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The Kaposi’s Sarcoma-Associated Herpesvirus (KSHV)-Induced 5-
Lipoxygenase-Leukotriene B4 Cascade Plays Key Roles in KSHV
Latency, Monocyte Recruitment, and Lipogenesis

Neelam Sharma-Walia, Karthic Chandran, Kinjan Patel, Mohanan Valiya Veettil, Alexandru Marginean

H. M. Bligh Cancer Research Laboratories, Department of Microbiology and Immunology, Chicago Medical School, Rosalind Franklin University of Medicine and Science,
North Chicago, lllinois, USA

Kaposi’s sarcoma-associated herpesvirus (KSHV) is etiologically associated with Kaposi’s sarcoma (KS) and primary effusion
lymphoma (PEL). KS lesions are characterized by endothelial cells with multiple copies of the latent KSHV episomal genome,
lytic replication in a low percentage of infiltrating monocytes, and inflammatory cytokines plus growth factors. We demon-
strated that KSHV utilizes inflammatory cyclooxygenase 2/prostaglandin E, to establish and maintain latency (Sharma-Walia,
N., A. G. Paul, V. Bottero, S. Sadagopan, M. V. Veettil, N. Kerur, and B. Chandran, PLoS Pathog 6:€1000777, 2010 [d0i:10.1371
/journal.ppat.1000777]). Here, we evaluated the role of 5-lipoxygenase (5LO) and its chemotactic metabolite leukotriene B4
(LTB4) in KSHYV biology. Abundant staining of 5LO was detected in human KS tissue sections. We observed elevated levels of
5L0 and high levels of secretion of LTB4 during primary KSHYV infection of endothelial cells and in PEL B cells (BCBL-1 and
BC-3 cells). Blocking the 5LO/LTB4 cascade inhibited viral latent ORF73, immunomodulatory K5, viral macrophage inflamma-
tory protein 1 (MIP-1), and viral MIP-2 gene expression, without much effect on lytic switch ORF50, immediate early lytic K8,
and viral interferon-regulatory factor 2 gene expression. 5LO inhibition significantly downregulated latent viral Cyclin and la-
tency-associated nuclear antigen 2 levels in PEL cells. 5LO/LTB4 inhibition downregulated TH2-related cytokine secretion, ele-
vated TH1-related cytokine secretion, and reduced human monocyte recruitment, adhesion, and transendothelial migration.
5LO/LTB4 inhibition reduced fatty acid synthase (FASN) promoter activity and its expression. Since FASN, a key enzyme re-
quired in lipogenesis, is important in KSHYV latency, these findings collectively suggest that 5LO/LTB4 play important roles in
KSHYV biology and that effective inhibition of the 5LO/LTB4 pathway could potentially be used in treatment to control KS/PEL.

aposi’s sarcoma (KS)-associated herpesvirus (KSHV) is etio-
logically associated with KS, primary effusion lymphoma
(PEL), and multicentric Castleman’s disease (MCD). KS is a
highly disseminated enigmatic angiogenic tumor of proliferative
endothelial cells (ECs) and resembles chronic inflammation (1—
5). KS is responsible for significant morbidity and mortality in
HIV-infected patients in the developing world (1, 2, 4). KS lesions
are histologically complex and are characterized by proliferating
spindle-shaped ECs, neovascular structures, leukocyte infiltrate
(monocytes, lymphocytes, and mast cells), and an abundance of
inflammatory cytokines (ICs), growth factors, angiogenic factors,
and invasive factors. KSHV-associated PEL is an aggressive form
of non-Hodgkin’s B cell lymphoma (NHL) that accounts for 4%
of all AIDS-associated NHLs, and patients with PEL have a poor
prognosis and a median survival of approximately 6 months (6, 7).
Critical components of the pathogenesis of KS, PEL, and MCD are
a persistent KSHV genome, deregulated secretion of autocrine/
paracrine cytokines and chemokines, an aggressive neoangiogenic
inflammatory network, and a subverted host immune response.
During latency, KSHV expresses a battery of genes, such as
ORF73 (latency-associated nuclear antigen 1 [LANA-1]), ORF72
(viral Cyclin [vCyclin]), ORF71 (K13/vFLIP), and ORFK12 (ka-
posins A, B and C), as well as 12 distinct microRNAs, to facilitate
the establishment oflifelong latency in its host and survival against
the host intrinsic, innate, and adaptive immune surveillance
mechanisms (8-10). KSHV encodes >86 open reading frames
(ORFs), of which at least 22 are potentially immunomodulatory
(K3 [modulator of immune recognition 1 {MIR-1}], K5 [MIR-2],
K4 [viral macrophage-inflammatory protein II], K6 [viral macro-
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phage inflammatory protein 1 {vMIP-1}], K9 [viral interferon-
regulatory factor {vIRF}], K11.1 [vVIRF2]) and antiapoptotic (K7,
viral Bcl-2) (11, 12), regulate cytokine secretion levels, antagonize
host interferon (IFN)-mediated antiviral responses, and regulate
immune evasion. Host immune responses against KSHV control
viral replication and viral spread and exert selective pressure on
the virus to establish a latent state which allows the virus to evade
the subsequent wave of adaptive host immune responses follow-
ing an effective innate immune response.

KSHV has been shown to hijack cellular signaling pathways,
transcription factors, and cytokines and secrete the arachidonic
acid (AA) pathway’s lipid metabolite prostaglandin E, (PGE,) for
its own advantage, especially to remain latent in the host cell (13—
20). Here, we demonstrate that, apart from induction of cycloox-
ygenase 2 (COX-2)/PGE, of the AA pathway, KSHV infection also
induces components of the lipoxygenase pathway, such as 5-li-
poxygenase (5LO; arachidonate:oxygen 5-oxidoreductase [EC
1.13.11.34]) and leukotriene (LT) A4 hydrolase (LTA4H), and
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infected cells secrete a highly potent chemotactic lipid mediator of
the 5LO pathway called leukotriene B4 (LTB4).

LTB4, the first LT discovered, is produced by enzymatically
catalyzed serial reactions. Therefore, LTB4 activity is much faster
and more potent than that of the peptide chemokines, which re-
quire transcription and translation. LTB4 is a pivotal mediator of
host defenses that brings the novel paradigm of lipid-cytokine-
chemokine cascades in orchestrating the recruitment of immune
cells responding at the initial stage of infection. The initial re-
sponding immune cells guided by LTB4 produce cytokines locally,
which in turn induce the local release of chemokines, which then
markedly amplify subsequent waves of leukocyte recruitment.

LTB4 mediates its actions by binding to two heterotrimeric
G-protein-coupled seven-transmembrane receptors (GPCRs),
LTB4R1 (BLT1R; a high-affinity receptor) and LTB4R2 (BLT2R; a
low-affinity receptor) (21-35). LTB4 is a potent chemotactic me-
diator for granulocytes and T lymphocytes, plays critical functions
in the immune system as a stimulator of monocytes and T and B
lymphocytes, and allows ECs to promote transmigration, activa-
tion, and/or effector functions. LTB4 can also induce B cell acti-
vation and proliferation (36—43). LTB4 has been shown to impact
the immune response and spread of viral infections, including
those caused by HIV, respiratory syncytial virus, and Epstein-Barr
virus (EBV) (44-49). 5LO, LTA4H, and LTB4 are found at high
levels in most of the inflammation and oxidative stress-associated
cancers, such as breast, lung, prostate, pancreatic, colon, bladder,
esophageal, and testicular cancers; glioma; chronic myelogenous
leukemia; and Mantle cell lymphoma (MCL) non-Hodgkin’s lym-
phomas (41, 42, 50-54). 5LO pathway inhibitors have been tested
as chemoprevention agents in many cancers (55, 56).

Since LTB4 is linked to inflammation and immune modula-
tion and KS, PEL, and MCD are chronic inflammation-associated
malignancies, we hypothesized that regulation of the 5LO/LTB4
cascade is one of the virus’s triggered host factors which plays key
roles in KSHV pathogenesis. Our studies show that KSHV infec-
tion induces the 5LO/LTB4 cascade to aid in its latent infection
and in the induction of the inflammatory milieu and that targeting
of 5LO/LTB4 provides a new avenue of treatment against KSHV-
associated malignancies.

MATERIALS AND METHODS

Cells and reagents. Low-passage-number human microvascular dermal
endothelial cells (HMVEC-ds; Lonza, Walkersville, MD), human umbil-
ical vein endothelial cells (HUVEC; Lonza), and telomerase-immortalized
human umbilical vein endothelial (TIVE) cells and long-term-infected
TIVE (TIVE-LTC) cells (a gift from Rolf Renne, University of Florida)
were cultured in lipopolysaccharide-free endothelial basal medium 2 with
growth factors, as described before (19). PELs (KSHV positive [KSHV "]/
EBV negative [EBV ™ |; BCBL-1 and BC-3 cells) and noninfected human
Burkitt lymphoma (BL) cells (KSHV negative [KSHV™]/EBV™; BJAB
cells) were cultured in RPMI 1640 medium (Gibco BRL, Grand Island,
NY) with 10% heat-inactivated fetal bovine serum (FBS; HyClone, Logan,
UT), 2 mM r-glutamine (Gibco BRL), and penicillin-streptomycin
(Gibco BRL). BC-3 and BJAB cells were purchased from the American
Type Culture Collection (ATCC), Manassas, VA. The BCBL-1 cell line
was a gift from M. McGrath (University of California, San Francisco).
KSHV-BJAB cells (57) were a gift from Blossom Damania, University of
North Carolina. KSHV-BJAB (KSHV */EBV 7) cells were cultured in PEL
cell growth medium supplemented with 0.2 mg/ml hygromycin B (Sigma,
St. Louis, MO) (57). All cell lines were tested for mycoplasma contamina-
tion using a MycoAlert Plus mycoplasma detection kit (Lonza) per the
manufacturer’s instructions.
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Reagents. The antibodies used here were monoclonal antibodies, in-
cluding anti-a tubulin clone DM (50 kDa; catalog no. T9026; Sigma),
anti-B-actin clone AC-15 (42 kDa; catalog no. A5441; Sigma), anti-TATA
binding protein (TBP; catalog no. ab818; 38 kDa; Abcam, Cambridge,
MA), anti-KSHV-LANA-2 (amino acids 143 to 310; 70 kDa; LifeSpan
BioSciences, Seattle, WA), and anti-KSHV-vCyclin (catalog no. ab12208;
30 kDa; Abcam), and polyclonal antibodies, including anti-lamin
Bl-nuclear envelope marker (66 kDa; catalog no. ab16048; Abcam,), anti-
5LO-activating protein (anti-FLAP; band of approximately 48 kDa; pre-
dicted molecular mass, 19 kDa; catalog no. ab39535; Abcam), anti-5-
lipoxygenase (78 kDa; catalog no. 160402; Cayman Chemical, Ann Arbor,
MI), anti-leukotriene A4 hydrolase (69 kDa; catalog no. 160250, Cayman
Chemical), anti-cyclooxygenase 1 (catalog no. 4842; Cell Signaling Tech-
nology), and LANA-1 antibody (from Bala Chandran, Rosalind Franklin
University of Medicine and Science [RFUMS]). The reagents used in this
study were the COX-2-specific inhibitor NS-398 [N-(2-cyclohexyloxy-4-
nitrophenyl)-methanesulfonamide; Calbiochem, La Jolla, CA], the 5LO
activation inhibitor MK866 {1-[(4-chlorophenyl)methyl]-3-[(1,1-
dimethylethyl)thio]-o,a-dimethyl-5-(1-methylethyl)-1H-indole-2-
propanoic acid, sodium salt; catalog no. 10133; Cayman Chemical}, and
the 5LO inhibitor zileuton {N-(1-benzo[b]thien-2-ylethyl)-N-
hydroxyurea; catalog no. 3308; Tocris Bioscience, Minneapolis, MN}. These
were reconstituted in dimethyl sulfoxide (DMSO), and DMSO was used as
the solvent control for all experiments involving treatments with inhibitors.

Virus. Induction of the KSHV lytic cycle in BCBL-1 cells, supernatant
collection, and virus purification procedures were described previously
(20). Viral DNA was extracted, and the copy numbers were quantitated by
real-time DNA PCR using primers amplifying the KSHV ORF73 gene as
described previously (20). All stock preparations of purified KSHV were
monitored for endotoxin contamination by standard Limulus assay as
described previously (20). Replication-defective virus (UV-inactivated
KSHYV) was generated by inactivating KSHV with UV light (365 nm) for
20 min at a 10-cm distance (58, 59). KSHV DNA was extracted from live
KSHV and UV-inactivated KSHV, and viral copy numbers were quanti-
tated by real-time DNA PCR (19, 20, 58, 59).

Plasmid. A plasmid encoding firefly luciferase under the control of the
wild-type (WT) FASN promoter was obtained from Qiang Liu (Western
College of Veterinary Medicine, University of Saskatchewan, Saskatoon,
SK, Canada) and has been described previously (60).

Cytotoxicity assay. HMVEC-d, HUVEC, and PEL cells were incubated
with Dulbecco modified Eagle medium (Lonza) containing different concen-
trations of various inhibitors for 4 h or 4 days. At different time points, super-
natants were collected and assessed for cellular toxicity using a cytotoxicity
assay kit (Promega, Madison, WI) as described previously (58, 59).

Luciferase reporter assays. KSHV infection’s effect on the FASN full-
length promoter (WT FASN) (60) was measured using a dual-luciferase
kit according to the manufacturer’s protocol (Promega). 293 cells were
transfected using methods described before (20). The relative FASN pro-
moter activity or number of relative luciferase units (RLU) was normal-
ized to Renilla luciferase protein levels.

Viral gene expression profiling by real-time RT-PCR. Thirty copies of
KSHYV DNA per cell were used for infection of HMVEC-d and HUVEC, and
the cells were observed until 48 h postinfection (p.i.). KSHV ORF73 (forward
primer 5'-CGCGAATACCGCTATGTACTCA-3', reverse primer 5’ -GGAA
CGCGCCTCATACGA-3', TagMan probe 6FAM-ACATCACCACCC
CACAGACCTGGAG-TAMRA, where 6FAM is 6-carboxyfluorescein
and TAMRA is 6-carboxytetramethylrhodamine), ORF50 (forward
primer 5'-CGCAATGCGTTACGTTGTTG-3, reverse primer 5'-GCCC
GGACTGTTGAATCG-3', TagMan probe 6FAM-ACCTGTGCCCCCTC
TTCGACACC-TAMRA), K5 (forward primer 5'-GAGCGTCCAGGTGC
ACAAC-3', reverse primer 5 -TTGAACTGTTTCTGCTGATGTCTG-3/,
TagMan probe 6FAM-ACGCCGACAAGCCCAGCCAC-TAMRA), K8
(forward primer 5'-CCTGGACGCTCTCTCACACA-3’, reverse primer
5'-GGATCTGCGAGTTGGAAGCT-3’, TagMan probe 6FAM-CCAAGA
GGACCACACATTTCGCA-TAMRA), and vIRF2 (forward primer 5'-C
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ATTTTTGGAGGAGCGACGTA-3', reverse primer 5'-AGCCCAGGCC
AGTCTCAGT-3', TagMan probe 6FAM-CGGGCTGCCAGAAATCCC
GG-TAMRA) gene expression was assessed by real-time reverse
transcription-PCR (RT-PCR) using amplification cycles as described be-
fore (20). KSHV vMIP-1 (forward primer 5'-ATGCTGCGTTAGCGTAC
TGCT, reverse primer 5'-GAACCCGTAGCAGCAGCTAT-3') and
vMIP-2 (forward primer 5'-TTGTCCGGTCTATGCCAGG-3', reverse
primer 5'-CTGCCTTGCTTTGTTTGCAA-3") primer sequences were
used to quantitate vMIP-1 and vMIP-2 gene expression. Prior to reverse
transcription, the RNA samples were subjected to DNase I (amplification
grade; Invitrogen, Carlsbad, CA) treatment to remove contaminating
DNA, as described previously (20). The relative copy numbers of the
transcripts were calculated from a standard graph plotted using the
threshold cycle values for different dilutions of in vitro-transcribed tran-
scripts. Maximum care was taken to keep the slope of the standard curve
close to 3.3. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as the internal control.

TaqMan gene expression analysis for 5L0, LTA4H, and FLAP.
Thirty copies of KSHV DNA per cell were used for infection of HMVEC-d
and HUVEC for different times. Gene expression of 5LO, LTA4H, and
FLAP was analyzed using TagMan gene expression assays (5LO,
Hs00167536; LTA4H, Hs00168505; FLAP, Hs00970921; GAPDH,
Hs99999905; Applied Biosystems, Foster City, CA) by the methods de-
scribed in the manufacturer’s protocol. PCR amplifications without
cDNA were performed as negative controls.

Immunohistochemistry (IHC). Sections from lymph nodes, skin bi-
opsy samples of healthy subjects, and KS patients, sections of lung from
healthy individuals, and lesions of lung from PEL patients were obtained
from the AIDS and Cancer Specimen Resource (ACSR). Sections were
deparaffinized with HistoChoice clearing reagent and hydrated with water
before microwave treatment in 1 mmol/liter EDTA (pH 8.0) for 15 min
for antigen retrieval and then blocked with blocking solution (2% donkey
serum, 0.3% Triton X-100 in phosphate-buffered saline). Sections were
incubated with the primary antibodies against 5LO or LTA4H overnight
at 4°C. These sections were incubated with rabbit-polymer-horseradish
peroxidase (Biocare Medical) for 15 min, washed, and developed using
the 3,3’-diaminobenzidine reagent (Dako). Counterstaining with hema-
toxylin was done as described previously (20).

Immunofluorescence assay (IFA). BCBL-1 cells were stained with
anti-5LO and anti-FLAP primary antibodies, developed, and visualized
with Alexa 594- and Alexa 488-coupled secondary antibody staining by
the methods described before (19). Stained BCBL-1 cells were washed and
viewed with appropriate filters under a fluorescence microscope with a
Nikon Metamorph digital imaging system.

Preparation of nuclear extracts. HMVEC-d or HUVEC were serum
starved for 10 h and then infected with 30 DNA copies of KSHV per cell for
various times at 37°C, and nuclear extracts were prepared using a nuclear
extract kit (Active Motif Corp., Carlsbad, CA), in accordance with the
manufacturer’s instructions. After measurement of protein concentra-
tions with bicinchoninic acid protein assay reagent (Pierce Biotechnology,
Rockford, IL), extracts were aliquoted and stored at —80°C until use. The
purity of the nuclear extracts was assessed by immunoblotting using anti-
lamin B antibodies, and cytoskeletal contamination was checked using an
anti-a-tubulin antibody.

Isolation of lymphocytes and mononuclear cells. These studies were
approved by the RFUMS Institutional Review Board. After informed con-
sent was obtained in accordance with the Declaration of Helsinki, periph-
eral blood was collected in sodium heparin Vacutainer tubes (Becton,
Dickinson, Franklin Lakes, NJ). The peripheral blood mononuclear cell
(PBMC) fraction was collected after differential density centrifugation
over Ficoll-Paque Plus (GE Healthcare, Piscataway, NJ). After washing the
cells twice in Hanks’ balanced salt solution (Lonza), monocytes were pu-
rified from the PBMCs via magnetic separation using beads coated with
anti-CD14 antibodies, in accordance with the manufacturer’s instruc-
tions (Miltenyi Biotec, San Diego, CA). Purified CD14™ monocytes were
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cultured in RPMI 1640 medium (Life Technologies) supplemented with
fetal bovine/calf serum (HyClone, Rockford, IL) and penicillin-strepto-
mycin (Life Technologies) at 37°C with 5% CO, in 96-well polypropylene
plates until assayed. The CD14™ fraction was retained and termed lym-
phocytes.

ELISA for LTB4 and PGE,. LTB4 and PGE, levels in the supernatants
of uninfected or KSHV-infected HMVEC-d or HUVEC, untreated or LO
inhibitor-treated BCBL, BC-3, KSHV-BJAB, BJAB, TIVE, and TIVE-LTC
cells were measured by enzyme-linked immunosorbent assay (ELISA;
R&D Systems, Minneapolis, MN) as described previously (16, 17, 19, 20).
Data are expressed as the amount of LTB4 or PGE, produced (pg/ml) per
10° cells.

Western blot and immunoprecipitation (IP) analysis. Cell extracts
(20 pg/lane) were separated on SDS-polyacrylamide gels and electro-
transferred to 0.45-pm-pore-size nitrocellulose membranes. The mem-
branes were blocked with 5% bovine serum albumin (BSA), probed with
anti-5LO, anti-FLAP, anti-LTA4H, anti-B-actin, and anti-a-tubulin an-
tibodies, and visualized using an enhance chemiluminescence detection
system (20). Lysates prepared in low-salt buffer were clarified by centrif-
ugation and immunoprecipitated for 4 h at 4°C with specific antibodies.
Immune complexes were collected on protein A-Sepharose, separated by
SDS-PAGE, and transferred onto nitrocellulose. Immunoblots were incu-
bated in 5% BSA, 10 mM Tris HCI, pH 7.5, 1 mM EDTA, and 0.1% Tween
20 for 1 h at room temperature and probed first with specific antibodies
and then with secondary antibodies.

TH1/TH2 cytokine analysis. Analysis of TH1/TH2 cytokines in the su-
pernatants obtained from untreated or LO inhibitor-treated HMVEC-d was
done using a BD cytometric bead array (CBA) human TH1/TH2 cytokine kit
per the manufacturer’s instructions (BD Biosciences, San Diego, CA). The
BD CBA human THI1/TH2 cytokine kit is used to quantitatively measure
interleukin-2 (IL-2), interleukin-4 (IL-4), interleukin-5 (IL-5), interleu-
kin-10 (IL-10), tumor necrosis factor (TNF), and gamma interferon (IFN-vy)
protein levels in a single sample. The BD CBA human TH1/TH2 cytokine kit
uses the bead array technology to simultaneously detect multiple cytokine
proteins in research samples. Six bead populations with distinct fluorescence
intensities were coated with capture antibodies specific for IL-2, IL-4, IL-5,
IL-10, tumor necrosis factor alpha (TNF-a), and IFN-y proteins. The six
bead populations were mixed together to form the bead array, which was
resolved in the red channel of a flow cytometer. During the assay procedure,
we mixed the cytokine capture beads with recombinant standards or super-
natants collected from various treatments and incubated them with phyco-
erythrin (PE)-conjugated detection antibodies to form sandwich complexes.
The intensity of PE fluorescence of each sandwich complex revealed the con-
centration of that cytokine. After acquiring samples on a flow cytometer,
FCAP Array software was used to generate results.

Monocyte adhesion assay. Endothelial cells (ECs) were allowed to
form a monolayer. Monocytes were purified and labeled with Leuko-
Tracker solution (2 pl of 500X LeukoTracker solution was added to 1.0
ml of a leukocyte cell suspension at 1.0 X 10° cells/ml). An equal number
of labeled monocytes was resuspended in various supernatants obtained
from uninfected or infected cells and 5LO inhibitor-treated or 5LO-si-
lenced and then infected cells. These monocytes were allowed to adhere to
the EC monolayer for 60 min, and adhesion was quantitated by a CytoSe-
lect leukocyte-endothelium adhesion assay (Cell Biolabs Inc., San Diego,
CA). Adherent leukocytes were lysed, and fluorescence measurement was
done using a fluorescence plate reader at 480 nm/520 nm.

Monocyte recruitment and transendothelial migration assay. The in
vitro effect of LO inhibitors (MK866 and zileuton) and 5LO silencing on
the uninfected and infected cell supernatants in monocyte recruitment
was determined by a CytoSelect 24-well cell migration assay (3 pm, fluo-
rometric format) per the manufacturer’s instructions (Cell Biolabs Inc.).

RESULTS

5L0 and LTA4H enzymes are expressed in human KS lesion tis-
sue sections. KS lesions show a histopathology characterized by
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FIG 1 Lipoxygenase expression in human tissues and KSHV-infected cells. (A and B) Human KS and healthy skin tissue sections were analyzed by immuno-
histochemical staining for 5LO (A) and LTA4H (B) and counterstained with hematoxylin. (Aa, ¢, and e and Ba, ¢, and e) Healthy human skin tissue sections; (Ab,
d, and fand Bb, d, and f) human KS skin tissue sections. Arrows (yellow) in all panels, 5LO or LTA4H staining. Magnifications: X20 (Aa, b, e, and f, Ba, b, e, and
f) and X40 (Ac and d and Bc and d). (C) Immunofluorescence analysis of LANA-1 and 5LO in long-term KSHYV latently infected ECs. TIVE and TIVE-LTC cells
were grown to 80 to 90% confluence, fixed, permeabilized, and examined with LANA-1-specific (red) and 5LO-specific (green) antibodies. Nuclei were
counterstained with DAPI (blue). Red arrows in panel Cb, nuclear staining for KSHV latency protein LANA-1; green arrows in panels Cc and i, 5LO staining;
yellow arrows in panels Cd and j, LANA-1 and 5LO colocalization in nuclei; white arrows in panel Ce, k, f, and I, LANA-1 and 5LO colocalization with the nuclear
stain DAPIL. Magnifications: X40 (Ca to k) and further enlargement by an additional X40 (Cf and 1).

spindle-shaped ECs with latent KSHV infection expressing EC mark-
ers (CD31, CD34, CD36, and endothelium antigen clone EN4), ex-
tensive neoangiogenesis, and inflammatory infiltration (1, 7, 61, 62).
To study the role of 5LO and LTA4H in KS, we analyzed the skin
tissue sections of healthy subjects and KS patients for the presence of
LO pathway enzymes 5LO and LTA4H by IHC. Healthy control skin
tissue sections showed negligible expression of 5LO (Fig. 1A, panels a
and c) and LTA4H (Fig. 1B, panels a and c). In contrast, abundant
5LO (Fig. 1A, panels b and d) and LTA4H (Fig. 1B, panels b and d)
expression was detected in KS skin tissue. Specificity was confirmed
by the nonreactivity of the isotype control for 5LO in human KS skin
tissue specimen (Fig. 1A, panel f) and human healthy skin tissue spec-
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imens (Fig. 1A, panel e). Similarly, specificity was confirmed by the
nonreactivity of the isotype control for LTA4H in human KS skin
tissue specimens (Fig. 1B, panel f) and human healthy skin tissue
specimens (Fig. 1B, panel e). These results demonstrate that 5LO and
LTA4H are abundant in KS skin lesions and suggest that the LO
pathway might be playing a role in KSHV pathogenesis.

5LO0 is expressed in KSHYV latently infected ECs. Since we
observed a strong staining of 5LO in KS tissues, we next wanted to
confirm this with in vitro cultures of KSHV latently infected ECs,
which are an in vitro model for KS. We stained TIVE-LTC cells for
5LO and LANA-1, a marker for KSHV latent infection. TIVE-LTC
cells show tight latent KSHV gene expression similar to the viral
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gene expression seen in the majority of KS lesion spindle cells and
support long-term episomal maintenance (63). Punctate nuclear
staining of KSHV latent LANA-1 protein was observed in many
TIVE-LTC cells (Fig. 1C, panel b). TIVE-LTC cells were positive
for 5LO, with diffuse cytoplasmic and dense nuclear 5LO staining
seen in a majority of the TIVE-LTC cells (Fig. 1C, panel ¢). TIVE
cells showed very faint nuclear staining and appreciable levels of
cytoplasmic staining for 5LO (Fig. 1C, panel i) and no staining for
LANA-1 (Fig. 1C, panel h). Nuclear localization of 5LO in TIVE-
LTC cells was evident in the merged images (white color) stained with
the nuclear stain DAPI (4',6-diamidino-2-phenylindole; blue) and
for LANA-1 (red) and host protein 5LO (green). Positioning of 5LO
within the nucleus of resting cells is a powerful determinant of the
capacity to generate LTB4 upon subsequent activation; therefore,
these results suggest that KSHV latently infected cells (TIVE-LTC
cells) might have an active 5LO pathway and a higher capacity to
synthesize LTB4 than uninfected cells (TIVE cells) and 5LO might be
playing a role in KSHV pathogenesis.

De novo KSHYV infection of ECs induces 5LO pathway en-
zymes. To study 5LO expression during primary infection,
HMVEC-d and HUVEC were infected for different times. KSHV
ORF73 gene expression, as assessed by real-time RT-PCR with
ORF73 gene-specific primers and TagMan probes (data not
shown), confirmed the successful infection of HUVEC and
HMVEC-d. To evaluate the expression of 5LO pathway genes dur-
ing in vitro KSHV infection of target HMVEC-d and HUVEC, we
examined the time kinetics of 5LO, LTA4H, and FLAP gene ex-
pression (Fig. 2A to F). KSHV infection induced higher levels of
5LO (Fig. 2A), FLAP (Fig. 2C),and LTA4H (Fig. 2E) in HMVEC-d
than uninfected cells. Similarly, we observed the induction of the
5LO (Fig. 2B), FLAP (Fig. 2D), and LTA4H (Fig. 2F) genes in
KSHV-infected HUVEC. Higher levels of LO pathway enzyme
gene expression were observed at later time points (6 h onwards)
of infection (Fig. 2A to F). LTA4H gene expression showed a
bimodal induction pattern during de novo KSHV infection of
HMVEC-d (Fig. 2E) and HUVEC (Fig. 2F). These results demon-
strating upregulation of the 5LO pathway strongly support its role
in KSHV pathogenesis.

5L0 pathway enzymes are expressed in long-term KSHV-in-
fected ECs. Since we observed strong staining of 5LO in TIVE-
LTC cells, we analyzed the expression of all three LO pathway
enzymes required for LTB4 secretion in these cells by gene expres-
sion analysis (Fig. 2G). Compared to TIVE cells, TIVE-LTC cells
showed increased expression of the 5LO (8.5-fold), FLAP (5.2-
fold), and LTA4H (17.8-fold) genes (Fig. 2G). Among the entire
set of LO pathway enzymes tested, LTA4H showed the highest
level of expression, which was found in TIVE-LTC cells but not in
TIVE cells (Fig. 2G).

5LO pathway enzymes are expressed in KSHV* PEL cells. We
examined 5LO pathway gene expression in BC-3 and BCBL-1 cells
as well as BJAB-KSHV cells (Fig. 2H). BCBL-1 cells expressed
higher levels of 5LO (7-fold), FLAP (3-fold), and LTA4H (14.5-
fold) than BJAB cells (Fig. 2H), while BC-3 cells expressed higher
levels of 5LO (8.3-fold), FLAP (3-fold), and LTA4H (18-fold)
than BJAB cells (Fig. 2H). BJAB-KSHYV cells expressed higher lev-
els of 5LO (6.6-fold), FLAP (3-fold), and LTA4H (15.4-fold) than
BJAB cells (Fig. 2H). The level of LTA4H expression was the high-
est among all of the LO pathway genes tested (Fig. 2H). Higher
5LO pathway gene expression in latently infected ECs and B cells
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suggests a potential connection between viral latent gene expres-
sion and host 5LO.

5LO0 induction depends predominantly on viral transcrip-
tion. To determine whether KSHV gene expression is essential for
5LO upregulation, replication-incompetent KSHV was prepared
by UV irradiation (58). UV-inactivated KSHV did not induce any
KSHYV gene expression, whereas an equal number of live virus
DNA copies per cell induced a quantitative increase in latency-
associated ORF73 gene expression as well as lytic cycle-associated
ORF50, K8, and K5 gene expression, as shown previously (58). We
observed a dramatic reduction in 5LO gene expression in UV-
inactivated KSHV-infected cells compared to that in live KSHV-
infected cells (Fig. 2I), suggesting that 5LO induction is dependent
primarily on KSHV gene expression. Since infection with UV-
radiated KSHYV virions still resulted in a 2- to 4-fold induction of
5LO gene expression, the possibility of involvement of virion
components during the binding, entry, and nuclear entry stages of
infection in 5LO induction cannot be ruled out.

KSHYV infection increases protein levels of 5LO pathway en-
zymes. Since we observed the induction of 5LO pathway enzyme
gene expression, we evaluated the levels of 5LO pathway proteins
upon KSHV infection. De novo KSHV infection (up to 48 h) in-
duced increased expression of LTA4H (Fig. 3A) and 5LO (Fig. 3A)
in HMVEC-d. A similar induction was observed in HUVEC (data
not shown). Compared to the levels of expression in TIVE cells,
TIVE-LTC cells showed increased expression of 5LO (2.6-fold)
and LTA4H (4.2-fold) (Fig. 3B). BCBL-1 cells expressed higher
levels of 5LO (3.2-fold) and LTA4H (4.6-fold) than BJAB cells
(Fig. 3C). Similarly, BC-3 cells expressed higher levels of 5LO (2.9-
fold) and LTA4H (4.4-fold) (Fig. 3C). KSHV-BJAB cells expressed
higher levels of 5LO (4.6-fold) and LTA4H (5.4-fold) than BJAB
cells (Fig. 3D). Higher 5LO pathway enzyme protein levels in the
whole-cell lysates of latently infected ECs and B cells suggest a
probable connection of viral latent gene expression and induction
of the 5LO pathway.

KSHYV infection induces LTB4 secretion. 5LO activation leads
to the synthesis and secretion of the chemotactic bioactive lipid
metabolite LTB4. To evaluate the consequences of 5LO activation,
we quantitated the release of LTB4 upon KSHYV infection. KSHV
infection in HMVEC-d and HUVEC induced significant levels of
LTB4 secretion (Fig. 3E and F) which increased over the time
course of infection. Compared to TIVE cells, TIVE-LTC cells
showed significantly increased secretion of LTB4 under unstarved
as well as serum-starved conditions (Fig. 3G). Compared to BJAB,
BCBL-1, and BC-3 cells (Fig. 3H) as well as KSHV-BJAB cells (Fig.
3I), significantly higher levels of LTB4 were secreted under un-
starved than under serum-starved conditions. Taken together, the
results in Fig. 1 to 3 demonstrate that there is an active involve-
ment of the 5LO pathway during KSHV infection.

KSHV-infected cells express higher levels of 5LO pathway
components in both the cytoplasmic and nuclear fractions.
LTB4 is synthesized from membrane-bound arachidonic acid via
the 5LO pathway enzymes (64). Activation of 5LO is connected
with its translocation from the cytosol to the nuclear membrane
(64) (Fig. 4A). Nuclear localization of 5LO is also a determinant of
the LTB4 synthetic capacity of the cell. 5SLO activation leads to the
formation of unstable LTA4, which can be metabolized to either
LTB4 (a potent lipid mediator of inflammation synthesized pre-
dominantly by leukocytes, such as monocytes/macrophages and
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FIG 2 Detection of 5LO pathway enzymes during de novo KSHV infection in latently infected ECs and in PEL cells. (A to F) Gene expression of 5LO pathway
enzymes during primary infection of HMVEC-d and HUVEC. Cells grown to 80 to 90% confluence were serum starved for 8 h and infected with 30 DNA

copies/cell of KSHV for different time points. At different times p.i. (up to 48 h), total RNA was isolated, DNase I treated, and then subjected to qRT-PCR using
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neutrophils) or cysteinyl (Cys) LTs/peptide leukotrienes (LTC4,
LTD4, and LTE4).

5LO is localized in the nucleus as well as the cytosol, but on
cellular activation, 5LO undergoes Ca”>*- or NF-«kB-dependent
translocation to the nuclear envelope (65-68). The mechanism of
nuclear translocation involves the necessary association of 5LO
with a novel 18-kDa membrane protein known as 5LO-activating
protein, or FLAP (69). Cytoplasmic and nuclear fractions were
prepared from uninfected (8 h, 24 h, and 48 h) (Fig. 4B) and
KSHV-infected (8 h, 24 h, and 48 h) HMVEC-d (Fig. 4C). Cyto-
plasmic and nuclear fractions were checked for purity by a-tubu-
lin and lamin B staining, respectively (Fig. 4B and C). The purity of
the nuclear extracts was verified by the absence of a-tubulin stain-
ing. Higher levels of 5LO and LT A4H proteins were detected in the
nuclear fractions of KSHV-infected (8 h, 24 h, and 48 h)
HMVEC-d than uninfected HMVEC-d (Fig. 4B and C). Appre-
ciable levels of FLAP were observed in the nuclear fractions of
uninfected and infected (8 h, 24 h, and 48 h) HMVEC-d (Fig. 4B
and C).

Similar to the higher nuclear levels of 5LO in de novo KSHV-
infected ECs (Fig. 4B and C), latently infected TIVE-LTC cells
(Fig. 4D), latently infected BCBL-1 cells (Fig. 4E), and BC-3 cells
(Fig. 4F) expressed high levels of 5LO in the nuclear fractions.
KSHV-BJAB cells expressed higher nuclear levels of 5LO than
BJAB cells (Fig. 4G). Surprisingly, FLAP levels appeared to be
slightly lower in KSHV-BJAB cells than uninfected BJAB cells.
FLAP levels in KSHV-BJAB cells seemed to be abundant enough
to form complexes with 5LO to generate LTB4. Higher 5LO pro-
tein levels in the nuclear fraction, along with abundant levels of its
activating protein (FLAP) and LTA4H, indicate the possibility of
their interaction, which can lead to the efficient synthesis and
secretion of LTB4. These results also indicate that KSHV de novo
infection of ECs tightly controls the synthesis of inflammatory
LTB4 via regulating the reorganization of the LT biosynthetic en-
zymes. This tight regulation might be allowing virus to establish
latency in the host cells and would prevent the untimely onset of
proinflammatory LTB4 at the very early stages of infection.

High nuclear fraction levels or high levels of activated compo-
nents of the 5LO pathway have been reported to be a consequence
of the high nuclear translocation of 5LO, which is in turn depen-
dent upon NF-kB activation and Ca®" induction. Since KSHV
infection has been shown to induce NF-«B, we checked the levels
of 5LO in the nuclear fractions obtained from untreated, Bay11-
7082 solvent-treated, or 5 wM Bay11-7082-treated BCBL-1 and
BC-3 cells. We observed a drastic decline in the nuclear levels of
5LO and LTA4H (Fig. 4H). This reduction was related to the re-
duction in the level of active NF-kB (the p65 nuclear fraction of
NF-kB) (Fig. 4H). Since KSHV infection also induces Ca**, we
checked the effect of pharmacological inhibitors of Ca** [1,2-
Bis(2-aminophenoxy)ethane-N,N,N’N’-tetraacetic acid tet-
rakis(acetoxymethyl ester) (BAPTA-AM) and 8-(N,N-diethyl-
amino)octyl-3,4,5-trimethoxybenzoate (TMB-8)] (55). Treatment

5-Lipoxygenase and LTB4 in KSHV Biology

with Ca*>" inhibitors did not change the nuclear levels of 5LO in the
KSHV-infected cells (data not shown). These results suggest that
KSHYV infection-induced NF-kB signaling is critical for the acti-
vation of 5LO pathway enzymes.

KSHYV infection induces 5LO and FLAP association. 5LO is a
78-kDa protein that catalyzes the conversion of arachidonic acid
to LTs. FLAP is an 18-kDa membrane-bound protein that is es-
sential for LTB4 synthesis in cells. In LTB4-generating cells, FLAP
and 5LO interact and form a 5SLO/FLAP complex (~100 kDa). By
IP and reverse IP experiments with 5LO and FLAP antibodies, we
detected the possible 5LO and FLAP association in uninfected
endothelial (TIVE) cells or KSHV ™ /EBV ™ BJAB cells and KSHV-
infected TIVE-LTC or BCBL-1 cells (Fig. 5A). Briefly, lysates were
immunoprecipitated with anti-5LO and Western blotted with anti-
5LO antibody. We detected higher levels of a 78-kDa band in
KSHYV latently infected BCBL-1 and TIVE-LTC cells than unin-
fected BJAB and TIVE cells (Fig. 5A, panel a). Besides the 78-kDa
band, we also detected a 100-kDa band (Fig. 5A, panel a). At this
point, we do not know the exact identity of the 100-kDa band but
will ascertain it by mass spectrometric analysis in our future stud-
ies. We speculate it to be some posttranslationally modified form
of 5LO, since 5LO is known to get posttranslationally modified by
phosphorylation, glycosylation, nitrosylation, and peroxidation.
We also performed a reverse IP with anti-5LO antibody and West-
ern blotting with anti-FLAP and detected the 18-kDa band. The
5LO and FLAP bands in IP and reverse IP experiments were stron-
ger in TIVE-LTC or BCBL-1 cells than TIVE or BJAB cells (Fig.
5A, panel b). The increased intensity of the FLAP band in the 5LO
immunoprecipitate may be caused by higher levels of 5LO (defi-
nitely) and FLAP (probably) in TIVE-LTC cells. These results also
suggest that the KSHV infection-induced overall high levels of
5LO and FLAP probably initiate some interactions between 5LO
and FLAP components of the 5LO pathway, which probably result
in the increased synthesis and secretion of LTB4 in latently in-
fected cells (Fig. 5A). 5LO predominantly associates with FLAP in
KSHV-infected cells but not in uninfected cells. The results in Fig.
5 (FLAP and 5LO possible association) were also confirmed by
IFA for 5LO and FLAP in BCBL-1 cells (Fig. 5B). We observed
FLAP staining (Fig. 5B, panel 2) colocalizing with nuclear mem-
brane staining of lamin B (Fig. 5B, panel 1) in Fig. 5B, panel 3. We
also observed intense colocalization of 5LO staining (panel 4) with
FLAP (panel 5) in Fig. 5B, panel 6. Lamin B/FLAP and 5LO/FLAP
colocalization is clear in panels in Fig. 5B with enlarged pictures.
These results clearly suggest that KSHV infection induces activa-
tion of the 5LO pathway, which leads to the production of LTB4
secretion in the infected cell microenvironment.

5LO0 silencing reduces 5LO gene expression and LTB4 secre-
tion. To study the downstream consequences of 5LO pathway
blocking, we opted for the chemical inhibition and 5LO gene si-
lencing strategies. To determine the specificity of 5LO involve-
ment in KSHV pathogenesis and to avoid the 5LO-independent
effects of chemical inhibitors, we standardized the 5LO silencing

serum starved for 24 h and then used to prepare total RNA, and the expression of LTA4H, FLAP, and 5LO genes was analyzed. (H) Expression of LTA4H, FLAP,
and 5LO genes in BCBL-1 BC-3, BJAB-KSHV, and BJAB cells. B cells grown to about 10° cells per ml were serum starved (0.2% FBS) for 8 h. Total RNA was
isolated, DNase I treated, and then subjected to qRT-PCR using LTA4H, FLAP, and 5LO gene-specific TagMan primers. Fold induction in panels A to F was
calculated by considering induction in uninfected HMVEC-d (A, C, and E), HUVEC (B, D, and F), TIVE cells (G), and BJAB cells (H) to be 1-fold. (I) Expression
of the gene for the 5LO enzyme during primary infection of HMVEC-d with 30 DNA copies/cell of live KSHV or UV-inactivated KSHV (UV-KSHV) for 24 h or
48 h. At different time points postinfection (24 h or 48 h), total RNA was isolated, DNase I treated, and then subjected to qRT-PCR using 5LO-specific TagMan
primers and ABI expression assays. Each bar represents the average = SD of three independent experiments.
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FIG 3 Protein levels of 5LO/LTA4H and secretion of LTB4 during de novo KSHV infection and latency. (A to D) Lysates from serum-starved (8 h) uninfected,

and KSHV (30 DNA copies/cell)-infected HMVEC-d for the indicated times (0 h, 30 min, 1 h, 2 h, 4 h, 8 h, 24 h, and 48 h) and TIVE, TIVE-LTC cells, BCBL-1,

BC-3, KSHV-BJAB, and BJAB cells were Western blotted for 5LO or LTA4H, stripped, and immunoblotted for B-actin. A representative blot from three
independent experiments is shown. (E to I) Secretion of LTB4 in de novo-infected HMVEC-d (E), HUVEC (F), TIVE and TIVE-LTC cells (G), BCBL-1, BC-3,
and BJAB cells (H), and KSHV-BJAB and BJAB cells (I). HUVEC and HMVEC-d were serum starved for 8 h and infected with 30 DNA copies/cell of KSHV for
8h,24h,and 48 h, and supernatants were collected for LTB4 immunoassay. TIVE and TIVE-LTC cells were serum starved for 8 h in medium containing low levels
(0.2%) of FBS, and supernatants were collected for LTB4 quantification. BCBL-1, BC-3, KSHV-BJAB, and BJAB cells were serum starved for 8 h in medium
containing low levels (0.2%) of FBS and collected for LTB4 assay. Values for LTB4 secretion (in pg/ml) are indicated in the histograms. Each bar represents the
average * SD of three independent experiments. Statistical significance (¢ test) for panels E and F was calculated with respect to the results for uninfected cells.
Statistical significance (¢ test) for panel G was calculated with respect to the results for TIVE cells. Statistical significance (¢ test) for panels H and I was calculated
with respect to the results for BJAB cells. The statistical analysis was carried out using a two-tailed Student’s test. *, P < 0.05; **, P < 0.01.

LTB4 (pg/ml)

method. The effect of 5LO silencing in HMVEC-d was determined ~ cle (sh-C)- or 5-lipoxygenase short hairpin RNA (h) lentiviral
by infecting serum-starved (8 h) control (construct encoding a  particle (5LO)-transduced cells for 4 h, 8 h, 24 h, and 48 h. Silenc-
scrambled sequence that will not lead to the specific degradation  ing of 5LO reduced the level of KSHV infection-induced 5LO gene
of any known cellular mRNA) short hairpin RNA lentiviral parti-  expressionand LTB4 secretion in HMVEC-d (Fig. 6A and B). KSHV-
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of untreated, NF-kB inhibitor solvent-treated, or NF-kB inhibitor (5 uM Bay11-7082)-treated BCBL-1 and BC-3 cells. Unt., untreated; Sol., solvent treated; Bay,
Bay11-7082. Representative blots from three independent experiments are shown in panels B to H.

February 2014 Volume 88 Number 4 jviasm.org 2139


http://jvi.asm.org

Sharma-Walia et al.

A IP: Anti-5-LO; WB: Anti-5-LO

TIVE

a) BJAB BCBL-1 LTC TIVE

B

-«—100kDa
+— 78kDa

«—55kDa
19G heavy chain

loading

I- — -thontrol
b) IP:Anti-5-LO; WB: Anti-FLAP

| - .Q—|<—18KD3

| ~ = loading

il 2 3 4

B
LaminB Enlarged

5-LO

FIG 5 5LO and FLAP interaction during KSHV infection. (A, panel a) Unin-
fected endothelial (TIVE) cells, BJAB cells, KSHV-infected endothelial (TIVE-
LTC) cells, or BCBL-1 cells were lysed and immunoprecipitated with anti-5LO
and Western blotted (WB) with anti-5LO antibody. (A, panel b) TIVE, BJAB,
TIVE-LTC, or BCBL-1 cells were lysed and immunoprecipitated with anti-
5LO and Western blotted with anti-FLAP antibody. (B) BCBL-1 cells were
immunostained with anti-lamin B (red) and anti-FLAP (green) or with 5LO
(red) and FLAP (green) antibody and analyzed by confocal microscopy. Red
arrows, nuclear membrane staining in panel 1 and nuclear localization of 5LO
in panel 4; green arrows in panels 2 and 5, nuclear membrane localization of
FLAP; yellow arrows, colocalization of FLAP with the nuclear membrane in
panel 3 and colocalization of 5LO and FLAP in panel 6; white arrowheads in
enlarged panels, colocalization of lamin B and FLAP and 5LO and FLAP.
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infected sh-5LO-induced HMVEC-d showed significantly reduced
5LO expression compared to sh-C-transduced KSHV-infected HM-
VEC-d (Fig. 6A).

We next assessed the functional consequences of 5LO si-
lencing by quantifying the secreted LTB4 levels in the superna-
tant of sh-C or sh-5LO lentivirus-transduced and then KSHV-in-
fected HMVEC-d (Fig. 6B). KSHV-infected sh-5LO-transduced
HMVEC-d showed a significantly reduced level of LTB4 secretion
compared to that of sh-C-transduced and KSHV-infected
HMVEC-d (Fig. 6B). Our results suggested that 5LO silencing
could effectively abrogate KSHV infection-induced LTB4 secre-
tion in ECs. A similar reduction in 5LO gene expression and LTB4
secretion was observed in TIVE-LTC, BC-3, and BCBL-1 cells
(Fig. 6C and D). 5LO silencing did not change COX-2 protein
levels, further validating the specificity of the silencing procedure

2140 jviasm.org

(Fig. 6E). 5LO silencing did not interfere with PGE, (a metabolite
of the COX-2 pathway) secretion (data not shown).

5LO0 chemical inhibition reduces LTB4 secretion. For chem-
ical blockage of the 5LO pathway, we used two specific inhibitors:
MK866 and zileuton. MK866 blocks binding of 5LO to the mem-
brane by specifically interacting with the membrane-bound acti-
vating protein FLAP, which is necessary for cellular LT biosynthe-
sis. MK866 is an orally active anticancer drug blocking the
synthesis of the highly chemotactic and procarcinogenic leukotri-
ene LTB4 (70). Zileuton is an orally active inhibitor of 5LO and
thus inhibits LTB4 formation. Zileuton is rapidly absorbed, with a
mean time to the peak blood serum concentration of 1.7 h, and is
primarily excreted in the urine (~95%). Zileuton is FDA ap-
proved and is used to prevent difficulty in breathing, chest tight-
ness, wheezing, and coughing due to asthma and has also been
tested for its antineoplastic properties in colon, lung, and prostate
cancers (21, 31). It is in clinical trials (clinicalTrials.gov) for the
treatment of cancers, including chronic myeloid leukemia (CML),
and of sickle cell disease (SCD), smoking-related lung disease, and
chronic obstructive pulmonary disease (COPD).

The effect of MK866 or zileuton treatment in HMVEC-d was
determined by infecting serum-starved (8 h) HMVEC-d for 4 h, 8
h, 24 h, and 48 h. We assessed the functional consequences of
MK866 or zileuton treatment by quantifying the secreted LTB4
levels in the supernatants of KSHV-infected HMVEC-d and
MK866-treated, zileuton-treated,journal MK866 solvent-treated,
or zileuton solvent-treated and then KSHV-infected HMVEC-d
(Fig. 6F). KSHV-infected and MKB866- or zileuton-treated
HMVEC-d showed significantly reduced LTB4 secretion (Fig. 6F)
compared to solvent-pretreated (for MK866 or for zileuton) and
then infected HMVEC-d, thus suggesting that 5LO inhibition
could effectively abrogate KSHV infection-induced LTB4 secre-
tion in ECs. A similar reduction in LTB4 secretion was observed in
TIVE-LTC cells and KSHV™ PEL cells (Fig. 6G and H). Results
presented in Fig. 6 demonstrated that gene silencing as well as
chemical inhibition can effectively downregulate 5LO and reduce
LTB4 secretion and could be used to understand the role of the LO
pathway during KSHYV infection and viral latency.

Inhibition of 5LO affects KSHV latent and lytic gene expres-
sion. To analyze the potential role of 5LO pathway activation in
KSHV gene expression, HMVEC-d were preincubated with inhibito-
ry/noncytotoxic concentrations of either MK866 or zileuton or their
respective solvent controls at 37°C for 1 h and then infected with
KSHYV for 2 h, and viral messages, collected at different times after
KSHYV infection (8 h, 24 h, and 48 h), were quantitated by real-time
RT-PCR. Since significant levels of LTB4 secretion were observed in
the later hours of infection, we chose to analyze the 5LO inhibition
effects at 8 h, 24 h, and 48 h. Similarly, sh-C- or sh-5LO-transduced
HMVEC-d were infected with KSHV for 2 h, and viral messages,
collected at different time points after KSHV infection, were quanti-
tated by real-time RT-PCR. De novo KSHV-infected HMVEC-d dis-
played the sustained expression of latency-associated ORF73, ORF72,
and K13 and transient expression of a limited number of lytic genes,
including the ORF50 (regulator of transcription activation [RTA]),
vIRF2, K8, and K5 genes, as reported before (58, 71). 5LO inhibition
reduced ORF73 gene expression (Fig. 7A) by 30 to 48%. An approx-
imately 20% to 32% induction in the ORF50 gene was observed upon
5LO inhibition (Fig. 7B). These results demonstrate that the 5LO
induced by KSHYV late during target cell infection plays a role in the
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FIG 6 5LO silencing or 5LO chemical inhibition reduces 5LO gene expression and LTB4 secretion. HMVEC-d were transduced with sh-C or sh-5LO at a
multiplicity of infection of 10, as described previously (19). sh-C- or sh-5LO-transduced HMVEC-d were serum starved for 8 h and infected with KSHV for 4 h,
8h,24 h,and 48 h. RNA from these cells was analyzed by qRT-PCR for 5LO expression (A), and the supernatants were used to quantify LTB4 levels by ELISA (B).
(A) Percent gene (5LO) expression by considering the expression in sh-C-transduced cells at the respective time points to be 100%. Similarly, 5LO gene
expression was examined in sh-C- or sh-5LO-transduced TIVE-LTC, BCBL-1, and BC-3 cells. (C and D) Supernatants from sh-C or sh-5LO transduced
TIVE-LTC cells (C) and BCBL-1 and BC-3 cells (D) were used to detect LTB4 secretion. (E) Lysates prepared from sh-C- or sh-5LO-transduced TIVE-LTC,
BC-3, and BCBL-1 cells were tested for the protein levels of 5LO and COX-2. These blots were reprobed with anti-B-actin antibody to confirm equal loading. 5LO
chemical inhibition reduces LTB4 secretion. HMVEC-d were pretreated with solvent for MK866 (MK), MK866, solvent for zileuton (Zil.), or zileuton for 1 h and
then infected with 30 DNA copies KSHV/cell for different times by the methods described previously (19). (F) Supernatants were used to quantify LTB4 levels
by ELISA. (G and H) Supernatants from solvent- or inhibitor-treated TIVE-LTC cells (G) and BCBL-1 and BC-3 cells (H) were used to detect LTB4. LTB4 levels
in quadruplicate samples were measured, and values are presented in pg/ml. Each point represents the average = SD from three independent experiments. The
statistical analysis was carried out using a two-tailed Student’s t test. ¥, P << 0.05; **, P < 0.01. Red arrows facing down, percent inhibition.

downregulation by 5LO inhibition suggests an important role for
LTs in enabling virus to evade the host immune system. The dif-

viral life cycle. 5SLO inhibition could not reduce LANA-1 protein lev-
els, as indicated in Fig. 7H.

Inhibition of 5LO effectively downregulates KSHV immedi-
ate early lytic K5 gene expression but not K8 or vIRF2 gene ex-
pression in de novo-infected HMVEC-d. Our previous studies
have shown that, in addition to the latent ORF73 and lytic ORF50
genes, KSHV also expresses a limited number of lytic cycle genes
early during infection (71). Unlike its effect on K8 (Fig. 7D) and
vIRF2 (Fig. 7E) gene expression, 5LO inhibition had a maximal
impact on K5 gene expression in HMVEC-d, with >86% inhibi-
tion (Fig. 7C). K5, which is detected for up to 5 days in infected
HMVEC-d, is involved in the downregulation of major histocom-
patibility complex class I, intercellular adhesion molecule 1
(ICAM-1), and B7.2 molecules and thus probably blocks the elim-
ination of infected cells by cytotoxic T and NK cells (72, 73). K5
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ferential effects over KSHV gene expression by 5LO inhibition
also suggested the specificity of the observed reduction in viral
RNA copy numbers.

Inhibition of 5LO effectively downregulates the expression
of KSHV immediate early lytic K4 (vMIP-2) and K6 (vMIP-1)
gene expression in de novo-infected HMVEC-d. KSHV also ex-
presses a limited number of several viral macrophage inflamma-
tory proteins (vMIPs), KSHV ORFs K4 (vMIP-2) and K6 (vMIP-
1), early during de novo infection (71). These viral genes encode
chemokines showing homology to cellular CC chemokines, such
as MIP-1a and RANTES. vMIP-1 and vMIP-2 bind to CCR8 and
are highly angiogenic. vMIP-2 has also been shown to be a potent
chemoattractant, induce signal transduction and chemotaxis in
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monocytic cells, and contribute to KSHV pathogenesis (74). We
did not observe high levels of vMIP-1 and vMIP-2 gene expression
at 24 h and 48 h of infection. Therefore, we studied the role of the
5LO pathway at very early times (2 h, 4 h, and 8 h) of infection in
HMVEC-d. 5LO inhibition had a huge impact on vMIP-1 and
vMIP-2 gene expression in HMVEC-d at 8 h of viral infection,
with ~60 to 80% inhibition (Fig. 7F and G). vMIP-1 and vMIP-2
downregulation by 5LO inhibition suggests an important role for
LTs in viral pathogenesis.

Inhibition of 5LO downregulates KSHV latent vCyclin and
LANA-2 gene expression and protein levels in PEL cells. We next
examined the effect of blocking 5LO on viral gene expression in
BC-3 and BCBL-1 cells (Fig. 8A to H). 5LO inhibition significantly
downregulated latent vCyclin gene expression in BCBL-1 cells
(Fig. 8A) and BC-3 cells (Fig. 8B). We also observed a significant
reduction in LANA-2 gene expression upon 5LO inhibition in
BCBL-1 cells (Fig. 8C) and BC-3 cells (Fig. 8D). 5LO blocking
downregulated (20 to 30%) LANA-1 gene expression in BCBL-1
and BC-3 cells (Fig. 8E and F, respectively), with no effect on
v-FLIP expression in BCBL-1 and BC-3 cells (Fig. 8G and H, re-
spectively). All these results support the role of 5LO in the KSHV
life cycle. 5LO inhibition effectively reduced vCyclin and LANA-2
protein levels, as indicated in BCBL-1 cells (Fig. 81) and BC-3 cells
(Fig. 8]). 5LO inhibition had much less of an effect on LANA-1
protein levels in BCBL-1 and BC-3 cells (Fig. 8I and J, respec-
tively).

KSHV-induced 5LO regulates the secretion of TH1/TH2-re-
lated cytokines. KS lesions are noted for their prominent leuko-
cyte infiltrate consisting of monocytes, lymphocytes, and mast
cells (75, 76). KSHV infection has been shown to shift the immune
response from a TH1 to a TH2 microenvironment (77). Endothe-
lial cells and circulating endothelial progenitor cells have been
reported to secrete TH1/TH2/TH17-related cytokines (78, 79). To
determine the role of KSHV-induced 5LO in TH1/TH2-related
cytokine secretion during de novo infection of HMVEC-d, we used
5LO inhibitors in conjunction with 5LO silencing methods and
examined cytokine secretion. We collected supernatants from se-
rum-starved (8 h) uninfected HMVEC-d, infected HMVEC-d,
and cells pretreated with inhibitor (MK866 or zileuton) or solvent
and then infected with KSHV. Similarly, supernatants were col-
lected from serum-starved HMVEC-d (8 h) transduced with sh-C
or sh-5LO and then left uninfected or infected with KSHV. 5LO
inhibition enhanced the secretion of the TH1-related cytokines
IFN-vy (Fig. 9A) and IL-2 (Fig. 9B) at 8 h, 24 h, and 48 h postin-
fection, suggesting that 5LO keeps TH1-related cytokines in a low
profile and helps KSHV evade the host immune response. 5LO
inhibition marginally reduced the TH1-related cytokine TNF-o
(Fig. 9C). Uninfected cells also secreted low levels of TH1-related
cytokines, and their fold levels of induction at various time points
are shown in Table 1.

5LO inhibition drastically reduced the secretion of TH2-re-
lated anti-inflammatory cytokines IL-10 (Fig. 9D) and IL-4 (Fig.
9E), suggesting that 5LO augments the release of TH2-related cy-

5-Lipoxygenase and LTB4 in KSHV Biology

tokines. 5LO inhibition had almost no effect on the release of
TH2-related anti-inflammatory cytokine IL-5 (Fig. 9F). We also
observed a decrease in the secretion of TH2 cytokines upon 5LO
inhibition in the uninfected cells (Table 2). Since uninfected cells
had minimal changes in the level of 5LO and subsequent induc-
tion of cytokines involved in the TH2 response, the percent inhi-
bition observed was also very low (Table 2). Collectively, our re-
sults suggest that KSHV infection induces 5LO to help maintain
the TH2-related cytokine microenvironment to evade host im-
mune responses and to maintain viral latency.

5LO0 inhibition blocks the monocyte adhesion induced by
KSHV-infected cell supernatant. LTs are found at high levels in
most inflammatory lesions and contribute to the physiological
changes characteristic of the inflammatory process (41, 42, 50—
54). LTs are lipid-signaling molecules which initiate and amplify
innate and adaptive immunity (41, 42, 50-54). LTB4 acts not only
on neutrophils and eosinophils but also on monocytes, macro-
phages, T cells, and ECs to promote transmigration, activation,
and/or effector functions and participates actively in tissue in-
flammation (36—43). LTB4 can also induce B cell activation and
proliferation (36—43). LTs are lipid-signaling molecules derived
from arachidonic acid that initiate and amplify innate and adap-
tive immune responses by orchestrating the recruitment and ac-
tivation of leukocytes in inflamed tissues.

To address the role of LTB4 in the infected cell supernatants in
monocyte adhesion, we collected supernatants from uninfected or
KSHV-infected HMVEC-d at the 8-h, 24-h, and 48-h time points.
We purified monocytes (Fig. 10B) from the blood of healthy vol-
unteers and labeled those with LeukoTracker solution. An equal
number of labeled monocytes was resuspended in various super-
natants obtained from uninfected or infected cells (8 h, 24 h, and
48 h). These monocytes were allowed to adhere to the EC mono-
layer for 60 min, and adhesion was quantitated as described in the
Materials and Methods section and shown in the schematic in Fig.
10C. The difference in the level of monocytes that adhered in the
presence of supernatants obtained from uninfected cells or in-
fected cells was low (24 h) to negligible (8 h). In contrast, we
observed a drastic increase in monocyte adhesion in the presence
of supernatants obtained from KSHV-infected HMVEC-d at 48 h
(Fig. 10D).

To ensure that monocyte adhesion was largely due to the pres-
ence of LTB4 levels in the infected cell supernatants, we performed
the monocyte adhesion assay in the presence of supernatants ob-
tained from solvent (MK866 or zileuton)-treated, inhibitor
(MKB866 or zileuton)-treated, or sh-C- or sh-5LO-transduced cells
infected with KSHYV for 8 h, 24 h, and 48 h. We observed reduced
monocyte adhesion in the presence of supernatants obtained from
inhibitor (MK866 or zileuton)-pretreated or sh-5LO-transduced
cells infected with KSHV for 8 h, 24 h, and 48 h. A drastic decrease
in monocyte adhesion was observed in the presence of superna-
tants obtained from cells pretreated with inhibitor (MK866 or
zileuton) or transduced with sh-5LO and then infected with
KSHYV for 48 h. All these results suggest that the LTB4 generated

Each point represents the average = SD from three independent experiments. The statistical analysis was carried out using a two-tailed Student’s t test. *, P < 0.05;
**, P < 0.01. Red arrows facing down, percent inhibition; green arrows facing up, percent induction. (H) Effect of 5LO inhibition on viral protein LANA-1. Cell
lysates prepared from HMVEC-d treated with 5LO chemical inhibitors (1 wM MK866 and 1 pwM zileuton) or solvent and then infected with KSHV (30 DNA
copies/ml) for different time points were Western blotted for LANA-1, stripped, and immunoblotted for a-tubulin. Inf., infection. A representative blot from

three independent experiments is shown.
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FIG 9 Effect of 5LO inhibition on KSHV infection-induced TH1/TH2-related
cytokines in HMVEC-d. Supernatants collected from serum-starved (8 h) cells
either uninfected or infected (4 h, 8 h, 24 h, and 48 h) or pretreated with either
MKS866, solvent for MK866, zileuton, or solvent for zileuton and then infected
with KSHV for 4 h, 8 h, 24 h, and 48 h were used to analyze the levels of TH1-
and TH2-related cytokines. Similarly, supernatants collected from serum-
starved (8 h) sh-C- or sh-5LO-transduced HMVEC-d either uninfected or
infected (4 h, 8 h, 24 h, and 48 h) were used to analyze the levels of TH1- and
TH2-related cytokines. Fold induction was calculated by considering the se-
cretion at 0 h infection to be 1-fold. Cytokine levels with respect to those of 0 h
of infection are represented in a line graph format. (A) IFN-v; (B) IL-2; (C)
TNF-«; (D) IL-10; (E) IL-4; (F) IL-5.

later during KSHV infection favors monocyte adhesion to the ECs
(Fig. 10E).

5LO0 inhibition blocks monocyte recruitment induced by
KSHV-infected cell supernatant. Next, to evaluate the role of
LTB4 in the infected cell supernatants in monocyte recruitment, we
collected supernatants from uninfected HMVEC-d or HMVEC-d in-
fected with KSHV for 8 h, 24 h, and 48 h, purified the monocytes,

5-Lipoxygenase and LTB4 in KSHV Biology

and labeled the monocytes with LeukoTracker. Equal numbers of
labeled monocytes resuspended in serum-free medium were al-
lowed to migrate to the lower chamber in the presence of super-
natants (used as the chemoattractant) obtained from the unin-
fected or KSHV-infected HMVEC-d at the 8-h, 24-h, and 48-h
time points. Increased migration of monocytes from the upper
chamber to the lower chamber containing various supernatants is
an index of increased chemoattractant levels in the medium.
Monocyte recruitment was quantitated as described in Materials
and Methods and in the schematic in Fig. 10F. The difference in
the level of monocytes recruited in the presence of supernatants
obtained from uninfected cells or infected cells was low (24 h) to
negligible (8 h). In contrast, we observed an increase in monocyte
recruitment in the presence of supernatants obtained from HM-
VEC-d infected with KSHV for 48 h (Fig. 10G).

To evaluate the role of the LTB4 present in the infected cell
supernatants in monocyte recruitment, we performed the
monocyte chemotaxis assay in the presence of supernatants
obtained from solvent (MK866 or zileuton)-treated, inhibitor
(MKS866 or zileuton)-treated, or sh-C- or sh-5LO-transduced
cells infected with KSHYV for 8 h, 24 h, and 48 h. We observed
reduced monocyte migration in the presence of supernatants
obtained from inhibitor (MK866 or zileuton)-pretreated or
sh-5LO-transduced cells infected with KSHV for 8 h, 24 h, and
48 h. A substantial decrease in monocyte migration was ob-
served in the presence of supernatants obtained from cells pre-
treated with inhibitor (MK866 or zileuton) or transduced with
sh-5L0 and then infected with KSHV for 48 h. All these results
suggest that LTB4 enhances monocyte recruitment to the ECs
by 48 h of primary infection (Fig. 10H).

5L0 inhibition blocks the monocyte transendothelial migra-
tion induced by KSHV-infected cell supernatant. ECs play a piv-
otal role in the regulation of leukocyte recruitment. Under condi-
tions of inflammation, ECs express receptors, which initiate the
capture and rolling adhesion of migrated leukocytes, and also syn-
thesize and present chemokines and other chemotactic agents that
can induce stable adhesion between leukocyte integrins and their
corresponding EC receptors, such as intercellular adhesion mole-
cule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-
1), promoting subsequent migration into tissue. To examine
the role of LTB4 in the infected cell supernatants in monocyte
transendothelial migration, we collected supernatants from
uninfected or KSHV-infected HMVEC-d. We purified mono-
cytes and labeled those with LeukoTracker. Equal numbers of
labeled monocytes resuspended in serum-free medium were
allowed to migrate to the lower chamber through the EC
monolayer in the presence of supernatants (used as the che-
moattractant) obtained from uninfected or KSHV-infected
HMVEC-d for 8 h, 24 h, and 48 h. Transendothelial monocyte
migration was quantitated as described in Materials and Meth-
ods and in the schematic in Fig. 101. The difference in the level
of monocytes that migrated through the EC monolayer in the
presence of supernatants obtained from uninfected cells or in-

solvent-treated or sh-C-transduced cells to be 100%. Each point represents the average = SD from three independent experiments. The statistical analysis was
carried out using a two-tailed Student’s f test. *, P < 0.05; **, P < 0.01. Red arrows facing down, inhibition. (I and J) Effect of 5LO inhibition on viral proteins
LANA-1, vCyclin, and LANA-2. Cell lysates prepared from BCBL-1 or BC-3 cells treated with 5LO chemical inhibitors (1 puM MK866 and 1 wM zileuton) or their
respective solvents or transduced with sh-C or sh-5LO were Western blotted for LANA-1, vCyclin, and LANA-2, stripped, and immunoblotted for a-tubulin.

Representative blots from three independent experiments are shown.
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TABLE 1 Effect of 5LO pathway inhibition on TH1 cytokine secretion
in uninfected and KSHV-infected cells at different time points

TABLE 2 Effect of 5LO pathway inhibition on TH2 cytokine secretion
in uninfected and KSHV-infected cells at different time points

THI cytokine, Fold induction”

time, and

infection MKsol. MK Zil.sol.  Zil.

status” treat. treat.  treat. treat.  sh-C  sh-5LO

IFN-vy
4 h, uninf. 1.2 0.9 1.2 1.1 1.3 1.1
4 h, inf. 1.5 2.3 1.8 2.3 1.9 3.4
8 h, uninf. 1.4 1.2 1.3 0.9 1.5 1.1
8 h, inf. 2.5 2.4 2.5 4.6 2.7 3.8
24 h, uninf. 1.5 1.1 1.4 1.1 1.4 0.8
24 h, Inf. 2.3 3.8 2.6 4.8 2.3 4.8
48 h, uninf. 1.6 1.1 1.5 1.1 1.1 0.7
48 h, inf. 2.2 3.9 2.4 4.7 2.0 5.4

1L-2
4 h, uninf. 1.2 1.1 1.1 1.1 1.1 1.2
4 h, inf. 1.8 1.3 1.2 1.3 1.7 1.7
8 h, uninf. 1.2 1.1 1.2 1.1 1.2 1.2
8 h, inf. 2.5 2.4 2.3 2.9 1.9 33
24 h, uninf. 1.2 1.1 1.3 1.2 1.1 1.1
24 h, inf. 2.4 2.8 2.7 3.3 2.5 3.5
48 h, uninf. 1.2 1.1 1.3 0.8 1.1 0.7
48 h, inf. 2.0 3.7 2.2 3.7 2.7 4.3

TNF-a
4 h, uninf. 1.4 1.2 1.3 1.1 1.5 0.9
4 h, inf. 1.8 1.7 1.2 1.3 1.7 1.4
8 h, uninf. 1.3 1.1 1.3 1.1 1.4 1.1
8 h, inf. 2.5 2.4 2.3 2.6 1.9 1.3
24 h, uninf. 1.4 1.1 1.5 1.1 1.6 1.1
24 h, inf. 2.4 1.8 2.7 2.1 2.5 1.8
48 h, uninf. 1.1 1.1 1.4 1.1 1.5 1.1
48 h, inf. 2.5 2.2 2.5 1.7 2.7 1.9

“ uninf., uninfected; inf., infected.

b The fold induction at different time points was calculated by considering the secretion
at 0 h to be 1-fold. Boldface data indicate ~2- or more than 2-fold induction. MK sol.
treat., MK866 solvent treatment; MK treat., MK866 treatment; Zil. sol. treat., zileuton
solvent treatment; Zil. treat., zileuton treatment.

fected cells was low (24 h) or negligible (8 h). In contrast, we
observed an increase in transendothelial monocyte migration
in the presence of supernatants obtained from HMVEC-d in-
fected with KSHYV for 48 h (Fig. 10]).

To evaluate the role of the LTB4 present in the infected cell
supernatants in monocyte recruitment, we performed the mono-
cyte chemotaxis assay in the presence of supernatants obtained
from solvent (MK866 or zileuton)-treated, inhibitor (MK866 or
zileuton)-treated, or sh-C- or sh-5LO-transduced cells infected
with KSHV for 8 h, 24 h, and 48 h. A significant reduction in
monocyte migration was observed in the presence of supernatants
obtained from inhibitor (MK866 or zileuton)-pretreated or sh-
5LO-transduced cells infected with KSHV for 8 h, 24 h, and 48 h.
A drastic decrease in monocyte migration was observed in the
presence of supernatants obtained from cells pretreated with in-
hibitor (MK866 or zileuton) or transduced with sh-5LO and then
infected with KSHV for 8 h, 24 h, and 48 h. All these results suggest
that LTB4 enhances transendothelial monocyte migration to the
ECs by 48 h of primary infection (Fig. 10K).

Inhibition of 5LO blocks lipogenesis at later time points of
KSHYV infection. It has been reported that fatty acid synthesis is
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Fold induction (% inhibition)”

TH2 cytokine, time, MK Zil.

and infection sol. sol.

status” treat. MK treat. treat. Zil. treat. sh-C sh-5LO

IL-10
4 h, uninf. 12 1.1(9) 14 1.1(22) 14 09(36)
4 h, inf. 1.8 1.3 (28) 2.2 1.3 (51) 2.8 1.4 (50)
8 h, uninf. 1.3 1.1 (16) 1.3 1.2 (8) 1.2 0.8 (34)
8 h, inf. 45  14(60) 43  1.6(63) 3.9 1.3(66)
24 h, uninf. 1.6 0.9 (44) 1.8 1.1 (39) 1.9 1.1 (43)
24 h, inf. 5.4 1.8 (67) 5.7 1.8 (69) 5.5 1.4 (75)
48 h, uninf. 1.7 12(30) 17 11(36) 14 0.7(50)
48 h, inf. 5.0 1.7 (66) 5.2 1.7 (68) 5.7 1.9 (66)

1L-4
4 h, uninf. 1.2 1.1 (9) 1.2 1.1 (9) 1.3 0.8 (39)
4 h, inf. 1.5 1.5 1.8 1.8 1.9 1.7 (11)
8 h, uninf. 14 08(43) 13 11(16) 1.7 1.2(30)
8 h, inf. 2.5 1.4 (44) 2.5 1.4 (54) 2.7 1.3 (52)
24 h, uninf. 14 12(15) 15 11(17) 15 1.1(27)
24 h, inf. 2.3 1.1 (53) 2.6 1.4 (46) 2.3 1.4 (40)
48 h, uninf. 1.1 0.8 (28) 1.2 0.8 (34) 1.3 0.7 (47)
48 h, inf. 22 13(41) 24  13(46) 2.0 1.5(25)

IL-5
4 h, uninf. 12 08(34) 13 09031 13 09(31)
4 h, inf. 2.0 2.3 2.2 2.3 2.4 2.2 (9)
8 h, uninf. 1.2 0.9 (25) 1.3 1.1 (9) 1.4 0.8 (43)
8 h, inf. 23 24 22 19(14) 22 21(5)
24 h, uninf. 1.2 1.1 (9) 1.5 0.9 (40) 1.2 0.8 (34)
24 h, inf, 24 18(25) 22 1.8(19) 24 1.8(25)
48 h, uninf. 13 1.1(16) 12 0925 12 0.8(34)
48 h, inf. 2.0 1.7 (15) 2.1 1.7 (20) 2.2 1.9 (14)

“ uninf., uninfected; inf., infected.

¥ The fold induction at different time points was calculated by considering the secretion
at 0 h to be 1-fold. Percent inhibition of TH2-related cytokine secretion was calculated
by considering the levels or the percent induction in solvent-treated or sh-C-treated
cells at the respective time points to be 100%. Boldface data indicate ~2- or more than
2-fold induction. MK sol. treat., MK866 solvent treatment; MK treat., MK866
treatment; Zil. sol. treat., zileuton solvent treatment; Zil. treat., zileuton treatment.

required for the survival of KSHV latently infected ECs and that
inhibition of key enzymes in this pathway leads to the apoptosis of
infected cells (80). Addition of palmitic acid to latently infected
cells treated with a fatty acid synthesis inhibitor protected the cells
from death, indicating that the products of this pathway are essen-
tial (80). KSHYV infection has been shown to lead to elevated levels
of over half of the detectable metabolite products of de novo fatty
acid synthesis (lipogenesis) and was concurrent with increased
lipid synthesis in latently infected ECs. KSHV gene expression has
been shown to regulate lipogenesis and support latency (80).
FASN, a complex multifunctional enzyme, is a 250- to 270-kDa
multifunctional, homodimeric enzyme responsible for energy
storage by converting excess carbohydrate to fatty acids that are
then sterified to store triacylglycerols (60). 5LO is also known as a
lipid-metabolizing enzyme (60, 81). Its LTB4 metabolite is estab-
lished to induce transcription factors, such as STAT1, STAT3,
NF-kB, peroxisome proliferator-activated receptors (PPARs),
and early growth response protein 1 (EGR-1), which play signifi-
cant roles in lipid metabolism and cancer. LTB4, the final metab-
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olite in the 5SLO pathway, is able to enhance proliferation, increase
survival, and suppress the apoptosis of human cells. Blockade of
the LTB4-signaling pathway induced apoptosis in colon cancer
cells (82).

To evaluate the status of FASN gene expression during de novo
KSHYV infection, we infected HMVEC-d for 2 h, 4 h, 8 h, 24 h, and
48 h. KSHV ORF73 gene expression, as assessed by quantitative
RT-PCR (qRT-PCR) as well as by real-time RT-PCR with ORF73
gene-specific primers and TagMan probes (data not shown), con-
firmed the successful infection of ECs (HMVEC-d). Compared to
uninfected HMVEC-d, KSHV infection induced expression of
FASN (Fig. 11A). Higher expression of FASN was observed at later
time points (8 h and onwards) of infection (Fig. 11A). Similarly,
compared to TIVE cells, TIVE-LTC cells showed increased ex-
pression of FASN (Fig. 11B), further confirming the high FASN
expression during KSHV latency.

To analyze the potential role of the 5LO pathway in regulating
KSHYV infection-induced FASN gene expression, HMVEC-d were
preincubated with inhibitory/noncytotoxic concentrations of ei-
ther MK866, zileuton, or their respective solvent controls at 37°C
for 1 h, infected with KSHV for different times (8 h, 24 h, and 48
h), and then quantitated by real-time RT-PCR. Similarly sh-C- or
sh-5LO-transduced HMVEC-d were infected with KSHV for dif-
ferent times (8 h, 24 h, and 48 h). Inhibition of 5LO by chemical
inhibitor (MK866 and zileuton) treatment or by 5LO gene silenc-
ing effectively reduced FASN gene expression (Fig. 11C). We eval-
uated the effect of 5LO inhibition (by chemical inhibitor treat-
ment or 5LO silencing) on FASN gene expression in TIVE-LTC
cells. MK866 and zileuton treatment or 5LO gene silencing mark-
edly reduced FASN gene expression in TIVE-LTC cells (Fig. 11D).
5LO silencing also reduced the protein levels of FASN in TIVE-
LTC, BC-3, and BCBL-1 cells (Fig. 11E). All these results suggest a
strong connection between the 5LO pathway status, viral latent
gene expression, and fatty acid synthesis.

To evaluate the transcriptional regulation of FASN during
KSHYV infection, we studied FASN promoter activation in tran-
siently transfected 293 cells. Compared to the results obtained
with the promoterless basic vector (pGL3), the FASN full-length
promoter construct containing the human fatty acid synthase
gene (WT FASN) was significantly activated during KSHV infec-
tion at the indicated time points compared to the levels in the
respective uninfected cells (Fig. 11F). Exogenous LTB4 supple-
mentation has been shown to stimulate FASN promoter activity
(60) in many cancers. Therefore, we hypothesized that LTB4 se-
creted in the supernatant of KSHV-infected cells might be con-
tributing to the induction of FASN transcriptional regulation. To
investigate the direct role of exogenous LTB4 on the FASN pro-
moter, we stimulated 293 cells transfected with the WT FASN
promoter with various concentrations (50 to 200 pg/ml) of LTB4
for different times (Fig. 11G). We observed that LTB4 in amounts
even as low as 50 pg/ml was sufficient to induce FASN promoter
activity (Fig. 11G). These results also indicate the specificity of
LTB4-mediated FASN transcriptional regulation.

To evaluate the role of LTB4 present in the KSHV-infected
culture supernatant in FASN transcriptional regulation, we used
supernatants collected from HMVEC-d (solvent control pre-
treated, 5LO inhibitor pretreated, and 5LO silenced) and then
KSHYV infected (Fig. 11H) by the methods described before (19).
Effective reduction was observed in the presence of supernatants
obtained from cells pretreated with 5LO inhibitors or silenced for
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5LO (Fig. 11H). Though inhibition of 5LO primarily affects LTB4
levels, the possibility that it affects the secretion of cytokines can-
not be ruled out. KSHV-infected culture supernatants had no ef-
fect on the activity of the promoterless PGL3 vector (data not
shown).

DISCUSSION

KS, a chronic inflammation-associated tumor, and its progression
are believed to be profoundly driven by the autocrine and para-
crine loops of inflammatory cytokines and growth factors present
in the lesion microenvironment (4). To establish a successful life-
long infection in an immunocompetent host, KSHV has to evade
innate and adaptive immune responses and control host immune
surveillance. Our novel findings in this study provide substantial
evidence that KSHV utilizes the 5SLO/LTB4 cascade as one of the
key immunomodulatory mechanisms to evade the host immune
system. Our study underscores the importance of the 5LO/LTB4
axis in KS/PEL pathogenesis and suggests that clinically approved
5LO inhibitors have tremendous therapeutic potential in control-
ling KSHV-linked malignancies.

Status of LO/LTB4 cascade components during KSHV infec-
tion. The abundant expression of 5LO and LTA4H in human KS
lesions and latently infected ECs and the significant level of induc-
tion of 5LO and LTA4H expression during de novo infection of
ECs (Fig. 1 and 2) with subsequent secretion of LTB4 (Fig. 3)
emphasize that 5SLO/LTB4 cascade components are actively in-
volved in KS/PEL pathogenesis and strengthen the role of 5LO/
LTB4 in KSHYV biology. To our knowledge, this is the first report
of 5LO expression in TIVE-LTC cells, PEL cells, and de novo-
infected ECs (Fig. 4A to F). Strikingly, we observed that PEL cells
secrete higher levels of LTB4 than latently infected ECs (when the
number of cells is considered to be constant). This might be due to
either cell type differences or KSHV latent infection in all PEL
cells.

The underlying role of 5LO in the growth of several tumor
types, including pancreatic, colorectal, prostate, and breast can-
cers (41, 42, 50-54), has been reported. Numerous studies dem-
onstrated overexpression of 5LO, especially increased nuclear lev-
elsin tissue samples of primary tumor cells as well as in established
cancer cell lines (41, 42, 50-54). 5LO is localized in the nucleus
and cytosol of resting cells, but on cellular activation, the enzyme
translocates to the nuclear envelope, which initiates its association
with a novel 18-kDa membrane protein called FLAP. Surprisingly,
we observed higher nuclear expression of 5LO in TIVE-LTC cells,
PEL cells, and de novo-infected ECs (Fig. 4A to F). Interestingly,
TIVE-LTC and PEL cells showed some indication of 5LO and
FLAP interaction, suggesting an active 5LO pathway (Fig. 5)
which might lead to high levels of LTB4 secretion (Fig. 3). 5LO
nuclear translocation and subsequent LTB4 production have been
shown to be regulated by Src, ATP, reactive oxygen species (ROS),
NF-kB, and Ca**. Previous reports have shown the sustained
induction of NF-kB not only during the early stages of KSHV
infection but also during the establishment and subsequent main-
tenance of latency (18), which might be upstream of 5LO translo-
cation and LTB4 secretion. Here we demonstrate that NF-kB in-
duction is upstream of 5LO nuclear localization (Fig. 4H).
Though we show evidence for NF-kB involvement in 5LO nuclear
localization in PEL cells (Fig. 4H), the possibility that other KSHV
infection-induced factors, such as Src and ROS, play a role cannot
be ruled out (13, 83, 84).
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FIG 10 Effect of 5LO pathway on monocyte adhesion, recruitment, and transendothelial migration. (A) Schematic of monocyte recruitment, rolling, adhesion,
and transendothelial migration during inflammation. (B) Purification of monocytes as described in Materials and Methods. FITC, fluorescein isothiocyanate.
(C) Schematic of monocyte adhesion assay. (D) Supernatants from HMVEC-d uninfected or KSHV infected (30 DNA copies/ml) for 8 h, 24 h, and 48 h were
assessed for their ability to stimulate monocyte adhesion, as described in Materials and Methods. (E) The effect of 5LO inhibition on monocyte adhesion was
examined by using supernatants from chemical inhibitor-treated or 5LO-silenced cells, as described in Materials and Methods. (F) Schematic of monocyte
recruitment assay. (G) Supernatants from HMVEC-d uninfected or KSHV infected (30 DNA copies/ml) for 8 h, 24 h, and 48 h were assessed for their chemotactic
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Role of KSHV-induced 5LO/LTB4 cascade in the viral life
cycle. KSis an enigma among the known human tumors, due to its
multifocal nature and the variety of cell types, such as spindle-
shaped cells and inflammatory cells, in the lesions. KSHV ORF73,
ORF72, K13, and K12 were detected in vascular endothelial and
spindle cells of KS lesions, and the lytic cycle proteins were de-
tected in about 1 to 10% of infiltrating monocytic cells of KS
lesions (10, 85-90). Hence, to effectively control and eliminate KS,
it is important to understand the relationship between the time-
line of viral gene expression and the consequent secretion of the
inflammatory molecules required for the progression of KS le-
sions. Our studies show that LO inhibition downregulated KSHV
latent ORF73 gene expression and upregulated major lytic switch
ORF50 gene expression during de novo KSHV infection (Fig. 7).
Interestingly, 5LO inhibition drastically downregulated KSHV
immunomodulatory genes (K5, vMIP-1, and vMIP-2) (Fig. 7),
which strongly suggests the induction of the 5LO/LTB4 cascade as
KSHV’s strategy to create an environment conducive to its host
immune evasion (71,91). ORF50/RTA activates the KSHV imme-
diate early (K8, K5, K2, K12, Nutl, and ORFs 6, 57, and 74), early
(K9, ORF59, ORF65, and K3), and late (K1, K8.1A, and ORF21)
lytic genes, either by itself or in synergy with other viral genes (71).
Here, we observed that blocking 5LO-induced ORF50 expression
resulted in a massive reduction in K5 gene expression which could
be explained by the ORF50-independent expression of K5 (71).
The dramatic reduction in K5, vMIP-1, and vMIP-2 gene expres-
sion upon 5LO blocking is very exciting, and further studies are
ongoing to decipher the mechanism of regulation of these genes
via 5LO. These studies would provide new targets and better in-
sight to understand an important avenue used by infected cells to
escape immune surveillance.

LTB4 is known to stimulate several signaling cascades by ex-
tracellular signal-regulated kinases 1 and 2, Jun N-terminal pro-
tein kinases 1 and 2, and phosphoinositide 3-kinase/Akt) (92).
LTB4 stabilizes NADPH oxidase-derived ROS (93), enhances the
secretion of superoxide anions (94), and modulates the activation
of transcription factors (NF-kB, STAT1, STAT3, EGR-1, c-Fos,
c-Jun) (92, 95). It is interesting to note that some of the LTB4-
activated transcription factors (NF-kB, STAT1, STAT3, EGR-1,
c-Fos, and c-Jun) are established for their role(s) in the modula-
tion of viral latency (ORF73) and lytic promoter activity (ORF50)
(13, 58). Therefore, LTB4 in the infected cell microenvironment
could be responsible for the transcriptional regulation of viral
genes.

Our results indicate a strong interrelation of 5LO and KSHV
latency in PEL cells. We observed a significant reduction in
vCyclin and LANA-2 gene expression (Fig. 8A to D) and protein
levels (Fig. 8I and J) in BCBL-1 and BC-3 PEL cell lines. This
decrease was not accompanied by cell death, but treatment with
the drugs for 3 or 5 days induced cell death (data not shown). Since
vCyclin is a positive cell cycle regulator that favors G1 progression

5-Lipoxygenase and LTB4 in KSHV Biology

and is critical for the survival of infected cells, we are currently
studying the mechanism of 5SLO/LTB4-mediated downregulation
of vCyclin and its effect on viral latency. Nucleophosmin (NPM),
a multifunctional nuclear phosphoprotein and a histone chaper-
one implicated in chromatin organization and transcription con-
trol, has been reported to be a novel link between LANA/vCyclin
and KSHV latency. NPM phosphorylation by the vCyclin—cyclin-
dependent kinase 6 complex supports its interaction with LANA
and enables the transcriptional silencing of the KSHV lytic genes
needed for latency (96). Interestingly, NPM phosphorylation has
been shown to be regulated by lipoxygenases (97). Further studies
are ongoing to decipher the role of lipoxygenases in manipulating
NPM to regulate viral latency.

Besides overcoming host intrinsic, innate, and adaptive im-
mune responses, survival of latently infected cells requires the
constant blockage of apoptosis. 5LO inhibition significantly
downregulated LANA-2 gene expression and its protein levels in
PEL (BCBL-1 and BC-3) cells. LANA-2 inhibits apoptosis induced
by p53 (and is also called a p53 antagonist) and is absolutely re-
quired for the viability and proliferation of PEL cells. LANA-2
inhibits the transcriptional repression of the survivin promoter
mediated by PML (tumor suppressor), disrupts promyelocytic
leukemia (PML) nuclear bodies, and contributes to cellular trans-
formation and carcinogenesis. Interestingly, 5LO has been
shown to selectively block p53-induced apoptotic pathways by
reducing p53 relocalization within PML nuclear bodies and
inhibit the physical interaction between p53 and PML in many
cancers. Therefore, it would be important to evaluate whether
KSHYV utilizes 5LO induction (i) to block p53-induced apop-
totic pathways; (ii) to inhibit the interaction between P53 and
PML nuclear bodies; and (iii) to manipulate LANA-2 to disrupt
PML nuclear bodies, block their antiviral defense functions,
and induce transformation and tumorigenesis.

Role of the KSHV-induced 5LO/LTB4 cascade on the balance
of TH1/TH2 cytokines. Escape from antigen presentation is a
central strategy of evasion from the adaptive immune response
used by KSHV (98). KSHV immunomodulatory genes and in-
flammatory cytokine (IC)-rich infected cell microenvironments
orchestrate host cell immune evasion. The KS lesion microenvi-
ronment is enriched with proangiogenic factors, ICs (IL-18, IL-6,
IFN-y, TNF, granulocyte-macrophage colony-stimulating fac-
tor), and chemokines (monocyte chemoattractant protein 1,
IL-8), which play key roles in the growth, survival, and spread
of infected cells (7, 86). Cytokines play important roles in viral
immune evasion and lytic replication. ICs like IL-18, IL-6, and
TNF-a have been shown to inhibit KSHV lytic gene transcrip-
tion in ECs (99), and KSHV de novo infection of human ECs
provides a good in vitro model for studying the viral and host
factors involved in the establishment and maintenance of la-
tent infection.

Our comprehensive investigation of TH1/TH2 cytokines illus-

potential to recruit monocytes, as described in Materials and Methods. (H) The effect of 5LO inhibition on the chemotactic potential of infected cell supernatants
to recruit monocytes was evaluated by using supernatants from chemical inhibitor-treated or 5LO-silenced cells, as described in Materials and Methods. (I)
Schematic of monocyte transendothelial migration assay. (J) Supernatants from HMVEC-d uninfected or KSHV infected (30 DNA copies/ml) for 8 h, 24 h, and
48 h were assessed for their potential to mediate transendothelial migration of monocytes, as described in Materials and Methods. (K) The effect of 5LO inhibition
on monocyte transendothelial migration was evaluated by using supernatants from chemical inhibitor-treated or 5LO-silenced cells, as described in Materials
and Methods. (D, E, G, H, J, and K) The fluorescence associated with the adhered, recruited, or transendothelial migrated monocytes is shown, and the values
correspond to the mean * SD of three independent experiments. supnts., supernatants; Fluoresc., fluorescent. The statistical analysis was carried out using a

two-tailed Student’s t test. *, P < 0.05; **, P < 0.01.
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FIG 11 Effect of 5LO and LTB4 on fatty acid synthase gene expression. (A) FASN gene expression during primary infection of HMVEC-d. Cells grown to 80 to
90% confluence were serum starved for 8 h and infected with KSHV (30 DNA copies/cell) for different times. At different time points postinfection (up to 48 h),
total RNA was isolated, DNase I treated, and then subjected to qRT-PCR using FASN-specific primers. (B) Expression of FASN in TIVE and TIVE-LTC cells.
TIVE and TIVE-LTC cells were used to prepare total RNA, and the expression of FASN was analyzed using FASN-specific primers. (C, D) FASN expression in
5LO inhibitor-treated or 5LO-silenced and then KSHV-infected HMVEC-d (C) or 5LO inhibitor-treated or 5LO-silenced TIVE-LTC cells (D) was measured by
the real-time PCR methods described in the text. Each bar represents the average = SD of three independent experiments. (E) Lysates from sh-C- or Sh-5LO-
transduced TIVE-LTC cells (a), BC-3 cells (b), or BCBL-1 cells (c) were Western blotted for 5LO and FASN, stripped, and immunoblotted for B-actin, and
representative blots from three independent experiments are shown. (F) Effect of KSHV gene expression on FASN promoter activities. 293 cells were transfected
with the control basic vector pGL3 or WT FASN promoter luciferase constructs. After 24 h, cells were serum starved, infected for different times, lysed, and
assayed for luciferase activity as described previously. Data are expressed as the mean numbers of RLU after normalization with the cotransfected Renilla
luciferase activity. Each reaction was done in triplicate, and each point represents the average = SD of three independent experiments. (G) Effects of various
concentrations of exogenous LTB4 on the FASN promoter. 293 cells transfected with WT FASN promoter luciferase constructs were serum starved (24 h) and
stimulated with various concentrations of LTB4 for different times, lysed, and assayed for luciferase activity, as described in the text. Data are expressed as the
mean numbers of RLU after normalization by cotransfected Renilla luciferase activity. Each reaction was done in triplicate, and each point represents the
average * SD of three independent experiments. (H) Effect of LTB4 in KSHV-infected culture supernatants on FASN promoter activity. Supernatants obtained
from HMVEC-d treated with 5LO inhibitor or silenced for 5SLO prior to KSHV infection were used to assess FASN promoter activation. 293 cells were transfected
with control PGL3 basic and WT FASN luciferase constructs. After 24 h, cells were serum starved (10 h) and incubated with various supernatants obtained from
uninfected or infected cells (as described above). Data are expressed as the mean numbers of RLU after normalization by the cotransfected Renilla luciferase
activity. Each reaction was done in triplicate, and each point represents the average * SD of three independent experiments. Percent inhibition was calculated by
taking the level of FASN promoter activity in the presence of supernatant obtained from either untreated, solvent-treated, or sh-C-transduced cells to be 100%.
The statistical analysis was carried out using a two-tailed Student’s ¢ test. ¥, P < 0.05; **, P < 0.01.

2150 jvi.asm.org Journal of Virology


http://jvi.asm.org

trates that cytokine secretion upon KSHV infection is not a ran-
dom event but follows tightly regulated kinetics at different time
points of KSHV infection (Fig. 9; Tables 1 and 2). It also indicates
that regulation of cytokines via 5LO is highly selective (Fig. 9;
Tables 1 and 2). For example, the levels of TH1 cytokines IFN-y
and IL-2 were induced by 5LO blockade, whereas TH2 cytokines
such as IL-10 and IL-4 were significantly inhibited by 5LO block-
ade. We did not observe any significant change in the level of
TNF-a (TH1) or IL-5 (TH2) secretion upon 5LO inhibition. A
pathogenic role of IFN-vy in KSHV reactivation and KS progres-
sion has been suggested (100), and IFN-vy has been shown to in-
duce ECs to acquire the phenotypic and functional characteristics
of KS spindle cells and to induce angiogenic lesions (101, 102).
Since we observed that IFN-y levels were tightly regulated by
LTB4, itis possible that 5LO/LTB4 plays important roles in KSHV
reactivation and lytic replication. 5LO inhibition could not impair
cytokine secretion by 100%, which strongly suggests the role of
viral and other host factors in controlling the TH1/TH2-related
cytokine balance.

Role of KSHV-induced 5LO/LTB4 in guiding monocyte re-
cruitment and extravasation. KS, a highly disseminated tumor, is
often involved with visceral organs, causing KS edema in patients
at advanced stages, and is associated with a poor prognosis (103—
105). KS, the most common AIDS-associated malignancy, is a
multifocal tumor characterized by deregulated angiogenesis, pro-
liferation of spindle cells, and extravasation of inflammatory cells
(monocytes) and red blood cells (103—-105). In KS lesion cells,
KSHYV is in a latent form with about 10 to 20 copies of the viral
episome per cell, and lytic replication is observed in a low percent-
age of infiltrating monocytes. The recruitment of immune cells
(monocytes and neutrophils) into peripheral tissues is choreo-
graphed by chemoattractants, a chemically diverse group of mo-
lecular guidance signals, including lipid mediator LTB4. LTB4 is
known to stimulate the synthesis of interleukins (IL-6, IL-8) and
monocyte chemoattractant protein 1 (106). To date, the effect of
KSHYV infection on the ability of ECs to recruit monocytes has not
been much studied. There is some evidence that KSHV augments
inflammatory cell recruitment by inducing EC expression of var-
ious ICs and chemokines (107, 108). There are some reports fo-
cusing on the existence of KSHV-mediated immune evasion strat-
egies likely to inhibit leukocyte recruitment, for example, lyso-
somal degradation of ECICAM-1 and CD31 through the action of
the KSHV-encoded E3 ubiquitin ligases K5 and K3 (73, 109-111).
We hypothesized that the LT-rich microenvironment might be
contributing to the extravasation of inflammatory cells and LTB4
augments monocyte recruitment, adhesion, and transendothelial
migration. Our results showing the role of KSHV-induced LTB4
in promoting monocyte adhesion, recruitment, and transendo-
thelial migration at later stages of infection (24 h and 48 h) (Fig.
10C to K) fit well in context with previous reports. The lower
levels of monocyte adhesion, recruitment, and transendothe-
lial migration early during infection suggest that LTB4 secre-
tion is tightly regulated. KSHV strategically controls the LTB4
storm at early times of infection to avoid the bulk recruitment
of immune cells, which thus provides enough time for the virus
to establish latency.

KSHYV establishes infection within monocytes in the peripheral
circulation (112) as well as monocytes and their mature macro-
phage counterparts in KSHV-associated tumors (4, 113, 114). We
speculate that the LTB4 in the infected cell microenvironment
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recruits monocytes to the site of infection. These monocytes can
potentially get infected by KSHV, which could add to the severity
of viral pathogenesis by spreading the infection. Wu et al. (2006)
(115) reported the detection of CD14 */green fluorescent protein-
positive cells in the bone marrow and spleens of NOD/SCID-hu
mice inoculated with recombinant KSHV.219-infected hema-
topoietic progenitor cells. Their study suggested that mono-
cytes/macrophages may participate in viral maintenance and
dissemination in vivo and could serve as cellular reservoirs for
KSHV. It is feasible that infected monocytes transport KSHV to
tissues such as the skin, spread viral infection to neighboring
cells, and differentiate into the latently infected spindle-like
endothelial macrophages (a special subset of macrophages with
endothelial features) found in KS lesions and may contribute to
lymphomagenesis.

Role of KSHV-induced 5LO/LTB4 cascade on lipogenesis: an
important event in latency. Novel and very interesting studies
from Bhatt et al. (2012) (116) and Delgado et al. (2012) (80)
showed that the induction of fatty acid synthesis and lipogenesis is
critical for the survival of KSHV latently infected cells. 5LO is a
lipid-metabolizing enzyme (60, 81), and LTB4 activates transcrip-
tion factor NF-kB and PPARs, which play significant roles in lipid
metabolism and cancer (117). 5LO is an emerging target in obe-
sity, insulin resistance, obesity-related fatty liver disease, meta-
bolic dysfunction (118, 119), and nonalcoholic fatty liver and
nonalcoholic steatohepatitis (120). Since 5LO/LTB4 has been
shown to induce lipogenesis in human sebocytes (121), breast
cancer cells (60), and hepatitis B virus X protein-mediated devel-
opment of hepatocellular carcinoma (122) and since 5LO inhibi-
tors are known to directly downregulate lipogenesis in sebocytes
(121) and hepatic steatosis (119), we hypothesized that KSHV
infection induces the 5LO/LTB4 cascade to enhance lipogenesis
(123, 124) and favor latency. Our results show that LTB4 pro-
motes FASN transcription and gene expression and silencing of
5LO effectively reduces the protein levels of FASN (Fig. 11), sug-
gesting that 5LO/LTB4 induction is another strategy used to
maintain KSHV latency.

Collectively, the current study unravels the complexity of the
KSHV-host interactions governing KS progression/pathogenesis
in conjunction with the pleiotropic effects of host factor 5LO and
its chemotactic metabolite LTB4 (Fig. 12). Here, by using FDA-
approved clinical inhibitors of LO/LTB4 (zileuton and MK866) or
by 5LO silencing, we uncovered the biological significance of 5LO
pathway induction and subsequent LTB4 secretion in the viral life
cycle (latent and lytic gene expression during de novo KSHV in-
fection in ECs and latently infected PEL cells) and pathogenesis
(TH1/TH2 response, monocyte recruitment, adhesion, and tran-
sendothelial migration). We demonstrate that 5LO induction
during de novo KSHV infection specifically regulates the expres-
sion of KSHV’s immediate early immunomodulatory genes K5,
vMIP-1, and vMIP-2. Interestingly, we deciphered the role of
LTB4 in regulating KSHV-induced lipogenesis, an important
event contributing to viral latency in the host cells. Current treat-
ment strategies against KSHV-associated cancers are limited by
low efficacy, and thus, there is a critical need to design therapies
that can target tumor formation, eradicate the KSHV load, and
control disease progression. 5LO inhibition-based therapy to tar-
get latent herpesviral persistence and pathogenesis might provide
an effective way to treat the angioproliferative KS lesions and lym-
phoproliferative PEL malignancy. Since we have extensively
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FIG 12 Schematic diagram depicting the diverse outcomes of KSHV-induced 5LO and LTB4 in ECs and the consequences and roles of KSHV in viral
pathogenesis. In vitro KSHV infection of HMVEC-d involves binding of the virus to cell surface heparan sulfate (HS) molecules via its envelope glycoproteins,
followed by interaction with integrins and cystine transporter (xCT) molecules (125). Virus interaction with target cell triggers preexisting signal cascades
facilitating virus entry and delivery of the viral genome into the target cell nucleus and reprograms the host gene expression required for various growth,
angiogenic, and invasive factors (15). Data presented here show 5LO being one of the host factors upregulated during later time points of de novo KSHV infection
of ECs. We also observed high 5LO and LTA4H gene expression in TIVE-LTC cells, PEL cells, human KS lesions, and PEL tissue sections. We show that in infected
cells, 5LO, along with FLAP, catalyzes the synthesis of LTB4 from LTA4 utilizing the LTA4H enzyme. LTB4 is released to the infected cell supernatant, where it
can mediate its downstream effects through either an autocrine or a paracrine mechanism on a neighboring infected or uninfected cell via interaction through
the family of highly conserved seven-transmembrane G-protein-coupled rhodopsin-type LTB4R (LTB4R1 [BLT1] and LTB4R2 [BLT2]) receptors. The KSHV-
induced 5LO/LTB4 cascade regulates multiple events involved in KS pathogenesis, such as the balance of TH1/TH2 cytokines, monocyte recruitment, adhesion,
and transmigration. Interestingly, our study demonstrated that the LTB4 released into the infected cell microenvironment induces the FASN promoter and its
gene expression to enhance lipogenesis, another pathway to promote viral latency, in the infected cells. In summary, together with the downregulation of viral
K5, vMIP-1, and vMIP-2 gene expression upon 5LO/LTB4 inhibition, our study suggests that KSHV hijacks the host cellular machinery and manipulates the
5-lipoxygenase/LTB4 pathway to its advantage to aggravate pathogenesis and lipogenesis and its persistence in the target cell. Green arrows facing up, induction;
PI3K, phosphoinositide 3-kinase; ERK1/2, extracellular signal-regulated kinases 1 and 2.
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shown the activation of the COX-2/PGE, pathway during KSHV
infection (13, 16, 17, 19, 20, 84), it will be important to investigate
whether COX-2 and 5LO coregulate or act independently in con-
trolling KSHV latency and pathogenesis and whether dual inhibi-
tion of COX-2 and 5LO has improved antiviral/anticancer effects 3
in the KS and PEL tumors.
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