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Epstein-Barr virus (EBV) is the causative agent of infectious mononucleosis that is closely
associated with several human malignant diseases, while type I interferon (IFN-I) plays an
important role against EBV infection. As we all know, EBV can encode some proteins to
inhibit the production of IFN-I, but it’s not clear whether other proteins also take part in this
progress. EBV early lytic protein BFRF1 is shown to be involved in viral maturation,
however, whether BFRF1 participates in the host innate immune response is still not well
known. In this study, we found BFRF1 could down-regulate sendai virus-induced IFN-b
promoter activity and mRNA expression of IFN-b and ISG54 during BFRF1 plasmid
transfection and EBV lytic infection, but BFRF1 could not affect the promoter activity of
NF-kB or IRF7. Specifically, BFRF1 could co-localize and interact with IKKi. Although
BFRF1 did not interfere the interaction between IKKi and IRF3, it could block the kinase
activity of IKKi, which finally inhibited the phosphorylation, dimerization, and nuclear
translocation of IRF3. Taken together, BFRF1 may play a critical role in disrupting the host
innate immunity by suppressing IFN-b activity during EBV lytic cycle.

Keywords: innate immunity, EBV BFRF1, IRF3, IFN-b, ISG54
INTRODUCTION

Innate immunity is the first line of host conservative and rapid defense against pathogen invasion, of
which type I interferon (IFN-I) plays an important role in the antiviral immune response (1). Along
with viral infection, the pattern recognition receptors such as toll-like receptors (TLRs) (2), retinoic
acid-inducible gene (RIG)-I-like receptors (RLRs), and nucleotide-binding oligomerization domain
(NOD)-like receptors (NLRs) (3, 4), can recognize viral pathogen-associated molecular patterns
(PAMPs), including genomic DNA, double-stranded RNA (dsRNA) with 5′-triphosphate end,
single-stranded RNA (ssRNA), and viral proteins. RNA helicases retinoic acid inducible gene 1
(RIG-I) and melanoma differentiation-associated gene 5 (MDA-5) are the most vital RLRs and are
reported to exert essential roles in the detection of intracellular dsRNA, which signal through IFN
promoter stimulator 1 (IPS-1) to activate the kinases TANK-binding kinase 1 (TBK1) and inducible
org December 2020 | Volume 11 | Article 5133831
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IkB kinase (IKKi; also known as inhibitor of kB kinase ϵ, IKKϵ),
to finally phosphorylate IFN regulatory factor 3 (IRF3), this
promotes the nuclear translocation of IRF3 and subsequent
induction of IFN-I, proinflammatory cytokines and series
interferon-stimulated genes (ISGs) (5–8).

Epstein-Barr virus (EBV), also called human herpesvirus 4
(HHV-4), is associated with the development of a wide spectrum
of B-cell lymph proliferative disorders, such as Burkitt’s lymphoma
(BL), post transplant lymph proliferative disorder (PTLD), Hodgkin
and non-Hodgkin lymphomas, as well as epithelial cancers
(including nasopharyngeal carcinoma [NPC] and some forms of
gastric carcinoma) (9). It’s shown that many EBV-encoded gene
products are involved in the innate immunity, and some of which
can stimulate the production of IFN-I. EBV-encoded small nuclear
RNA 1 (EBER1) and EBER2 act as ligand of RIG-I to activate IRF3
(10, 11). The C-terminal activation region (CTAR) of LMP1 also
can activate NF-kB and IRF7 upon superinfection (12). Moreover,
EBNA2 can stimulate IFN-b expression and ISGF3 activity in BL
cell lines (13). However, some EBV-encoded gene products are
demonstrated to inhibit the production of IFN-b. BGLF4 interplays
with IRF3 to abolish its activity in reactivated EBV-positive cells
(14). BZLF1 interacts with IRF7 to inhibit its activity (15). BRLF1
reduces the expression of IRF3 and IRF7, thereby inhibiting IFN-b
and promoting viral replication (16). LMP2A and LMP2B abrogate
IFN-b signaling cascade by promoting the circulation of I and II
IFN receptors IFNAR and IFNGR (17). Furthermore, EBV-encoded
RNA miR-BART6-3p also inhibits EBV-triggered IFN-b response
and facilitates EBV infection through targeting the 3′UTR of RIG-I
mRNA (18).

The herpesviral UL34 family contains herpes simplex virus 1
(HSV-1) UL34, varicella-zoster virus (VZV) ORF24, murine
cytomegalovirus (MCMV) M50, Kaposi’s sarcoma-associated
herpesvirus (KSHV) p29 and EBV BFRF1, etc. Previous studies
have shown that the nuclear membrane targeted type II
membrane protein HSV-1 UL34 can interact with UL31 to
form the heterodimer-nuclear egress complex (NEC), and
absence of any one of them will prevent the nuclear egress of
viral nucleocapsid (19, 20) and primary envelope (21–23).
MCMV M50 and the M53 (homologous to HSV-1 UL31) also
form a complex to help the virus nuclear export (24). Besides,
KSHV p29 interplays with p33 (homologous to HSV-1 UL31) to
co-localize at the nuclear membrane, and p29 is responsible for
the hyperphosphorylation and delocalization protein of emerin,
which is essential for the maturation of viral nucleocapsid (25).

BFRF1 is an EBV-encoded early lytic protein (26), which can
regulate multiple viral and cellular functions, including viral
maturation, BFLF2 nuclear membrane targeting, lamin B1
binding, recruitment of ESCRT machinery, and cytoplasmic
vesicles formation (27–30). BFRF1 and BFLF2 together can
form NEC, which is involved in the early step of EBV nuclear
egress. Nevertheless, it’s a wonder whether BFRF1 also plays a
regulatory role in the host innate immunity. In the present study,
we found that BFRF1 inhibited the IFN-b production through its
interaction with IKKi to restrain the kinase activity of IKKi and
suppressing the activation of IRF3 during BFRF1 plasmid
transfection and EBV lytic infection.
Frontiers in Immunology | www.frontiersin.org 2
MATERIALS AND METHODS

Virus and Cells
Sendai virus (SeV) was propagated in chicken embryo and titered
in our lab. HeLa, COS-7, and human embryonic kidney (HEK)
293T cells were grown in Dulbecco’s modified MEM (DMEM,
Gibco-BRL) supplemented with 10% heat inactivated fetal
bovine serum (FBS, Gibco-BRL) at the temperature of 37°C in
a humidified incubator with 5% CO2. Hone1-EBV cells (kindly
provided by Prof. Sai Wah Tsao, University of Hong Kong, Hong
Kong, China) are EBV positive nasopharyngeal carcinoma cell
lines that can be reactivated by a sequence-specific DNA-binding
protein, BZLF1 [also called Z, Zebra or EB1, encoded by
immediate-early BZLF1 gene (31, 32)].

Antibodies
Mouse anti-Flag (DYKDDDDK), anti-Myc, and anti-
hemagglutinin (HA) monoclonal antibodies (mAbs) were
obtained from ABmart. Rabbit anti-Flag mAb and anti-IRF3
polyclonal antibody (pAb) were purchased from Proteintech.
Rabbit anti-IKKi and anti-b-actin pAbs were provided by
ABclonal. Cy5-conjugated goat anti-rabbit IgG, fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse IgG, and
RBITC-conjugated goat anti-rabbit IgG were bought from BBI
Life Sciences. Rabbit phospho-IRF3 (ser396) mAb, alkaline
phosphatase (AP) conjugated goat anti-mouse IgG, and goat
anti-rabbit IgG were obtained from Cell Signaling Technology.

Plasmids Construction
To construct Flag-tagged BFRF1 expression plasmid, the open
reading frame of BFRF1 was polymerase chain reaction (PCR)
amplified from the bacterial artificial chromosome (BAC) DNA
of B95-8 strain of EBV (174-kb BAC) (33), with forward primer
5′-TTA AGC TTC CGA ATT CAT GGC GAG CCC GGA AGA
GAG and reverse primer 5′-TTG CGG CCG CAG GAT CCA
AGG TCC ACC TCA GAA ACA TCA G. Then, the purified
PCR product was digested with EcoRI and BamHI and inserted
into the corresponding digested Flag vector (regenerated from
pFlag-CMV-2, Sigma) to yield pBFRF1-Flag, as described
previously (34–37). pBFRF1-Myc, pIKKi-HA, pBZLF1-HA
(Zta-HA), and pBGLF4-HA were also constructed with similar
methods, using pMyc-N1 or pHA-N1 vector (regenerated from
pEYFP-N1, Clontech). Besides, one pair of oligonucleotide
sequences 5′-GGG TCT CTC AAC GGA TGT TGA and 5′-
CTC AAC TCA CGT GTC TAG TGT C (38–44) was inserted
into the good RNAi product of Oligoengine pSuper-retro-puro
(Oligoengine) that can effectively remove off-target of the target
gene, to construct RNA interference expression plasmids
pSuper-shBFRF1-retro-puro and pSuper-shRandom-retro-puro
[a good off-target control (45–48)], respectively. Other gift
plasmids were provided by Drs. John Hiscott (IFN-b-Luc)
(49), Rongtuan Lin (ISRE-Luc and pIKKi-Flag) (50), Stephan
Ludwig (IRF3-Luc) (51), M. Pitha (IRF7-Luc) (52), Takashi
Fujita (pRIG-IN-Flag) (53), Takemasa Sakaguchi (pIRF3-HA)
(54), Yi-Ling Lin (pIRF3-Flag, pIRF3/5D-Flag, and pIRF7/6D-
Flag) (55), Zhengli Shi (pRL-TK and NF-kB-Luc), Chunfu
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Zheng (pTBK1-Myc and pRIG-I-Flag), and Jun Cui (pMAVS-
Flag, pIKKi-Myc, pTRAF3-Flag, and pTBK1-Flag).

Indirect Immunofluorescent Assays (IFA)
The IFA was carried out as described previously (41, 56–60). In
brief, a 14 mm circle microscope cover glass (NEST) was placed
in 24-well plate (Corning), then COS-7 or HeLa cells were seeded
overnight to 80% confluence and transfected with the indicated
plasmids by polyethylenimine (PEI) according to the
manufacturer’s instructions. At 24 h post-transfection, cells
were mock-treated or treated with SeV (100 hemagglutination
units [HAU]/ml) for 16 h, then cells were washed three times
with PBS and fixed with 4% paraformaldehyde (Beyotime
Biotechnology) for 30 min at 37°C, and incubated in 0.1%
Triton X-100 (Beyotime Biotechnology) for 10 min. After that,
the cells were washed three times with PBS and blocked with 5%
BSA for 1 h at 37°C, followed by incubation with primary Abs
(anti-Flag, anti-HA, anti-IRF3, or anti-Myc) for 12 h at 4°C,
subsequently cells were washed three times with TBST, and
incubated with second Ab FITC-conjugated goat anti-mouse
IgG, RBITC-conjugated goat anti-rabbit IgG, or Cy5-conjugated
goat anti-rabbit IgG for 1 h. Finally, cells were counterstained
with Hoechst to visualize the nuclear DNA for 5 to 10 min. The
microscope cover glass place microscope slides (biosharp) were
obtained with anti-fluorescence quenching reagent (Biosharp)
and then fixed with nail polish, and images were eventually
captured with 630× of confocal microscope (Leica SP8, 81-933).
All scale bars indicate 10 mm.

Dual-Luciferase Reporter (DLR) Assays
The DLR assays were performed as described previously (61).
HEK293T cells were seeded on 24-well plate at a density of 1 ×
105 cells per well overnight, then cells were co-transfected with
100 ng of promoter reporter expression plasmid, 10 ng of pRL-
TK control plasmid and the indicated amounts of expression
plasmid. At 24 h post-transfection, cells were mock-infected or
infected with 100 HAU/ml SeV for 16 h, followed by washing
two times with PBS. Then, cell lysates were collected and
luciferase activity was assessed using a luciferase assay kit
(Promega). Finally, the data for DLR were detected by Glomax
Discover. Data were normalized for transfection efficiency by
detecting renilla luciferase activity and firefly luciferase activity,
and results were demonstrated as the ratio between firefly and
Renilla luciferase. Data were presented as means ± standard
deviations (SD) from three independent experiments.

RNA Isolation and Real-Time Quantitative
PCR (RT-qPCR)
HEK293T cells seeded on six-well plate (Corning) overnight to
80% confluence were transfected with the indicated plasmids, or
Hone1-EBV cells were transfected with the BZLF1 expression
plasmid to induce the lytic infection of EBV. After plasmid
transfection or EBV induction, cells were mock-treated or
treated with 100 HAU/ml SeV for 16 h, then total RNA was
extracted with TRIzol reagent (Invitrogen) for reverse
transcription to cDNA with RT reagent (YEASEN). The
acquired cDNA was used as a template for RT-qPCR, to detect
Frontiers in Immunology | www.frontiersin.org 3
the mRNA expression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), human IFN-a, IFN-b, and ISG54,
with qPCR reagent (YEASEN) using qPCR instrument
(BIO-RAD, CFX96). Primers used for GAPDH (forward
primer 5′-AGG TCG GTG TGA ACG GAT TTG and reverse
primer 5′-TGT AGA CCA TGT AGT TGA GGT CA), IFN-b
(forward primer 5′-ATG ACC AAC AAG TGT CTC CTC C and
reverse primer 5′-GGA ATC CAA GCA AGT TGT AGC TC),
and ISG54 (forward primer 5′-GGA GGG AGA AAA CTC CTT
GGA and reverse primer 5′-GGC CAG TAG GTT GCA CAT
TGT) were referred to the study of Bing Tian (62). Primers 5′-
CAG AGT CAC CCA TCT CAG C (forward primer) and 5′-
ATT TGT GCC AGG AGC ATC (reverse primer) were designed
to detect the mRNA of IFN-a.

Co-Immunoprecipitation Assays and
Western Blot Analysis
The co-immunoprecipitation (Co-IP) and western blot (WB)
assays were carried out as described previously (59, 60, 63–69).
In brief, HEK293T cells were seeded on 10 cm petri-dish
(Corning) and incubated to ~80% confluence, then cells were
co-transfected with 20 mg of plasmid combinations tagged with
Myc, Flag, or HA. At 24 h post-transfection, cells were harvested
and lysed on ice with 800–1,000 ml RIPA lysis buffer (Beyotime
Biotechnology) for 30 min. After that, cell lysates were divided
into two parts, 10% lysates were directly prepared as the lysates
sample, and 90% lysates were incubated with the indicated Ab
(anti-Flag or anti-HA) or nonspecific control mouse antibody
(IgG) at 4°C for 6 to 12 h, then the antibody-containing lysates
were incubated with 50 ml slurry of protein A/G PLUS-Agarose
(Santa Cruz) at 4°C overnight. The bead complex was washed at
least three times with 1 ml of PBS. Finally, cell lysates and bead
protein complex were subjected to WB analysis to detect the
potential interaction of virus-host proteins. The original WB
results were shown in the section of Supplementary Material.

Native PAGE
Native PAGE was carried out as described previously (70).
HEK293T cells were seeded on six-well plate overnight to 70%
confluence, then cells were transfected with the indicated
plasmids. At 24 h post-transfection, cells were mock-treated or
treated with 100 HAU/ml SeV for 8 or 16 h, subsequently
cells were harvested and lysed with weak RIPA lysis buffer
(Beyotime Biotechnology) at 4°C for 30 min. Gels were pre-
run with 25 mM Tris and 192 mM glycine (pH 8.4) with 2%
deoxycholate (DOC) in a cathode chamber for 30 min at 75 V.
Samples in native sample buffer (1 M Tris-Hcl [pH 6.8], 15%
glycerol, and 2% bromophenol blue) were then size fractionated
by electrophoresis for 120 min at 75 V and transferred to
nitrocellulose membrane (BBI Life Sciences) for WB analysis.
For analyzing the BFRF1 inhibitory effect of IRF3 dimerization
during EBV lytic infection, Hone1-EBV cells were co-transfected
with the BZLF1 expression plasmid and pSuper-shBFRF1-retro-
puro expression plasmid or pSuper-shRandom-retro-puro
expression plasmid, then other experimental procedures were
performed as described above.
December 2020 | Volume 11 | Article 513383

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wang et al. EBV BFRF1 Inhibits the Activation of IRF3
Statistical Analysis
All data were analyzed with Student’s T tests in GraphPad Prism
5 software. Here, ns indicates not significant; * indicates P value
<0.05; ** indicates P value <0.01; *** indicates P value <0.001;
and **** indicates P value <0.0001. A P value <0.05 was
considered significant.
RESULTS

BFRF1 Suppresses SeV-Mediated IFN-b
Transcriptional Activation
IFN-a/b play an essential role in antiviral innate immunity (71,
72). Here, to investigate whether BFRF1 can regulate IFN-b
transcriptional activity, expression plasmid BFRF1-Flag, BGLF4-
HA, or vector was co-transfected with reporter genes IFN-b-Luc
and pRL-TK into HEK293T cells. At 24 h post-transfection, cells
were treated with 100 HAU/ml SeV for 16 h, and DLR assays
were performed. As a result, the activity of IFN-b promoter was
obviously induced by SeV, which was significantly inhibited by
the ectopic expression of BFRF1 (Figure 1A), with similar
inhibitory effect to the positive control BGLF4 (14).
Furthermore, to explore whether BFRF1 regulate IFN-induced
gene expression, the activation of interferon-stimulated response
element (ISRE) promoter was detected by DLR assays. As shown
in Figure 1B, the ISRE promoter activity was also inhibited by
BFRF1. To validate these results, expression plasmid BFRF1-
Flag, BGLF4-HA, or vector was transfected into HEK293T cells
to see whether BFRF1 can regulate the mRNA expression of
IFN-b and its downstream gene, such as ISG54. The results
showed BFRF1 could reduce SeV-induced mRNA expressions of
IFN-b and ISG54 when compared to BGLF4 (Figure 1C),
confirming BFRF1 could suppress SeV-mediated IFN-b
transcriptional activation. Besides, BFRF1 also could restrain
SeV-mediated IFN-a transcriptional activation (Figure 1C).

Knockdown of BFRF1 Enhances IFN-b
Transcriptional Activity During EBV
Infection
To further confirm the physiological function of BFRF1, the
expression of BFRF1 was firstly knocked down in EBV-positive
Hone1 cells co-transfected with reporter IFN-b-Luc, BZLF1-HA,
and pSuper-shBFRF1-retro-puro expression plasmid or pSuper-
shRandom-retro-puro expression plasmid, and DLR assays
showed that the SeV-induced IFN-b promoter activity was
inhibited after EBV was reactivated by BZLF1, but this
inhibition is weakened when knockdown the expression of
BFRF1 in EBV-positive Hone1 cells (Figure 2A). To further
verify this result, RT-qPCR was carried out and showed that the
mRNA expressions of IFN-b and ISG54 were reduced after EBV
was reactivated, while these mRNA expressions were up-
regulated when BFRF1 was knocked down in EBV-positive
Hone1 cells (Figure 2B). These data indicated that BFRF1
could down-regulate IFN-b and downstream ISG54 during
EBV infection.
Frontiers in Immunology | www.frontiersin.org 4
BFRF1 Restrains the Promoter Activation
of IRF3, but Not IRF7 or NF-kB
The transcription activation of IFN-b depends on the
synergistic interactions among IRFs, NF-kB, and other
transcription factors that bind to distinct regulatory domains
of the IFN-b promoter (73). Here, to explore whether the
activation of NF-kB and IRFs were inhibited by BFRF1,
different concentrations of BFRF1-Flag expression plasmid or
vector was co-transfected with reporter genes pRL-TK and NF-
kB-Luc, IRF3-Luc or IRF7-Luc into HEK293T cells. At 24 h
post-transfection, cells were treated with 100 HAU/ml SeV for
16 h, and DLR assays were performed. As shown in Figure 3,
the promoter activities of IRF3, IRF7 and NF-kB were
obviously induced by SeV infection. However, ectopic
expression of BFRF1 could dose-dependent inhibit SeV-
mediated IRF3 promoter activity (Figure 3A), but not IRF7
(Figure 3B) or NF-kB (Figures 3C, D) promoter activity.
Accordingly, these results demonstrated that BFRF1
significantly inhibited the transcriptional activation of IFN-b
through IRF3, but not IRF7 or NF-kB.

BFRF1 Represses IFN-b Promoter Activity
at the Level of IKKi
In order to examine at which level BFRF1 inhibits the production
of IFN-b, different stimuli were used in HEK293T cells to induce
the IFN-b reporter activity. RIG-IN (a constitutively active
variant containing only the amino-terminal CARD of RIG-I),
IPS-1, TBK1, IKKi, IRF-3/5D (a phosphorylated form of IRF-3),
or IRF-7/6D (a phosphorylated form of IRF-7) was
overexpressed to analyze the IFN-b reporter activity in the
presence of various concentrations of BFRF1 expression
plasmid. As results, overexpression of signaling components
RIG-IN, IPS-1, TBK1, and IKKi activated the IFN-b promoter,
which was significantly inhibited by BFRF1 in a dose-dependent
manner (Figures 4A–D). However, IRF-3/5D and IRF-7/6D
induced IFN-b promoter activity were not affected by BFRF1
(Figures 4E, F). Collectively, these results suggested that BFRF1
likely acted at the level of IKKi to inhibit the production of
IFN-b.

BFRF1 Co-Localizes and Interacts With
IKKi
In order to probe the inhibition mechanism of IFN-b
transcriptional activation by BFRF1, IFA and Co-IP assays were
carried out to determine whether BFRF1 could co-localize and
interact with IKKi. COS-7 cells, with the cytoplasm and nucleus
relatively larger than that of HEK293T cells for observing the
subcellular localizations of specific proteins in different cell
compartments, were transfected with the expression plasmid
pIKKi-HA or pBFRF1-Flag, or co-transfected with plasmids
combination pIKKi-HA and pBFRF1-Flag, then IFA was
performed and showed that BFRF1 and IKKi co-localized at the
perinuclear region (Figure 5A). Besides, HEK293T cells, a
common cell model for analyzing the protein-protein interaction,
were transfected with the expression plasmid pBFRF1-Flag, or
December 2020 | Volume 11 | Article 513383

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wang et al. EBV BFRF1 Inhibits the Activation of IRF3
plasmids combination pIKKi-Myc and pBFRF1-Flag, then cells
lysates were immunoprecipitated with anti-Flag mAb or mouse
nonspecific IgG, and results demonstrated that BFRF1 interacted
with both the overexpressed (Figure 5B) and endogenous IKKi
(Figure 5C).

To investigate whether BFRF1 also can interact with the
signal protein(s) of the RLR signal pathway to inhibit the
transcriptional activation of IFN-b, HEK293T cells were co-
transfected with BFRF1 and RIG-I, IPS-1, TBK1, TRAF3, or IRF3
expression plasmid, then cell lysates were immunoprecipitated
with anti-Flag mAb or mouse nonspecific IgG. As results, BFRF1
could not associate with the adaptor protein of RLR signal
pathway mentioned above (Figures 5D–H). These results
Frontiers in Immunology | www.frontiersin.org 5
revealed that BFRF1 might affect the IFN-b production via
only interacting with IKKi.

BFRF1 Cannot Inhibit the IKKi and IRF3
Interaction but Impede the Kinase Activity
of IKKi
The association of BFRF1 with IKKi raised the possibility that
BFRF1 may disturb the interaction between IKKi and IRF3.
Alternatively, the binding of BFRF1 to IKKi may act as a
pseudosubstrate for IKKi to inhibit its kinase activity. To
address these possibilities, HEK293T cells were co-transfected
with plasmids combination of pIKKi-HA/pIRF3-Flag or
pIKKi-HA/pIRF3-Flag/pBFRF1-Myc, then Co-IP assays were
A

B

C

FIGURE 1 | BFRF1 suppresses SeV-mediated activation of IFN-b and ISRE promoters. Vector, BFRF1-Flag, or BGLF4-HA expression plasmid was co-transfected
with pRL-TK control plasmid and IFN-b-Luc (A) or ISRE-Luc (B) reporter plasmid into HEK293T cells. At 24 h post-transfection, cells were infected with 100 HAU/ml
of SeV for 16 h. Cell lysates were then collected, and luciferase activity was measured by DLR. The expression of BFRF1 or BGLF4 protein was also detected by
WB using anti-Flag or anti-HA mAb, and b-actin was used to verify equal loading of protein in each lane. (C) Expression plasmid BFRF1-Flag, BGLF4-HA or vector
was transfected into HEK293T cells, at 24 h post-transfection, cells were mock-infected or infected with 100 HAU/ml SeV for 16 h. Cells were then lysed and RNA
was extracted for RT-qPCR analysis for IFN-a,IFN-b and ISG54. The expression of BFRF1 or BGLF4 protein was also detected by WB using anti-Flag or anti-HA
mAb, and b-actin was used to verify equal loading of protein in each lane. Statistical analysis was performed using student’s t test. ns, not significant; *P < 0.05;
**P < 0.01; ***P < 0.001.
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carried out, and results found that BFRF1 could not affect IKKi
and IRF3 interaction (Figure 6A). To further detect whether the
BFRF1 and IKKi association influence the kinase activity of IKKi,
HEK293T cells were transfected with the expression plasmid of
BFRF1-Flag or IKKi-Myc, or co-transfected with plasmids
combination pIKKi-Myc/pBFRF1-Flag, and results showed that
BFRF1 could inhibit the kinase activity of IKKi, since the IKKi-
mediated phosphorylation of IRF3 was restrained (Figure 6B).
Accordingly, these data disclosed the engagement of BFRF1
could not affect the interaction of IKKi and IRF3 but block the
catalytic activity of IKKi.

BFRF1 Inhibits the Activation of IRF3
Generally, IRF3 Ser396 is targeted for phosphorylation following
virus infection, which plays an essential role in IRF3 activation
(74, 75). Therefore, to dissect whether IRF3 phosphorylation is
inhibited by BFRF1, HEK293T cells were transfected with
BFRF1-Flag expression plasmid or vector, then cells were
mock-treated or treated with 100 HAU/ml SeV for 8 or 16 h,
and cells were collected for WB analysis using phospho-IRF3
(Ser396) Ab. As results, SeV infection for 8 or 16 h could induce
the accumulation of IRF3 Ser396, while this phosphorylation was
significantly inhibited by BFRF1 when SeV infection for 16 h
(Figure 7A). Since IRF3 dimer formation is a consequence of
IRF3 phosphorylation, we continued to test whether BFRF1
could inhibit SeV-induced IRF3 dimerization, and result
showed that IRF3 dimerization was also obviously reduced by
the expression of BFRF1 when cells were treated with SeV for
16 h (Figure 7B). To continue verify the BFRF1 inhibitory effect
of IRF3 phosphorylation and dimerization during EBV lytic
infection, Hone1-EBV cells were co-transfected with the
BZLF1 expression plasmid and pSuper-shBFRF1-retro-puro or
pSuper-shRandom-retro-puro expression plasmid. Compared
with lane 4 of Figures 7C, D, the phosphorylation of IRF3
Ser396 (Figure 7C, lane 5) and dimerization of IRF3 (Figure 7D,
lane 5) could be up-regulated by knocking down the expression
of BFRF1 after inducing EBV into lytic infection in Hone1 cells,
verifying the experimental results at the transfection level of
Figures 7A, B. These results demonstrated that BFRF1 could
effectively prevent the phosphorylation and dimerization of IRF3
during EBV lytic infection, which was also consistent with the
results of Figures 2A, B, again confirming EBV lytic infection
could inhibit the production of IFN-b and downstream ISG, and
BFRF1 played a certain important role in this process.

Upon phosphorylation, IRF3 dimerizes and translocates into
the nucleus, where it can form a complex with CBP/p300 and act
as a transcriptional factor. The holocomplex then binds to IRF3
sites in the IFN-b promoter, and eventually activates the
transcription of IFN-b (76). As the aforementioned results
indicated that BFRF1 repressed the phosphorylation and
dimerization of IRF3, we subsequently investigated whether
BFRF1 inhibited SeV-induced IRF3 nuclear translocation.
HeLa cells were transfected with BFRF1-Myc expression
plasmid or vector, then cells were mock-treated or treated with
100 HAU/ml SeV for 16 h, and IFA was performed using
confocal microscope. As shown in Figure 7E and statistical
analysis of the subcellular localization in Table 1 that is widely
A

B

FIGURE 2 | Knockdown of BFRF1 during EBV lytic infection increases the
transcriptional activations of IFN-b and ISG. (A) Hone1-EBV cells were co-
transfected with reporter IFN-b-Luc, BZLF1-HA expression plasmid and pSuper-
shBFRF1-retro-puro or pSuper-shRandom-retro-puro expression plasmid. At
24 h post-transfection, cells were mock-infected or infected with 100 HAU/ml
SeV for 16 h. Cell lysates were then collected, and luciferase activity was
measured by DLR. (B) Hone1-EBV cells were co-transfected with BZLF1-HA
expression plasmid and pSuper-shBFRF1-retro-puro or pSuper-shRandom-
retro-puro expression plasmid. At 24 h post-transfection, cells were mock-
infected or infected with 100 HAU/ml SeV for 16 h. Cells were then lysed and
RNA was extracted for reverse transcription into cDNA and qPCR analysis for the
mRNA levels of IFN-b and ISG54, and RT-PCR analysis for the mRNA levels of
BFRF1, BZLF1, and GAPDH. Statistical analysis was performed using Student’s
t test. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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applied in many studies (70, 77–80), IRF3 was localized
exclusively in the cytoplasm in mock-infected HeLa cells, while
most of IRF3 translocated into the nucleus after SeV stimulation.
However, IRF3 was restricted in the cytoplasm in BFRF1
expressing cells. These results indicated that SeV-induced IRF3
nuclear translocation was conspicuously inhibited by BFRF1.
DISCUSSION

Innate immunity is an ancient and conserved defense that
rapidly responds to pathogen invasion. However, viruses have
evolved diverse strategies to overcome the host antiviral
responses for their survivals. EBV is the first identified human
cancer virus, which has developed a series of elaborate and
sophisticated strategies to escape host immune system (12, 81–
85). In addition to the EBV-encoded products (BGLF4, BZLF1,
BRLF1, LMP2A, LMP2B, and miR-BART6-3p) described in the
introduction, EBV-encoded BILF4 (LF2) also can bind to IRF7 to
restrain its activity and subsequent IFN promoter activation (86),
EBNA2 can inhibit IFN-I signaling by reducing or abolishing the
Frontiers in Immunology | www.frontiersin.org 7
expression of distinct ISGs (87). Besides, EBV-induced host miR-
146 can target TRAF6, IRAK1, and IRAK2 to attenuate IFN-I
production in macrophages (88).

To further explore whether there are other EBV-encoded
proteins can inhibit RLR-mediated IFN-b production, a
screening of EBV proteins for their abilities to block SeV-
induced activation of IFN-b promoter was performed.
Interestingly, EBV early lytic protein BFRF1 was found to
significantly inhibit SeV-stimulated IFN-b production. While
previous study demonstrates that BFRF1 is essential for the
efficient primary viral envelopment and egress (28), it’s not
known that BFRF1 is involved in the regulation of IFN-I
signaling pathway. In the present study, we showed that
BFRF1 blocked the activation of IRF3 promoter (but not IRF7
or NF-kB) through specifically targeted the IKK-related kinase
IKKi (but not TBK1) and affected its kinase activity but did not
alter the interaction of IKKi and IRF3, which finally inhibited
RLR-induced phosphorylation, dimerization, and nuclear
translocation of IRF3. These results are similar with previous
reports that viral proteins can inhibit the RLR pathway at the
level of IRF3 upstream but cannot restrain the downstream
A B

DC

FIGURE 3 | BFRF1 restrains the activation of IRF3 promoter, but not IRF7 or NF-kB promoter. Vector, BFRF1-Flag (100 or 500 ng) or BGLF4-HA (500 ng)
expression plasmid was co-transfected with pRL-TK control plasmid and IRF3-Luc (A), IRF7-Luc (B), or NF-kB-Luc (C, D) reporter plasmid into HEK293T cells. At
24 h post-transfection, cells were infected with 100 HAU/ml SeV for 16 h. Cell lysates were then collected, and luciferase activity was measured by DLR. The
expression of BFRF1 or BGLF4 protein was also detected by WB using anti-Flag or anti-HA mAb, and b-actin was used to verify equal loading of protein in each
lane. Statistical analysis was performed using student’s t test. ns, not significant; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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adaptor mediated-promoter activity (89–91). Taken together (as
shown in Figure 8), these data indicated that BFRF1 abrogated
IFN-b production by blocking IRF3 activation, which may be
important for viral maturation and nuclear egress.

The result that BFRF1 targets to IKKi but not TBK1 was
unpredictable, because TBK1 takes a predominant role in the
production of IFN-I in response to dsRNA and viral stimulation
(92–94) However, the IFN-I production was not influenced in
Frontiers in Immunology | www.frontiersin.org 8
TBK1-deficient macrophages (93), suggesting IKKi is also
essential for the optimal induction of IFN-I. Therefore, the
roles of TBK1 and IKKi indicate that IRF3 phosphorylation in
cells involves a complicated requiring of both kinases (95). Here,
we speculate that BFRF1 may bind to the kinase domain of IKKi
and intercept its autocatalytic activity to phosphorylate IRF3, or
BFRF1 may sequester IKKi into an inactive complex (95, 96).
The interaction of BFRF1 with IKKi may also compete for the
A B

D

E F

C

FIGURE 4 | BFRF1 dose-dependent represses IFN-b promoter activity at the level of IKKi. IFN-b-Luc reporter and pRL-TK control plasmid were co-transfected with
RIG-IN (A), IPS-1 (B), TBK1 (C), IKKi (D), IRF3/5D (E), or IRF7/6D (F) expression plasmid into HEK293T cells, together with the indicated amounts of BFRF1
expression plasmid for 24 h, then luciferase activity was analyzed by DLR. The expressions of related adaptor and viral proteins were also detected by WB using
specific tag Abs, and b-actin was used to verify equal loading of protein in each lane. Statistical analysis was performed using Student’s t test. ns, not significant;
**P < 0.01; ***P < 0.001.
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FIGURE 5 | BFRF1 co-localizes and interacts with IKKi. (A) COS-7 cells were transfected with expression plasmid pIKKi-HA or BFRF1-Flag, or co-transfected with
plasmids combination pIKKi-HA and BFRF1-Flag. At 24 h post-transfection, IFA analysis was performed with primary Abs anti-HA and anti-Flag mAb, and their
corresponding fluorescent secondary Abs FITC-conjugated goat anti-mouse IgG (green) and RBITC-conjugated goat anti-rabbit IgG (red), respectively. Cells were
counterstained with Hoechst to visualize the nuclear DNA (blue) for 5 to 10 min. Images were obtained by confocal microscopy using a 63× lens objective. All scale
bars indicate 10 mm. (B, C) HEK293T cells were transfected with plasmid BFRF1-Flag (C) or co-transfected with plasmids combination BFRF1-Flag and pIKKi-Myc
(B). At 24 h post-transfection, cells were lysed and immunoprecipitated with anti-Flag mAb or mouse nonspecific IgG, then WB analysis was performed using the
indicated Abs. (D–H) HEK293T cells were co-transfected with plasmids combination of pRIG-I-Flag/pBFRF1-Myc (D), pIPS-1-Flag/pBFRF1-Myc (E), pTBK1-Flag/
pBFRF1-Myc (F), pTRAF3-Flag/pBFRF1-Myc (G), or pIRF3-Flag/pBFRF1-Myc (H). At 24 h post-transfection, cells were lysed and immunoprecipitated with anti-Flag
mAb or mouse nonspecific IgG, then WB analysis was performed using the indicated Abs.
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association of IKKi to IRF3 (but not IRF7) to inhibit IRF3 (but
not IRF7) binding to its corresponding binding site on the IFN-b
promoter (97). It is conceivable that BFRF1 interacting with IKKi
may also disturb the function of TBK1. After further
investigation (Figure 6), we confirmed that the association of
BFRF1 with IKKi did not disturb the binding of IKKi to IRF3, but
BFRF1 could block the catalytic activity of IKKi. Accordingly, the
specificity of BFRF1 for IKKi would be favorable for persistent
EBV to circumvent the host innate immunity.

IRF3 is an essential transcriptional factor in antiviral process,
which is required for the expression of IFN-I and many other
genes. Previous works have suggested a dual phosphorylation-
dependent mechanism regulates the activation of IRF3.
Specifically, Ser 385 and 386 comprise “site 1,” and Ser 396,
398, 402, 405, and Thr 404 comprise “site 2” (94, 98). The
phosphorylation of both site 1 and site 2 are required for the full
activation of IRF3 (99). Upon viral infection, cellular TBK1- and
IKKi-mediated phosphorylation of serines 385 and 386 and the
serine/threonine cluster between amino acids 396 and 405 of
IRF3 lead to its conformational change and activation (100–102).
Here, the Ser 396 is essential for IRF3 activation, especially after
viral infection. Therefore, we investigated whether the
phosphorylation of IRF3 (Ser 396) was inhibited by BFRF1
during ectopic expression and EBV lytic infection, and our
results confirmed this speculation. Of course, it does not
exclude the possibility that the IRF3 phosphorylation of other
sites are also inhibited.

Since IRF3 plays a central role in the innate immune response,
it’s not surprising many viral proteins can disrupt IRF3 activation.
HSV-1 VP24 protein binds IRF3 to prevent TBK1/IRF3
interaction and block the phosphorylation and dimerization of
IRF3 during viral infection (103). Encephalomyocarditis virus 3C
protein disrupts the TANK-TBK1-IKKi-IRF3 tetramer formation
and decreases TBK1- and IKKi-mediated IRF3 phosphorylation
and IFN-I production (104). Heartland virus NSs protein
Frontiers in Immunology | www.frontiersin.org 10
interacts with TBK1 and blocks TBK1/IRF3 interaction to
constrain the activation of IRF3 (105). Paramyxovirus V
protein interacts with IKKi/TBK1 to act as their substrates to
inhibit IRF3 phosphorylation and its activation (106).
Thrombocytopenia syndrome bunyavirus nonstructural protein
NSs can interact with TBK1 to sequester the IKK complex to
restrict phosphorylated IRF3 translocates into the nucleus (107).
While in this study, BFRF1 was proved to interact with IKKi, but
may not RIG-I, IPS-1, TBK1, TRAF3, or IRF3 (since we cannot
completely rule out that the antibodies used in this study may not
work well in the Co-IP experiments), to abrogate IFN-b
production by blocking IRF3 phosphorylation, dimerization,
and nuclear translocation.

It’s believed that analyzing the transcriptional expression level
of BFRF1 in plasmid transfected cells and EBV lytic infected cells
induced from EBV latent cells can help us to confirm whether the
plasmid transfected BFRF1 has similar inhibitory effect of IFN-b
production with that of BFRF1 during EBV infection. Although
we did not have EBV-positive Akata cell line (EBV latent B cells),
EBV-positive Hone1 cell line was selected as a representative
cellular model because it grow better and is suitable for related in
vitro and in vivo experiments (108), which is also widely used in
the related studies of EBV lytic infection from latency (109–115).
Simultaneously, studies have shown that the expression levels of
BFRF1 at different time points in plasmid transfected cells are
consistent with that of the EBV lytic infected cells induced from
EBV latent cells (116, 117). Therefore, it can be concluded that
the inhibitory effect of BFRF1 on IFN-b production during
plasmid transfection is not an illusion, and BFRF1 also has
similar inhibitory effect on IFN-b during EBV lytic infection,
which was confirmed in EBV-positive Hone1 cells of our study
(Figures 2, 7).

As mentioned above, BFRF1 is reported to take a very
important role in the nucleocapsid release and viral maturation
of EBV, and deletion of BFRF1 will lead to a serious decrease in
BA

FIGURE 6 | BFRF1 cannot affect the interaction between IKKi and IRF3 but inhibit the kinase activity of IKKi. (A) HEK293T cells were co-transfected with plasmids
combination of pIKKi-HA/pIRF3-Flag or pIKKi-HA/pIRF3-Flag/pBFRF1-Myc, at 24 h post-transfection, cells were lysed and immunoprecipitated with anti-Flag mAb,
then WB analysis was performed using the indicated Abs. (B) HEK293T cells was transfected with expression plasmid of BFRF1-Flag or IKKi-Myc, or co-transfected
with plasmids combination of pIKKi-Myc/pBFRF1-Flag, at 24 h post-transfection, cells were lysed and WB analysis was performed using the indicated Abs.
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FIGURE 7 | BFRF1 blocks the SeV-induced phosphorylation, dimerization, and nuclear translocation of IRF3. (A, B) HEK293T cells were transfected with vector or
Flag-tagged BFRF1 expression plasmid. At 24 h post-transfection, cells were mock-infected or infected with 100 HAU/ml SeV for 8 or 16 h. Then, whole-cell
extracts were prepared and subjected to IRF3 phosphorylation analysis (A) for phosphorylated IRF3 (Ser396), total IRF3, b-actin, BFRF1-Flag, and native PAGE
analysis (B) for IRF3 dimerization, using related Abs as indicated. (C, D) Hone1-EBV cells were co-transfected with BZLF1-HA expression plasmid and pSuper-
shBFRF1-retro-puro or pSuper-shRandom-retro-puro expression plasmid. At 24 h post-transfection, cells were mock-infected or infected with 100 HAU/ml SeV for
16 h. Then, whole-cell extracts were prepared and subjected to IRF3 phosphorylation analysis (C) and native PAGE analysis (D), as indicated in (A, B), respectively.
(E) HeLa cells were transfected with vector or Myc-tagged BFRF1 expression plasmid, at 24 h post-transfection, cells were mock-infected or infected with 100 HAU/
ml SeV for 16 h. Cells were then probed with primary Abs mouse anti-Myc mAb and rabbit anti-IRF3 pAb, and secondary Abs FITC-conjugated goat anti-mouse IgG
(green) and Cy5-conjugated goat anti-rabbit IgG (red), respectively. Cells were counterstained with Hoechst to visualize the nuclear DNA (blue). Images were
obtained by confocal microscopy using a 63× lens objective. All scale bars indicate 10 mm. Statistical analysis of the subcellular localization of IRF3 in the absence or
presence of BFRF1 was shown in Table 1.
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viral production (27, 28). In addition, our study found that
overexpression of BFRF1 could down-regulate IFN-b
production, and knocking down the expression of BFRF1 in
EBV lytic infected Hone1 cells could increase IFN-b production,
which is speculated inevitably inhibit the proliferation of EBV.
Therefore, if the cells are infected with wild-type EBV and BFRF1
knocked-out EBV, or BFRF1 is knocked down in EBV lytic
infection cells induced from EBV latent Hone1 cells, it cannot
directly make a conclusion that whether the decrease of EBV
production is directly caused by the BFRF1 inhibitory effect of
IFN-b, because BFRF1 knockout or knockdown itself will limit
Frontiers in Immunology | www.frontiersin.org 12
the release and maturation of EBV nucleocapsid, which finally
reduces the viral production.

To date, six EBV-encoded proteins (BZLF1, BGLF4, LMP2A,
LMP2B, LF2, and BRLF1) and three EBV-related RNAs (EBNA2,
miR-146, and miR-BART-3p) have been implicated in inhibiting
the production of IFN-I. In this study, the EBV early lytic protein
BFRF1 was demonstrated to be a novel antagonist of IFN-b
production, with evidence that BFRF1 regulated the interferon
antiviral response by inhibiting IRF3 activation. This finding will
lead to a better understanding of the mechanisms employed by
EBV to dampen host antiviral signaling and provide information
TABLE 1 | Subcellular localization of IRF3 in the presence of EBV BFRF1.

Host
protein

Cells transfected with
vector or BFRF1

expression plasmid

Cells
treated
with
SeV

Total number of
cells transfected
with vector or

BFRF1 expression
plasmid

Subcellular localization
pattern of IRF3 in cells

transfected with vector or
BFRF1 expression plasmid

Number of subcellular
localization change of

IRF3 in cells transfected
with vector or BFRF1
expression plasmid

Percentage of subcellular
localization change of IRF3 in
cells transfected with vector or

BFRF1 expression plasmid

IRF3 Vector − 20 Pan-cytoplasmic 0 0
IRF3 Vector + 20 Nuclear 1 5
IRF3 BFRF1-Myc − 20 Pan-cytoplasmic 0 0
IRF3 BFRF1-Myc + 20 Pan-cytoplasmic or pan-cellular 15 75
December 2
HeLa cells were transfected with Myc vector or BFRF1-Myc expression plasmid. At 24 h post-transfection, cells were treated with or without 100 HAU/ml SeV for 16 h. Then, cells were
examined for the subcellular localization pattern of IRF3 by IFA.
FIGURE 8 | Schematic diagram of EBV early protein BFRF1 inhibiting RLR-mediated IFN-b signaling pathway. RNA helicase RIG-I is activated by upstream
stimulation, which signals through IPS-1 to activate the kinases TBK1 and IKKi, then TBK1/IKKi complex phosphorylates IRF3, this leads to the induction of
phosphorylation, dimerization, and the nuclear translocation of IRF3 and subsequent IFN-I production. In this study, EBV-encoded early lytic protein BFRF1 is shown
to repress IFN-b transcriptional activity by interacting with IKKi to inhibit the phosphorylation, dimerization, and nuclear accumulation of IRF3. The red line (↕) shows
that BFRF1 interacts with IKKi, and red line (T) shows that BFRF1 suppresses the phosphorylation, dimerization, and nuclear translocation of IRF3.
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for the development of therapeutic interventions to modulate
EBV pathogenesis.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.
AUTHOR CONTRIBUTIONS

MSC and MLL conceived and designed the experiments. PW,
YXD, YJG, ZX, YWL, XWO, LX, MJL, JYZ, BLL, LH, and SYD
performed the experiments. MLL, MSC, and PW analyzed the
data. TP consulted and advised on the research. PW, MSC, and
MLL wrote the paper. All authors contributed to the article and
approved the submitted version.
FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (81772179); the Natural Science
Foundation of Guangdong Province (2114050001144,
2019A1515010395 and 2018A0303130257); the Regular
University Distinguished Innovation Project from Education
Department of Guangdong Province, China (2018KTSCX184
and 2020KTSCX098); the Scientific Research Project of
Shenzhen Health and Family Planning System (SZBC2018009);
the Guangzhou Health & Medical Collaborative Innovation
Program (201803040007); the Guangzhou Innovation &
Entrepreneurship Leading Team Program (CYLJTD-201602);
the Guangzhou Entrepreneurship Leading Talents Program
(LYC201315); the Science and Technology Program of
Guangzhou Development District (2018-L081); the High-Level
Universities Academic Backbone Development Program of
Guangzhou Medical University; and the National, Provincial
Frontiers in Immunology | www.frontiersin.org 13
and College Training Programs of Innovation and Entrepreneur-
ship for Undergraduates in Guangzhou Medical University
(2018A113, 2019A096, 2019A107, and S201910570088).
ACKNOWLEDGMENTS

We are very grateful to John Hiscott (IFN-b-Luc), Rongtuan Lin
(ISRE-Luc and pIKKi-Flag), Stephan Ludwig (IRF3-Luc), M.
Pitha (IRF7-Luc), Takashi Fujita (pRIG-IN-Flag), Takemasa
Sakaguchi (pIRF3-HA), Yi-Ling Lin (pIRF3-Flag, pIRF3/5D-
Flag, and pIRF7/6D-Flag), Chunfu Zheng (pTBK1-Myc and
pRIG-I-Flag), and Jun Cui (pMAVS-Flag, pIKKi-Myc,
pTRAF3-Flag, and pTBK1-Flag) for the gifts of related plasmids.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2020.513383/
full#supplementary-material

SUPPLEMENTARY FIGURE 1 | Original western blot results of Fig. 1.

SUPPLEMENTARY FIGURE 2 | Original western blot results of Fig. 3.

SUPPLEMENTARY FIGURE 3 | Original western blot results of Fig. 4A-B.

SUPPLEMENTARY FIGURE 4 | Original western blot results of Fig. 4C-D.

SUPPLEMENTARY FIGURE 5 | Original western blot results of Fig. 4E-F.

SUPPLEMENTARY FIGURE 6 | Original western blot results of Fig. 5B-C.

SUPPLEMENTARY FIGURE 7 | Original western blot results of Fig. 5D-H.

SUPPLEMENTARY FIGURE 8 | Original western blot results of Fig. 6A.

SUPPLEMENTARY FIGURE 9 | Original western blot results of Fig. 6B.

SUPPLEMENTARY FIGURE 10 | Original western blot results of Fig. 7A-B.

SUPPLEMENTARY FIGURE 11 | Original western blot results of Fig. 7C-D.
REFERENCES
1. Kadowaki N, Antonenko S, Lau JY, Liu YJ. Natural interferon alpha/beta-

producing cells link innate and adaptive immunity. J Exp Med (2000) 192
(2):219–26. doi: 10.1084/jem.192.2.219

2. Kumar H, Kawai T, Akira S. Toll-like receptors and innate immunity.
Biochem Biophys Res Commun (2009) 388(4):621–5. doi: 10.1016/j.
bbrc.2009.08.062

3. Loo YM, Fornek J, Crochet N, Bajwa G, Perwitasari O, Martinez-Sobrido L,
et al. Distinct RIG-I and MDA5 signaling by RNA viruses in innate
immunity. J Virol (2008) 82(1):335–45. doi: 10.1128/JVI.01080-07

4. Sabbah A, Chang TH, Harnack R, Frohlich V, Tominaga K, Dube PH, et al.
Activation of innate immune antiviral responses by Nod2. Nat Immunol
(2009) 10(10):1073–80. doi: 10.1038/ni.1782

5. Takeuchi O, Akira S. Innate immunity to virus infection. Immunol Rev
(2009) 227(1):75–86. doi: 10.1111/j.1600-065X.2008.00737.x

6. Hovanessian AG. On the discovery of interferon-inducible, double-stranded
RNA activated enzymes: the 2’-5’oligoadenylate synthetases and the protein
kinase PKR. Cytokine Growth Factor Rev (2007) 18(5-6):351–61.
doi: 10.1016/j.cytogfr.2007.06.003

7. Medzhitov R. Recognition of microorganisms and activation of the immune
response. Nature (2007) 449(7164):819–26. doi: 10.1038/nature06246

8. Platanias LC. Mechanisms of type-I- and type-II-interferon-mediated
signalling. Nat Rev Immunol (2005) 5(5):375–86. doi: 10.1038/nri1604

9. Maeda E, Akahane M, Kiryu S, Kato N, Yoshikawa T, Hayashi N, et al.
Spectrum of Epstein-Barr virus-related diseases: a pictorial review. Jpn J
Radiol (2009) 27(1):4–19. doi: 10.1007/s11604-008-0291-2

10. Samanta M, Iwakiri D, Kanda T, Imaizumi T, Takada K. EB virus-encoded
RNAs are recognized by RIG-I and activate signaling to induce type I IFN.
EMBO J (2006) 25(18):4207–14. doi: 10.1038/sj.emboj.7601314

11. Samanta M, Iwakiri D, Takada K. Epstein-Barr virus-encoded small RNA
induces IL-10 through RIG-I-mediated IRF-3 signaling. Oncogene (2008) 27
(30):4150–60. doi: 10.1038/onc.2008.75

12. Xu D, Brumm K, Zhang L. The latent membrane protein 1 of Epstein-Barr
virus (EBV) primes EBV latency cells for type I interferon production. J Biol
Chem (2006) 281(14):9163–9. doi: 10.1074/jbc.M511884200
December 2020 | Volume 11 | Article 513383

https://www.frontiersin.org/articles/10.3389/fimmu.2020.513383/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2020.513383/full#supplementary-material
https://doi.org/10.1084/jem.192.2.219
https://doi.org/10.1016/j.bbrc.2009.08.062
https://doi.org/10.1016/j.bbrc.2009.08.062
https://doi.org/10.1128/JVI.01080-07
https://doi.org/10.1038/ni.1782
https://doi.org/10.1111/j.1600-065X.2008.00737.x
https://doi.org/10.1016/j.cytogfr.2007.06.003
https://doi.org/10.1038/nature06246
https://doi.org/10.1038/nri1604
https://doi.org/10.1007/s11604-008-0291-2
https://doi.org/10.1038/sj.emboj.7601314
https://doi.org/10.1038/onc.2008.75
https://doi.org/10.1074/jbc.M511884200
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wang et al. EBV BFRF1 Inhibits the Activation of IRF3
13. Kanda K, Kempkes B, Bornkamm GW, von Gabain A, Decker T. The
Epstein-Barr virus nuclear antigen 2 (EBNA2), a protein required for B
lymphocyte immortalization, induces the synthesis of type I interferon in
Burkitt’s lymphoma cell lines. Biol Chem (1999) 380(2):213–21.
doi: 10.1515/BC.1999.029

14. Wang JT, Doong SL, Teng SC, Lee CP, Tsai CH, Chen MR. Epstein-Barr
virus BGLF4 kinase suppresses the interferon regulatory factor 3 signaling
pathway. J Virol (2009) 83(4):1856–69. doi: 10.1128/JVI.01099-08

15. Hahn AM, Huye LE, Ning S, Webster-Cyriaque J, Pagano JS. Interferon
regulatory factor 7 is negatively regulated by the Epstein-Barr virus
immediate-early gene, BZLF-1. J Virol (2005) 79(15):10040–52.
doi: 10.1128/JVI.79.15.10040-10052.2005

16. Bentz GL, Liu R, Hahn AM, Shackelford J, Pagano JS. Epstein-Barr virus
BRLF1 inhibits transcription of IRF3 and IRF7 and suppresses induction of
interferon-beta. Virology (2010) 402(1):121–8. doi: 10.1016/j.virol.
2010.03.014

17. Shah KM, Stewart SE, Wei W, Woodman CB, O’Neil JD, Dawson CW, et al.
The EBV-encoded latent membrane proteins, LMP2A and LMP2B, limit the
actions of interferon by targeting interferon receptors for degradation.
Oncogene (2009) 28(44):3903–14. doi: 10.1038/onc.2009.249

18. Lu Y, Qin Z, Wang J, Zheng X, Lu J, Zhang X, et al. Epstein-Barr Virus miR-
BART6-3p Inhibits the RIG-I Pathway. J Innate Immun (2017) 9(6):574–86.
doi: 10.1159/000479749

19. Reynolds AE, Ryckman BJ, Baines JD, Zhou Y, Liang L, Roller RJ. UL31 and
UL34 Proteins of Herpes Simplex Virus Type 1 Form a Complex That
Accumulates at the Nuclear Rim and Is Required for Envelopment of
Nucleocapsids. J Virol (2001) 75(18):8803–17. doi: 10.1128/jvi.75.18.8803-
8817.2001

20. Roller RJ, Zhou Y, Schnetzer R, Ferguson J, DeSalvo D. Herpes simplex virus
type 1 U(L)34 gene product is required for viral envelopment. J Virol (2000)
74(1):117–29. doi: 10.1128/JVI.74.1.117-129.2000

21. Reynolds AE, Liang L, Baines JD. Conformational changes in the nuclear
lamina induced by herpes simplex virus type 1 require genes U(L)31 and U
(L)34. J Virol (2004) 78(11):5564–75. doi: 10.1128/JVI.78.11.5564-5575.2004

22. Simpson-Holley M, Baines J, Roller R, Knipe DM. Herpes simplex virus 1 U
(L)31 and U(L)34 gene products promote the late maturation of viral
replication compartments to the nuclear periphery. J Virol (2004) 78
(11):5591–600. doi: 10.1128/JVI.78.11.5591-5600.2004

23. Reynolds AE, Wills EG, Roller RJ, Ryckman BJ, Baines JD. Ultrastructural
Localization of the Herpes Simplex Virus Type 1 UL31, UL34, and US3
Proteins Suggests Specific Roles in Primary Envelopment and Egress of
Nucleocapsids. J Virol (2002) 76(17):8939–52. doi: 10.1128/jvi.76.17.8939-
8952.2002

24. Lotzerich M, Ruzsics Z, Koszinowski UH. Functional domains of murine
cytomegalovirus nuclear egress protein M53/p38. J Virol (2006) 80(1):73–84.
doi: 10.1128/JVI.80.1.73-84.2006

25. Farina A, Santarelli R, Bloise R, Gonnella R, Granato M, Bei R, et al. KSHV
ORF67 encoded lytic protein localizes on the nuclear membrane and alters
emerin distribution. Virus Res (2013) 175(2):143–50. doi: 10.1016/
j.virusres.2013.04.001

26. Farina A, Santarelli R, Gonnella R, Bei R, Muraro R, Cardinali G, et al. The
BFRF1 gene of Epstein-Barr virus encodes a novel protein. J Virol (2000) 74
(7):3235–44. doi: 10.1128/JVI.74.7.3235-3244.2000

27. Lee CP, Liu PT, Kung HN, Su MT, Chua HH, Chang YH, et al. The ESCRT
machinery is recruited by the viral BFRF1 protein to the nucleus-associated
membrane for the maturation of Epstein-Barr Virus. PloS Pathog (2012) 8
(9):e1002904. doi: 10.1371/journal.ppat.1002904

28. Farina A, Feederle R, Raffa S, Gonnella R, Santarelli R, Frati L, et al. BFRF1 of
Epstein-Barr virus is essential for efficient primary viral envelopment and
egress. J Virol (2005) 79(6):3703–12. doi: 10.1128/JVI.79.6.3703-3712.2005

29. Lake CM, Hutt-Fletcher LM. The Epstein–Barr virus BFRF1 and BFLF2
proteins interact and coexpression alters their cellular localization. Virology
(2004) 320(1):99–106. doi: 10.1016/j.virol.2003.11.018

30. Gonnella R, Farina A, Santarelli R, Raffa S, Feederle R, Bei R, et al.
Characterization and Intracellular Localization of the Epstein-Barr Virus
Protein BFLF2: Interactions with BFRF1 and with the Nuclear Lamina.
J Virol (2005) 79(6):3713–27. doi: 10.1128/jvi.79.6.3713-3727.2005
Frontiers in Immunology | www.frontiersin.org 14
31. Countryman J, Miller G. Activation of expression of latent Epstein-Barr
herpesvirus after gene transfer with a small cloned subfragment of
heterogeneous viral DNA. Proc Natl Acad Sci USA (1985) 82(12):4085–9.
doi: 10.1073/pnas.82.12.4085

32. Murata T, Tsurumi T. Epigenetic modification of the Epstein-Barr virus
BZLF1 promoter regulates viral reactivation from latency. Front Genet
(2013) 4:53. doi: 10.3389/fgene.2013.00053

33. Kanda T, Shibata S, Saito S, Murata T, Isomura H, Yoshiyama H, et al.
Unexpected instability of family of repeats (FR), the critical cis-acting
sequence required for EBV latent infection, in EBV-BAC systems. PloS
One (2011) 6(11):e27758. doi: 10.1371/journal.pone.0027758

34. Li M, Chen T, Zou X, Xu Z, Wang Y, Wang P, et al. Characterization of the
Nucleocytoplasmic Transport Mechanisms of Epstein-Barr Virus BFLF2.
Cell Physiol Biochem (2018) 53(8):1500–17. doi: 10.1159/000495641

35. Li M, Jiang S, Wang J, Mo C, Zeng Z, Yang Y, et al. Characterization of the
nuclear import and export signals of pseudorabies virus UL31. Arch Virol
(2015) 160(10):2591–4. doi: 10.1007/s00705-015-2527-7

36. Cai M, Chen D, Zeng Z, Yang H, Jiang S, Li X, et al. Characterization of the
nuclear import signal of herpes simplex virus 1 UL31. Arch Virol (2016) 161
(9):2379–85. doi: 10.1007/s00705-016-2910-z

37. Li M, Zou X, Wang Y, Xu Z, Ou X, Li Y, et al. The nuclear localization signal-
mediated nuclear targeting of herpes simplex virus 1 early protein UL2 is
important for efficient viral production. Aging (2020) 12(3):2921–38.
doi: 10.18632/aging.102786

38. Hao Y, Huang Y, Chen J, Li J, Yuan Y, Wang M, et al. Exopolysaccharide
from Cryptococcus heimaeyensis S20 induces autophagic cell death in non-
small cell lung cancer cells via ROS/p38 and ROS/ERK signalling. Cell Prolif
(2020) 53(8):e12869. doi: 10.1111/cpr.12869

39. Shelton SB, Shah NM, Abell NS, Devanathan SK, Mercado M, Xhemalce B.
Crosstalk between the RNA Methylation and Histone-Binding Activities of
MePCE Regulates P-TEFb Activation on Chromatin. Cell Rep (2018) 22
(6):1374–83. doi: 10.1016/j.celrep.2018.01.028

40. Overmiller AM, Pierluissi JA, Wermuth PJ, Sauma S, Martinez-Outschoorn U,
Tuluc M, et al. Desmoglein 2 modulates extracellular vesicle release from
squamous cell carcinoma keratinocytes. FASEB J (2017) 31(8):3412–24.
doi: 10.1096/fj.201601138RR

41. Cai M, Ou X, Li Y, Zou X, Xu Z, Wang Y, et al. Molecular anatomy of the
subcellular localization and nuclear import mechanism of herpes simplex
virus 1 UL6. Aging (Albany NY) (2020) 12(7):5751–63. doi: 10.18632/
aging.102965

42. Martin KR, Kantari-Mimoun C, Yin M, Pederzoli-Ribeil M, Angelot-
Delettre F, Ceroi A, et al. Proteinase 3 Is a Phosphatidylserine-binding
Protein That Affects the Production and Function of Microvesicles. J Biol
Chem (2016) 291(20):10476–89. doi: 10.1074/jbc.M115.698639

43. Kim S, Jho EH. The protein stability of Axin, a negative regulator of Wnt
signaling, is regulated by Smad ubiquitination regulatory factor 2 (Smurf2).
J Biol Chem (2010) 285(47):36420–6. doi: 10.1074/jbc.M110.137471

44. Toth AM, Li Z, Cattaneo R, Samuel CE. RNA-specific adenosine deaminase
ADAR1 suppresses measles virus-induced apoptosis and activation of
protein kinase PKR. J Biol Chem (2009) 284(43):29350–6. doi: 10.1074/
jbc.M109.045146

45. Yap CC, Digilio L, Kruczek K, Roszkowska M, Fu XQ, Liu JS, et al. A
dominant dendrite phenotype caused by the disease-associated G253D
mutation in doublecortin (DCX) is not due to its endocytosis defect. J Biol
Chem (2018) 293(49):18890–902. doi: 10.1074/jbc.RA118.004462

46. Coulombe P, Paliouras GN, Clayton A, Hussainkhel A, Fuller M, Jovanovic V,
et al. Endothelial Sash1 Is Required for Lung Maturation through Nitric Oxide
Signaling. Cell Rep (2019) 27(6):1769–80. doi: 10.1016/j.celrep.2019.04.039

47. Ballare C, Lange M, Lapinaite A, Martin GM, Morey L, Pascual G, et al.
Phf19 links methylated Lys36 of histone H3 to regulation of Polycomb
activity. Nat Struct Mol Biol (2012) 19(12):1257–65. doi: 10.1038/nsmb.2434

48. Zhu H, Wang N, Yao L, Chen Q, Zhang R, Qian J, et al. Moderate UV
Exposure Enhances Learning and Memory by Promoting a Novel Glutamate
Biosynthetic Pathway in the Brain. Cell (2018) 173(7):1716–27. doi: 10.1016/
j.cell.2018.04.014

49. Lin R, Lacoste J, Nakhaei P, Sun Q, Yang L, Paz S, et al. Dissociation of a
MAVS/IPS-1/VISA/Cardif-IKKepsilon molecular complex from the
December 2020 | Volume 11 | Article 513383

https://doi.org/10.1515/BC.1999.029
https://doi.org/10.1128/JVI.01099-08
https://doi.org/10.1128/JVI.79.15.10040-10052.2005
https://doi.org/10.1016/j.virol.2010.03.014
https://doi.org/10.1016/j.virol.2010.03.014
https://doi.org/10.1038/onc.2009.249
https://doi.org/10.1159/000479749
https://doi.org/10.1128/jvi.75.18.8803-8817.2001
https://doi.org/10.1128/jvi.75.18.8803-8817.2001
https://doi.org/10.1128/JVI.74.1.117-129.2000
https://doi.org/10.1128/JVI.78.11.5564-5575.2004
https://doi.org/10.1128/JVI.78.11.5591-5600.2004
https://doi.org/10.1128/jvi.76.17.8939-8952.2002
https://doi.org/10.1128/jvi.76.17.8939-8952.2002
https://doi.org/10.1128/JVI.80.1.73-84.2006
https://doi.org/10.1016/j.virusres.2013.04.001
https://doi.org/10.1016/j.virusres.2013.04.001
https://doi.org/10.1128/JVI.74.7.3235-3244.2000
https://doi.org/10.1371/journal.ppat.1002904
https://doi.org/10.1128/JVI.79.6.3703-3712.2005
https://doi.org/10.1016/j.virol.2003.11.018
https://doi.org/10.1128/jvi.79.6.3713-3727.2005
https://doi.org/10.1073/pnas.82.12.4085
https://doi.org/10.3389/fgene.2013.00053
https://doi.org/10.1371/journal.pone.0027758
https://doi.org/10.1159/000495641
https://doi.org/10.1007/s00705-015-2527-7
https://doi.org/10.1007/s00705-016-2910-z
https://doi.org/10.18632/aging.102786
https://doi.org/10.1111/cpr.12869
https://doi.org/10.1016/j.celrep.2018.01.028
https://doi.org/10.1096/fj.201601138RR
https://doi.org/10.18632/aging.102965
https://doi.org/10.18632/aging.102965
https://doi.org/10.1074/jbc.M115.698639
https://doi.org/10.1074/jbc.M110.137471
https://doi.org/10.1074/jbc.M109.045146
https://doi.org/10.1074/jbc.M109.045146
https://doi.org/10.1074/jbc.RA118.004462
https://doi.org/10.1016/j.celrep.2019.04.039
https://doi.org/10.1038/nsmb.2434
https://doi.org/10.1016/j.cell.2018.04.014
https://doi.org/10.1016/j.cell.2018.04.014
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wang et al. EBV BFRF1 Inhibits the Activation of IRF3
mitochondrial outer membrane by hepatitis C virus NS3-4A proteolytic
cleavage. J Virol (2006) 80(12):6072–83. doi: 10.1128/JVI.02495-05

50. Zhao T, Yang L, Sun Q, Arguello M, Ballard DW, Hiscott J, et al. The NEMO
adaptor bridges the nuclear factor-kappaB and interferon regulatory factor
signaling pathways. Nat Immunol (2007) 8(6):592–600. doi: 10.1038/ni1465

51. Ehrhardt C, Kardinal C, Wurzer WJ, Wolff T, von Eichel-Streiber C,
Pleschka S, et al. Rac1 and PAK1 are upstream of IKK-epsilon and TBK-1
in the viral activation of interferon regulatory factor-3. FEBS Lett (2004) 567
(2-3):230–8. doi: 10.1016/j.febslet.2004.04.069

52. Lu R, Au W-C, Yeow W-S, Hageman N, Pitha PM. Regulation of the
Promoter Activity of Interferon Regulatory Factor-7 Gene. J Biol Chem
(2000) 275(41):31805–12. doi: 10.1074/jbc.M005288200

53. YoneyamaM, KikuchiM, Natsukawa T, Shinobu N, Imaizumi T, MiyagishiM,
et al. The RNA helicase RIG-I has an essential function in double-stranded
RNA-induced innate antiviral responses. Nat Immunol (2004) 5(7):730–7.
doi: 10.1038/ni1087

54. Irie T, Kiyotani K, Igarashi T, Yoshida A, Sakaguchi T. Inhibition of
interferon regulatory factor 3 activation by paramyxovirus V protein.
J Virol (2012) 86(13):7136–45. doi: 10.1128/JVI.06705-11

55. Chang TH, Liao CL, Lin YL. Flavivirus induces interferon-beta gene
expression through a pathway involving RIG-I-dependent IRF-3 and
PI3K-dependent NF-kappaB activation. Microbes Infect (2006) 8(1):157–
71. doi: 10.1016/j.micinf.2005.06.014

56. Cai MS, Jiang S, Mo CC, Wang JL, Huang JL, Zeng ZC, et al. Preparation and
identification of an antiserum against recombinant UL31 protein of pseudorabies
virus. Acta Virol (2015) 59(3):295–9. doi: 10.4149/av_2015_03_295

57. Li ML, Li Z, Li WT, Wang BY, Ma CQ, Chen JH, et al. Preparation and
characterization of an antiserum against truncated UL54 protein of
pseudorabies virus. Acta Virol (2012) 56(4):315–22. doi: 10.4149/
av_2012_04_315

58. Li M, Cui W, Mo C, Wang J, Zhao Z, Cai M. Cloning, expression,
purification, antiserum preparation and its characteristics of the truncated
UL6 protein of herpes simplex virus 1.Mol Biol Rep (2014) 41(9):5997–6002.
doi: 10.1007/s11033-014-3477-y

59. Chen T,Wang Y, Xu Z, Zou X,Wang P, Ou X, et al. Epstein-Barr virus tegument
protein BGLF2 inhibits NF-kB activity by preventing p65 Ser536
phosphorylation. FASEB J (2019) 33(9):10563–76. doi: 10.1096/fj.201901196RR

60. Li M, Liao Z, Xu Z, Zou X, Wang Y, Peng H, et al. The Interaction
Mechanism Between Herpes Simplex Virus 1 Glycoprotein D and Host
Antiviral Protein Viperin. Front Immunol (2019) 10:2810. doi: 10.3389/
fimmu.2019.02810

61. Cai M, Li M,Wang K,Wang S, Lu Q, Yan J, et al. The herpes simplex virus 1-
encoded envelope glycoprotein B activates NF-kappaB through the Toll-like
receptor 2 and MyD88/TRAF6-dependent signaling pathway. PloS One
(2013) 8(1):1–14. doi: 10.1371/journal.pone.0054586

62. Tian B, Zhao Y, Kalita M, Edeh CB, Paessler S, Casola A, et al. CDK9-
dependent transcriptional elongation in the innate interferon-stimulated
gene response to respiratory syncytial virus infection in airway epithelial
cells. J Virol (2013) 87(12):7075–92. doi: 10.1128/JVI.03399-12

63. Cai M, Huang Z, Liao Z, Chen T, Wang P, Jiang S, et al. Characterization of
the subcellular localization and nuclear import molecular mechanisms of
herpes simplex virus 1 UL2. Biol Chem (2017) 398(4):509–17. doi: 10.1515/
hsz-2016-0268

64. Cai M, Jiang S, Zeng Z, Li X, Mo C, Yang Y, et al. Probing the nuclear import
signal and nuclear transport molecular determinants of PRV ICP22. Cell
Biosci (2016) 6:1–10. doi: 10.1186/s13578-016-0069-7

65. Cai M, Si J, Li X, Zeng Z, Li M. Characterization of the nuclear import
mechanisms of HSV-1 UL31. Biol Chem (2016) 397(6):555–61. doi: 10.1515/
hsz-2015-0299

66. Li M, Jiang S, Mo C, Zeng Z, Li X, Chen C, et al. Identification of molecular
determinants for the nuclear import of pseudorabies virus UL31. Arch
Biochem Biophys (2015) 587:12–7. doi: 10.1016/j.abb.2015.09.024

67. Cai M, Wang P, Wang Y, Chen T, Xu Z, Zou X, et al. Identification of the
molecular determinants for nuclear import of PRV EP0. Biol Chem (2019)
400(10):1385–94. doi: 10.1515/hsz-2019-0201

68. Li M, Xu Z, Zou X, Wang Y, Li Y, Ou X, et al. Intracellular distribution of
pseudorabies virus UL2 and detection of its nuclear import mechanism. Biol
Chem (2020) 401(2):309–17. doi: 10.1515/hsz-2019-0311
Frontiers in Immunology | www.frontiersin.org 15
69. Cai M, Liao Z, Zou X, Xu Z, Wang Y, Li T, et al. Herpes Simplex Virus 1 UL2
Inhibits the TNF-alpha-Mediated NF-kappaB Activity by Interacting With
p65/p50. Front Immunol (2020) 11:549. doi: 10.3389/fimmu.2020.00549

70. Wang S, Wang K, Lin R, Zheng C. Herpes simplex virus 1 serine/threonine
kinase US3 hyperphosphorylates IRF3 and inhibits beta interferon
production. J Virol (2013) 87(23):12814–27. doi: 10.1128/JVI.02355-13

71. Muller U, Steinhoff U, Reis LF, Hemmi S, Pavlovic J, Zinkernagel RM, et al.
Functional role of type I and type II interferons in antiviral defense. Science
(1994) 264(5167):1918–21. doi: 10.1126/science.8009221

72. Isaacs A, Lindenmann J. Virus interference. I. The interferon. Proc R Soc
Lond B Biol Sci (1957) 147(927):258–67. doi: 10.1098/rspb.1957.0048

73. Kawai T, Takahashi K, Sato S, Coban C, Kumar H, Kato H, et al. IPS-1, an
adaptor triggering RIG-I- and Mda5-mediated type I interferon induction.
Nat Immunol (2005) 6(10):981–8. doi: 10.1038/ni1243

74. Honda K, Taniguchi T. IRFs: master regulators of signalling by Toll-like
receptors and cytosolic pattern-recognition receptors. Nat Rev Immunol
(2006) 6(9):644–58. doi: 10.1038/nri1900

75. Bakshi S, Taylor J, Strickson S, McCartney T, Cohen P. Identification of
TBK1 complexes required for the phosphorylation of IRF3 and the
production of interferon beta. Biochem J (2017) 474(7):1163–74.
doi: 10.1042/BCJ20160992

76. Takahasi K, Horiuchi M, Fujii K, Nakamura S, Noda NN, Yoneyama M,
et al. Ser386 phosphorylation of transcription factor IRF-3 induces
dimerization and association with CBP/p300 without overall conformational
change. Genes Cells (2010) 15(8):901–10. doi: 10.1111/j.1365-2443.
2010.01427.x

77. Xu H, Su C, Pearson A, Mody CH, Zheng C. Herpes Simplex Virus 1 UL24
Abrogates the DNA Sensing Signal Pathway by Inhibiting NF-kappaB
Activation. J Virol (2017) 91(7):1–10. doi: 10.1128/JVI.00025-17

78. Xing J, Wang S, Lin R, Mossman KL, Zheng C. Herpes simplex virus 1
tegument protein US11 downmodulates the RLR signaling pathway via
direct interaction with RIG-I and MDA-5. J Virol (2012) 86(7):3528–40.
doi: 10.1128/JVI.06713-11

79. Dong X, Guan J, Zheng C, Zheng X. The herpes simplex virus 1 UL36USP
deubiquitinase suppresses DNA repair in host cells via deubiquitination of
proliferating cell nuclear antigen. J Biol Chem (2017) 292(20):8472–83.
doi: 10.1074/jbc.M117.778076

80. Mostafa HH, Thompson TW, Davido DJ. N-terminal phosphorylation sites
of herpes simplex virus 1 ICP0 differentially regulate its activities and
enhance viral replication. J Virol (2013) 87(4):2109–19. doi: 10.1128/
JVI.02588-12

81. Shackelford J, Pagano JS. Role of the ubiquitin system and tumor viruses in
AIDS-related cancer. BMC Biochem (2007) 8 Suppl 1:1–7. doi: 10.1186/
1471-2091-8-S1-S8

82. Hansen TH, Bouvier M. MHC class I antigen presentation: learning from viral
evasion strategies. Nat Rev Immunol (2009) 9(7):503–13. doi: 10.1038/nri2575

83. Middeldorp JM, Pegtel DM. Multiple roles of LMP1 in Epstein-Barr virus
induced immune escape. Semin Cancer Biol (2008) 18(6):388–96.
doi: 10.1016/j.semcancer.2008.10.004

84. Geiger TR, Martin JM. The Epstein-Barr virus-encoded LMP-1 oncoprotein
negatively affects Tyk2 phosphorylation and interferon signaling in human B
cells. J Virol (2006) 80(23):11638–50. doi: 10.1128/JVI.01570-06

85. Zhang J, Das SC, Kotalik C, Pattnaik AK, Zhang L. The latent membrane
protein 1 of Epstein-Barr virus establishes an antiviral state via induction of
interferon-stimulated genes. J Biol Chem (2004) 279(44):46335–42.
doi: 10.1074/jbc.M403966200

86. Wu L, Fossum E, Joo CH, Inn KS, Shin YC, Johannsen E, et al. Epstein-Barr
virus LF2: an antagonist to type I interferon. J Virol (2009) 83(2):1140–6.
doi: 10.1128/JVI.00602-08

87. Kanda K, Decker T, Aman P, Wahlstrom M, von Gabain A, Kallin B. The
EBNA2-related resistance towards alpha interferon (IFN-alpha) in Burkitt’s
lymphoma cells effects induction of IFN-induced genes but not the
activation of transcription factor ISGF-3. Mol Cell Biol (1992) 12
(11):4930–6. doi: 10.1128/MCB.12.11.4930

88. Hou J, Wang P, Lin L, Liu X, Ma F, An H, et al. MicroRNA-146a feedback
inhibits RIG-I-dependent Type I IFN production in macrophages by
targeting TRAF6, IRAK1, and IRAK2. J Immunol (2009) 183(3):2150–8.
doi: 10.4049/jimmunol.0900707
December 2020 | Volume 11 | Article 513383

https://doi.org/10.1128/JVI.02495-05
https://doi.org/10.1038/ni1465
https://doi.org/10.1016/j.febslet.2004.04.069
https://doi.org/10.1074/jbc.M005288200
https://doi.org/10.1038/ni1087
https://doi.org/10.1128/JVI.06705-11
https://doi.org/10.1016/j.micinf.2005.06.014
https://doi.org/10.4149/av_2015_03_295
https://doi.org/10.4149/av_2012_04_315
https://doi.org/10.4149/av_2012_04_315
https://doi.org/10.1007/s11033-014-3477-y
https://doi.org/10.1096/fj.201901196RR
https://doi.org/10.3389/fimmu.2019.02810
https://doi.org/10.3389/fimmu.2019.02810
https://doi.org/10.1371/journal.pone.0054586
https://doi.org/10.1128/JVI.03399-12
https://doi.org/10.1515/hsz-2016-0268
https://doi.org/10.1515/hsz-2016-0268
https://doi.org/10.1186/s13578-016-0069-7
https://doi.org/10.1515/hsz-2015-0299
https://doi.org/10.1515/hsz-2015-0299
https://doi.org/10.1016/j.abb.2015.09.024
https://doi.org/10.1515/hsz-2019-0201
https://doi.org/10.1515/hsz-2019-0311
https://doi.org/10.3389/fimmu.2020.00549
https://doi.org/10.1128/JVI.02355-13
https://doi.org/10.1126/science.8009221
https://doi.org/10.1098/rspb.1957.0048
https://doi.org/10.1038/ni1243
https://doi.org/10.1038/nri1900
https://doi.org/10.1042/BCJ20160992
https://doi.org/10.1111/j.1365-2443.2010.01427.x
https://doi.org/10.1111/j.1365-2443.2010.01427.x
https://doi.org/10.1128/JVI.00025-17
https://doi.org/10.1128/JVI.06713-11
https://doi.org/10.1074/jbc.M117.778076
https://doi.org/10.1128/JVI.02588-12
https://doi.org/10.1128/JVI.02588-12
https://doi.org/10.1186/1471-2091-8-S1-S8
https://doi.org/10.1186/1471-2091-8-S1-S8
https://doi.org/10.1038/nri2575
https://doi.org/10.1016/j.semcancer.2008.10.004
https://doi.org/10.1128/JVI.01570-06
https://doi.org/10.1074/jbc.M403966200
https://doi.org/10.1128/JVI.00602-08
https://doi.org/10.1128/MCB.12.11.4930
https://doi.org/10.4049/jimmunol.0900707
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wang et al. EBV BFRF1 Inhibits the Activation of IRF3
89. Siu KL, Kok KH, Ng MH, Poon VK, Yuen KY, Zheng BJ, et al. Severe acute
respiratory syndrome coronavirus M protein inhibits type I interferon
production by impeding the formation of TRAF3.TANK.TBK1/IKKepsilon
complex. J Biol Chem (2009) 284(24):16202–9. doi: 10.1074/jbc.M109.008227

90. Wang S, Wang K, Li J, Zheng C. Herpes simplex virus 1 ubiquitin-specific
protease UL36 inhibits beta interferon production by deubiquitinating
TRAF3. J Virol (2013) 87(21):11851–60. doi: 10.1128/JVI.01211-13

91. Xing J, Ly H, Liang Y. The Z proteins of pathogenic but not nonpathogenic
arenaviruses inhibit RIG-I-like receptor-dependent interferon production.
J Virol (2015) 89(5):2944–55. doi: 10.1128/JVI.03349-14

92. Hemmi H, Takeuchi O, Sato S, Yamamoto M, Kaisho T, Sanjo H, et al. The
roles of two IkappaB kinase-related kinases in lipopolysaccharide and double
stranded RNA signaling and viral infection. J Exp Med (2004) 199(12):1641–
50. doi: 10.1084/jem.20040520

93. Perry AK, Chow EK, Goodnough JB, Yeh WC, Cheng G. Differential
requirement for TANK-binding kinase-1 in type I interferon responses to
toll-like receptor activation and viral infection. J Exp Med (2004) 199
(12):1651–8. doi: 10.1084/jem.20040528

94. McWhirter SM, Fitzgerald KA, Rosains J, Rowe DC, Golenbock DT,
Maniatis T. IFN-regulatory factor 3-dependent gene expression is
defective in Tbk1-deficient mouse embryonic fibroblasts. Proc Natl Acad
Sci U S A (2004) 101(1):233–8. doi: 10.1073/pnas.2237236100

95. Pythoud C, Rodrigo WW, Pasqual G, Rothenberger S, Martinez-Sobrido L,
de la Torre JC, et al. Arenavirus nucleoprotein targets interferon regulatory
factor-activating kinase IKKepsilon. J Virol (2012) 86(15):7728–38.
doi: 10.1128/JVI.00187-12

96. Anglero-Rodriguez YI, Pantoja P, Sariol CA. Dengue virus subverts the
interferon induction pathway via NS2B/3 protease-IkappaB kinase epsilon
interaction. Clin Vaccine Immunol (2014) 21(1):29–38. doi: 10.1128/
CVI.00500-13

97. Liang Q, Fu B, Wu F, Li X, Yuan Y, Zhu F. ORF45 of Kaposi’s sarcoma-
associated herpesvirus inhibits phosphorylation of interferon regulatory
factor 7 by IKKepsilon and TBK1 as an alternative substrate. J Virol
(2012) 86(18):10162–72. doi: 10.1128/JVI.05224-11

98. Yoneyama M, Suhara W, Fujita T. Control of IRF-3 activation by
phosphorylation. J Interferon Cytokine Res (2002) 22(1):73–6. doi: 10.
1089/107999002753452674

99. Panne D, McWhirter SM, Maniatis T, Harrison SC. Interferon regulatory
factor 3 is regulated by a dual phosphorylation-dependent switch. J Biol
Chem (2007) 282(31):22816–22. doi: 10.1074/jbc.M703019200

100. Fitzgerald KA, McWhirter SM, Faia KL, Rowe DC, Latz E, Golenbock DT,
et al. IKKepsilon and TBK1 are essential components of the IRF3 signaling
pathway. Nat Immunol (2003) 4(5):491–6. doi: 10.1038/ni921

101. Hiscott J. Triggering the innate antiviral response through IRF-3 activation.
J Biol Chem (2007) 282(21):15325–9. doi: 10.1074/jbc.R700002200

102. Sharma S, tenOever BR, Grandvaux N, Zhou GP, Lin R, Hiscott J. Triggering
the interferon antiviral response through an IKK-related pathway. Science
(2003) 300(5622):1148–51. doi: 10.1126/science.1081315

103. Zhang D, Su C, Zheng C, Sandri-Goldin RM. Herpes Simplex Virus 1 Serine
Protease VP24 Blocks the DNA-Sensing Signal Pathway by Abrogating
Activation of Interferon Regulatory Factor 3. J Virol (2016) 90(12):5824–9.
doi: 10.1128/jvi.00186-16

104. Huang L, Xiong T, Yu H, Zhang Q, Zhang K, Li C, et al. Encephalomyocarditis
virus 3C protease attenuates type I interferon production through disrupting the
TANK-TBK1-IKKepsilon-IRF3 complex. Biochem J (2017) 474(12):2051–65.
doi: 10.1042/BCJ20161037

105. Ning Y-J, Feng K, Min Y-Q, Deng F, Hu Z, Wang H. Heartland virus NSs
protein disrupts host defenses by blocking the TBK1 kinase–IRF3 transcription
factor interaction and signaling required for interferon induction. J Biol Chem
(2017) 292(40):16722–33. doi: 10.1074/jbc.M117.805127
Frontiers in Immunology | www.frontiersin.org 16
106. Lu LL, Puri M, Horvath CM, Sen GC. Select paramyxoviral V proteins inhibit
IRF3 activation by acting as alternative substrates for inhibitor of kappaB
kinase epsilon (IKKe)/TBK1. J Biol Chem (2008) 283(21):14269–76.
doi: 10.1074/jbc.M710089200

107. Wu X, Qi X, Qu B, Zhang Z, Liang M, Li C, et al. Evasion of antiviral
immunity through sequestering of TBK1/IKKepsilon/IRF3 into viral
inclusion bodies. J Virol (2014) 88(6):3067–76. doi: 10.1128/JVI.03510-13

108. Cai LM, Lyu XM, Luo WR, Cui XF, Ye YF, Yuan CC, et al. EBV-miR-
BART7-3p promotes the EMT and metastasis of nasopharyngeal carcinoma
cells by suppressing the tumor suppressor PTEN. Oncogene (2015) 34
(17):2156–66. doi: 10.1038/onc.2014.341

109. Glaser R, Zhang HY, Yao KT, Zhu HC, Wang FX, Li GY, et al. Two epithelial
tumor cell lines (HNE-1 and HONE-1) latently infected with Epstein-Barr
virus that were derived from nasopharyngeal carcinomas. Proc Natl Acad Sci
U S A (1989) 86(23):9524–8. doi: 10.1073/pnas.86.23.9524

110. Xu C, Sun L, Liu W, Duan Z. Latent Membrane Protein 1 of Epstein-Barr
Virus Promotes RIG-I Degradation Mediated by Proteasome Pathway. Front
Immunol (2018) 9:1446. doi: 10.3389/fimmu.2018.01446

111. Lin W, Yip YL, Jia L, Deng W, Zheng H, Dai W, et al. Establishment and
characterization of new tumor xenografts and cancer cell lines from EBV-
positive nasopharyngeal carcinoma. Nat Commun (2018) 9(1):1–17.
doi: 10.1038/s41467-018-06889-5

112. Zhang Y, Wang H, Liu Y, Wang C, Wang J, Long C, et al. Baicalein inhibits
growth of Epstein-Barr virus-positive nasopharyngeal carcinoma by
repressing the activity of EBNA1 Q-promoter. BioMed Pharmacother
(2018) 102:1003–14. doi: 10.1016/j.biopha.2018.03.114

113. Felton-Edkins ZA, Kondrashov A, Karali D, Fairley JA, Dawson CW, Arrand
JR, et al. Epstein-Barr virus induces cellular transcription factors to allow
active expression of EBER genes by RNA polymerase III. J Biol Chem (2006)
281(45):33871–80. doi: 10.1074/jbc.M600468200

114. Seto E, Ooka T, Middeldorp J, Takada K. Reconstitution of nasopharyngeal
carcinoma-type EBV infection induces tumorigenicity. Cancer Res (2008) 68
(4):1030–6. doi: 10.1158/0008-5472.CAN-07-5252

115. Ramayanti O, Brinkkemper M, Verkuijlen S, Ritmaleni L, Go ML,
Middeldorp JM. Curcuminoids as EBV Lytic Activators for Adjuvant
Treatment in EBV-Positive Carcinomas. Cancers (Basel) (2018) 10(4):1–
19. doi: 10.3390/cancers10040089

116. Liu GT, Kung HN, Chen CK, Huang C, Wang YL, Yu CP, et al. Improving
nuclear envelope dynamics by EBV BFRF1 facilitates intranuclear
component clearance through autophagy. FASEB J (2018) 32(7):3968–83.
doi: 10.1096/fj.201701253R

117. Mattiussi S, Tempera I, Matusali G, Mearini G, Lenti L, Fratarcangeli S, et al.
Inhibition of Poly(ADP-ribose)polymerase impairs Epstein Barr Virus lytic
cycle progression. Infect Agent Cancer (2007) 2:1–9. doi: 10.1186/1750-9378-
2-18

Conflict of Interest: TP was employed by South China Vaccine Corporation
Limited.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Wang, Deng, Guo, Xu, Li, Ou, Xie, Lu, Zhong, Li, Hu, Deng, Peng,
Cai and Li. 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) and the copyright owner(s) 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.
December 2020 | Volume 11 | Article 513383

https://doi.org/10.1074/jbc.M109.008227
https://doi.org/10.1128/JVI.01211-13
https://doi.org/10.1128/JVI.03349-14
https://doi.org/10.1084/jem.20040520
https://doi.org/10.1084/jem.20040528
https://doi.org/10.1073/pnas.2237236100
https://doi.org/10.1128/JVI.00187-12
https://doi.org/10.1128/CVI.00500-13
https://doi.org/10.1128/CVI.00500-13
https://doi.org/10.1128/JVI.05224-11
https://doi.org/10.1089/107999002753452674
https://doi.org/10.1089/107999002753452674
https://doi.org/10.1074/jbc.M703019200
https://doi.org/10.1038/ni921
https://doi.org/10.1074/jbc.R700002200
https://doi.org/10.1126/science.1081315
https://doi.org/10.1128/jvi.00186-16
https://doi.org/10.1042/BCJ20161037
https://doi.org/10.1074/jbc.M117.805127
https://doi.org/10.1074/jbc.M710089200
https://doi.org/10.1128/JVI.03510-13
https://doi.org/10.1038/onc.2014.341
https://doi.org/10.1073/pnas.86.23.9524
https://doi.org/10.3389/fimmu.2018.01446
https://doi.org/10.1038/s41467-018-06889-5
https://doi.org/10.1016/j.biopha.2018.03.114
https://doi.org/10.1074/jbc.M600468200
https://doi.org/10.1158/0008-5472.CAN-07-5252
https://doi.org/10.3390/cancers10040089
https://doi.org/10.1096/fj.201701253R
https://doi.org/10.1186/1750-9378-2-18
https://doi.org/10.1186/1750-9378-2-18
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Epstein-Barr Virus Early Protein BFRF1 Suppresses IFN-β Activity by Inhibiting the Activation of IRF3
	Introduction
	Materials and Methods
	Virus and Cells
	Antibodies
	Plasmids Construction
	Indirect Immunofluorescent Assays (IFA)
	Dual-Luciferase Reporter (DLR) Assays
	RNA Isolation and Real-Time Quantitative PCR (RT-qPCR)
	Co-Immunoprecipitation Assays and Western Blot Analysis
	Native PAGE
	Statistical Analysis

	Results
	BFRF1 Suppresses SeV-Mediated IFN-β Transcriptional Activation
	Knockdown of BFRF1 Enhances IFN-β Transcriptional Activity During EBV Infection
	BFRF1 Restrains the Promoter Activation of IRF3, but Not IRF7 or NF-κB
	BFRF1 Represses IFN-β Promoter Activity at the Level of IKKi
	BFRF1 Co-Localizes and Interacts With IKKi
	BFRF1 Cannot Inhibit the IKKi and IRF3 Interaction but Impede the Kinase Activity of IKKi
	BFRF1 Inhibits the Activation of IRF3

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


