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ABSTRACT

Recent studies have shown that inflammatory responses trigger and transmit senescence to neighboring cells and activate the
senescence-associated secretory phenotype (SASP). Latent Epstein-Barr virus (EBV) infection induces increased secretion of sev-
eral inflammatory factors, whereas lytic infections evade the antiviral inflammatory response. However, the changes in and roles
of the inflammatory microenvironment during the switch between EBV life cycles remain unknown. In the present study, we
demonstrate that latent EBV infection in EBV-positive cells triggers the SASP in neighboring epithelial cells. In contrast, lytic
EBYV infection abolishes this phenotype. BZLF1 attenuates the transmission of paracrine senescence during lytic EBV infection
by downregulating tumor necrosis factor alpha (TNF-a) secretion. A mutant BZLF1 protein, BZLF1A207-210, that cannot in-
hibit TNF-a secretion while maintaining viral transcription, fails to block paracrine senescence, whereas a neutralizing antibody
against TNF-a is sufficient to restore its inhibition. Furthermore, latent EBV infection induces oxidative stress in neighboring
cells, while BZLF1-mediated downregulation of TNF-« reduces reactive oxygen species (ROS) levels in neighboring cells, and
ROS scavengers alleviate paracrine senescence. These results suggest that lytic EBV infection attenuates the transmission of in-
flammatory paracrine senescence through BZLF1 downregulation of TNF-a secretion and alters the inflammatory microenvi-
ronment to allow virus propagation and persistence.

IMPORTANCE

The senescence-associated secretory phenotype (SASP), an important tumorigenic process, is triggered and transmitted by in-
flammatory factors. The different life cycles of Epstein-Barr virus (EBV) infection in EBV-positive cells employ distinct strategies
to modulate the inflammatory response and senescence. The elevation of inflammatory factors during latent EBV infection pro-
motes the SASP in uninfected cells. In contrast, during the viral lytic cycle, BZLF1 suppresses the production of TNF-a, resulting
in the attenuation of paracrine inflammatory senescence. This finding indicates that EBV evades inflammatory senescence dur-
ing lytic infection and switches from facilitating tumor-promoting SASP to generating a virus-propagating microenvironment,

thereby facilitating viral spread in EBV-associated diseases.

C ellular senescence, an irreversible arrest of the cell cycle with
major hallmarks of senescence-associated heterochromatic
foci and DNA segments, is induced by genotoxic or oncogenic
stress (1, 2). Oncogene-induced senescence (OIS) is triggered by
excessive expression of oncogenes or oncogene-induced replica-
tive stress and acts as an efficient barrier against malignancy (3, 4).
However, tumors develop ways to evade OIS during early tumor-
igenesis (5). Interestingly, senescent cells also secrete proinflam-
matory factors that are important for tumor progression; this phe-
notype is called the senescence-associated secretory phenotype
(SASP) (6). Recent studies have shown that inflammatory re-
sponses trigger and transmit cellular senescence to neighboring
cells (7-9), indicating that profound cross talk and signal integra-
tion occur between senescent cells and the inflammatory mi-
croenvironment and that this communication may promote ei-
ther tumor progression or suppression.

Herpesviruses produce few transcripts during latent infection.
In contrast, during lytic infection, transcripts of the entire herpes-
virus genome are produced and cellular machinery and multiple
signaling pathways are exploited to facilitate replication and
spread (10-12). Host defenses against viral infection include the
activation of innate immune and inflammatory responses; how-
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ever, herpesviruses employ multiple strategies and multiple viral
products to evade host defenses (13-16). In addition to being
involved in antiviral defenses during acute infection, inflamma-
tory factors are also involved in the progression of persistent in-
fection, cancers, and other inflammatory disorders (10, 17-19).
Studies have identified several inflammatory factors involved
in infectious diseases caused by Epstein-Barr virus (EBV) infec-
tion that are mediated by both lytic and latent viral gene products
(20-25). Levels of these inflammatory factors are elevated during
EBV infection, and they elicit chronic inflammation, which leads

Received 20 May 2016 Accepted 16 June 2016
Accepted manuscript posted online 22 June 2016

Citation Long X, Li Y, Yang M, Huang L, Gong W, Kuang E. 2016. BZLF1 attenuates
transmission of inflammatory paracrine senescence in Epstein-Barr virus-infected
cells by downregulating tumor necrosis factor alpha. J Virol 90:7880-7893.
doi:10.1128/JV1.00999-16.

Editor: J. U. Jung, University of Southern California

Address correspondence to Ersheng Kuang, kuangersh@mail.sysu.edu.cn.
X.L.and Y.L. contributed equally to this article.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

September 2016 Volume 90 Number 17


http://dx.doi.org/10.1128/JVI.00999-16
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00999-16&domain=pdf&date_stamp=2016-6-22
http://jvi.asm.org

to persistent EBV infection and disease (26, 27). Multiple onco-
genes and immunomodulatory proteins encoded by EBV are in-
volved in immune evasion and inflammation (13, 18). However,
the expression levels of EBV oncogenes and the DNA damage
response vary with the switch between latency and lytic infection
(28, 29). In addition, the time course and function of autocrine
and paracrine inflammatory factors in the latency and lytic repli-
cation remain elusive. It is also unknown whether neighboring
cells and their microenvironments are influenced by inflamma-
tory responses induced by either latent or lytic EBV infection.

Latent EBV infection immortalizes primary B cells and epithe-
lial cells in part through the evasion of senescence (30, 31). In
contrast, lytic infection causes cell cycle arrest and senescence via
the expression of lytic viral proteins (32—34). However, paracrine
senescence during latent and lytic EBV infection remains poorly
understood. Recently we revealed that BZLF1 inhibited the ex-
pression of the proinflammatory factors tumor necrosis factor
alpha (TNF-«) and gamma interferon (IFN-v) and consequently
facilitated EBV lytic replication (35). In the present study, we
demonstrate that lytic EBV infection attenuates the transmission
of paracrine senescence of EBV-positive cells via a reduction in
proinflammatory TNF-a secretion due to BZLF1. Consequently,
the levels of inflammatory SASP and oxidative stress decrease in
neighboring cells, indicating that Iytic EBV replication induces a
switch from a tumor-promoting to a virus-propagating microen-
vironment.

MATERIALS AND METHODS

Cells and antibodies. EBV-negative Akata cells and EBV-positive
P3HR-1 and Akata(+) cells were maintained in RPMI 1640 medium con-
taining 10% fetal bovine serum (FBS) and antibiotics (penicillin and
streptomycin). Human nasopharyngeal carcinoma (NPC) CNEI1 cells
were cultured in RPMI 1640 supplemented with 5% FBS and antibiotics.
Primary human tonsil epithelial cells (HTEpiCs [catalog no. 2560]) were
purchased from ScienCell Research Laboratories, Carlsbad, CA, and
maintained in tonsil epithelial cell medium (TEpiCM [catalog no. 2561])
containing growth factors (TepiCGs) and antibiotics. Antihemagglutinin
(anti-HA), anti-poly(ADP-ribose) polymerase (anti-PARP), anti-
p21°™1, and anti-p16™*** antibodies and recombinant human TNF-«
and IFN-v proteins were purchased from Cell Signaling Technology, Inc.,
Beverly, MA. Anti-BZLF1, anti-Ea-D (BMRF1), anti-VCA (viral capsid
antigen), and anti-EBNA1 antibodies were purchased from Santa Cruz
Biotechnology, Inc., Dallas, TX. Anti-p275"*", anti-cyclin D1, anti-cyclin E,
anti-cyclin-dependent kinase 4 (anti-CDK4), and anti-CDK6 antibodies
were purchased from ABclonal, Inc., College Park, MD. 12-O-Tetradecanoyl-
phorbol-13-acetate (TPA), sodium butyrate (NaB), N-acetyl-L-cysteine
(NAC), reduced glutathione (GSH), 2,7’ -dichlorodihydrofluorescein di-
acetate (DCFH-DA), and anti-B-actin were purchased from Sigma-Al-
drich, Inc., St. Louis, MO. TNF-q, interleukin-6 (IL-6), and IL-8 enzyme-
linked immunosorbent assay (ELISA) kits were purchased from R&D
Systems, Inc., Minneapolis, MN. Fluorescein di-f-p-galactopyranoside
(FDG), a membrane-permeable probe of 3-galactosidase (3-Gal), was
purchased from AAT Bioquest, Inc., Sunnyvale, CA (catalog no. 14001).
Catalase (catalog no. S0082) was purchased from Beyotime Biotechnol-
ogy, Shanghai, China. Anti-LMP2A antibody was a gift from Musheng
Zeng’s lab (Cancer Centre of Sun Yat-Sen University).

Plasmids and EBV BAC DNA. Wild-type BZLFI, transcription do-
main deletion mutant BZLF1ATA, and mutant BZLF1A207-210 con-
structs were constructed and subcloned into pLXRN lentiviral vectors
(Clontech Laboratories, Mountain View, CA), and TNF-a short hairpin
RNA (shRNA) was subcloned into pLKO.1 lentiviral vectors as previously
described (35). BRLF1-KO and BZLF1-KO EBV bacterial artificial chro-
mosome (BAC) DNAs were a kind gift from Henri-Jacques Delecluse at
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the German Cancer Research Centre (DKFZ), Heidelberg, Germany, and
have been previously described (36, 37). EBV BAC genomic DNA was
nucleofected into Akata cells, and BAC-harboring cells were selected as
described previously (35).

Lentivirus packaging and infection. GP2-293 cells seeded in 10-cm
dishes were cotransfected with 15 g of the pLXRN lentiviral expression
vector and 5 pug of pPCMV-VSV-G. The supernatants were harvested 72 h
posttransfection and concentrated by ultracentrifugation at 100,000 X g
for 1 h to prepare 100-fold viral stocks. After preliminary tests and titra-
tion, lentiviral infections were performed following standard procedures.

Real-time PCR. Total RNA was extracted, reverse transcribed to
cDNA, and assayed by real-time SYBR green PCR. The primers for real-
time PCR were designed using Primerbank (38); the sequences of the
primer pairs are available upon request.

Conditioned medium culture. Cultures containing 2 X 10°/ml
P3HR-1 cells were infected with wild-type or mutant BZLF1-expressing
lentiviruses at a multiplicity of infection (MOI) of 50 in the presence of 4
pg/ml Polybrene. After 8 h, the lentivirus was removed, and the cells were
washed twice with phosphate buffer and then incubated with fresh me-
dium for an additional 24 h. The supernatants were then collected, fil-
tered, and stored as conditioned medium. For CNE1 cells, the medium in
conditioned medium cultures was replaced every 2 days. For HTEpiCs,
the supernatants were mixed with 50% (vol/vol) TEpiCM without
TepiCGs, and the medium was refreshed every 2 days.

Senescent [3-Gal staining. After incubation for 10 or 8 days, condi-
tioned medium-cultured HTEpiCs or CNEL cells, respectively, were
washed with phosphate buffer and then fixed in fixing buffer (containing
4% paraformaldehyde, 1% glutaraldehyde, 0.01% NP-40, and 0.01% so-
dium deoxycholate) for 15 min and washed once with cold phosphate
buffer. B-Gal activity was detected in staining buffer as described previ-
ously (39). After 48 to 72 h, the cells were washed twice with distilled water
and visualized using an inverted microscope.

Senescent cell flow cytometry. Detection of senescent cells using flow
cytometry was performed as previously described (40). Briefly, 1 X 10°
cells were digested, washed twice with phosphate-buffered saline (PBS),
and resuspended with 200 pl of ice-cold PBS for 10 min. Then, 5 .l of 20
mM FDG was added, the mixture was incubated at 37°C for 1 min, and
then 1.8 ml of cold PBS was immediately added to the cells. The cells were
left on ice for an additional 1 h and then analyzed using the BD LSR-
Fortessa fluorescence-activated cell sorter (FACS) system (BD Bioscience)
at a 488-nm wavelength.

Antibody neutralization. The conditioned medium was incubated
with 10 pg/ml anti-TNF-a (catalog no. 73218, rabbit monoclonal anti-
body [MAb]; Cell Signaling Technology) and/or anti-IFN-+y (catalog no.
MAB286, mouse IgG2A; R&D Systems) neutralizing antibodies or an iso-
type-matched control IgG (eBioscience) for 1 h at 37°C before being di-
rectly added to the HTEpiCs. The pretreated medium containing neutral-
izing antibody was refreshed every 2 days.

Detection of oxidative agents. DCFH-DA, a cell-permeable probe of
reactive oxygen species (ROS), was used to detect endogenous ROS.
Briefly, DCFH-DA was diluted with serum-free RPMI 1640 to a final
concentration of 20 wM. Cells were washed twice with serum-free RPMI
1640 and then incubated with DCFH-DA for 20 min in 37°C. After incu-
bation, the supernatants were discarded, and the cells were washed twice.
Fluorescent intensity was analyzed using a TriStar2 multimode reader
(Berthold) with an excitation wavelength of 488 nm and an emission
wavelength of 525 nm. The activities of NADH oxidase and malondialde-
hyde (MDA) were measured by following the standard procedure using
the commercial kits purchased from Comin Biotechnology Co., Ltd. (cat-
alog no. NOX-2-Y), and the Beyotime Institute of Biotechnology (catalog
no. S0131), respectively.

EBYV infection. Human primary tonsil epithelial cells were infected
with purified EBV virion at a very high MOI (=1,000) by following a
standard protocol as described previously (41). EBV infection in CNE1
cells was performed through coculture with lytically infected P3HR1 cells
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as described previously (42). Briefly, lytic replication of PAHR-1 cells was
induced by treatment with 20 nM TPA and 0.3 mM sodium butyrate for 3
days. Following this treatment, cells were washed twice with fresh RPMI
1640 and added to CNEI cells in a 12-well plate (5 X 10° cells/well). After
2 days, the supernatants and the floating cells were discarded. The CNE1
cells were then washed twice and cultured in RPMI 1640 medium for
further analysis.

Statistical analysis. Statistical analysis was performed using SPSS
13.0. The following methods were used for data analysis: one-way analysis
of variance (ANOVA), Bonferroni’s correction method, chi-square test,
ANOVA for replicate measures, and linear correlation analysis.

RESULTS

Different paracrine senescence during latent and lytic EBV in-
fections. Distinct patterns of expression of EBV oncogenes and of
EBV DNA replication during the switch from latency to lytic rep-
lication presumably result in different extents of oncogenic or
replicative stress, followed by cellular senescence. To investigate
autocrine and paracrine senescence during latent and lytic EBV
infections, the levels of intrinsic and paracrine-induced expres-
sion of the senescence markers p16™** and p21“'*! were mea-
sured in EBV-positive lymphoma cells or uninfected cells incu-
bated with cytokines from EBV-infected cells, respectively.
Elevated expression of p16™*** and p21“*! was observed neither
in latently infected P3HR-1 or Akata(+) cells nor in TPA-induced
P3HR-1 or anti-IgG-induced Akata(+) cells, suggesting that in-
trinsic senescence is not induced by different EBV infections per se
(Fig. 1A). Interestingly, the expression of p16™** and p21°"!
was significantly increased in both CNE1 cells and HTEpiCs incu-
bated with cytokines from latently EBV-infected cells but not in
cells incubated with cytokines from lytically infected cells (Fig.
1B). The cell cycle regulators cyclin D1 and cyclin E were also
induced in both epithelial cells by cytokines from latently EBV-
infected cells but not by cytokines from lytically infected cells, and
the levels of expression of positive regulators CDK4 and CDK6
were oppositely changed; however, the expression of p275P" was
unaffected. The pattern of PARP expression was not changed, and
no cleavage of PARP was observed in any cells, compared with that
in apoptotic cells induced by camptothecin (Fig. 1B). These
changes indicated that cellular senescence, but not apoptosis, oc-
curred in both groups of conditioned medium-cultured epithelial
cells. Senescence-associated B-Gal staining was further used to
visualize senescent cells in CNE1 and HTEpiCs incubated with
cytokines from EBV-infected cells. A high proportion of senescent
cells was observed among cells cultured with conditioned medium
containing cytokines from both P3HR-1 and Akata(+) cells with
latent EBV infection, whereas the level of senescent cells was much
lower among cells cultured with conditioned medium containing
cytokines from cells with lytic EBV infections (Fig. 1C). The se-
nescent cells were measured by FDG fluorescent flow cytometry,
and approximately 5-fold or 4-fold more senescent cells were
present among HTEpiCs incubated with cytokines from latently
infected P3HR-1 or Akata(+) cells, respectively. In contrast, no
more than a 2.5- or 2-fold increase in the percentage of senescent
cells was observed among cells incubated with cytokines from the
two lytic cell types, respectively, compared with the basal percent-
age of senescent cells under normal culture with fresh media (Fig.
1D). These results suggested that latently EBV-infected cells trans-
mit senescence to neighboring cells through cytokines, but lytic
cells greatly abate it, indicating that EBV lytic replication switches
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the secretion of cytokines from a senescence-inducing to a senes-
cence-attenuating phenotype.

EBV lytic infection alleviates senescence in neighboring
cells. To investigate the transmission of inflammatory senescence
by naturally EBV-infected cells, we observed senescence during
primary EBV infection. A very high MOI and cell-to-cell contact
are two efficient approaches for high efficiency of EBV infection in
human epithelial cells (41, 42). HTEpiCs and CNEI cells were
infected by a high titer of purified virion (MOI of 1,000) or by
coculture with lytic EBV-infected P3HR-1 cells, respectively. The
efficiency of EBV infection varied from approximately 15% to
30%, as determined by in situ hybridization using an Epstein-Barr
virus-encoded RNA (EBER) probe (Fig. 2B) and the EBNA1/
DAPI (4',6-diamidino-2-phenylindole) ratio (Fig. 2D and E), and
5 to 20% of the cells exhibited EBV lytic infection, as determined
by the BZLF1/DAPI ratio (Fig. 2D and E). As expected, TNF-a
production was induced by EBV infection, and BZLF1-mediated
lytic replication inhibited TNF-a production (Fig. 2C). The senes-
cence marker p16™ ** was rarely observed in EBNA1- or BZLF1-
positive cells, but it was often detected in uninfected neighboring
cells, indicating that EBV infection induces senescence in neigh-
boring cells. A positive correlation between EBNAI- and
pl6™ *_positive cell counts was observed (P < 0.01) (Fig. 2C and
D, left panels). When EBNA1- and p16™***-positive cell counts
were compared with total numbers of cells (labeled with DAPI),
this correlation was positive. In contrast, a significant negative
correlation (P < 0.001) was detected between BZLF1- and
p16™ **_positive cell counts during EBV lytic infection (Fig. 2C
and D, right panels), and p16™ *-positive cell counts were not
related to cell number (P = 0.240 in HTEpiCs and P = 0.198 in
CNE]1 cells). However, neither ectopic EBNA1 nor BZLF1 expres-
sion alone was correlated with senescence in uninfected HTEpiCs
or neighboring cells (Fig. 2A). These data indicate that the latent
and lytic EBV life cycles induce distinct phenotypes of paracrine
senescence in uninfected neighboring cells during primary infec-
tion in epithelial cells.

BZLF]1 attenuates the transmission of paracrine senescence.
BZLF1, the EBV-encoded immediate early (IE) viral transactiva-
tor, initiates lytic replication during primary infection or reacti-
vation from latency. BZLF1 exerts multiple functions through
its different functional domains (43). We have developed a
BZLF1A207-210 mutant with a deletion of 4 amino acids in the
protein-protein binding domain, resulting in loss of the ability to
inhibit TNF-a and IFN-y production while maintaining normal
transcriptional activity in EBV lytic gene expression (35). When
HTEpiCs were cultured in conditioned medium containing
cytokines secreted from control, BZLF1-, BZLFIATA-, or
BZLF1A207-210-transduced P3HR-1 cells, the growth of HTEp-
iCs was minimally affected by the presence of cytokines from lytic
P3HR-1 cells expressing BZLF1. In contrast, cytokines from latent
P3HR-1 cells significantly reduced HTEpiC growth (Fig. 3A). In-
terestingly, cell growth was dramatically suppressed when cells
were cultured in conditioned medium containing cytokines from
BZLF1A207-210-transduced P3HR-1 cells in which the lytic EBV
cycle was reactivated. Cytokines from BZLF1ATA-transduced
P3HR-1 cells failed to inhibit cell growth even though the EBV
infection in these cells was latent, indicating that BZLF1, not other
lytic viral proteins, favors the growth of epithelial cells in a para-
crine manner. To investigate the role of BZLF1 in paracrine senes-
cence during EBV infection, HTEpiCs were cultured for 10 days in
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conditioned medium in the presence of cytokines secreted from
P3HR-1 cells expressing the control, BZLF1, BZLF1ATA, or
BZLF1A207-210. Levels of the senescence markers pZICIPI,
p16™%* and cyclin D1 were increased when cells were cultured
with cytokines from control and BZLF1A207-210-transduced
P3HR-1 cells but did not change when HTEpiCs were cultured in
the presence of cytokines from BZLF1- and BZLF1ATA-trans-
duced P3HR-1 cells (Fig. 3B). The expression of the senescence-
associated inflammatory factors IL-1f3, IL-6, and IL-8 was greatly
elevated in HTEpiCs cultured in conditioned medium containing
cytokines from BZLF1A207-210-transduced P3HR-1 cells, as well
as cytokines from control P3HR-1 cells, compared with cytokines
from wild-type BZLF1- and BZLF1ATA-transduced cells, whereas
expression of TNF-a was unchanged (Fig. 3C). The secretion of
IL-6 and IL-8 from HTEpiCs was similarly changed during con-
ditioned medium culture (Fig. 3D). Furthermore, enhanced ac-
tivity of senescence-associated-f3 galactosidase was observed in
HTEpiCs cultured in conditioned medium containing cytokines
from both control and BZLF1A207-210-transduced P3HR-1 cells
compared with that from wild-type BZLF1- or BZLF1ATA-trans-
duced cells (Fig. 3E). Transduction with BZLF1 or BZLF1ATA
reduced the percentage of senescent cells to basal levels under
normal conditions, whereas high percentages of senescent cells
were induced by cytokines from BZLF1A207-210-transduced
P3HR-1 cells, similar to those induced by cytokines from latently
infected P3HR-1 cells transfected with the control vector (Fig. 3F).
Because BZLF1ATA, which did not activate viral lytic transcrip-
tion, inhibited cellular senescence to the same extent as BZLF1, the
inhibitory function of paracrine senescence was considered to be
independent of the transcription of lytic viral products. These
results indicate that BZLF1 suppresses paracrine senescence inde-
pendent of its transcriptional activity and of EBV lytic replication.
Thus, we concluded that cells with latent EBV infections induce
SASP in neighboring cells and that BZLF1 attenuates paracrine
senescence during lytic replication.

BZLF1 inhibits paracrine senescence in BZLF1-KO or
BRLF1-KO EBV-infected cells. To exclude the effect of endoge-
nous BZLF1 expression and to further investigate BZLF1 inhibi-
tion of paracrine senescence, BZLF1-KO or BRLF1-KO EBV
BAC-harboring cells were established in EBV-negative Akata cells.
More than 90% of cells were transduced with BZLF1 or
BZLF1A207-210 when the cells were infected with BZLF1- or
BZLF1A207-210-expressing lentiviruses at an MOI of >10, as de-
scribed previously (35). A comparable level of ectopic BZLF1 ex-
pression was observed in EBV-negative cells and EBV BAC-har-
boring cells, followed by the induction of early gene BMRF1
expression in two types of EBV BAC-harboring cells and late gene
VCA expression in BZLF1-KO cells but not in BRLF1-KO EBV
BAC-harboring cells (Fig. 4A). The cytokines from EBV-negative
Akata cells did not induce p16™%** and cyclin D1 expression and

paracrine senescence in HTEpiCs, though they did induce p21<™"
expression after anti-IgG stimulation. In contrast, the cytokines
from both types of EBV-infected cells induced p16™*** and cyclin
D1 expression and cellular senescence in epithelial cells (Fig. 4B
and E), indicating that EBV-infected cells, but not uninfected
cells, induced paracrine senescence. Notably, BZLF1 inhibits the
induction of cyclin D1, p16™5*%, and p21°""! expression and the
activity of senescence-associated 3-Gal in both BZLF1-KO and
BRLF1-KO EBV BAC-harboring cells, while BZLF1A207-210
completely lost the inhibition of senescent induction (Fig. 4B and
C). The senescent cells were measured using FDG fluorescent
flow cytometry, and the percentage of senescent cells was
greatly decreased by BZLF1 expression, equal to the basal level
during anti-IgG-stimulated Akata cell activation that only
slightly increased senescence, whereas the percentage was un-
affected by BZLF1A207-210 expression (Fig. 4D and E). Addi-
tionally, the ability of BRLF1-KO EBV BAC-harboring cells to
induce senescence was slightly lower than that of BZLF1-KO EBV
BAC-harboring cells, BRLF1-KO likely affected the viral genomic
DNA load inside the cells and consequently reduced the expres-
sion of latent genes such as the gene coding for LMP2A (Fig. 4A).
Because endogenous BZLF1 expression was abolished in
BZLF1-KO EBV BAC-harboring cells and lytic replication was
disrupted in BRLF1-KO EBV BAC-harboring cells, the inhibition
of senescence induction in both cells by BZLFI indicates that
BZLF1 itself is sufficient to inhibit SASP and paracrine senescence
during EBV infection.

TNF-a induces senescence in epithelial cells. Previous studies
have demonstrated that TNF-a production is elevated in EBV-
infected cells (20-25, 44); in contrast, TNF-a and IFN-y produc-
tion was rapidly reduced during early EBV reactivation to facili-
tate optimal lytic replication (35). Because of the unique functions
of inflammatory factors in the induction of the SASP phenotype,
we hypothesized that TNF-a and IFN-vy have distinct roles in
EBV-mediated paracrine senescence. To determine the roles of
both proinflammatory factors in cellular senescence, recombinant
human TNF-a or IEN-y protein was added to HTEpiCs. Expres-
sion of cyclin D1, p16™**, and p21°""! was induced by TNF-«
followed by an increased concentration, while a high titer of IFN -y
was incapable of inducing senescence markers (Fig. 5A). The per-
centage of senescent cells was elevated by different amounts of
TNF-a, with a maximal percentage of approximately 80%, while
IFN-vy barely increased the percentage of senescent cells (Fig. 5B
and C). Compared to the induction of senescent cells by TNF-a,
cytokines from cells with BZLF1A207-210-induced lytic EBV in-
fection and from latently infected cells induced senescent cells
equally to induction with approximately 25 U/ml TNF-a, while
BZLF1 decreased senescence to the effect of induction with ap-
proximately 5 U/ml TNF-a (Fig. 5C). These results suggest that
TNEF-a is capable of inducing senescence in epithelial cells.

FIG 1 Different patterns of paracrine senescence were observed during latent and lytic EBV infections. (A) EBV-positive PZHR-1 or Akata(+) cells were left
uninduced or induced with 20 ng/ml TPA plus 0.3 mM NaB or 0.8% (vol/vol) anti-IgG for 24 h, respectively. The cells were collected, lysed, and analyzed by
Western blotting as indicated. (B) Twenty-four hours later, the cells were washed twice and incubated with fresh medium for additional 24 h, and the cytokines
secreted from uninduced (latent) or induced (lytic) P3HR-1 or Akata(+) cells were collected and used to generate conditioned media for NPC epithelial cells
(CNE1) and primary epithelial cells (HTEpiCs), as indicated. After 8 or 10 days of culture with conditioned media, CNE1 and HTEpiCs were collected and
analyzed using Western blotting. CPT, camptothecin. (C) The CNEI cells and HTEpiCs were fixed, and senescent cells were detected with senescent 3-Gal
staining. Representative images under 200-fold magnification are shown, and the size bars represent 100 pum under microscopy. (D) After 10 days of culture with
conditioned media, the HTEpiCs were digested, stained using an FDG probe, and measured using fluorescence flow cytometry. Representative images are shown
(left), and the percentage of senescent cells was calculated from three independent experiments (right). NS, no-FDG-staining control. *, P < 0.01.
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Blockade of TNF-a abolishes paracrine senescence during
BZLF1A207-210-mediated lytic replication. We have shown that
BZLF1 significantly impaired TNF-a and IFN-vy production dur-
ing the immediate early (IE) and early lytic stages, while
BZLF1A207-210 showed minimal inhibition (35). To confirm
that TNF-a is responsible for the senescence induced by cytokines
derived from cells expressing BZLF1A207-210, anti-TNF-o and
anti-IFN-y neutralizing antibodies were used to deplete cyto-
kines. Incubation with the anti-TNF-a neutralizing antibody
alone inhibited the induction of cyclin D1, p16™*%, and p21<™*!
expression in HTEpiCs cultured in conditioned medium contain-
ing cytokines derived from cells expressing BZLF1A207-210 (Fig.
6A). Remarkably, the anti-IFN-v neutralizing antibody barely al-
leviated this induction, and the combination of both neutralizing
antibodies resulted in inhibition of cyclin DI, p16INK4a, and
p21<"*! expression to levels similar to those observed with anti-
TNF-a neutralizing antibody alone. The percentage of senescent
cells clearly demonstrated that BZLF1- and BZLF1A207-210-de-
rived cytokines resulted in low and high levels of cellular senes-
cence, respectively. Anti-TNF-a neutralizing antibody alone re-
duced the induction of senescence by BZLF1A207-210 from 67%
to 21.8%, and anti-IFN-v neutralizing antibody resulted in min-
imal inhibition. The combination of neutralizing antibodies re-
sulted in comparable inhibitory activity similar to that observed
with anti-TNF-a alone and very near to that with BZLF1 trans-
duction (Fig. 6C and D), indicating that TNF-a was mainly re-
sponsible for the induction of senescence by cytokines from
BZLF1A207-210-transduced P3HR-1 cells. Furthermore, deple-
tion of TNF-a by shRNA reduced the expression of three senes-
cence markers in HTEpiCs incubated with cytokines from
BZLF1A207-210-transduced P3HR-1 cells (Fig. 6B), and the per-
centage of senescent cells was reduced by TNF-a shRNA to half of
their previous level (Fig. 6C and D). We therefore concluded that
BZLF1 inhibits paracrine inflammatory senescence primarily
through attenuation of TNF-« secretion.

ROS scavenger alleviates paracrine senescence during
BZLF1A207-210-mediated lytic replication. Oxidative stress is
thought to be the factor responsible for cellular senescence, and
the inactivation of reactive oxygen species (ROS) compromises
OIS or replicative senescence (45—47). To further investigate para-
crine senescence induced by EBV-infected cells, we measured the
ROS and MDA in conditioned medium-cultured HTEpiCs in the
presence of cytokines from P3HR-1 cells expressing different
BZLF1 constructs. Elevated ROS and MDA production was in-
duced by the addition of cytokines from cells with BZLF1A207-
210-induced lytic EBV infection as well as from latently infected
cells; however, this production was not increased by cytokines

from BZLF1-transduced cells (Fig. 7A and B). Interestingly, ROS
and MDA production was abolished when TNF-a was depleted
by neutralizing antibodies as well as in the presence of the ROS
scavenger NAC (Fig. 7A and B), suggesting that BZLF1 attenu-
ates the induction of ROS production in neighboring cells primar-
ily by inhibiting TNF-a secretion. One of the oxidase enzymes,
NAD(P)H oxidase, which catalyzes the production of superoxide,
was determined, and its activity was similarly altered following the
production of reactive free radicals (Fig. 7C). Furthermore, the
levels of expression of senescent markers cyclin D1, p16™%*, and
p21<"! in HTEpiCs were dramatically decreased when the ROS
scavengers NAC and GSH were used to inactivate the ROS in
HTEpiCs incubated with cytokines from latently infected P3HR-1
cells or from cells expressing BZLF1A207-210 (Fig. 7D). The per-
centage of senescent cells was reduced by more than half by NAC
or GSH treatment, without a large reduction in the level of senes-
cent cells in the presence of cytokines from cells expressing wild-
type BZLF1 (Fig. 7E and F). Decomposition of hydrogen peroxide
catalyzed by catalase also protected the cell from senescence (Fig.
7E and F). These results suggest that production of oxygen free
radicals was required for paracrine senescence induced by EBV-
infected cells and that BZLF1 attenuated the effects of the TNF-
a—oxidative stress axis during these processes.

DISCUSSION

During EBV infection and replication, replicative stress and the
expression of multiple viral oncogenes trigger diverse inflamma-
tory and DNA damage responses during different life cycles (28,
29), resulting in distinct patterns of replicative stress and onco-
gene-induced cellular senescence in EBV-harboring cells. Latent
LMP1 attenuates senescence during latent EBV infection (30, 31),
whereas during lytic EBV infection, BRLF1 induces intrinsic se-
nescence in epithelial cells (32). Here, we reveal that latent EBV
infection transmits inflammatory paracrine senescence to neigh-
boring epithelial cells through TNF-« and elevated oxygen free
radicals, whereas lytic EBV infection attenuates transmission via
BZLF1-mediated reductions in both TNF-a secretion and conse-
quent oxidative stress. These findings imply that both the latent
and lytic EBV life cycles employ multiple ways to induce or escape
cellular senescence in both EBV-infected cells and neighboring
cells.

Although anti-IFN-y neutralizing antibody exhibits a more
important role in EBV lytic replication (35), IFN-vy plays a mini-
mal role in the transmission of paracrine senescence from latently
EBV-infected cells (Fig. 6). Our studies have revealed that TNF-a
is responsible for the induction of paracrine senescence; it is es-
sential for and sufficient to induce cellular senescence in epithelial

FIG 2 EBV lytic infection reduced paracrine senescence during primary infection. (A) HTEpiCs were infected with BZLF1- or EBNA1-expressing lentiviruses
and further cultured for an additional 10 days. Their expression and senescent marker p16™** were detected using immunofluorescent staining with anti-
EBNAI, anti-BZLF1, and anti-p16"™*** antibodies. (B to D) HTEpiCs were infected with purified EBV virion (MOI of 1,000) and cultured for additional 10 days
in alpha minimal essential medium (a-MEM) containing 0.9% methyl cellulose. (B) The EBV-positive cells were stained using in situ hybridization with an EBER
probe. Black indicates the EBV-infected cells, and lavender indicates EBV-negative cells. (C) EBV-infected HTEpiCs were transfected with vector or BZLF1 for
2 days, and TNF-a production was detected using an ELISA. (E) CNEI1 cells were infected with EBV by coculture with Iytic P3HR-1 cells for 2 days, after which
CNEI cells were maintained for an additional 8 days in RPMI 1640 medium (containing 0.9% methyl cellulose). (D and E) Latent EBV infection, lytic replication,
and cellular senescence were detected by immunofluorescent staining with anti-EBNA1, anti-BZLF1, and anti-p16™** antibodies, respectively. Two represen-
tative images with high or low expression of EBNA1 or BZLF1 are shown. Cells positive for EBNA1, BZLF1, or p16"™** from 25 random fields were recorded,
and linear correlations were calculated. Linear correlation analysis showed that EBNA1 and p16™%*? cell counts (first panel) were correlated, as were BZLF1 and
p16™ 42 cell counts (fourth panel). The results of correlation analyses for cell counts are also shown for EBNA1 and DAPI (second panel), BZLF1 and DAPI (fifth
panel), and p16™*** and DAPI (third and sixth panels). r, correlation coefficient; p, probability value.
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overexpressing BZLF1, BZLF1ATA, or BZLF1A207-210. The conditioned medium was replaced every 2 days, and the living cells were digested and counted after
trypan blue staining at different time points as indicated; the growth curves were recorded as the means of 5 random fields from three independent samples. Ctr,
control. *, P < 0.01. (B) The cells were collected at 10 days after conditioned medium culture. ple™&4a p21P1 and cyclin D1 expression levels were examined
by Western blotting. (C) After 3 days of culture with conditioned medium, the cells were collected, and total RNA was extracted and analyzed by real-time PCR
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of senescence-associated 3-galactosidase. Representative images (200-fold magnification) are shown; the size bars represent 100 pm under light microscopy. (F)
The senescent cells were determined using flow cytometry with FDG fluorescent staining, and the percentage of senescent cells was calculated from three
independent experiments. *, P < 0.01.
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cells (Fig. 5and 6). This is consistent with the previous studies that
show that TNF-a exposure induces cellular senescence in human
T lymphocytes and leukemic cells as well as endothelial progenitor
cells (48-50). Therefore, latently EBV-infected cells are presum-
ably capable of transmitting cellular senescence to lymphocytes
and epithelial cells and inducing SASP through high TNF-a secre-
tion, which likely possesses a potential for the progression of
chronic EBV-related diseases.

Changes in the microenvironment during EBV lytic replica-
tion result in a distinct senescent phenotype in neighboring cells.
Latent EBV infection elevates the secretion of cytokines that facil-
itate the cancer-promoting inflammatory response and induce
SASP in neighboring cells, along with the secretion of the proin-
flammatory factors IL-1@, IL-6, and IL-8 (Fig. 3B). However,
these proinflammatory responses are not beneficial for persistent
viral infection because TNF-a and IFN-vy drive the antiviral re-
sponse and senescence (8, 51). Using the BZLFIATA and
BZLF1A207-210 constructs, we confirmed that the inhibition of
TNF-a and inflammatory responses by BZLF1 during the EBV
Iytic life cycle is required to attenuate the transmission of para-
crine senescence. The use of TNF-a- and IFN-y-neutralizing an-
tibodies revealed that BZLF1A207-210 is incapable of full inhibi-
tion of paracrine inflammatory senescence, indicating that the
most important strategy for evasion of inflammatory senescence
by BZLF1 is attenuation of both TNF-« and IFN-v. Thus, in EBV-
positive cells, latent infection promotes SASP through the secre-
tion of cytokines onto neighboring epithelial cells; in contrast,

September 2016 Volume 90 Number 17
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lytic infection attenuates senescence-inducing secretion and pro-
motes the growth of neighboring cells.

These phenotypes were confirmed during primary EBV infec-
tion. A positive linear correlation between senescent marker
p16™¥** and EBNA1 expression levels reflects the induction of
paracrine senescence by latent EBV infection (Fig. 2), whereas a
negative linear correlation between p16™*** and BZLF1 implies
the attenuation of paracrine senescence by lytic EBV replication
(Fig. 2). Consistent with the natural life cycle of EBV, the default
latent EBV state, which results in the secretion of proinflamma-
tory factors, promotes the SASP phenotype for malignancy. How-
ever, the EBV lytic life cycle suppresses and escapes from the in-
flammatory response and paracrine senescence to facilitate viral
propagation. In addition to replicative stress and oncogene-in-
duced senescence experienced during the EBV lytic cycle, BZLF1
and BRLF1 also induce the accumulation of p21°™" and G,/G,
arrest (32, 33, 52), which are components of the premature state of
cellular senescence. These findings indicate that lytic EBV-repli-
cating cells generate intrinsic senescent stress but prohibit trans-
mitting it to neighboring cells via the inhibition of inflammatory
factors by BZLFI.

Although the relationship between paracrine senescence and
the progression of EBV-mediated diseases remains to be fully
characterized, it likely involves the SASP for EBV pathogenesis
and malignancy. Senescent cells act as a source of inflammatory
factors (53): the SASP and proinflammatory factor secretion are
induced by default latent infections and facilitate the expansion of
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shown. *, P < 0.01. NA, neutralizing antibody.

a pool of EBV-infected B lymphocytes during the natural EBV life
cycle in vivo. In contrast, as an irreversible arrest of cell cycle and
growth, senescence is a reasonable antiviral defense (54) and
should be attenuated during EBV lytic replication, which sponta-

neously occurs in epithelial cells and peripheral blood B lympho-
cytes to restore the EBV reservoir for EBV transmission and per-
sistent infection (55-57). Further characterization of the unique
inflammatory microenvironment and paracrine senescence in
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EBV-infected lymphoid tissue or tumor tissue will help to define
the natural progression and pathogenesis of EBV infection in vivo.

In summary, we have demonstrated that latent EBV infection
promotes and lytic infection attenuates the transmission of in-
flammatory senescence by inducing or reducing proinflammatory
factors, respectively. BZLF1 inhibits the secretion of TNF-a and
the transmission of paracrine senescence during the early stage of
the lytic EBV life cycle. This finding may represent a switch in the
microenvironment from the tumor-promoting SASP to a virus-
propagating phenotype during lytic replication in EBV-trans-
formed cells.
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