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ABSTRACT

Elevated secretion of inflammatory factors is associated with latent Epstein-Barr virus (EBV) infection and the pathology of EBV-asso-
ciated diseases; however, knowledge of the inflammatory response and its biological significance during the lytic EBV cycle remains
elusive. Here, we demonstrate that the immediate early transcriptional activator BZLF1 suppresses the proinflammatory factor tumor
necrosis factor alpha (TNF-�) by binding to the promoter of TNF-� and preventing NF-�B activation. A BZLF1�207-210 mutant with
a deletion of 4 amino acids (aa) in the protein-protein binding domain was not able to inhibit the proinflammatory factors TNF-� and
gamma interferon (IFN-�) and reduced viral DNA replication with complete transcriptional activity during EBV lytic gene expression.
TNF-� depletion restored the viral replication mediated by BZLF1�207-210. Furthermore, a combination of TNF-�- and IFN-�-neu-
tralizing antibodies recovered BZLF1�207-210-mediated viral replication, indicating that BZLF1 attenuates the antiviral response to
aid optimal lytic replication primarily through the inhibition of TNF-� and IFN-� secretion during the lytic cycle. These results suggest
that EBV BZLF1 attenuates the proinflammatory responses to facilitate viral replication.

IMPORTANCE

The proinflammatory response is an antiviral and anticancer strategy following the complex inflammatory phenotype. Latent
Epstein-Barr virus (EBV) infection strongly correlates with an elevated secretion of inflammatory factors in a variety of severe
diseases, while the inflammatory responses during the lytic EBV cycle have not been established. Here, we demonstrate that
BZLF1 acts as a transcriptional suppressor of the inflammatory factors TNF-� and IFN-� and confirm that BZLF1-facilitated
escape from the TNF-� and IFN-� response during the EBV lytic life cycle is required for optimal viral replication. This finding
implies that the EBV lytic cycle employs a distinct strategy to evade the antiviral inflammatory response.

Infection by the Epstein-Barr virus (EBV) causes infectious
mononucleosis and several malignant cancers, including

Burkitt’s lymphoma, Hodgkin’s lymphoma, nasopharyngeal car-
cinoma (NPC), and gastric carcinoma, as well as posttransplant
lymphomas (1–5). EBV infection is persistent worldwide, but the
frequency of EBV-associated NPC is highest in southern China,
while Burkitt’s lymphoma is most commonly found in equatorial
Africa (2, 3). Although the exact mechanism by which EBV causes
tumorigenesis remains to be fully defined, two important cofac-
tors are strongly involved in EBV pathogenesis: genetic suscepti-
bility and local diet. Unique polymorphisms of NPC-associated
EBV have been identified in Chinese individuals, indicating the
existence of EBV variants with higher pathogenic potential for
NPC than that seen in the typical Western strains that cause infec-
tious mononucleosis (6–8).

Latent infection with limited gene expression is the default
EBV cycle, whereas the lytic cycle is essential for transmission (1,
9). Lytic replication during primary infection or reactivation from
the latent cycle is initiated by the expression of the immediate early
(IE) viral transactivators BZLF1 and BRLF1. BZLF1, an EBV-en-
coded transcription factor of the basic-leucine zipper (b-ZIP)
family, activates both viral and cellular genes by binding to
BZLF1-responsive elements (ZREs), including several transcrip-
tion factors and inflammatory factors (10).

Inflammatory mediators have complex roles in cancer and in-
fectious diseases, either limiting or promoting these disorders

(11–15). Several proinflammatory factors have been fully charac-
terized in experimental and clinical studies, including tumor ne-
crosis factor alpha (TNF-�), interferon gamma (IFN-�), interleu-
kin-1� (IL-1�), and IL-1�. TNF-� serves as an antiviral immune
factor operating via two different mechanisms: induction of apop-
tosis in infected cells and activation of the antiviral response in
uninfected cells (16–19). For successful infection and replication,
viruses employ multiple strategies to escape or hijack the host
defenses, including innate immunity and the inflammatory re-
sponse (15, 17, 20). The EBV lytic cycle evades the host inflamma-
tory responses through the activity of BZLF1, which inhibits both
IFN-� signaling and tumor necrosis factor receptor 1 (TNFR1)
signaling (21–23). BZLF1 suppresses the NF-�B signaling path-
way by directly binding the p65 subunit (24, 25), acting as an
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alternative evasion mechanism for NF-�B-responsive inflamma-
tory responses during EBV lytic replication (26).

Because EBV-harboring tumor cells are latently infected and
the induction of the EBV lytic cycle results in cell killing, artificial
activation of lytic replication may represent a promising thera-
peutic strategy for EBV-associated cancers (10, 27). However, a
small amount of spontaneous lytic replication was observed in
terminally differentiated plasma cells, peripheral blood B lympho-
cytes, and nasopharyngeal cells infected with a specific EBV strain
from a Chinese NPC patient (7, 28, 29); this replication may re-
store the reservoirs of EBV in epithelial cells and contribute to its
pathogenesis during both primary and persistent infection. Nota-
bly, the spontaneous replication may drive the EBV lytic life cycle
into two distinct fates in vivo, viral clearance and transmission,
following dramatically different immune and inflammatory re-
sponses. Unfortunately, the dynamic inflammatory responses and
the unique inflammatory factors that facilitate or attenuate EBV
pathogenesis have not been fully defined.

In the present study, we demonstrated that BZLF1 inhibits the

TABLE 1 Primer pairs used in this study

Target Primer or probe sequencea

Real-time PCR primer
pairs

TNF-� mRNA F: AGCCTGTAGCCCATGTTGTAG
R: CCGCTCGAGTCACAGGGCAATGAT

IFN-� mRNA F: TCGGTAACTGACTTGAATGTCCA
R: TCGCTTCCCTGTTTTAGCTGC

GAPDH mRNA F: ACATCATCCCTGCCTCTAC
R: TCAAAGGTGGAGGAGTGG

GAPDH genomic DNA F: CATCATCCCTGCCTCTACTG
R: GCCTGCTTCACCACCTTC

EBNA1 F: CATTGAGTCGTCTCCCCTTTGGAAT
R: TCATAACAAGGTCCTTAATCGCATC

LMP1 F: CCACTTGGAGCCCTTTGTMTACTC
R: TGCCTGTCCGTGCAAATTC

BALF5 F: AACCTTTGACTCGACCATCG
R: ACCTGCTCTTCGATGCACTT

BcLF1 F: CATCCATGTTCATTGGGACC
R: CATTAGTCATACCTGCCAGG

BLLF1 F: GTCAGTACACCATCCAGAGCC
R: TTGGTAGACAGCCTTCGTATG

BMRF1 F: GCCGTTGAGGCCCACGTTGT
R: TGGGAATGGCAGGCGAGGGT

EMSA probe
BMLF1 Cys5.5-CCATCACGGTCACCTTCATGAGTCA

GTGCTTCGCCGGTCGCTGTGGGGCCAA
TCAACCGA

ChIP primer pairs
TNF-�-ChIP F: CCACTACCGCTTCCTCCAGATG

R: GGTGTGCCAACAACTGCCTTTA
BMLF1-ChIP F: CCAAACTTAGTTCAGGTGTGCCA

R: TAGAGTACCAGAAACACCCTCACAT
EBNA1-ChIP F: TAACGAGCAGAGGGAATGAAAG

R: AGGTTTCCTCAGGCTTGGCTA
BSRF1-ChIP F: GTGAGGTCAGCCGCTTCTTGG

R: CGTTCTGTTTAGCCCGCCGTT
GAPDH-ChIP F: CGAGGAGAAGTTCCCCAACTT

R: GACCCTTACACGCTTGGATGA
a The boldface, italic, underlined sequence indicates the ZRE site in the BMLF1 probe.

FIG 1 BZLF1 reduces TNF-� promoter activity, transcription, and expression.
(A) pEGFP-BZLF1 or vector was cotransfected into 293T cells with TNF-�-luc
and pRL-TK. After 24 h, 100 ng/ml TPA or HSV-1 (MOI� 10) was added, and the
dual-luciferase assay was performed after 8 h of treatment. Ctr, control. (B and C)
CNE-1 cells were transfected with pEGFP-BZLF1 or vector control. At 24 h after
transfection, cells were left untreated or treated with HSV-1 (MOI � 10) for 8 h.
The supernatants were used for the TNF-� ELISA (B), and RNA was extracted,
reverse transcribed, and quantified by the inflammatory factor real-time PCR ar-
ray (C). Values are shown as the means � standard deviations of the results of
three independent experiments. Statistical analysis was performed using one-way
ANOVA followed by comparisons performed using the Bonferroni method. *,
P � 0.05; **, P � 0.01. The arrows indicate down- or upregulation.
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FIG 2 Mapping BZLF1 functional domains required for the inhibition of TNF-�. (A) Diagrams of wild-type and mutant BZLF1 are shown, and the expression
levels of GFP-tagged BZLF1 constructs in 293T cells were detected by Western blotting. TA, transcriptional activator domain; DB, DNA binding domain; CC,
coiled-coil domain. (B) Wild-type and mutant BZLF1 constructs were cotransfected with TNF-�-luc promoter reporters with GAPDH promoter-driven Renilla
luciferase expression vector pRL-GAPDH as the internal control. (C) Different doses (0 ng, 10 ng, 50 ng, 100 ng, and 200 ng) of wild-type or mutated
BZLF1-expressing plasmids were cotransfected with the TNF-� reporter and pRL-GAPDH in 293T cells. (D to I) Wild-type and mutant BZLF1 constructs were
cotransfected with IFN-�-luc, IL-1�-luc, pIL-8-luc, pBMLF1-luc, pBMRF1-luc, or pEBNA1-luc promoter reporters and pRL-GAPDH as an internal control. At
24 h after transfection, cells were left untreated or infected by HSV-1 (MOI � 10) for 8 h or treated with TPA (100 ng/ml) for 8 h or starved overnight and
stimulated with 20% (vol/vol) FBS for 0.5 h. The luciferase assays were performed as described above. The values are shown as the means � standard deviations
of triplicate analyses of data from three independent experiments. *, P � 0.05.
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transcription of proinflammatory factors during the early lytic life
cycle by binding to their promoters and disrupting NF-�B activa-
tion. As a result, BZLF1 facilitates viral replication by reducing the
inflammatory antiviral response.

MATERIALS AND METHODS
Cells and antibodies. EBV-positive Burkitt’s lymphoma-derived
P3HR-1 cells and the BJAB EBV-negative lymphoma cell line previ-
ously described (30, 31) were a gift from Erle Robertson (University of
Pennsylvania) and were maintained in RPMI 1640 containing 10%
fetal bovine serum (FBS) and antibiotics (penicillin and streptomy-
cin). EBV-negative human nasopharyngeal carcinoma CNE-1 cells
were previously described (32) and purchased from the Cell Facility of
Sun Yat-sen University. EBV-negative human nasopharyngeal carci-
noma HNE-1 cells, which were previously described (33), were a gift
from Musheng Zeng (Cancer Center of Sun Yat-sen University). Both
of these cell lines were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 5% FBS and antibiotics. The 293T
cell line was purchased from ATCC (CRL-3216), and the GP2-293 cell
line was purchased from Clontech Laboratories, Inc. (Mountain View,
CA), maintained in our laboratory, and cultured in DMEM containing
10% FBS and antibiotics. Anti-green fluorescent protein (anti-GFP)
(catalog no. 2955), anti-GST (anti-glutathione S-transferase) (catalog
no. 2624), and anti-myc (catalog no. 2272) antibodies (Ab) and an
NF-�B pathway sampler kit (catalog no. 9936) were purchased from
Cell Signaling Technology Inc. (Beverly, MA). Anti-BZLF1 (sc-
53904), anti-Ea-D (BMRF1; sc-58121), and anti-EBNA1 (sc-57719)
were purchased from Santa Cruz Biotechnology Inc. (Dallas, TX). The

mouse anti-LMP2A antibody, which was previously described (34),
was a gift from Musheng Zeng (Cancer Center of Sun Yat-sen Univer-
sity).

Plasmids. BZLF1 was amplified from viral cDNA of EBV lytic repli-
cation from B95.8 cell lines and subcloned into pcDNA3.1-HA, pEBG,
pEGFP-C2, and pLXRN vectors (Clontech Laboratories, CA). BZLF1 de-
letions or single mutants were constructed by QuikChange mutagenesis
following the standard procedures. Firefly luciferase promoter reporters
TNF-�-luc, IFN-�-luc, interleukin 1�-luc (IL-1�-luc), and IL-8-luc con-
tain 1 kb of the cellular TNF-�, IFN-�, IL-1�, and IL-8 promoters, respec-
tively. NF-�B binding activity reporters contain multiple �B elements,
respectively. NF-�B binding site-mutated TNF-�-luc promoter reporters
were constructed using QuikChange mutagenesis. pBMLF1-luc, pB-
MRF1-luc, and pEBNA1-luc promoter reporters contain 400 bp of the
promoter regions amplified from the EBV DNA genome of B95.8 cells.
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) promoter-de-
rived Renilla luciferase expression vector pRL-GAPDH was constructed
by replacing the TK promoter of pRL-TK with the cellular GAPDH pro-
moter. The TNF-� small hairpin RNAs (shRNAs) were subcloned into the
pLKO.1 lentiviral vector, and the sequences are GACTCAGCGCTGAGA
TCAATC, GGAGCCAGCTCCCTCTATTTA, and CTGTAGCCCATGT
TGTAGCAA.

Dual-luciferase assays. Fifty nanograms of firefly luciferase reporter
plasmids and 10 ng of Renilla luciferase internal control plasmid (pRL-TK
or pRL-GAPDH) were cotransfected with 100 ng of wild-type or mutant
BZLF1 constructs into 293T cells seeded in a 48-well plate. The cells were
harvested 36 h posttransfection and lysed in 1	 passive lysis buffer (Pro-
mega, WI). Firefly and Renilla luciferase activities were determined in a

FIG 3 Deletion of aa 207 to 210 does not affect BZLF1 biochemical properties. (A) GFP-tagged BZLF1 and BZLF1
207-210 were transfected into 293T cells. At
24 h after transfection, 20 �g/ml cycloheximide was added and the reaction mixtures were incubated for the different times as indicated; then, the cells were
collected, and cell extracts were subjected to Western blotting with anti-BZLF1 antibody. The results of examination of the intensity of the BZLF1 bands were
quantified, imaged, and analyzed using Li-COR Odyssey and are shown as the means of data from duplicate experiments. (B) GFP-fused BZLF1 and BZLF1
207-
210 were transfected in 293T cells. After 36 h, the cell lysates were left untreated or incubated with 5 mM cross-linker disuccinimidyl suberate (DSS) at room
temperature for 10 min, followed by Western blotting with an anti-BZLF1 antibody. (C) Different amounts of GFP-fused BZLF1 and BZLF1
207-210 were
transfected in 293T cells for 48 h; then, the nuclear protein fractions were extracted, quantified, and validated with anti-GFP and anti-PCNA antibodies. The same
amounts of nuclear proteins were incubated with Cys5.5-labeled BMLF1 promoter probes for 20 min; then, the mixtures were subjected to EMSA, and the images
were visualized with Li-COR Odyssey.
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TriStar multimode reader using a dual-luciferase assay reagent (Promega,
WI). For each condition, three independent experiments were performed
in triplicate.

Real-time PCR. Total RNA was extracted using TRIzol reagent (Life
Technologies, CA) and subjected to reverse transcription (RT) with re-
verse transcriptase of Moloney murine leukemia virus (M-MLV)
(TaKaRa, Japan). Genomic DNA was extracted with an Allpure cell kit
(Magen, China). cDNA and genomic DNA levels were determined by
real-time PCR using a SYBR green Real-Time PCR master mix kit
(Roche). The primers for real-time PCR were designed using the Prim-
erbank program (35), and the primer pairs used in this study are listed in
Table 1. The sequences of the primer pairs for the whole panel of the
inflammatory factor real-time PCR array are available upon request.

Chromatin immunoprecipitation (ChIP). Tetradecanoyl phorbol
acetate (TPA)-induced or uninduced P3HR-1 cells or transfected CNE-1
cells were fixed with 1.42% formaldehyde for 10 min and quenched with
125 mM glycine. After the cells were collected and washed twice with cold
phosphate-buffered saline (PBS), the cells (�107) were suspended in 1 ml
of lysis buffer (150 mM NaCl, 50 mM Tris-HCl [pH 7.5], 5 mM EDTA,
0.5% NP-40, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride
[PMSF], 1	 protease inhibitor cocktail) for 10 min on ice. After they were
subjected to sonication eight times for 10 s each time, the cells were cen-
trifuged at 12,000 	 g at 4°C for 10 min. Precleared cell lysates were mixed
with specific antibodies for 2 h at 4°C; then, 5% pretreated protein A beads
were added and the reaction mixture was incubated at 4°C overnight. The
immunoprecipitated complexes were washed five times and eluted with

FIG 4 Effect of BZLF1 constructs on NF-�B activity. (A) Wild-type and mutant BZLF1 constructs were cotransfected into 293T cells with the NF-�B-luc
reporter. At 24 h after transfection, the medium was replaced with DMEM supplemented with 1% FBS for starvation conditions. After incubation overnight, 20%
FBS was added for 15 min as a serum stimulation. Cell lysates were subjected to the dual-luciferase assay. Relative luciferase activities from three independent
experiments performed in triplicate are shown. (B) 293T cells were transfected with wild-type and mutant BZLF1 constructs. After 24 h, the cells were left
untreated or treated as described above, and the cell extracts were subjected to Western blotting with antibodies as indicated; one representative Western blot
image is shown. (C) GST-tagged wild-type and mutant BZLF1 constructs (in pEBG vector) were transfected into 293T cells. At 48 h after transfection, cell lysates
were subjected to immunoprecipitation (IP) with anti-GST beads. Immunoprecipitated samples and input samples were analyzed by Western blotting (WB) as
indicated. (D) GST-tagged wild-type and mutant BZLF1 constructs were cotransfected with myc-tagged NF-�B p65 plasmid into 293T cells. At 48 h after
transfection, nuclear extracts were subjected to ChIP assay with anti-myc beads and analyzed by real-time PCR. Representative results of three independent
experiments are shown. (E) Diagram of NF-�B binding sites in TNF-� promoter. (F) The wild-type and different NF-�B binding site-mutated TNF-�-luc
promoter reporters were cotransfected into 293T cells with BZLF1 construct and pRL-GAPDH. After 24 h, the cells with treated with 100 ng/ml TPA for 8 h, and
the dual-luciferase assay was performed. *, P � 0.05.
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150 �l of Tris-EDTA buffer containing 1% SDS. Cross-linked complexes
were reversed and digested with protease K (25 �g/ml) at 65°C overnight.
DNA was extracted and analyzed by real-time PCR. The primer pairs that
amplify the promoter regions are listed in Table 1.

EMSA. Cys5.5-labeled electrophoretic mobility shift assay (EMSA)
probes were amplified and labeled by PCR. The final sequence of the
probe is listed in Table 1, and the ZRE site in the BMLF1 probe is under-
lined. EMSA was performed as previously described (36). Briefly, nuclear
proteins were extracted as follows: the cells were harvested and washed
with cold PBS; 1 	 106 cells were resuspended in 50 �l of buffer (10 mM
Tris-HCl [pH 7.5], 0.15 M NaCl, 1.5 mM MgCl2, 0.65% NP-40, 1 mM
PMSF, 10 mM dithiothreitol [DTT]) and incubated for 10 min at 4°C and
then centrifuged at 12,000 rpm and 4°C for 2 min. The supernatant was
discarded, and the pellet was resuspended in 15 �l of lysis buffer (20 mM
HEPES [pH 7.9], 25% glycerol, 0.4 M NaCl, 1.5 mM MgCl2, 0.2 mM
EDTA [pH 8.0], 1 mM PMSF, 10 mM DTT) and incubated on ice for 2 h
with shaking. After centrifugation at 12,000 rpm and 4°C for 10 min, the
supernatants were transferred to a new tube containing 35 �l of buffer (20
mM HEPES [pH 7.9], 20% glycerol, 50 mM KCl, 0.2 M EDTA [pH 8.0], 1
mM PMSF, 10 mM DTT). Nuclear protein extracts were divided into
aliquots and stored at 
80°C. The DNA-protein binding reaction was
performed by mixing 15 �l of nuclear protein extract, 1 �l of probe, and 4
�l of 5	 EMSA binding buffer [20% glycerol, 5 mM MgCl2, 2.5 mM
EDTA (pH 8.0), 25 U poly(dI:dC), 250 mM NaCl, 50 mM Tris-HCl (pH
7.4), 10 mM DTT]. After incubation for 15 min at 4°C, 5 �l of EMSA
loading buffer was added, and the samples were electrophoresed on a 9%
PAGE gel at a constant 120 V for 1.5 h. The gels were scanned and imaged
with an Odyssey infrared (IR) scanner.

Lentivirus packaging and infection. For BZLF1 overexpression, GP2-
293 cells in 15-cm-diameter dishes were cotransfected with 15 �g of indi-
vidual pLXRN lentiviral expression vector and 5 �g of pCMV-VSV-G.
The supernatants were harvested after 72 h and then concentrated by
ultracentrifugation at 100,000 	 g for 1 h, and the stocks were dissolved in
1/100 phosphate buffer. For shRNA knockdown, 5 �g of pLKO.1 shRNA
plasmids was cotransfected into 293T cells with 5 �g of the miR
8.2
packaging plasmid and 5 �g of pCMV-VSV-G. The supernatants were
harvested after 72 h. After titration and preliminary testing, lentiviral
infection was performed following standard procedures.

Antibody neutralization. Anti-human TNF-�-neutralizing antibody
(rabbit monoclonal Ab [MAb]) (catalog no. 7321S; Cell Signaling Tech-
nology, MA) and anti-human IFN-�-neutralizing antibody (mouse
IgG2A) (MAB286; R&D Systems, MN) were purchased and stored in
stock solutions. For P3HR-1 and BJAB cell incubation, 10 �g/ml of
neutralizing antibodies or the isotype-matched control IgG antibodies
(eBioscience, CA) were added directly into the fresh cell culture medium

at 6 h after lentiviral infection. The medium and additional antibodies
were refreshed every 2 days.

Wild-type and BZLF1-KO EBV BAC-harboring BJAB cells and
HNE-1 cells. Wild-type and BZLF1 knockout (BZLF1-KO) EBV bacterial
artificial chromosome (BAC) genomic DNAs have been previously de-
scribed (37, 38). To establish the EBV BAC-harboring BJAB cell line, both
EBV BAC genomic DNAs were transfected into BJAB cells by electropo-
ration using Amaxa cell line Nucleofector kit V and Amaxa Nucleofector
II. After 48 h, the dead cells were removed, and the cells were sorted by the
use of a BD FACSAria II cell sorting system. GFP-positive cells were col-
lected and cultured in fresh RPMI 1640 containing 10% FBS and 25 �g/ml
hygromycin for 2 weeks. To establish the EBV BAC-harboring epithelial
cell line, both EBV BAC DNAs were transfected into HNE-1 cells using
Lipofectamine 2000. After 48 h, the cells were digested and separated,
followed by selection with 50 �g/ml hygromycin for 2 weeks. Then, EBV
BAC-harboring cells were induced by TPA plus sodium butyrate and val-
idated by Western blotting with anti-Ea-D, anti-BZLF1, and anti-EBNA1
antibodies.

Induction of EBV lytic replication. To detect lytic replication and
virion production, P3HR-1 cells or EBV BAC-harboring cells in logarith-
mic growth were cultured in fresh medium containing 10% FBS and 40
ng/ml TPA or 40 ng/ml TPA plus 3 mM sodium butyrate and incubated
for different times as needed. For performance of a ChIP assay under
conditions of lytic replication, P3HR-1 cells in logarithmic growth were
induced by 40 ng/ml TPA and 3 mM sodium butyrate for 12 h. After
induction, the media were refreshed with RPMI 1640 with 10% FBS and
incubated for different times, as needed.

Detection of virion production. P3HR1 cells or EBV BAC-harboring
BJAB cells were induced by TPA or transduced with lentivirus-based
BZLF1 for 3 or 5 days. The supernatants were collected and centrifuged
twice at 12,000 	 g at 4°C for 10 min to remove cell debris. After 500 �l of
the supernatant was digested with 100 U DNase I for 20 min at 37°C, 20
�g/ml proteinase K and 1% SDS were added, followed by additional in-
cubation for 30 min at 56°C. Then, viral DNA was extracted and analyzed
using real-time PCR.

Statistical analysis. The data were analyzed using SPSS (Statistical
Package for the Social Sciences) 13.0 software, and one-way analyses of
variance (ANOVA), the Bonferroni method, and chi-square tests were
performed.

RESULTS
BZLF1 suppresses expression of TNF-� and proinflammatory
factors. To investigate the evasion of the proinflammatory re-
sponse during EBV lytic infection, we established an EBV open

FIG 5 Determination of activity of BZLF1 binding to the TNF-� promoter. (A) P3HR-1 cells were left untreated or induced by TPA and butyrate as described
in Materials and Methods. The cells were harvested, and a ChIP assay was performed with an anti-BZLF1 antibody. Real-time PCR assays were used to detect the
promoter binding of TNF-�, EBNA1, BMLF1, BSRF1, and the GAPDH negative control in the ChIP samples. The relative levels of DNA binding were normalized
to the input, and the means of the results of three independent experiments are shown. (B) GST-tagged wild-type and mutant BZLF1 constructs were transfected
into CNE-1 cells for 48 h, and the ChIP assay was performed using anti-GST beads. Promoter binding of TNF-� and GAPDH was detected using real-time PCR.
*, P � 0.05.
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reading frame (ORF)-expressing library by amplifying 82 EBV
ORF-encoding regions from lytic EBV cDNA of B95.8 cells and
subcloning into the pEGFP vector; we then performed a system-
atic screening using a firefly luciferase reporter driven by the
TNF-� promoter. The TNF-� reporter was cotransfected into
293T cells with EBV ORF-expressing plasmids and Renilla lucif-
erase-expressing plasmid pRL-TK as an internal control. After
transfection for 24 h, the cells were not infected or were infected
with herpes simplex virus 1 (HSV-1) (multiplicity of infection
[MOI] � 10) to induce TNF-� transcription. Five ORFs (IE and

early genes BZLF1, BMLF1, and BMRF1 and late genes BGLF4 and
BGLF5) showed dramatically reduced TNF-� transcription com-
pared with the vector control, and the well-known LMP1 target
activated TNF-� transcription, which validates our screen.
Among these genes, BZLF1 was the key IE gene during EBV lytic
replication and exhibited the strongest inhibition, and therefore,
we focused on its potential to mediate the proinflammatory re-
sponse during EBV lytic replication. We confirmed that BZLF1
inhibited TNF-� transcriptional activity to approximately 10% of
the control level during both TPA and HSV-1 induction (Fig. 1A).

FIG 6 BZLF1
207-210 reduces the inhibition of TNF-� and IFN-� expression during the IE and early EBV lytic replication. (A) The control vector, BZLF1, or
BZLF1
207-210 was cotransfected into 293T cells with LMP1-expressing plasmids and the TNF-� promoter-luciferase reporter, and the luciferase activities were
determined at 24 h after transfection. (B to F) BZLF1-KO EBV BAC-harboring BJAB cells were transduced with the control, BZLF1, or BZLF1
207-210 using the
lentiviral system (MOI � 10), the expression of viral genes was detected by Western blotting (B), TNF-� (C) and IFN-� (E) secretions were detected by ELISA,
and the relative TNF-� (D) and IFN-� (F) mRNA levels at different time points were determined by real-time PCR. *, P � 0.05.
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The inhibition of TNF-� secretion by BZLF1 was further validated
using an enzyme-linked immunosorbent assay (ELISA; Fig. 1B).

To further investigate whether BZLF1 regulates the inflamma-
tory response, the expression of a series of inflammatory factors
was determined using a real-time PCR-based inflammatory factor

array. BZLF1 was introduced into the CNE-1 human NPC cell line
following HSV-1 infection. Inflammatory factor arrays revealed
that transcription of TNF-� was significantly reduced in BZLF1-
transfected cells regardless of the presence or absence of HSV in-
fection (Fig. 1C). In addition to inhibition of TNF-� and the

FIG 7 Analysis of EBV lytic replication and gene expression induced by mutant BZLF1 in P3HR1 cells. Lentivirus-based BZLF1 wild-type and mutated
constructs were introduced into P3HR-1 cells. (A) After lentiviral infection, the cells were collected at the different time points, and cell lysates were
analyzed by Western blotting with antibodies as indicated. (B and C) Two days after lentiviral infection, total RNAs were extracted and reverse
transcribed, and the expression levels of lytic genes (B) and latent genes (C) were detected by real-time PCR. (D and E) Cells and supernatants were
harvested at the time points indicated, and genomic and virion DNA were extracted and quantified by real-time PCR for viral DNA replication (D) and
virion particles (E), respectively. *, P � 0.05.
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FIG 8 Analysis of EBV lytic replication and gene expression induced by mutant BZLF1 in BZLF1-KO EBV BAC-harboring B cells and epithelial cells. (A to E)
Wild-type and BZLF1-KO EBV BAC-harboring BJAB cells were infected with GFP-tagged wild-type BZLF1 or BZLF1
207-210-expressing lentiviruses (MOI �
10). (A) At 48 h postinfection, BZLF1-KO EBV BAC-harboring BJAB cells were collected and subjected to immunofluorescence (IF) staining with anti-BZLF1
antibody. (B and C) At 48 h postinfection, wild-type and BZLF1-KO EBV BAC-harboring BJAB cells were collected, whole-cell extracts were analyzed by Western
blotting as indicated (B), and viral mRNAs were extracted, reverse transcribed, and analyzed for expression by reverse transcription-quantitative PCR
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TNFR1 receptor, similar levels of inhibition of expression of the
inflammatory factors IFN-� and TNFSF10 (also known as TNF-
related apoptosis-inducing ligand [TRAIL]) by BZLF1 were ob-
served, whereas IL-3, IL-13, and IL-21 levels were elevated. These
results suggest that BZLF1 preferentially acts as a negative regula-
tor of proinflammatory factors by inhibiting their transcription.

Mapping the key region of BZLF1 required for inhibition.
Several key functional domains of BZLF1, including the transcrip-
tional activator (TA), the DNA binding domain (DB), the coiled-
coil (CC) domain, and the C-terminal accessory domain, have
been characterized previously (10). To further determine the
mechanism of BZLF1 inhibition, we constructed a series of BZLF1
mutants (Fig. 2A). Deletion of the TA domain (BZLF1
TA) did
not affect the inhibition of TNF-� expression compared with that
seen with wild-type BZLF1, whereas deletion of the DB
(BZLF1
DB) abolished its inhibition almost completely. Notably,
a 4-amino-acid (aa) KSSE deletion in the CC domain (BZLF1

207-210) resulted in a loss of TNF-� inhibition (Fig. 2B and C).
We also determined the effect of BZLF1 and the BZLF1 mutants
on other inflammatory cytokines, including IFN-�, IL-1�, and
IL-8. During HSV-1 infection, wild-type BZLF1 and BZLF1
TA
induced similar levels of inhibition of IFN-� transcription,
whereas inhibition was lost in both BZLF1
207-210 and
BZLF1
DB constructs (Fig. 2D). Neither BZLF1 nor the mutants
inhibited IL-1� or IL-8 expression (Fig. 2E and F). Notably,
BZLF1
207-210 maintained the full capability of activating the
EBV lytic promoters (BMLF1 and BMRF1) similarly to wild-type
BZLF1, while BZLF1
TA and BZLF1
DB lost the transcriptional
activity (Fig. 2G and H). None of the mutations affected the activ-
ity of latent promoter EBNA1 (Fig. 2I). These results suggest that
the DNA binding and protein interaction properties of BZLF1 but
not its transcriptional activation properties are specifically re-
quired for the BZLF1 inhibition of both TNF-� expression and
IFN-� expression.

Next, we investigated whether the BZLF1
207-210 mutant
showed altered biochemical properties compared with BZLF1.
We first performed CHX chase experiments to compare the half-
life of BZLF1 to the half-life of BZLF1
207-210 and found that
BZLF1
207-210 exhibited the same half-life as BZLF1 (Fig. 3A).
Furthermore, the homodimerization of BZLF1
207-210 was de-
tected, and similar patterns of oligomerization were observed for
BZLF1
207-210 and wild-type BZLF1 (Fig. 3B). Finally, the re-
sults of an electrophoretic mobility shift assay performed using a
BMLF1 probe showed that the BZLF1
207-210 mutation did not
exhibit altered DNA binding to the ZRE compared with BZLF1
(Fig. 3C). Combining those data with its full activity for EBV lytic
transcription (Fig. 2G to I), we concluded that BZLF1
207-210
retains its ability to activate EBV lytic transcription while losing
the inhibitory effects on TNF-� and IFN-� expression.

BZLF1�207-210 exhibits no NF-�B inhibition. Transcrip-
tion factor binding site prediction showed that the TNF-� pro-
moter contains multiple NF-�B elements, an AP-1 element, and a
C/EBP binding site; however, BZLF1
207-210 did not suppress

AP-1 element-driven transcription (data not shown). In addition,
none of the single CC mutations of BZLF1, S208E, and N211G,
which occur at residues required for C/EBP transactivation and
EBV replication (39), significantly affected TNF-� inhibition
(Fig. 2B). Because NF-�B is a well-known partner of BZLF1
(24, 25), NF-�B element-driven luciferase reporters were used
to examine the role of the NF-�B elements in BZLF1-mediated
TNF-� inhibition. Both BZLF1 wild-type constructs and
BZLF1
TA constructs significantly reduced NF-�B element
transcriptional activity, whereas BZLF1
207-210 did not (Fig.
4A). Similarly, phosphorylation of the NF-�B p65 subunits was
also dramatically decreased by the BZLF1 wild-type and
BZLF1
TA constructs but not by BZLF1
207-210 under both
normal culture conditions and serum stimulation conditions
(Fig. 4B). The levels of phosphorylated I�B-�, total p65, and
I�B-� were not affected. Furthermore, BZLF1 wild-type and
BZLF1
TA constructs interacted with the p65 subunit,
whereas BZLF1
207-210 lost the interaction (Fig. 4C). As re-
sult, BZLF1 wild-type and BZLF1
TA constructs inhibited
DNA binding of the p65 subunit, while BZLF1
207-210 re-
duced the inhibition (Fig. 4D). Finally, we deleted the NF-�B
elements in the TNF-� promoter and found that deletion of
any NF-�B element greatly decreased the transcriptional activ-
ity of the TNF-� promoter and that deletion of all NF-�B ele-
ments completely abolished TNF-� expression and BZLF1 in-
hibition (Fig. 4E and F), indicating the essential role of NF-�B
in TNF-� transcription. Given the important role of NF-�B in
inflammation, we conclude that BZLF1 inhibits TNF-� tran-
scription through the disruption of NF-�B activation.

BZLF1 binds the TNF-� promoter. Because a typical ZRE is
not present in the TNF-� promoter, we performed a ChIP assay to
determine whether BZLF1 binds the TNF-� promoter. EBV-har-
boring P3HR-1 cells were treated with TPA and butyrate to induce
lytic replication and BZLF1 expression; at the 24-h peak, the cells
were collected and subjected to a ChIP assay with an anti-BZLF1
antibody, with the GAPDH promoter as a negative control. We
observed a strong interaction of BZLF1 with the TNF-� promoter
during reactivation and a weaker interaction when the cells were
not induced (Fig. 5A). A similar result was obtained for the lytic
promoters of BMLF1 and BSRF1, while no interaction was ob-
served for the latent EBNA1 promoter or the GAPDH promoter.
Furthermore, BZLF1
207-210 was completely unable to bind the
TNF-� promoter, whereas binding of BZLF1
TA was not re-
duced compared with that of wild-type BZLF1 (Fig. 5B). In com-
bination with the inhibition of NF-�B activation by BZLF1,
BZLF1 impaired the recruitment and activity of NF-�B p65 to the
TNF-� promoter. These results suggest that BZLF1 blocks TNF-�
expression by direct disruption of NF-�B-dependent transcrip-
tion at the TNF-� promoter.

BZLF1 inhibits TNF-� and IFN-� expression during early
lytic replication. As expected, LMP1-mediated TNF-� expression
was inhibited by wild-type BZLF1 but not BZLF1
207-210 (Fig.
6A). To exclude the inhibition of endogenous BZLF1, BZLF1-KO

(RT-qPCR) (C). (D and E) The cell pellets and supernatants were collected at different time points after lentiviral infection, and then intracellular viral genomic
DNA (D) and extracellular virion DNA (E) were extracted and analyzed by real-time PCR. *, P � 0.05. (F and G) Wild-type and BZLF1-KO EBV-BAC-harboring
HNE-1 cells were seeded in a 6-well plate and transfected with 2 �g control vector or GFP-BZLF1- or GFP-
207-210-expressing plasmids. The expression levels
of viral proteins were determined by Western blotting 48 h posttransfection (F), and intracellular viral genomic DNA was extracted and analyzed 72 h after
transfection (G). *, P � 0.05.
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EBV-harboring BJAB cells were established and transduced with
wild-type BZLF1- and BZLF1
207-210-expressing lentiviruses,
and then equal levels of BZLF1 and BZLF1
207-210 expression
were observed (Fig. 6B). Latent BZLF1-KO EBV-harboring cells
secreted TNF-�, and ectopic BZLF1 expression significantly re-
duced TNF-� production within 2 days, while this production was
slightly inhibited by BZLF1
207-210 (Fig. 6C). Although equal
ectopic BZLF1
207-210 expression induced the same level of ex-
pression of viral genes as wild-type BZLF1 (see below) (Fig. 6B),
BZLF1
207-210 exhibited a substantially lower ability to inhibit
TNF-� during the IE and early stages (12 h and 24 h) in EBV-
infected cells (Fig. 6D). TNF-� expression was dramatically de-
creased by BZLF1, whereas BZLF1
207-210 exhibited a reduced
inhibitory ability during the IE and early stages and showed a
lower ability to inhibit TNF-� expression than wild-type BZLF1
(Fig. 6D). Although ectopic BZLF1
207-210 itself did not inhibit
TNF-� expression, it induced the expression of other inhibitory
viral proteins that gradually led to the secondary inhibition during
the late stage (48 h). These results suggest that BZLF1 itself mainly
plays an inhibitory role in TNF-� expression during the IE and
early stages of the EBV lytic life cycle.

Furthermore, the expression of IFN-� in BZLF1-KO EBV-har-
boring BJAB cells was measured in the presence of wild-type
BZLF1 or BZLF1
207-210 expression. BZLF1-induced lytic rep-
lication in these cells triggered significant IFN-� secretion within 2
days, while much higher IFN-� production was observed in cells
with ectopic BZLF1
207-210 expression (Fig. 6E). Similarly, ec-
topic BZLF1
207-210 expression induced much more IFN-�
mRNA in the cells than wild-type BZLF1 expression, where ap-
proximately 3-fold-increased IFN-� mRNA levels were detected
in the cells with BZLF1
207-210 expression at early and late stages
(24 and 48 h postransduction) compared to the cells with wild-
type BZLF1 expression (Fig. 6F). These results indicate that BZLF1
inhibits IFN-� expression and production during EBV lytic repli-
cation.

Loss of TNF-� inhibition by BZLF1 does not inhibit viral
gene expression but decreases EBV replication. Because BZLF1
is a key immediate early transcriptional activator that switches
viral gene expression from latent program to lytic program, we
examined whether the loss of BZLF1 inhibitory activity in the
TNF-� proinflammatory response affects viral lytic replication.
GFP-tagged wild-type BZLF1, BZLF1
TA, and BZLF1
207-210
were introduced into P3HR-1 cells as inducers of lytic replication.
Whereas the proportion of GFP-positive P3HR-1 cells that were
observed after infection with lentiviruses that express the BZLF1
wild type, BZLF1
TA, or BZLF1
207-210 was more than 80%,
similar levels of GFP-tagged BZLF1 wild-type and mutated pro-
tein were detected (Fig. 7A). Upon transduction of equal levels of
BZLF1 and BZLF1
207-210, similar levels of endogenous BZLF1
and BMRF1 expression were induced, whereas BZLF1
TA did
not show this induction (Fig. 7A). We next detected viral gene
expression, which revealed that BZLF1
TA did not induce the
expression of latent and lytic genes, whereas wild-type BZLF1 and
BZLF1
207-210 comparably activated expression of the lytic
BMRF1, BALF4, BcLF1, and BLLF1 genes (Fig. 7B) by several
hundredfold, and both constructs increased the expression of the
latent EBNA1 and LMP1 genes by 10-fold (Fig. 7C). No differ-
ences in the cell cycle or cell death were observed upon
BZLF1
207-210 or BZLF1 transduction (data not shown). Interest-
ingly, decreased viral DNA replication and decreased virion produc-

tion were observed in BZLF1
207-210-transduced P3HR-1 cells
compared with BZLF1-transduced cells (Fig. 7D and E). These results
indicate that BZLF1
207-210 sustains its complete activity in lytic
viral transcription but reduces its activity in lytic replication.

To further exclude the effect of endogenous BZLF1 expression
induced by BZLF1
207-210, BZLF1-KO EBV BAC-harboring
BJAB cells were established. Following treatment with equal titers
of wild-type BZLF1- and BZLF1
207-210-expressing lentivirus
infections, similar (�90%) percentages of BZLF1-positive cells
were observed in BZLF1-KO EBV BAC-harboring BJAB cells (Fig.
8A), and equal ectopic expression levels of wild-type BZLF1 and
BZLF1
207-210 expression were detected (Fig. 8B). Wild-type
BZLF1 and BZLF1
207-210 induced equal levels of BMRF1 ex-
pression in wild-type and BZLF1-KO EBV BAC-harboring cells
that were similar to that activated by chemical inducer TPA and
sodium butyrate, while no differences in the levels of EBNA1 and
LMP2A expression were observed in cells with ectopic expression
of wild-type BZLF1 or BZLF1
207-210 (Fig. 8B). The same levels
of expression of viral EBNA1, LMP1, BMRF1, BALF4, BcLF1, and
BLLF1 genes were observed in BZLF1-KO EBV BAC-harboring
BJAB cells with wild-type BZLF1 or BZLF1
207-210 expression
(Fig. 8C); however, BZLF1
207-210-induced levels of viral repli-
cation and virion production in both wild-type and BZLF1-KO
EBV BAC-harboring BJAB cells were substantially lower than
those induced by wild-type BZLF1 (Fig. 8D and E). Likely due to
the lower original viral genomic DNA load in the cells, both wild-
type BZLF1- and BZLF1
207-210-induced levels of viral replica-
tion and virion production in BZLF1-KO EBV BAC-harboring
BJAB cells were lower than those seen with wild-type EBV BAC-
harboring cells. Similarly, in wild-type and BZLF1-KO EBV BAC-
harboring epithelial HNE-1 cells, equal levels of wild-type BZLF1
and BZLF1
207-210 ectopic expression induced similar levels of
expression of the lytic BMRF1 gene that were equal to that in-
duced by TPA plus sodium butyrate, and no difference in EBNA1
expression was observed (Fig. 8F); however, BZLF1
207-210-in-
duced viral lytic replication was dramatically weaker than that
induced by wild-type BZLF1 in wild-type and BZLF1-KO EBV
BAC-harboring HNE-1 cells (Fig. 8G). These results indicate that
the loss of BZLF1-mediated inhibition of the proinflammatory
response does not influence viral transcription but reduces viral
replication.

TNF-� depletion restores viral DNA replication induced by
BZLF1�207-210. To confirm that inhibition of inflammatory
factors by BZLF1 is required for EBV replication, P3HR-1 cells
that secrete a high level of TNF-� were transfected with stable
TNF-� shRNA and then transiently infected with equal titers of
lentiviruses expressing BZLF1 and BZLF1
207-210. The secre-
tion of TNF-� in control, BZLF1-, and BZLF1
207-210-trans-
duced P3HR-1 cells was dramatically depleted by stable transfec-
tion of TNF-� shRNA (Fig. 8A). Equal levels of ectopic BZLF1 and
BZLF1
207-210 expression were observed in the cells transduced
with control or TNF-� shRNA, as well as the expression of viral
BMRF1 and EBNA1 genes (Fig. 8B). Viral DNA replication was
detected under conditions of TNF-� depletion, and TNF-�
shRNA influenced neither latent DNA replication nor the lytic
viral replication induced by wild-type BZLF1. However, TNF-�
depletion accelerated the DNA replication induced by BZLF1

207-210 (Fig. 8C) and augmented the production of EBV virion
induced by BZLF1
207-210 without elevation by wild-type
BZLF1 (Fig. 8D). Furthermore, BZLF1-KO EBV BAC-harboring
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FIG 9 Depletion of TNF-� restores EBV lytic replication induced by BZLF1
207-210. (A to D) Three stable TNF-� shRNAs were introduced into P3HR-1 cells
by the pLKO.1 lentiviral system. Each cell line was then infected with BZLF1- or BZLF1
207-210-expressing lentiviruses (MOI � 10). (A) After 24 h,
supernatants were collected, and TNF-� was quantified by ELISA. (B) The expression of BZLF1 and viral genes was detected by Western blot analyses as indicated
at 48 h postlentivirus transduction. (C and D) Levels of DNA replication inside the cells (C) and virion particles in the supernatants (D) were determined as
described above. (E to H) BZLF1-KO EBV-harboring BJAB cells were transfected with stable shTNF-�1 and infected with BZLF1- or BZLF1
207-210-expressing
lentiviruses as described above, and the levels of TNF-� secretion (E), expression of viral genes (F), intracellular viral DNA replication (G), and extracellular
virion particles (H) were detected. Statistical analysis was performed by ANOVA for replicate measures. *, P � 0.05.
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FIG 10 Neutralization of TNF-� and IFN-� promotes EBV lytic replication induced by BZLF1
207-210. (A to C) P3HR-1 cells were transduced with
lentivirus-based BZLF1 or BZLF1
207-210 or control vector. After 6 h, BZLF1- or BZLF1
207-210-transduced P3HR-1 cells were incubated with anti-TNF-�-
or anti-IFN-�-neutralizing antibodies or isotype IgG in the different combinations and at the different time points as indicated. (A) After incubation for 48 h,
expression of viral genes was detected by Western blot analyses as indicated. (B and C) Then, the intracellular DNA genome (B) and the extracellular virion
particles (C) were collected and levels were determined as described in Materials and Methods. (D to F) BZLF1-KO EBV BAC-harboring BJAB cells were infected
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BJAB cells were also transduced with stable TNF-� shRNA fol-
lowed by infection with control and BZLF1- and BZLF1
207-
210-expressing lentiviruses. The secretion of TNF-� in control
and BZLF1
207-210-expressing cells was greatly depleted by
TNF-� shRNA, and that in BZLF1-expressing cells was dramati-
cally decreased by BZLF1 regardless of whether or not transduc-
tion with TNF-� shRNA occurred (Fig. 9E). Similarly, TNF-�
shRNA affected neither ectopic BZLF1 expression and BZLF1

207-210 expression nor the expression of the viral BMRF1 and
EBNA1 genes (Fig. 9F). Because TNF-� was already inhibited,
TNF-� shRNA did not promote viral lytic replication in BZLF1-
expressing cells; however, intracellular viral DNA replication and
virion production were elevated appropriately 2-fold by TNF-�
depletion in BZLF1
207-210-expressing cells (Fig. 9G and H).
Because IFN-� and other inflammatory factors that contribute to
the inflammatory response were also suppressed (Fig. 1C), TNF-�
depletion restored half of the viral replication and virion produc-
tion. These results suggest that BZLF1 decreases TNF-� secretion
to facilitate viral DNA replication.

Neutralizing TNF-� and IFN-� completely recovers viral
DNA replication. To determine the cooperative role of TNF-�
and IFN-� in viral replication, anti-TNF-�- and -IFN-�-neu-
tralizing antibodies were used to deplete cytokine activity. In-
cubation with IgG or antibodies themselves induced only very
weak lytic replication, and neither treatment affected the equal
levels of wild-type BZLF1 and BZLF1
207-210 ectopic expres-
sion as well as the expression of BMRF1 and EBNA1 (Fig. 10A).
Viral replication and virion production were elevated by anti-
TNF-�-neutralizing antibodies alone in BZLF1
207-210-ex-
pressing P3HR-1 cells, whereas anti-IFN-�-neutralizing anti-
bodies did not increase virion production and increased viral
DNA replication only slightly (Fig. 10B and C). The combina-
tion of the two antibodies augmented viral replication and vi-
rion production and restored viral replication to the same level
as that seen with wild-type BZLF1 after incubation for 3 days
and virion production after 5 days.

To further confirm that BZLF1-mediated inhibition of TNF-�
and IFN-� promotes viral lytic replication, anti-TNF-�- and anti-
IFN-�-neutralizing antibodies were used to deplete TNF-� and
IFN-� secretion in BZLF1-KO EBV BAC-harboring BJAB cells
after infection with equal titers of wild-type BZLF1- and
BZLF1
207-210-expressing lentiviruses. Equal levels of wild-type
BZLF1 and BZLF1
207-210 ectopic expression were observed,
and incubation of either of the antibodies did not affect their ex-
pression levels (Fig. 10D). Equal levels of BMRF1 expression were
induced by wild-type BZLF1 and BZLF1
207-210 expression, and
no difference in EBNA1 expression was observed, regardless of the
conditions of incubation with or without either antibody (Fig.
10D). The levels of viral replication and virion production were
augmented by both anti-TNF-�- and anti-IFN-�-neutralizing an-
tibodies in both cells, and optimal levels of replication and yield of
progeny virus were induced under conditions that included the
combination of the two antibodies (Fig. 10E and F). Although the

replication of viral genomic DNA was substantially lower in
BZLF1-KO EBV BAC-harboring BJAB cells, the combination of
the two antibodies increased viral DNA replication and virion
yield approximately 4-fold under conditions of BZLF1
207-210
transduction (Fig. 10E and F). Notably, wild-type BZLF1 and
BZLF1
207-210 induced nearly identical levels of viral DNA rep-
lication and virion production under the conditions that included
the combination of the two antibodies (Fig. 10E and F). These
results suggest that blockade of TNF-� and IFN-� cooperatively
abolished the antiviral inflammatory response and facilitated op-
timal replication during EBV lytic replication.

DISCUSSION

In the present study, we demonstrated that BZLF1 suppresses
TNF-� and IFN-� proinflammatory responses through disrupt-
ing NF-�B activation, thereby facilitating optimal viral replication
and virion production. BZLF1 mainly suppresses proinflamma-
tory factors and alters the inflammatory microenvironment dur-
ing the IE and early stages of EBV lytic replication, representing a
novel strategy for the evasion of the inflammatory response during
the EBV lytic life cycle.

Experimental and clinical studies have revealed that levels of
inflammatory factors are elevated in EBV-infected cells and le-
sions (40–45). The majority contribute to expression of latent
viral proteins, such as LMP1, which activate inflammatory factors
through the participation of several cellular partners (46, 47).
However, the pattern of inflammatory factors is altered following
the switch from the latent EBV life cycle to the lytic life cycle.
Previous studies have shown that BZLF1 regulates inflammation
(10, 48), and our present study provided new evidence indicating
that BZLF1 attenuates TNF-� and IFN-� expression as well as
expression of a series of other inflammatory factors. In addition,
BZLF1 abolishes the response to TNF-� and IFN-� stimuli by
inhibiting the expression of the major TNF receptor TNFR1 and
the IFN-� receptor, respectively (21–23). These results indicate
that BZLF1 mediates the evasion of the antiviral inflammatory
response during the EBV lytic life cycle by inhibiting proinflam-
matory factors and receptors.

The C/EBP homologous motif in BZLF1 is required for EBV
replication; however, the BZLF1 A204D and S208E mutations in
this motif, which abolish TNFR1 inhibition and EBV replication
(23, 39), respectively, do not affect the inhibition of TNF-� (Fig.
2B), indicating that this distinct mechanism of TNF-� inhibition
is C/EBP independent. We confirmed that the inhibition is due to
the disruption of the NF-�B pathway (Fig. 4), which is frequently
involved in inflammation and cancer (49, 50). Previous and cur-
rent studies have revealed that BZLF1 directly targets the NF-�B
p65 subunit and prevents the recruitment of NF-�B to cellular
promoters (see references 24 and 25 and Fig. 4). This inhibition
does not require the domains of BZLF1 DNA binding and tran-
scriptional activation but requires the coiled-coil domain of
BZLF1 protein-protein interactions and dimerization. This do-
main is required for interaction with the NF-�B p65 subunit (24)

with GFP-tagged wild-type BZLF1- or BZLF1
207-210-expressing lentiviruses (MOI � 10). At 6 h after lentiviral infection, anti-TNF-�- or anti-IFN-�-
neutralizing antibodies or isotype IgG was added as indicated. (D) Levels of expression of viral genes were detected by Western blot analyses after incubation with
antibodies for 48 h. (E) After incubation for 3 days, the cells were collected and intracellular viral genomic DNAs were extracted and analyzed by real-time PCR
for intracellular viral DNA replication. (F) After incubation for 5 days, the supernatants were collected, and virion DNAs were extracted and analyzed. *, P � 0.05
(compared with isotype IgG). The x-axis data for panels E and F are as indicated for panels B and C, respectively.
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and is sensitive to mutations because many conserved residues are
critical for BZLF1 DNA binding and viral DNA replication (39).
This region is an �-helix that forms a coiled-coil structure (51),
and a single deletion disrupts the �-helix structure. BZLF1
207-
210 with 4-aa KSSE residues deleted (one single spiral coil in the
�-helix) may not have an altered global conformation. It exhibits
nearly identical biochemical properties and transactivation (Fig. 2
and 3), while losing the interaction with the NF-�B p65 subunit
(Fig. 4). It is presumable that the truncated coiled-coil domain of
BZLF1
207-210 is sufficient for homodimerization and DNA
binding to ZREs, while deletion of the KSSE coil may disrupt the
binding motif of the NF-�B p65 subunit or the truncation of
the �-helix may cause the shift of the C-terminal tail to block the
approach of the NF-�B p65 subunit.

Our results demonstrate that the inhibition of the inflam-
matory factors during the lytic life cycle promotes viral replica-
tion and virion production in lytic EBV-infected cells. The
BZLF1
207-210-mediated loss of inhibition of proinflammatory
responses does not reduce either lytic or latent EBV gene expres-
sion, whereas DNA replication and virion production are dramat-
ically decreased (Fig. 7 and 8). However, depletion of TNF-� re-
stores viral replication by half, indicating that TNF-� is one of the
key suppressors of the antiviral inflammatory response, which is
primarily blocked by BZLF1 during the IE and early lytic cycles
(Fig. 6). Furthermore, the use of TNF-�- and IFN-�-neutralizing
antibodies confirms the prominent function of TNF-� and the
cooperative role of IFN-� in the antiviral inflammatory response
during EBV lytic replication (Fig. 10).

The expression of the TNF-� and IFN-� proinflammatory fac-
tors is essential for the activation of antiviral inflammatory re-
sponses, which restrict viral infection and replication as well as
directly triggering cell death (17, 20). The results of previous
studies and the present study show that BZLF1 is a key inhibi-
tor in suppression of TNF-� and IFN-� signaling, by which
BZLF1 induces intracellular and microenvironmental altera-
tions to promote viral lytic replication. Expression of
BZLF1
207-210 triggers viral lytic gene expression, while
TNF-� and IFN-� expression levels are not suppressed during
the IE and early stages of lytic replication; then, the proinflam-
matory responses counteract viral replication. Depletion of
TNF-� by shRNA or neutralization of TNF-� and IFN-� by
antibodies eliminates the antiviral effect and recovery of viral
replication (Fig. 9 and 10). Thus, early inhibition of the TNF-�
and IFN-� responses by BZLF1 is an efficient and important
strategy utilized by EBV to evade antiviral inflammatory re-
sponses and facilitate optimal viral replication.

In the EBV life cycle, BZLF1-mediated proinflammatory
factors might function in lytic cells in an autocrine manner and
in latent or uninfected cells in a paracrine manner. BZLF1 in-
hibition of the autocrine proinflammatory response is required
for optimal viral DNA replication and progeny virion produc-
tion. In contrast, the inhibition of proinflammatory factors
alleviates the antiviral states in latent and uninfected cells to
enhance secondary infection and viral maintenance. In addi-
tion to EBV replication and infection, BZLF1 inhibition of pro-
inflammatory factors inhibits paracrine senescence in neigh-
boring epithelial cells (unpublished data). This senescence is
also due to proinflammatory factors TNF-� and IFN-�, whose
presence is sufficient to induce senescence and attenuate viral
infection (16, 52–54).

In summary, we have demonstrated that BZLF1 acts as a
novel transcriptional silencer of proinflammatory factors by
directly binding to the TNF-� promoter and disrupting NF-
�B-dependent transcription. This inhibition facilitates EBV
lytic infection and replication, which may represent a strategy
to evade the antiviral inflammatory response during the EBV
lytic life cycle.
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