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Reactive Oxygen Species Are Induced by Kaposi’s Sarcoma-Associated
Herpesvirus Early during Primary Infection of Endothelial Cells To
Promote Virus Entry

Virginie Bottero, Sayan Chakraborty, Bala Chandran

H. M. Bligh Cancer Research Laboratories, Department of Microbiology and Immunology, Chicago Medical School, Rosalind Franklin University of Medicine and Science,
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The entry of Kaposi’s sarcoma-associated herpesvirus (KSHV) into human dermal microvascular endothelial cells (HMVEC-d),
natural in vivo target cells, via macropinocytosis is initiated through a multistep process involving the binding of KSHV enve-
lope glycoproteins with cell surface a331, aV[33, and aVB5 integrin molecules and tyrosine kinase ephrin-A2 receptor, followed
by the activation of preexisting integrin-associated signaling molecules such as focal adhesion kinase (FAK), Src, c-Cbl, phos-
phoinositide 3-kinase (PI-3K), and Rho-GTPases. Many viruses, including KSHYV, utilize cellular reactive oxygen species (ROS)
for viral genomic replication and survival within host cells; however, the role of ROS in early events of viral entry and the induc-
tion of signaling has not been elucidated. Here we show that KSHV induced ROS production very early during the infection of
HMVEC-d cells and that ROS production was sustained over the observation period (24 h postinfection). ROS induction was
dependent on the binding of KSHV to the target cells, since pretreatment of the virus with heparin abolished ROS induction.
Pretreatment of HMVEC-d cells with the antioxidant N-acetylcysteine (NAC) significantly inhibited KSHV entry, and conse-
quently gene expression, without affecting virus binding. In contrast, H,0, treatment increased the levels of KSHV entry and
infection. In addition, NAC inhibited KSHYV infection-induced translocation of V33 integrin into lipid rafts, actin-dependent
membrane perturbations, such as blebs, observed during macropinocytosis, and activation of the signal molecules ephrin-A2
receptor, FAK, Src, and Racl. In contrast, H,0, treatment increased the activation of ephrin-A2, FAK, Src, and Racl. These stud-
ies demonstrate that KSHV infection induces ROS very early during infection to amplify the signaling pathways necessary for its

efficient entry into HMVEC-d cells via macropinocytosis.

Reactive oxygen species (ROS)—hydrogen peroxide (H,0,),
superoxide anion (-0, "), peroxide (-O, %), hydroxyl radical
(OH), and hydroxyl anion (OH ™~ )—are highly reactive molecules
due to the presence of unpaired valence shell electrons and medi-
ate important roles in cell signaling and homeostasis. They are
ideally suited as signaling molecules, since they are small, can dif-
fuse over short distances, can be induced by several mechanisms
that are rapid and controllable, and have numerous mechanisms
for their rapid removal. Reversible protein phosphorylation is the
key biochemical event in most cell signaling pathways, and signal
transduction involving ROS is no exception. As signaling mole-
cules, hydrogen peroxide and other ROS posttranslationally mod-
ify target proteins by oxidizing thiol groups, thus forming disul-
fide bonds that reversibly alter protein structure and function.
Specificity is achieved by localized production; targeted secondary
oxidation occurs via glutaredoxins or thioredoxins. Target pro-
teins containing reduction-oxidation (redox)-sensitive thiol
groups include signal transduction pathway proteins such as
phosphatases and mitogen-activated protein kinases, many tran-
scription factors, RNA-binding proteins that direct DNA methyl-
ation, and proteins involved in histone acetylation, deacetylation,
or methylation.

Kaposi’s sarcoma-associated herpesvirus, also called human
herpesvirus 8 (KSHV/HHV-8), is etiologically associated with the
pathogenesis of Kaposi’s sarcoma (KS), primary effusion B-cell
lymphoma (PEL), and B-cell angiolymphoproliferative multicen-
tric Castleman’s disease (MCD) (1, 2). Like that of other members
of the herpesvirus family, the KSHV life cycle includes latent and
lytic cycles. Human B-cell lines from PEL, such as BCBL-1 and
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BC-3 cells, carry multiple copies of the KSHV genome and the
latency-associated genes open reading frame 73 (ORF 73) (laten-
cy-associated nuclear antigen 1 [LANA-1]), ORF 72 (vCyclin),
ORF 71 (vFLIP), K12 (kaposin), and ORF 10.5 (LANA-2), as well
as 12 microRNAs that are expressed in these cells. The lytic cycle
can be induced from the latently infected cells by the expression of
KSHYV lytic-cycle switch protein RTA (replication and transcrip-
tional activator) (ORF 50) or by stimulation with 12-O-tetradec-
anoyl phorbol-12-acetate (TPA) or by the histone deacetylase in-
hibitor n-butyrate. KSHV particles induced from these cells serve
as the source of virus for various studies, such as the infection of in
vitro target human microvascular dermal endothelial (HMVEC-d)
cells and human foreskin fibroblasts (HFF). In contrast to infec-
tion by alpha- or betaherpesviruses, in vitro infection of adherent
HMVEC-d and HFF target cells by the gamma-2 herpesvirus
KSHYV does not result in a productive lytic cycle but instead is
followed by the establishment of latency. Another novel feature of
this in vitro latency in HMVEC-d cells and HFF is that as early as 2
h postinfection (p.i.), KSHV expresses its latent genes concur-
rently, as well as a limited set of lytic-cycle genes with antiapop-
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totic and immunomodulation functions, including the ORF 50
(RTA) gene (3). While the expression of latent genes such as ORF
73, ORF 72, and ORF 71 continues, the expression of nearly all
lytic genes declines by 24 h p.i. (3).

Previous studies have indicated a role for ROS in KSHYV lytic-
cycle induction. Oxidative stress has been shown to reactivate
KSHYV from latency in PEL and endothelial cells (4-6). Several
inducers of KSHV reactivation, such as TPA, cytokines, and hyp-
oxia, induce KSHV lytic replication through an increase in intra-
cellular H,O, production and the activation of extracellular sig-
nal-regulated kinase 1 and 2 (ERK1/2), Jun N-terminal protein
kinase (JNK), and p38 mitogen-activated protein kinase (MAPK)
pathways (4-6). In addition to their role in KSHV lytic induction,
ROS are also involved in KSHV pathogenesis. In the KSHV-in-
fected human umbilical vein endothelial cell (KSHV-HUVEC)
latency model, endothelial junction dysregulation and increased
vascular permeability have been observed (7). That study demon-
strated that latent KSHV infection leads to the activation of the
Racl/NADPH oxidase/ROS production pathway to regulate the
phosphorylation of junctional proteins such as VE-cadherin and
B-catenin, and this activation was hypothesized to be participat-
ing in viral spread to other cell types.

Inhibition of ROS by the antioxidant N-acetylcysteine (NAC)
has also been shown to prevent KSHV tumorigenesis (6, 8). In a
PEL mouse model, NAC-treated animals had an extended life
span relative to the control group (6). In addition, NAC reduced
the tumor size in an endothelial KS-mouse model by inhibiting
the expression of both viral and cellular genes involved in prolif-
eration and angiogenesis (8). In all these studies, the role of ROS
has been elucidated only in endothelial or B-cell latency models.
In contrast, nothing is known about whether primary infection of
target cells with KSHV induces ROS and whether ROS play roles
in primary infection.

Primary in vitro infection of HMVEC-d cells by KSHV is con-
sidered the closest model mimicking in vivo infection of endothe-
lial cells. Our earlier detailed studies have highlighted the different
stages of in vitro endothelial cell infection (9). We and others have
shown that KSHYV initiates its infection by binding to heparan
sulfate (HS) on the cell surface via its envelope glycoproteins, fol-
lowed by interactions with integrins aVR5, a3B1, and aV33, the
transporter molecule xCT (CD98), and tyrosine kinase ephrin-A2
(EphA2) receptor (10-14). We have also shown that KSHV hijacks
several integrin-associated signaling pathways to effectively enter
the target cell and to create an intracellular environment that is
conducive to the establishment of infection. Similarly to the integ-
rin interactions with its natural ligands, KSHV binding to the
target cells induces several integrin-dependent signaling events,
such as the phosphorylation of focal adhesion kinase (FAK), a
nonreceptor tyrosine kinase, that is followed by the activation of
Src, phosphoinositide 3-kinase (PI-3K), Rho-GTPases (Racl,
RhoA, and Cdc42), and the adaptor molecule c-Cbl, as well as
their downstream effector molecules, such as AKT, ezrin, protein
kinase C{ (PKC-{), MEK, ERK1/2, and p38 MAPK (15-23). We
have shown previously that these KSHV binding-induced signal
molecules play key roles in virus entry via bleb-mediated macropi-
nocytosis, actin remodeling, microtubule acetylation, transport
toward the nucleus, and initiation of viral and host gene expres-
sion (9, 24).

Several studies demonstrate that ROS are important mediators
that transduce the signals associated with integrin activation as

1734 jviasm.org

well as modulating integrin functions (25-27). Studies have
shown that integrin engagement triggers a transient and localized
increase in ROS. Among the proposed mechanisms, integrin en-
gagement with extracellular matrix ligand proteins or with anti-
bodies has been shown to modify mitochondrial function and to
activate oxidases such as NADPH oxidase (28, 29). The small
GTP-binding protein Racl is an essential protein directly interact-
ing with integrin molecules involved in ROS production (25, 28—
31). ROS production induced by integrin engagement signals has
been to shown to induce the reversible oxidation of target proteins
such as protein tyrosine phosphatases (32, 33).

Although KSHYV has been shown to interact with integrins and
to activate several integrin-associated signaling events, the role(s)
of ROS in the modulation of KSHV-induced signaling during viral
entry has not been deciphered (9, 24). The studies presented here
demonstrate that ROS are induced very early during primary in-
fection of HMVEC-d cells with KSHV. Treatment with nontoxic
doses of the antioxidant NAC reduced KSHYV infection by block-
ing virus entry, the recruitment of integrin to the lipid rafts (LRs),
the membrane bleb formation observed during macropinocyto-
sis, phosphorylation of the ephrin-A2 receptor, and integrin-as-
sociated signaling, such as FAK, Src, and Racl activation. These
studies collectively demonstrate for the first time that KSHV in-
fection-induced ROS production promotes KSHV entry.

MATERIALS AND METHODS

Cells. HMVEC-d cells (CC-2543; Lonza Walkersville, Walkersville, MD)
were cultured in endothelial basal medium 2 (EBM-2) with growth factors
(Lonza Walkersville). BCBL-1 cells (KSHV-carrying human B cells) were
propagated and maintained by procedures described previously (10, 16, 34).

Reagents. Antibodies against total Src and phospho-Src (dilutions,
1:1,000 for Western blotting [WB] and 1:50 for the immunofluorescence
assay [IFA]) and against total EphA2 and phospho-EphA2 (1:1,000 for
WB and 1:50 for the IFA) were from Cell Signaling Technology, Danvers,
MA. Antibodies against total FAK, phospho-FAK, and Racl (1:1,000 for
WB and 1:100 for the IFA) were from BD Biosciences, San Jose, CA. The
anti-tubulin antibody, heparin, N-acetylcysteine, and H,O, were from
Sigma-Aldrich, St. Louis, MO. The antibody against Rac1-GTP (1:200 for
the IFA) was from NewEast Biosciences, King of Prussia, PA. Mouse
monoclonal antibody 4A4 against glycoprotein K8.1A (gpK8.1A) (1:100
for the IFA), rabbit polyclonal antibody UK-218 against glycoprotein B
(gB) (1:100 for the IFA), and a rabbit polyclonal antibody against LANA-1
(1:50 for the IFA) were generated in our laboratory (35-37). Alexa Fluor
488 (1:500)- and Alexa Fluor 594 (1:1,000)-conjugated anti-mouse and
anti-rabbit secondary antibodies were from Molecular Probes, Invitro-
gen, Grand Island, NY. Anti-rabbit and anti-mouse antibodies linked to
horseradish peroxidase were from KPL Inc., Gaithersburg, MD.

Virus. Induction of the KSHYV lytic cycle in BCBL-1 cells, supernatant
collection, and virus purification procedures have been described previ-
ously (3). KSHV DNA was extracted from the virus, and the copy num-
bers were quantitated by real-time DNA PCR using primers amplifying
the KSHV ORF 73 gene as described previously (3, 38).

ROS measurement. HMVEC-d cells were cultured in a 12-well plate
until they were confluent and were incubated with EBM-2 without growth
factors for 2 h. Cells were loaded with dye by replacing the medium with
fresh EBM-2 containing 10 uM 5-(and-6)-chloromethyl-2',7’-dichloro-
dihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA [C6827]; In-
vitrogen, Grand Island, NY) for 1 h at 37°C under 5% CO,. After loading,
the medium was removed and was replaced with fresh EBM-2 with or
without KSHV (40 DNA copies/cell). Fluorescence was measured using a
Synergy HT microplate reader (BioTek Instruments) with a 485/20 exci-
tation, 528/20 emission filter pair and a photomultiplier tube (PMT) sen-
sitivity setting of 55. Readings were made from the bottom at the times
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indicated in Fig. 1. Between each two time points, the cells were kept in
the culture incubator. For ROS measurement after 24 h of infection,
HMVEC-d cells were infected with KSHV (40 DNA copies/cell) for 24 h
before dye loading. Fluorescence was measured 1 h after the medium was
exchanged with fresh EBM-2.

KSHYV binding and entry by real-time DNA PCR. For virus binding,
HMVEC-d cells were infected for 1 h with KSHV (20 DNA copies/cell) at
4°C. Cells were washed twice with phosphate-buffered saline (PBS) to
remove unbound virus, and total DNA was extracted by using a DNeasy
kit (Qiagen, Inc., Valencia, CA) according to the manufacturer’s instruc-
tions. For virus entry, HMVEC-d cells were infected with KSHV (20 DNA
copies/cell) for 1 h at 37°C. Cells were washed twice with PBS to remove
unbound virus, treated with trypsin-EDTA for 5 min at 37°C to remove
the bound but noninternalized virus, and washed, and total DNA was
isolated. A total of 100 ng of DNA from each sample was used in real-time
DNA PCR using KSHV ORF 73 gene-specific primers anda TagMan
probe. The KSHV ORF 73 gene cloned into the pGEM-T vector (Pro-
mega) was used as the external standard. Known amounts of the ORF 73
plasmid were used in the amplification reactions along with the test sam-
ples. Cycle threshold values were used to generate the standard curve and
to calculate the relative copy numbers of viral DNA in the samples.

Immunoblotting. Cells were harvested in radioimmunoprecipitation
assay (RIPA) lysis buffer (125 mM NaCl, 0.01 M sodium phosphate [pH
7.2], 0.1% sodium dodecyl sulfate [SDS], 1% NP-40, 1% sodium deoxy-
cholate, 1 mM EDTA, and 50 mM sodium fluoride) with a protease in-
hibitor cocktail and a phosphatase inhibitor cocktail (Sigma). Cellular
debris was removed by centrifugation at 13,000 X g for 5 min at 4°C, and
equal amounts of protein samples were resolved by 10% SDS-polyacryl-
amide gel electrophoresis (PAGE) and were subjected to Western blotting
with the antibodies indicated in the figures. To confirm equal protein
loading, blots were also probed with antibodies against human tubulin or
actin. Secondary antibodies conjugated to horseradish peroxidase were
used for detection. Immunoreactive bands were visualized by enhanced
chemiluminescence.

RNA extraction, reverse transcription, and real-time RT-PCR. Total
RNA was extracted by using TRIzol reagent (Invitrogen), quantified by
densitometric analysis at 260 nm, and analyzed by real-time reverse tran-
scription-PCR (RT-PCR) using ORF 73, ORF 50, and K8 primers as de-
scribed previously (3, 20). PCR was performed using an ABI Prism 7500
real-time PCR system utilizing TagMan EZ RT-PCR Core reagents (Ap-
plied Biosystems).

Immunofluorescence assay. HMVEC-d cells seeded on 8-well cham-
ber slides (Nalge Nunc International, Naperville, IL) were used for the
IFA. Infected and uninfected cells were fixed with 4% paraformaldehyde
for 15 min, permeabilized with 0.2% Triton X-100 for 5 min, and blocked
with Image-iT FX signal enhancer (Invitrogen) for 20 min. The cells were
reacted with primary antibodies against the specific proteins, followed by
fluorescent dye-conjugated secondary antibodies. Nuclei were visualized
using 4’,6-diamidino-2-phenylindole (DAPI) (Molecular Probes, Invit-
rogen), and stained cells were viewed with the appropriate filters under a
fluorescence microscope with a 40 X objective and the Nikon MetaMorph
digital imaging system. All experiments were performed at least three
times.

Racl activation analysis. One hundred fifty micrograms of cell ly-
sates was incubated with beads containing the glutathione S-trans-
ferase (GST)-Racl-binding domain of PAK1 (PBD) for 2 h, and the
resulting bound Racl-GTP complexes were analyzed by Western blot-
ting for Racl.

RESULTS

ROS production is increased during primary infection of
HMVEC-d cells with KSHV. To determine whether ROS pro-
duction is induced early during primary KSHV infection of
HMVEC-d cells, we used purified virus prepared from a latently
infected PEL cell line (BCBL-1) and quantitated the virus by
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methods described previously (3, 10). HMVEC-d cells loaded
with CM-H2DCEDA, a fluorescent ROS indicator dye, were in-
fected with KSHV (40 DNA copies/cell), and fluorescence was
measured at the time points indicated in Fig. 1A up to 6 h p.i. The
CM-H2DCFDA dye is nonfluorescent when reduced but becomes
fluorescent after cellular oxidation and the removal of acetate
groups. The differences in fluorescence (ADCFDA fluorescence)
between uninfected and KSHV-infected cells are shown in Fig.
1Aa. In uninfected cells, ROS is produced at a low rate as a by-
product of cellular respiration. However, in KSHV-infected cells,
a significantly higher level of ROS was induced, as evidenced by
higher fluorescence than that of uninfected cells as early as 30 min
p.i. and throughout the 6-h observation period (Fig. 1Aa). We
observed a 1.5-fold increase in ROS production at 30 min p.i., as
well as maintenance throughout the 6 h p.i. (Fig. 1AD).

The initial contact of KSHV with target cell heparan sulfate
(HS) molecules via its envelope glycoproteins can be blocked with
heparin, an analogue of HS (39, 40). We measured ROS produc-
tion in HMVEC-d cells infected with untreated or heparin-treated
KSHV and in control cells mock infected with medium alone or
heparin-containing medium, respectively. The fold induction of
ROS production in KSHV-infected cells relative to their respective
uninfected controls is shown in Fig. 1Ba. ROS production was
greatly reduced in heparin-treated KSHV-infected cells during the
first 3 h p.i. (Fig. 1Ba), and we observed 75% inhibition in ROS
production at 30 min and at 1, 2, and 3 h p.i. (Fig. 1Bb). Together,
these results demonstrate that the binding of KSHV to HMVEC-d
cells triggered an increase in ROS production during the very early
stages of infection.

Increased ROS production is induced during the establish-
ment of KSHV latency after primary infection of HMVEC-d
cells. In contrast to infection with alpha- and betaherpesviruses, in
vitro infection with KSHV does not result in a productive lytic
cycle. Instead, it is characterized by the expression of latent genes,
such as ORF 73, as early as 2 h p.i.; expression of these genes
reaches a peak at 24 h p.i. and is steadily maintained thereafter (3).
To determine whether ROS production is also induced during the
establishment of latency, HMVEC-d cells were infected with
KSHYV (40 DNA copies/cell) for 2 h; the virus was removed by
washing; and the cells were incubated with HMVEC-d medium
until 12, 24, or 28 h p.i. The cells were then loaded with the CM-
H2DCFDA, and ROS measurement was performed. The virus was
removed after 2 h in order to differentiate the ROS induction
mediated by the early events of virus binding and immediate sig-
naling from the ROS production at later time points after viral
entry and viral gene expression. We observed a significant 2.4-fold
increase in ROS levels at 24 h and 48 h p.i. in infected cells (Fig.
1C). These results demonstrated that ROS are not only induced
immediately after KSHV binding and entry into HMVEC-d cells
(Fig. 1A and B) but are also elevated after 24 h p.i. (Fig. 1C), when
latency is established after primary infection; these high ROS lev-
els could be due to viral gene expression. Thus, the increase in
intracellular ROS levels could be due to different mechanisms
depending on the time of KSHYV infection. Since increased pro-
duction of ROS and its role in latency/the Iytic cycle have been
studied previously (4-6), we set out here to decipher the role of
ROS during the early stages of KSHV infection.

The antioxidant NAC reduced KSHV gene expression during
primary infection of HMVEC-d cells. Early during infection,
KSHYV induces several preexisting host cell signal molecules,
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incubated with EBM-2 containing 10 wM CM-H2DCEFDA for 1 h at 37°C, and either mock infected or infected with KSHV (40 DNA copies/cell). Fluorescence
was measured with a Synergy HT microplate reader (BioTek Instruments) using a 485/20 excitation and 528/20 emission filter pair and a PMT sensitivity setting
of 55. Each reading was done in triplicate, and the data are means for three independent experiments * standard deviations. Statistical analysis was conducted
using a two-tailed Student test. **, P < 0.01. (a) ADCFDA fluorescence between infected and uninfected cells. A.U., arbitrary units. (b) Fold induction of ROS
production in infected cells relative to uninfected cells. (B) Binding of KSHV to endothelial cells induces ROS production. HMVEC-d cells were starved for 2 h,
loaded with CM-H2DCFDA (10 uM) for 1 h, and infected either with untreated KSHV (40 DNA copies/cell) or with KSHV preincubated with 100 pg/ml heparin
for 1 h at 37°C (40 DNA copies/cell). The respective control cells were mock infected either with medium alone or with medium containing 100 pg/ml heparin.
(a) Fluorescence was measured at the indicated time points, and ROS production is expressed as fold induction relative to the respective controls. Each reading
was done in triplicate, and the data are means for two independent experiments * standard deviations. Statistical analysis was performed using a two-tailed
Student test. *, P < 0.05. (b) The inhibition of ROS production in cells infected with heparin-treated virus was compared with ROS production in cells infected
with untreated KSHV, and the percentage of inhibition is shown. (C) Elevated ROS production during KSHV latency in endothelial cells. Serum-starved (2 h)
HMVEC-d cells were either mock infected or infected with KSHV (40 DNA copies/cell); the virus was removed; the cells were loaded with CM-H2DCFDA for
lhat12h,24h,and 48 h p.i.; and fluorescence was measured. **, P < 0.01.

incubated with 10 mM N-acetylcysteine (NAC), a ROS scavenger,

which play roles in the different stages of viral infection (9). We
for 2 h. These cells were then infected with KSHYV for 2 h, washed,

have shown previously that primary infection of HMVEC-d cells

is characterized by the sustained expression of ORF 73 and the
transient expression of a limited number of lytic genes, including
ORF 50 and K8 (3, 19, 20). We first investigated whether blocking
the increase in ROS production could have an effect on viral gene
expression. To reduce ROS induction, HMVEC-d cells were pre-
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and maintained in 1 mM NAC for 24 h; then RNA was extracted
and analyzed by real-time RT-PCR using ORF 73, ORF 50, and K8
primers (3, 20). Treatment with NAC reduced both latent and
lytic gene expression. The expression of the ORF 73 gene was
reduced by about 72% in NAC-treated cells (Fig. 2A). We also
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were counted to calculate the percentage of LANA-1-positive cells. Statistical analysis was carried out using a two-tailed Student test. *, P < 0.05.

observed about 45% reductions in ORF 50 and K8 mRNA levels in
NAC-treated HMVEC-d cells (Fig. 2B and C).

To confirm the effect of NAC on KSHV gene expression, NAC-
treated and untreated infected cells were reacted with rabbit anti-
LANA-1 antibodies after 48 h p.i. and were observed for the char-
acteristic punctate LANA-1 staining by an immunofluorescence
assay (IFA). In contrast to untreated samples, in which ~80% of
cells were LANA-1 positive, only 40% of the NAC-treated cells
expressed LANA-1 (Fig. 2 Da and DDb). These results clearly dem-
onstrate that ROS production early during KSHV infection plays
an important role in viral latent and lytic gene expression, thus
contributing to KSHV infectivity.

February 2013 Volume 87 Number 3

The antioxidant NAC did not block KSHV binding but
blocked the entry of KSHV into HMVEC-d cells. KSHV has been
shown to interact with its target cells through several molecules.
The first contact involves the binding of viral glycoproteins gB,
gpK8.1A, and gH/gL to heparan sulfate on the cell surface, and
integrins and xCT have been identified as entry receptors in
HMVEC-d cells (9, 24). To determine whether the inhibition of
KSHYV gene expression by NAC was due to blockage of viral bind-
ing to the target cells, we next determined the role of ROS in the
binding of KSHYV to the target cells. HMVEC-d cells either were
infected with KSHV (20 DNA copies/cell) for 1 h at 4°C in the
presence of H,O, (100 uM) (Fig. 3A) or were treated with NAC
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(1, 5, and 10 mM) for 2 h prior to infection (D). After washing, cells were treated with 0.25% trypsin-EDTA for 5 min at 37°C to remove bound but
noninternalized virus and were then washed; total DNA was isolated; and KSHV entry was determined by real-time DNA PCR for the ORF 73 gene. Each PCR
was carried out in triplicate, and the data are means for three independent experiments * standard errors of the means. Statistical analysis was carried out using

a two-tailed Student test. *, P < 0.05; **, P < 0.01.

(10 mM) for 2 h prior to infection (Fig. 3B). After infection, the
cells were washed; total DNA was isolated; and KSHV binding was
quantitated by real-time DNA PCR using ORF 73 gene primers.
Neither the H,O, nor the NAC treatment affected the binding of
KSHYV to the cells (Fig. 3A and B).

To determine whether the inhibition of KSHV gene expression
by NAC was due to blockage of virus internalization, HMVEC-d
cells that either were left untreated or were treated with H,O, (100
pM) or NAC (1, 5, or 10 mM) were infected with KSHV (20 DNA
copies/cell) for 1 h at 37°C. Cells were washed with PBS to remove
unbound virus and were treated with 0.25% trypsin-EDTA to re-
move bound but noninternalized virus. The viral DNA in the ex-
tracted total DNA was quantitated by real-time DNA PCR using
OREF 73 primers (3). As shown in Fig. 3C, treatment with H,O,
significantly increased the quantity of internalized KSHV DNA
copy numbers by 60%. In contrast, NAC treatment inhibited
KSHYV entry in a dose-dependent manner (Fig. 3D), with about
57, 66, and 77% inhibition at 1, 5, and 10 mM NAC, respectively.
These results demonstrate that the decreased viral LANA-1 ex-
pression observed with NAC was due to a decrease in the entry of
KSHYV into the target cells.

Treatment with the antioxidant NAC blocked the transloca-
tion of integrin aVP3 into the lipid rafts of KSHV-infected
HMVEC-d cells. One of the first events observed during KSHV
infection of HMVEC-d cells is the translocation of integrins aV33
and a3B1 and of the xCT molecule into the lipid-raft (LR) domain
of the plasma membrane, followed by virus entry via macropi-
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nocytosis and viral gene expression (24, 35). In contrast, virus
bound to integrin aVB5 does not translocate into the LRs but
enters via the clathrin-mediated pathway and is associated with
lysosomes (24, 35). To further determine the role of ROS in KSHV
entry, we analyzed the localization of integrins o V33 and a VB35 in
the LRs of infected HMVEC-d cells by using specific antibodies
against integrins and flotillin-1, a well-established marker of LRs
(Fig. 4A and B). As observed previously, flotillin-1 staining was
diffuse in uninfected cells, whereas KSHV induced the clustering
of LRs early during infection (Fig. 4A and B, left) (35). In addition,
we observed the colocalization of integrin VB3 with clustered
flotillin-1 in KSHV-infected cells (Fig. 4A, center). In contrast,
this colocalization was completely absent in cells pretreated with
NAGC, and the flotillin-1 staining pattern was not affected (Fig. 4A,
bottom). As in our earlier studies (35), integrin aVB5 did not
colocalize with LRs in infected cells with or without NAC (Fig.
4B). These results suggest that ROS induced by KSHV early during
infection are necessary for the translocation of integrin o V33 into
the LRs of infected cells.

ROS are necessary for KSHV-induced EphA2 activation dur-
ing primary infection of HMVEC-d cells. Our studies have
shown that very early during infection, «V{33 and a3p1 integrin-
bound KSHYV translocates into LRs and interacts with the tyrosine
kinase ephrin-A2 receptor (EphA2) (14). Studies, including ours,
have demonstrated that KSHV infection induces EphA2 phos-
phorylation (12, 14). Pretreatment of KSHV with soluble EphA2,
knockdown with EphA2 short hairpin RNA (shRNA), or pretreat-
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FIG 4 ROS induced by primary infection with KSHV participate in the translocation of integrin aV3 into lipid rafts. HMVEC-d cells were starved for 2 h,
pretreated with NAC (10 mM) for 2 h, infected with KSHV (20 DNA copies/cell) for 5 min at 37°C, and then washed. The cells were then processed for IFA using
the following antibodies: anti-flotillin-1 (with an anti-goat secondary antibody conjugated to Alexa Fluor 584 [A] or Alexa Fluor 488 [B]) and anti-integrin aV33
(with an Alexa Fluor 488-conjugated anti-mouse secondary antibody) (A) or anti-integrin aVB5 (with an Alexa Fluor 584-conjugated anti-mouse secondary
antibody) (B). Boxed areas are enlarged. Arrowheads indicate the colocalization of integrin o V33 with lipid rafts. Magnification, X40.

ment of the cells with anti-EphA2 monoclonal antibodies inhib-
ited KSHV entry and infection (12, 14). EphA2 association with
integrins a3B1 and VB3 in LRs early during infection was essen-
tial for macropinocytosis-associated signaling events (14). Since
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EphA2 plays a crucial role in KSHV infection, we next evaluated
the effect of ROS on EphA2 activation during primary infection of
HMVEC-d cells with KSHV (Fig. 5).

The addition of 100 wM H,O, for 10 min to serum-starved (5

jviasm.org 1739


http://jvi.asm.org

Bottero et al.

A - KSHV + KSHYV 10 min
-  NAC H,0, - NAC H,0,
__._'---—- pEphA2
1 06 21 21 12 20 Fold
S R aee WEe e S ((EphA2
Actin
1 2 3 4 5 6
B KSHV Merge+
pEphA2 gpK8.1A DAPI

NAC

KSHV
10 min

NAC
+KSHV
10 min

‘

FIG 5 ROS participate in EphA2 activation induced by KSHV infection. HMVEC-d cells were serum starved for 5 h. Uninfected serum-starved cells were treated
either with 5 mM NAC for 2 h or with 100 uM H,0, for 10 min. For KSHV infection, either serum-starved cells were pretreated with 5 mM NAC for 2 h or 100
uM H,0, was added simultaneously with KSHV. Cells were infected with KSHV (20 DNA copies/cell) for 10 min at 37°C, washed, and processed for Western
blot analysis (A) or IFA (B) using the indicated antibodies. (A) pEphA2 induction was calculated by assigning the value of 1 to levels in uninfected cells. tEphA2,
total EphA2. (B) Arrowheads indicate colocalization of KSHV (gpK8.1A) with pEphA2, whereas arrows indicate the viral particle outside the cells, not colocalized

with pEphA2. UN, uninfected cells. Magnification, X40.

h) uninfected HMVEC-d cells increased the phosphorylation of
EphA2 by 2.1-fold (Fig. 5A, lanes 1 and 3). In contrast, treatment
of serum-starved uninfected cells for 2 h with 5 mM NAC reduced
basal EphA2 phosphorylation by about 40% (Fig. 5A, lanes 1 and
2), indicating a potential regulation of EphA2 at the oxidative
level. As reported previously, KSHV infection induced a 2-fold
increase in EphA2 phosphorylation (Fig. 5A, compare lanes 4 and
1) (12, 14). However, when serum-starved HMVEC-d cells were
pretreated with 5 mM NAC for 2 h and were then infected, KSHV-
induced EphA2 phosphorylation was reduced by about 60% (1.2-
fold; Fig. 5A, compare lanes 4 and 5).

To confirm the results presented above, we carried out IFA
experiments (Fig. 5B). As reported previously (14), at 10 min p.i.,
phospho-EphA2 (pEphA2) colocalized with KSHV on the cell
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surfaces, as well as inside infected HMVEC-d cells (Fig. 5B, third
panel, arrowheads). In contrast, in cells pretreated with NAC, we
observed (i) an almost complete absence of pEphA2 immuno-
staining (Fig. 5B, bottom), (ii) the absence of KSHV colocalization
with pEphA2, and (iii) the failure of cell surface-bound virus to
enter the cells (Fig. 5B, bottom, arrows). These results further
confirm that ROS are critical for the first event of KSHV/aV33
translocation into the lipid rafts, which leads to EphA2 phosphor-
ylation, and clearly demonstrate that induction of ROS is essential
for the activation of the EphA2 receptor early during KSHV infec-
tion of HMVEC-d cells.

Treatment with the antioxidant NAC blocked the actin-depen-
dent membrane protrusions induced by KSHV in HMVEC-d cells.
Our studies have demonstrated that EphA2 is a KSHV receptor
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FIG 6 The antioxidant NAC blocks the actin reorganization and membrane bleb formation observed during KSHV entry. (A) HMVEC-d cells were starved for
2 h, pretreated with NAC (10 mM) for 2 h, infected with KSHV (20 DNA copies/cell) for 5 min at 37°C, washed, and processed for IFA using phalloidin (Alexa
Fluor 488 conjugate) and an anti-KSHV gpK8.1A antibody (with an Alexa Fluor 594-conjugated anti-mouse secondary antibody). A representative image is
shown. Boxed area is enlarged. White arrows indicate bleb formations. Red arrows indicate the colocalization of blebs and internalized viral particles. Yellow
arrows indicate viral particles outside the cells. Magnification, X40. (B) The percentage of cells bearing membrane projections was determined by counting such
cells in a field containing at least 10 cells. Three independent fields were chosen for uninfected (UN) cells, KSHV-infected cells, and KSHV-infected cells
pretreated with NAC. Statistical analysis was performed using a two-tailed Student test. **, P < 0.01; ***, P < 0.005.

that coordinates the formation of an active signaling complex in-
ducing macropinocytosis, leading to KSHV entry (14, 41). Since
the results presented above demonstrate that KSHV-induced ROS
are essential for the activation of EphA2 during KSHV entry, we
next deciphered whether ROS modulated the formation of mem-
brane blebs, a characteristic of KSHV macropinocytosis (14, 41).
We pretreated HMVEC-d cells with NAC (10 mM) for 2 h prior to
KSHYV infection and costained with phalloidin, which binds to
filamentous actin, and with an antibody against KSHV envelope
gpK8.1A. In untreated infected cells (Fig. 6A, top), we observed
bleb formations (white arrows), the colocalization of virus with
blebs, and internalized viral particles (red arrows). In contrast, in
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NAC-treated KSHV-infected cells, we did not detect bleb forma-
tion (Fig. 6A, bottom). In addition, viral particles bound to cell
surfaces that typically had few or no surface protrusions were
detected, and they did not appear to enter the cells (Fig. 6viii,
yellow arrows). When we calculated the percentage of cells
showing bleb formation in uninfected and KSHYV infected cells
in the presence or absence of NAC (Fig. 6B), an 80% increase in
bleb formation after KSHV infection was detected, a finding
similar to those of our earlier studies (14, 41). In contrast, NAC
treatment resulted in an almost complete absence of mem-
brane bleb formation, which was statistically significantly de-
creased to the basal level (Fig. 6B). Our results are very similar
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FIG 7 ROS participate in KSHV-induced FAK activation. HMVEC-d cells were starved for 5 h. Either cells were treated with 5 mM NAC for 2 h prior to KSHV
infection or 100 wM H,O, was added simultaneously with KSHV. Cells were infected with KSHV (20 DNA copies/cell) for 10 min at 37°C, washed, and processed
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outside the cells, not colocalized with pFAK. Magnification, X40.

to those of a recent study demonstrating increased levels of
superoxide generation during the initial event of integrin-me-
diated blebbing (42). Taken together, these results demon-
strate that ROS are necessary for KSHV infection-induced actin
cytoskeleton rearrangement, bleb formation, and subsequent mac-
ropinocytic entry of virus into HMVEC-d cells.

ROS induced by KSHV during primary infection of
HMVEC-d cells are involved in FAK activation. Early during in-
fection of HMVEC-d cells, the binding of KSHV to integrins in-
duces FAK activation, which is one of the initial important integ-
rin-induced signaling events participating in KSHV entry (9, 24).
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Interestingly, ROS have been shown to activate FAK tyrosine
phosphorylation (30, 43-47). To decipher the mechanism by
which ROS play a role in KSHV infection, we first evaluated the
effects of NAC and H,0, on KSHV-induced FAK activation
(Fig. 7A). In findings similar to our earlier results (15, 16, 21),
KSHV induced a 5-fold increase in FAK phosphorylation as early
as 10 min p.i. (Fig. 7A, compare lane 4 to lane 1). However, treat-
ment of HMVEC-d cells with NAC prior to and during KSHV
infection abolished the phosphorylation of FAK (Fig. 7A, compare
lanes 4 and 5). As reported previously (30, 43-47), H,O, induced
phosphorylation of FAK 2.7-fold (Fig. 7A, lane 3). In addition,
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H,O, treatment during KSHV infection further increased the
phosphorylation of FAK to 6.5-fold (Fig. 7A, compare lanes 4 and
6).

The effect of NAC on KSHV-induced FAK phosphorylation
was confirmed by IFA (Fig. 7B). As observed before (9, 24), com-
pared to the basal level of phospho-FAK (pFAK) staining observed
in untreated uninfected cells and NAC-treated uninfected cells
(Fig. 7B, top two panels), increased levels of pFAK staining were
observed in KSHV-infected HMVEC-d cells at 10 min p.i. (Fig.
7B, third panel). Viral particles colocalized with pFAK were also
observed inside the cells (Fig. 7B, third panel, arrowheads). How-
ever, when the cells were treated with NAC, the pFAK staining was
reduced to basal levels (Fig. 7B, bottom panel). In addition, viral
particles were detected only on the cell surfaces and did not colo-
calize with pFAK (Fig. 7B, bottom panel, arrows). Taken together,
these results demonstrate that ROS induced by KSHV early during
infection are necessary for the amplification of the KSHV-induced
FAK signal pathway.

ROS induced by KSHV during primary infection of
HMVEC-d cells are involved in Src activation. Another impor-
tant early integrin-induced signaling event participating in KSHV
entry is Src activation (9, 24). We have also demonstrated recently
that EphA2 participates in an amplification loop leading to the
activation of Src (14). Our studies have shown that EphA2 inter-
acts with Src upon KSHYV infection and that knockdown of EphA2
inhibited KSHV-induced Src activation (14). As shown in Fig. 5,
EphA2 activation induced by KSHYV infection is reduced by NAC
treatment. In addition, Src kinases could also be directly regulated
by oxidative stress (48). Therefore, we set out to determine the
effects of NAC and H,0, on KSHV-induced Src activation. KSHV
induced a small but consistent 1.2-fold increase in the phosphor-
ylation of Src as early as 10 min p.i. (Fig. 8A, compare lane 4 to lane
1). However, treatment of HMVEC-d cells with NAC prior to and
during KSHV infection reduced the phosphorylation of Src to
basal levels (Fig. 8A, compare lanes 4 and 5). In contrast, H,O,
treatment during KSHYV infection increased Src phosphorylation
by 1.4-fold over basal levels (Fig. 8A, compare lanes 4 and 6).

The results presented above, demonstrating the effect of NAC
on KSHV-induced Src activation, were further confirmed by IFA
(Fig. 8B). As reported before (14), compared to the basal level of
phospho-Src (pSrc) staining observed in untreated and NAC-
treated uninfected cells (Fig. 8B, top two panels), we observed a
significant increase in pSrc staining in KSHV-infected cells at 10
min p.i. (Fig. 8B, third panel). KSHV particles colocalized with
pSrc staining inside the cells (Fig. 8B, third panel, arrowheads).
However, with NAC treatment, the level of pSrc staining was
greatly reduced (Fig. 8B, bottom panel), and viral particles were
detected only on the cell surfaces and did not colocalize with pSrc
(Fig. 8B, bottom panel, arrows). Overall, pSrc activity was more
readily seen by IFA than by Western blotting, a difference that
could be due to the sensitivity of the assay and the ability of anti-
bodies to recognize pSrc in a Western blot. These results demon-
strate that KSHV-induced ROS are necessary for the amplifica-
tion of the Src signal pathway early during KSHV infection of
HMVEC-d cells.

ROS induced by KSHV during primary infection of
HMVEC-d cells are involved in Rac1 activation. Numerous stud-
ies have linked the small GTPase protein Racl to ROS, integrin, or
EphA2 (25,28-31, 33, 49-51). During the engagement of integrin
with the extracellular matrix, ROS production is increased in a
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Racl-dependent manner (25, 28-31, 33). In addition, Racl acti-
vation is facilitated by ROS, creating an amplification loop (52).
Interestingly, Racl has been found to be activated in latently in-
fected endothelial cells and in KS tumors (7, 53). Several KSHV
genes, as well as prostaglandin E2 (PGE2) secretion, are involved
in Racl activation (7, 54, 55). Our previous study indicated that
RhoA and Rac1-GTPases were activated during primary infection
of fibroblasts through the engagement of integrin a3p1 (17). In
addition, the general small GTPase inhibitor Clostridium difficile
toxin B (CdTxB) inhibited KSHV entry (22). Finally, several stud-
ies have also shown that Racl is also activated downstream of
EphA2 activation (49-51). Hence, we next evaluated the effect of
NAC on Racl activation during primary infection of endothelial
cells with KSHV.

Racl activation was first measured by a pulldown assay as de-
scribed previously (17) (Fig. 9A). Cell lysates were incubated with
beads containing the GST-Rac1-binding domain of PAK1 (PBD),
and the resulting bound Racl-GTP complexes were analyzed by
Western blotting for Racl. Total Racl and actin were used as load-
ing controls. We observed that oxidative stress slightly increased
Racl activation (1.2-fold) (Fig. 9A, compare lane 3 to lane 1). In
addition, KSHYV also activated Racl (1.4-fold) (Fig. 9A, compare
lane 4 to lane 1). Interestingly, NAC treatment reduced both basal
and KSHV-induced Racl activation (Fig. 9A, compare lanes 1 and
4 with lanes 2 and 5, respectively).

To confirm the results presented above, we performed IFA
using a Racl-GTP-specific antibody (Fig. 9B). Whereas Racl-
GTP staining is low and diffuse in uninfected cells, we observed an
increase in Rac1-GTP staining in infected cells (Fig. 9B, top three
left panels). This staining was clustered at the peripheries of in-
fected cells and colocalized with KSHV particles (Fig. 9B, third
panel, arrowheads). In contrast, in NAC-treated infected cells,
Racl-GTP staining was substantially reduced and appeared dif-
fuse, like that in uninfected cells (Fig. 9B, bottom panel). In addi-
tion, the viral particles in NAC-treated cells were localized only at
the cell surfaces, indicating an impairment of entry into the cells
(Fig. 9B, bottom panel, arrows). The effect of KSHV on Racl
activation was more dramatic in the IFA experiment than in the
Western blot analysis. This could be due to differences in the tech-
niques and tools used. For the Western blot analysis, we per-
formed a pulldown assay followed by Western blotting using an
antibody against total Racl. In contrast, for IFA, we stained the
cells with an anti-Rac1-GTP specific antibody. Hence, the differ-
ence in the results observed could be due to a low efficiency of the
pulldown assay/Western blot versus a high affinity/sensitivity of
the antibody in IFA. Taken together, these results demonstrate
that KSHV-induced ROS participate in virus infection by induc-
ing the signaling necessary for entry via macropinocytosis.

DISCUSSION

The studies presented here demonstrate for the first time that
during primary infection of endothelial cells, KSHV-induced ROS
promote KSHV entry and the amplification of the initial host
signal cascade, including EphA2, FAK, and Src. This amplification
loop is probably essential for sustained EphA2, FAK, and Src
phosphorylation, which in turn contributes to the downstream
signal cascades that are essential for the translocation of the virus
to LRs, actin cytoskeleton rearrangement, bleb formation, mac-
ropinocytic entry of KSHV, and the establishment of infection
(Fig. 10). EphA2 has been shown to be associated with integrin-
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FIG 8 ROS participate in KSHV-induced Src activation. HMVEC-d cells were starved for 5 h. Either cells were treated with 5 mM NAC for 2 h prior to KSHV

cted with KSHV (20 DNA copies/cell) for 10 min at 37°C, washed, and processed
induction was calculated by assigning the value of 1 to levels in uninfected cells.

Tubulin was used as a loading control. (B) Boxed areas are enlarged. Arrowheads indicate colocalization of KSHV (gpK8.1A) with pSrc. Arrows indicate viral

particles outside the cells, not colocalized with pSrc. Magnification, X40.

associated signaling during KSHYV infection (14), and the involve-
ment of ROS in modulating integrin translocation into LRs,
EphA2 activation, FAK and Src signaling, and KSHV entry reveals
new insights into the amplification loop necessary for virus entry.

Accumulating evidence has suggested an important role for
ROS and oxidative stress during viral infection (56). It is known
that virus binding and entry activate several secondary messengers
and signaling pathways. We observed a 1.5-fold increase in ROS
production at early time points following KSHV infection and a
2.5-fold increase at 24 h p.i. The kinetics and fold increases were
comparable to those observed in other viral infections. It has been
shown that during adenovirus 5 (Ad5) infection, ROS production
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increases rapidly following lysosomal rupture (57). Within 15 min
of infection, Ad5 induced ROS production that was maintained at
aca. 2-fold increase for more than 2 h p.i (58). In addition, a recent
study demonstrated that enterovirus 71 (EV71) increased ROS
production as early as 30 min p.i. (59). This study also indicated
that EV71 increased ROS production following its binding to in-
tegrin B1, Racl, and NADPH oxidase (59). In results similar to
ours, ROS were also found to be induced by several herpesviruses.
Herpes simplex virus 1 (HSV-1) entry and replication induce ROS
production, lasting for a prolonged period, as early as 1 h p.i. (60),
and glycoprotein gJ has been shown to induce ROS production
(61). HSV-1 infection of microglia induced a rapid 1.5-fold in-
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FIG 9 ROS participate in Rac1 activation induced by KSHV. HMVEC-d cells were starved for 5 h. Either cells were treated with 5mM NAC for 2 h prior to KSHV
infection or 100 wM H,O, was added simultaneously with KSHV. Cells were infected with KSHV (20 DNA copies/cell) for 10 min at 37°C, washed, and processed
for a pulldown assay (A) or IFA (B) using the antibodies indicated. (A) Racl induction was calculated by assigning the value of 1 to levels in uninfected cells. (B)
Boxed areas are enlarged. Arrowheads indicate colocalization of KSHV (gpK8.1A) with Rac1-GTP. Arrows indicate viral particles outside the cells, not colocal-

ized with Rac1-GTP. Magnification, X40.

crease in ROS production as early as 3 h p.i., and ROS production
was more robust at 24 h p.i., with a 2-fold increase (62, 63). ROS
production after HSV-1 infection was dependent on NADPH ox-
idase activity. Herpes simplex virus 2 (HSV-2) induced a 1.5- to
2-fold increase in ROS production 1 h after the infection of RAW
264.7 cells (64). Similarly, the gamma-1 herpesvirus Epstein-Barr
virus (EBV) induced oxidative stress during the early stages of
primary infections in B lymphocytes and epithelial and lympho-
blastic cell lines (65). In this study, a 2-fold increase in malondi-
aldehyde activity, indicative of lipid peroxidation, was measured.

We observed that ROS production was sustained after the es-
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tablishment of latent KSHV infection in HMVEC-d cells. This
result is in accordance with studies showing the production of
high levels of ROS in latent EBV-positive Burkitt’s lymphomas
(66). Several mechanisms are proposed to be involved in ROS
production in EBV-infected cells, depending on the type of la-
tency. ROS production is dependent on paracrine secretion of
interleukin 10 (IL-10) in latency I, whereas expression of EBV
nuclear antigen 2 (EBNA-2) and latent membrane protein 1
(LMP1) is proposed in latency III (66). EBNA-1 could also be
involved in ROS production (67, 68). Very recently, Cao et al. have
shown that long-term expression of EBNA-1 in nasopharyngeal
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FIG 10 Schematic depicting the induction of ROS by KSHYV early during primary infection of endothelial cells to promote virus entry. KSHV initially binds and
interacts with heparan sulfate, integrins (a3B1, aVB3, aVB5), and x-CT in non-LR regions of HMVEC-d cells and is then rapidly translocated, along with
selective integrins (a3B1, «VB3) and x-CT receptors, into lipid rafts. In LRs, the receptor EphA2 interacts with KSHV and integrins and is phosphorylated. KSHV
entry is initiated by the induction of signaling pathways such as FAK, Src, and Racl and the concurrent formation of macropinocytic blebs. The studies presented
here demonstrate increased ROS production very early during KSHV primary infection. Pretreatment with the antioxidant NAC significantly inhibited KSHV
entry, and consequently gene expression, without affecting virus binding. The translocation of KSHV-integrins into LRs, actin-dependent membrane bleb
formation, and the activation of the signal molecules ephrin-A2, FAK, Src, and Racl were inhibited by NAC. In contrast, H,O, treatment increased KSHV entry
and the phosphorylation of ephrin-A2, FAK, and Src. These studies demonstrate that KSHV infection induces ROS very early during infection to amplify the

signaling pathways that are necessary for the efficient entry of viral particles into HMVEC-d cells via macropinocytosis.

carcinoma resulted in an increase in ROS production (69). Taken
together, these studies indicated that ROS production induced by
EBV could play a role in genome instability as well as in metastasis.
ROS can also function in KSHV-induced oncogenesis, a notion
supported by several studies. Guilluy et al. have shown that ROS
production leads to endothelial junction dysregulation and in-
creased vascular permeability (7). Moreover, the antioxidant
NAC has been shown to efficiently reduce KSHV-induced onco-
genesis in animal models (5, 6, 8).

In addition to a role in tumorigenesis, ROS can play an impor-
tant role in facilitating viral infection. Studies suggest that RNA
and DNA viruses use oxidative stress to regulate their life cycles.
Antioxidants have been shown to block the replication of RNA
viruses, including influenza virus, EV71, and HIV-1 (59, 70-73).
In the herpesvirus family, the oxidative stress induced by HSV-1 is
required for efficient viral replication (60). Indeed, the antioxi-
dant compound Ebselen inhibited the replication of HSV-1. In
contrast, H,O, is instrumental in the maintenance of EBV latency,
since it inhibits the expression of EBV immediate-early lytic genes
(74). Interestingly, it has been shown previously that oxidative
stress can lead to KSHV reactivation in PEL cells and endothelial
cells (4-6).

In contrast to the earlier studies demonstrating the role of
KSHYV latency and lytic reactivation, our studies demonstrate for
the first time that ROS induction promotes the early stage of
KSHYV infection and entry into HMVEC-d cells. KSHV has prob-
ably evolved to bind to integrin molecules to modulate several
downstream signaling events that facilitate entry and infection
(10, 13, 24, 35). Interestingly, several reports indicate an increase
in ROS production following integrin engagement (33,75). KSHV
gB also interacts with integrins a3p1, aV3, and aVB5 (10, 13),
and this interaction is followed by several downstream signaling
events, such as the phosphorylation of FAK, Src, PI-3K, and Rho
GTPases (RhoA, Cdc42, and Racl) (21). Since these signal path-
ways play vital roles in host cell endocytosis and the movement of
particulate materials in the cytoplasm, the early stages of KSHV
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interaction with host cells may provide an environment very con-
ducive to the successful infection of target cells. Interestingly, we
observed that the ROS scavenger NAC efficiently reduced FAK
activation. Further investigations are needed to determine the
identity of the KSHV envelope glycoprotein(s) involved in the
ROS induction observed during the early time points of primary
infection.

Previous studies have demonstrated an important role for in-
tegrin molecules a3B1, aVP3, and aVB5 in KSHV entry (10, 13,
35). However, our attempts to block viral infection by preincubat-
ing the cells with anti-integrin antibodies before viral infection did
not block ROS production (data not shown). This could be due to
cross-linking of integrins by these antibodies and, consequently,
induction of downstream signaling, including the production of
ROS, which has been reported previously (29). In addition, since
KSHYV interacts with a multitude of integrin subunits, simultane-
ous knockdown of all the integrin subunits (a3, aV, B1, and B3)
by RNA interference is challenging.

An intriguing observation from our studies is that KSHV-in-
duced ROS activate the FAK, Src, and EphA2 signal pathways.
However, further detailed studies are essential to decipher the
mechanism by which ROS activate these signal pathways. From
the available literature, we speculate the following. ROS are essen-
tial cellular messengers, since they modulate several kinase and
phosphatase activities through their transient and reversible oxi-
dation. Especially, protein tyrosine phosphatases (PTP) contain
cysteine residues in their active sites that could be targeted by
oxidative stress, leading to their inactivation. One of these phos-
phatases is the low-molecular-weight protein tyrosine phospha-
tase (LMW-PTP). Indeed, H,0O, has been shown to inactivate
LMW-PTP through the oxidation of cysteine residues (76). Inter-
estingly, LMW-PTP has been shown to dephosphorylate FAK (30,
77). Another substrate of LMW-PTP is EphA2 (78, 79). Therefore,
LMW-PTP could be an attractive link between integrin, ROS,
FAK, and EphA2 signaling. We speculate that the increased ROS
production after integrin engagement in KSHV-infected cells
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could shift LMW-PTP to an oxidized/inactive status and conse-
quently allow the amplification of FAK and EphA2 phosphoryla-
tion. On the other hand, the inhibition of ROS production during
NAC treatment could increase the quantity of reduced/active
LMW-PTP and consequently decrease FAK and EphA2 phos-
phorylation early during KSHV infection. Src kinase has also been
shown to be directly and indirectly regulated by ROS (80). Di-
rectly, oxidation of cysteine residues in the Src homology 2 (SH2)
domain and/or kinase domain causes hyperphosphorylation and
activation of Src. Indirectly, it is proposed that oxidation of the
Csk kinase keeps Src active longer (by blocking the phosphoryla-
tion of Src Tyr527). In addition, Src is activated through the inhi-
bition of phosphatases that dephosphorylate Src Try418 (80). Ad-
ditional studies examining the possibilities discussed above could
shed light on the mechanism by which KSHV-induced ROS acti-
vate signal pathways.

In summary, our studies show that induction of ROS very
early during infection by KSHV is essential for viral entry into
HMVEC-d cells. Since the antioxidant NAC blocked viral entry by
blocking the recruitment of integrin to the LRs, the phosphoryla-
tion of EphA2, the actin remodeling observed during macropi-
nocytosis, and the activation of integrin-associated signaling mol-
ecules such as FAK, Src, and Racl, antioxidants that have already
been shown to be attractive drugs against KSHV oncogenesis are
also attractive therapeutic drugs for controlling primary infection
of endothelial cells with KSHV.
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