (2013) 110:E4571-80. doi:10.1073/
pnas.1311669110

Monroe KM, Yang Z, Johnson JR, Geng X, Doitsh G, Krogan NJ, et al. IFI16
DNA sensor is required for death of lymphoid CD4 T cells abortively infected
with HIV. Science (2014) 343:428-32. doi:10.1126/science.1243640

Dansako H, Ueda Y, Okumura N, Satoh S, Sugiyama M, Mizokami M, et al.
The cyclic GMP-AMP synthetase-STING signaling pathway is required for
both the innate immune response against HBV and the suppression of HBV
assembly. FEBS ] (2016) 283:144-56. doi:10.1111/febs.13563

Charo IF, Ransohoff RM. The many roles of chemokines and chemokine
receptors in inflammation. N Engl ] Med (2006) 354:610-21. doi:10.1056/
NEJMra052723

White GE, Igbal AJ, Greaves DR. CC chemokine receptors and chronic
inflammation - therapeutic opportunities and pharmacological challenges.
Pharmacol Rev (2013) 65:47-89. doi:10.1124/pr.111.005074

Griffith JW, Sokol CL, Luster AD. Chemokines and chemokine receptors:
positioning cells for host defense and immunity. Annu Rev Immunol (2014)
32:659-702. doi:10.1146/annurev-immunol-032713-120145

Sanchooli ], Sanadgol N, Kazemi Arababadi M, Kennedy D. CCRS5 plays
important roles in hepatitis B infection. Viral Immunol (2014) 27:2-6.
doi:10.1089/vim.2013.0067

Lieber MR, Ma Y, Pannicke U, Schwarz K. Mechanism and regulation of
human non-homologous DNA end-joining. Nat Rev Mol Cell Biol (2003)
4:712-20. doi:10.1038/nrm1202

Koike M. Dimerization, translocation and localization of Ku70 and Ku80
proteins. ] Radiat Res (2002) 43:223-36. d0i:10.1269/jrr.43.223

Koike M, Koike A. The Ku70-binding site of Ku80 is required for the stabiliza-
tion of Ku70 in the cytoplasm, for the nuclear translocation of Ku80, and for
Ku80-dependent DNA repair. Exp Cell Res (2005) 305:266-76. doi:10.1016/j.
yexcr.2004.12.027

Zhang X, Brann TW, Zhou M, Yang J, Oguariri RM, Lidie KB, et al. Cutting
edge: Ku70 is a novel cytosolic DNA sensor that induces type III rather
than type I IFN. JImmunol (2011) 186:4541-5. doi:10.4049/jimmunol.
1003389

Ferguson BJ, Mansur DS, Peters NE, Ren H, Smith GL. DNA-PK is a DNA sen-
sor for IRF-3-dependent innate immunity. Elife (2012) 1:e00047. doi:10.7554/
eLife.00047

Peters NE, Ferguson BJ, Mazzon M, Fahy AS, Krysztofinska E, Arribas-
Bosacoma R, et al. A mechanism for the inhibition of DNA-PK-mediated
DNA sensing by a virus. PLoS Pathog (2013) 9:e1003649. doi:10.1371/journal.
ppat.1003649

Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M, et al.
NCBI GEO: archive for functional genomics data sets-update. Nucleic Acids
Res (2013) 41:D991-5. doi:10.1093/nar/gks1193

Saeed Al, Sharov V, White ], Li ], Liang W, Bhagabati N, et al. TM4: a free, open-
source system for microarray data management and analysis. Biotechniques
(2003) 34:374-8.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene set enrichment analysis: a knowledge-based approach for inter-
preting genome-wide expression profiles. Proc Natl Acad Sci U S A (2005)
102:15545-50. doi:10.1073/pnas.0506580102

Guo C, Shen X, Fu B, Liu Y, Chen Y, Ni E et al. CD3CD56 T cells associate
with pegylated interferon-alpha treatment nonresponse in chronic hepatitis B
patients. Sci Rep (2016) 6:25567. doi:10.1038/srep25567

Wang J, Sun R, Wei H, Dong Z, Gao B, Tian Z. Poly I:C prevents T cell-
mediated hepatitis via an NK-dependent mechanism. ] Hepatol (2006)
44:446-54. doi:10.1016/j.jhep.2005.08.015

Nissim O, Melis M, Diaz Z, Kleiner DE, Tice A, Fantola G, et al. Liver
regeneration signature in hepatitis B virus (HBV)-associated acute liver
failure identified by gene expression profiling. PLoS One (2012) 7:e49611.
doi:10.1371/journal.pone.0049611

Wu H-L, Hsiao T-H, Chen PJ, Wong SH, Kao JH, Chen DS, et al. Liver gene
expression profiles correlate with virus infection and response to interferon
therapy in chronic hepatitis B patients. Sci Rep (2016) 6:31349. doi:10.1038/
srep31349

Frontiers in Immunology | www.frontiersin.org

December 2016 | Volume 7 | Article 569


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/S0140-6736(12)61728-0
https://doi.org/10.3748/wjg.v21.i44.12558
https://doi.org/10.1038/nm.3251
https://doi.org/10.1084/jem.20061287
https://doi.org/10.1371/journal.ppat.1001227
https://doi.org/10.1371/journal.ppat.1001227
https://doi.org/10.1016/j.immuni.2012.09.019
https://doi.org/10.1128/JVI.01844-08
https://doi.org/10.1084/jem.194.12.1755
https://doi.org/10.1084/jem.194.12.1755
https://doi.org/10.1172/JCI40594
https://doi.org/10.1172/JCI40594
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.1146/annurev-immunol-032713-120156
https://doi.org/10.1146/annurev-immunol-032713-120156
https://doi.org/10.1126/science.3961490
https://doi.org/10.1126/science.3961490
https://doi.org/10.1016/j.virusres.2007.12.024
https://doi.org/10.1016/j.immuni.2014.12.016
https://doi.org/10.1016/j.immuni.2014.12.016
https://doi.org/10.1126/science.1240933
https://doi.org/10.1016/j.immuni.2013.11.002
https://doi.org/10.1038/ni.3267
https://doi.org/10.1073/pnas.1311669110
https://doi.org/10.1073/pnas.1311669110
https://doi.org/10.1126/science.1243640
https://doi.org/10.1111/febs.13563
https://doi.org/10.1056/NEJMra052723
https://doi.org/10.1056/NEJMra052723
https://doi.org/10.1124/pr.111.005074
https://doi.org/10.1146/annurev-immunol-032713-120145
https://doi.org/10.1089/vim.2013.0067
https://doi.org/10.1038/nrm1202
https://doi.org/10.1269/jrr.43.223
https://doi.org/10.1016/j.yexcr.2004.12.027
https://doi.org/10.1016/j.yexcr.2004.12.027
https://doi.org/10.4049/jimmunol.1003389
https://doi.org/10.4049/jimmunol.1003389
https://doi.org/10.7554/eLife.00047
https://doi.org/10.7554/eLife.00047
https://doi.org/10.1371/journal.ppat.1003649
https://doi.org/10.1371/journal.ppat.1003649
https://doi.org/10.1093/nar/gks1193
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1038/srep25567
https://doi.org/10.1016/j.jhep.2005.08.015
https://doi.org/10.1371/journal.pone.0049611
https://doi.org/10.1038/srep31349
https://doi.org/10.1038/srep31349

Lietal

Ku70/80 Senses HBV DNA

41.

42.

43.

44,

45.

46.

47.

von Freyend MJ, Untergasser A, Arzberger S, Oberwinkler H, Drebber
U, Schirmacher P, et al. Sequential control of hepatitis B virus in a mouse
model of acute, self-resolving hepatitis B. J Viral Hepat (2011) 18:216-26.
doi:10.1111/.1365-2893.2010.01302.x

Sells MA, Zelent AZ, Shvartsman M, Acs G. Replicative intermediates of
hepatitis B virus in HepG2 cells that produce infectious virions. J Virol (1988)
62:2836-44.

Shetty S, Lalor PE, Adams DH. Lymphocyte recruitment to the liver: molecular
insights into the pathogenesis of liver injury and hepatitis. Toxicology (2008)
254:136-46. doi:10.1016/j.tox.2008.08.003

Jiang J, Tang H. Mechanism of inhibiting type I interferon induction by
hepatitis B virus X protein. Protein Cell (2010) 1:1106-17. doi:10.1007/
s13238-010-0141-8

Mirzaee V, Shahriari ], Hajghani M. CCR5 on the NK cells and its ligand
(RANTES) expressions are disrupted in South-Eastern Iranian patients with
chronic hepatitis B infection. Iran Red Crescent Med ] (2014) 16:€12458.
doi:10.5812/ircmj.12458

Heffelfinger SC, Hawkins HH, Barrish J, Taylor L, Darlington GJ. SK HEP-1: a
human cellline of endothelial origin. In Vitro Cell Dev Biol (1992) 28A:136-42.
doi:10.1007/BF02631017

Breiner KM, Schaller H, Knolle PA. Endothelial cell-mediated uptake of a
hepatitis B virus: a new concept of liver targeting of hepatotropic microorgan-
isms. Hepatology (2001) 34:803-8. doi:10.1053/jhep.2001.27810

48. Neumann K, Erben U, Kruse N, Wechsung K, Schumann M, Klugewitz K,
et al. Chemokine transfer by liver sinusoidal endothelial cells contributes
to the recruitment of CD4+ T cells into the murine liver. PLoS One (2015)
10:¢0123867. doi:10.1371/journal.pone.0123867

Lalor PE, Shields P, Grant A, Adams DH. Recruitment of lymphocytes to
the human liver. Immunol Cell Biol (2002) 80:52-64. doi:10.1046/j.1440-
1711.2002.01062.x

49.

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The reviewer BN and handling Editor declared their shared affiliation, and the
handling Editor states that the process nevertheless met the standards of a fair and
objective review.

Copyright © 2016 Li, Wu, Zheng, Cong, Liu, Li, Sun, Tian and Wei. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

13

December 2016 | Volume 7 | Article 569


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1111/j.1365-2893.2010.01302.x
https://doi.org/10.1016/j.tox.2008.08.003
https://doi.org/10.1007/s13238-010-0141-8
https://doi.org/10.1007/s13238-010-0141-8
https://doi.org/10.5812/ircmj.12458
https://doi.org/10.1007/BF02631017
https://doi.org/10.1053/jhep.2001.27810
https://doi.org/10.1371/journal.pone.0123867
https://doi.org/10.1046/j.1440-1711.2002.01062.x
https://doi.org/10.1046/j.1440-1711.2002.01062.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Cytoplasm-Translocated Ku70/80 Complex Sensing of HBV DNA Induces Hepatitis-Associated Chemokine Secretion
	Introduction
	Materials and Methods
	GEO Dataset Analysis
	HBV-Infected Patients
	Cell Culture
	Plasmid Construction
	Cell Transfection
	Luciferase Reporter Assay
	Determination of Chemokine Levels by Enzyme-Linked Immunosorbent Assay
	HBV DNA Labeling, Pulldown, and Mass Spectrometry
	Mouse Protocols
	Hepatic Mononuclear Cell Isolation and Flow Cytometry
	BD Cytometric Bead Array
	Serum Transaminase Assay
	Immunofluorescence Staining
	mRNA Isolation, Reverse Transcription PCR, and Real-time PCR
	Cytosolic and Nuclear Protein Extraction
	Co-Immunoprecipitation
	Western Blot
	Antibodies
	PCR Primers and siRNA Sequences
	Statistical Analyses

	Results
	Chemokines CCL3 and CCL5 Are Involved in Hepatitis B
	HBV DNA Transfection Upregulates CCL3 and CCL5 Expression in 
Liver-Derived Cells
	The Cytoplasm-Translocated Ku70/80 Complex Recognizes Transfected HBV DNA
	Ku70/80 Drives DNA-PKcs and PARP1 to Promote CCL3 and CCL5 Expression
	IRF1 Acts as the Key Transcriptional Factor That Elicits CCL3 and CCL5 Expression

	Discussion
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


