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Human herpesvirus-8 (HHV-8) is the causative agent of Kaposi’s
sarcoma and is associated with the angioproliferative disorders
primary effusion lymphoma and multicentric Castleman’s disease.
Evidence of HHV-8 infection within the pulmonary vasculature of
patients with idiopathic pulmonary arterial hypertension (IPAH) has
been described. We hypothesize that HHV-8 infection of pulmonary
microvascular endothelial cells results in an apoptotic-resistant
phenotype characteristic of severe pulmonary arterial hypertension.
Our objective was to investigate the ability of HHV-8 to infect human
pulmonary microvascular endothelial cells in vitro and characterize
the phenotypic effect of this infection. Human pulmonary microvas-
cular endothelial cells were exposed to HHV-8 using two methods
(direct virus and co-culture technique). The presence of lytic and
latentinfection was confirmed. Changes in endothelial cell gene and
protein expression and effects on cellular apoptosis were measured.
HHV-8 can both lytically and latently infect primary human pulmo-
nary microvascular endothelial cells in vitro. HHV-8 infection results
in significant changes in gene expression, including alterations of
pathwaysimportant to cellular apoptosis. HHV-8 infection also alters
expression of genes integral to the bone morphogenic protein
pathway, including down-regulation of bone morphogenic pro-
tein-4. Other genes previously implicated in the development of
PAH are affected by HHV-8 infection, and cells infected with HHV-8
are resistant to apoptosis.
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Pulmonary arterial hypertension (PAH) is a poorly understood
disease associated with proliferation of vascular endothelial
cells in the pre-capillary pulmonary arteries (1, 2). Endothelial
cells occlude the pulmonary vascular lumen, contributing to the
formation of plexiform lesions. The etiology of this cellular
proliferation is unclear, though proangiogenic and antiapoptotic
mechanisms have been proposed (1-3).

Heterozygous mutations of the bone morphogenic protein
receptor-2 (BMPR2), a member of the TGF- receptor family,
have been described in patients with both familial and sporadic
idiopathic pulmonary arterial hypertension (IPAH) (4-6). The
mechanism by which these mutations contribute to the de-
velopment of PAH is also unknown, but apoptosis resistance
has been implicated (7). Signaling through the BMP receptors
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CLINICAL RELEVANCE

This article suggests mechanisms by which human herpes-
virus (HHV)-8 may result in pathology in the pulmonary
vasculature. It provides insight into the means by which
HHV-8 could play a role in the development of some forms
of pulmonary hypertension.

requires heterodimerization of the serine/threonine kinase type
1 receptors (BMPR1a or BMPR1b) and the type 2 receptor
(BMPR?2). The ligand for these receptors (BMPs) initially binds
type 2 receptors, which phosphorylate type 1 receptors, which in
turn phosphorylate intracellular signaling molecules, mediating
transcriptional activation (8). Bone morphogenic proteins-2, -4,
and -7 inhibit the proliferation of smooth muscle cells from
normal pulmonary arteries and from the arteries of patients
with PAH with congenital heart diseases, but fail to suppress
proliferation of cells from patients with BMPR2 mutations (9).

While BMPR2 mutations are clearly implicated in the develop-
ment of some forms of pulmonary hypertension, many patients with
PAH lack evidence of these mutations (10-12). However, these
patients have phenotypic changes within their pulmonary vascula-
ture similar to those seen in patients with BMPR2 mutations (10, 13,
14). It is therefore possible that anomalies of the BMP signaling
cascade other then BMPR?2 contribute to the development of PAH.
Supporting this hypothesis are observations by Du and coworkers
that expression of BMPR1a is severely reduced in lungs of patients
with various forms of acquired as well as idiopathic nonfamilial
pulmonary hypertension (15).

While the BMP signaling cascade has received much recent
attention, a variety of other inflammatory, angiogenic, and pro-
teolytic molecules are also suspected of involvement in PAH.
Interleukin 6 (IL-6) is an inflammatory cytokine, elevated in
anumber of diseases (16). Miyata and colleagues and Golembeski
and coworkers have demonstrated that administration of IL-6 in
both rat and mouse models results in pulmonary hypertension
(17, 18). IL-6 levels are also elevated in the peripheral blood
of patients with severe IPAH (19). Matrix metalloproteinases
(MMPs) are a family of inducible proteases important in the
remodeling of the extracellular matrix (ECM) as well as in
smooth muscle and endothelial cell migration (20). Fibroblast
accumulation is prominent surrounding the plexiform lesions of
PAH, and several animal models of PAH indicate a role for
MMP-induced remodeling of the lung parenchyma (21-25).
Angiogenic endothelial cells produce MMP-2, which modulates
endothelial cell migration and vascular remodeling (26). Lepetit
and colleagues reported an increase in MMP-2 in smooth muscle
cells cultured from patients with PAH (27).

HHV-§, a recently discovered y-herpesvirus, is the causative
agent of the endothelial cell neoplasia Kaposi’s sarcoma (28).
HHV-8 is also associated with the angioproliferative disorders
multicentric Castleman’s disease and primary effusion lym-
phoma (29, 30). We have previously suggested an association
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between HHV-8 infection and the development of PAH (31,
32). This association has been challenged based on the lack of
serologic evidence of HHV-8 infection in patients with IPAH,
as well as on the inability of other investigators to confirm PCR
evidence of viral open reading frames (ORFs) within the lung
parenchyma of patients with TPAH (33-35). It is notable,
however, that immunohistochemical staining for LANA-1 is
an accepted means of identifying HHV-8 infection in tissue
samples (36). It is also notable that the percentage of LANA-1-
positive staining in lung tissue of patients with IPAH (61.5%)
reported by other groups was the same as reported by Cool and
colleagues (62%) in which both LANA-1 staining and a PCR
assay for ORF-72, the viral cyclin gene of HHV-8, was positive
(32). Montani and coworkers recently reported the presence of
severe PAH in a patient with HIV-1 infection and multicentric
Castleman’s disease (37). Interestingly, the patient’s pulmonary
hypertension resolved with successful treatment of the patient’s
Castleman’s disease. One of the two patients described in our
initial report of Castleman’s disease and PAH also eventually
had complete resolution of severe PAH after successful treat-
ment of Castleman’s disease (31). Gutierrez and colleagues
reported a patient with occult lymphadenopathic Kaposi’s sar-
coma who developed severe PAH. They speculated on a possible
relationship between HHV-8 infection and HIV-associated PAH
(38). Finally, Shan and coworkers have recently reported that
expression of the HHV-8 gene product viral G protein—coupled-
receptor (vVGPCR) in human pulmonary artery endothelial cells
promoted angiogenesis. The proposed mechanism of this in-
creased angiogenesis was the selective activation of MMP-2
expression in these cells. The authors concluded that vGPCR
could serve as an etiologic agent in the development of virus-
induced PAH (39).

The conflicting data regarding the role of HHV-8 in patients
with IPAH has led to questions regarding a role of this virus in
the development of PAH. In this manuscript we explore means
by which HHV-8 infection could contribute to the development
of PAH using an in vitro model of pulmonary endothelial cell

BCBL-1 induced cells HMVEC-L + HHV-8 72 hours

Mock infected 72 hours

Figure 1. Immunofluorescence assay (IFA) for latency-associ-
ated nuclear antigen-1 (LANA-1) (green) 72 hours after viral
exposure (X100 magnification). The cells were counter
stained with Hoechst nuclear stain (blue). (@) Human herpes-
virus (HHV)-8-infected cells; note the “punctate” staining
characteristic of LANA-1 staining. (b) Mock (treated in iden-
tical fashion but without addition of HHV-8)-infected cells are
negative for LANA-1 staining.

viral infection. Two methods were used to induce cell infection:
direct exposure of ECs to concentrated virus preparation, and
co-culture of ECs with reservoir B-cells that harbor HHV-8.
The effect of HHV-8 infection on these cells was investigated.

MATERIALS AND METHODS

Cell Culture

The HHV8+/EBV— BCBL-1 cell line was obtained through the NIH
AIDS Research and Reference Reagent Program (40). The cell line
was cultured in RPMI 1640 supplemented with 12% FBS, 5 X 107> M
2-mercaptoethanol, 2 mM L-glutamine, 20 mM HEPES buffer, 100 U/ml
penicillin, and 100 pg/ml streptomycin. Primary human pulmonary
microvascular endothelial cells (HMVEC-L) were obtained from
Cambrex Bio Science (Clonetics) (Walkersville, MD). HMVEC-L
were cultured in EBM-2 media with Bullet Kit supplement (to create
EGM-2 MV media), according to Clonetics’ recommendations.

Virus Preparation

BCBL-1 cells (reservoir cells for HHV-8) were seeded at a density of 3 X
10 cells/ml in serum-free media. Twenty-four hours later, 12% FBS was
added back to the cell cultures. Sixteen hours later, cells were induced
into lytic replication by culturing with tetradecanoyl phorbol acetate
(TPA, 20 ng/ml; Sigma, St. Louis, MO) for 5 days. To obtain cell-free
virus, cells were centrifuged and supernatant was passed through a
0.45-pm syringe filter. Filtered supernatant was then concentrated for 2
hours at 40,000 X g in an SW28 rotor at 4°C. The resulting pellet was re-
suspended at 1:100th the original volume in EGM-2 MV media.

Mock Infection Media Preparation

Mock infection media was used as a control condition for the gene
expression experiments. It was composed of EGM-2 MV media with
the addition of 20 ng/ml TPA and 1% polyethylene glycol (PEG) and
8 ng/ml polybrene (Sigma). This was used to control for the possible
effects of TPA and PEG on cell gene expression.

Conditioned Media Preparation

Conditioned media (supernatant minus whole virus) was used as
a control condition in the co-culture apoptosis, gene expression, and

Figure 2. Demonstration of lytic infection
of primary human pulmonary microvascular
endothelial cells (HMVEC-L) infected with
HHV-8. Green staining indicates LANA-1,
red staining indicates K8.1 (a marker of lytic
replication), and blue is a Hoechst nuclear
stain. (a) BCBI-1 cells (reservoir cells for HHV-
8) induced to enter lytic infection. These
cells serve as a positive control. (b) HMVEC-L
72 hours after exposure to HHV-8. (c) Mock-
infected HMVEC-L (negative control) treated
in identical fashion as in b, though without
exposure to HHV-8.
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Figure 3. g-PCR assay for markers of viral infection in HHV-8-infected
HMVEC-L, mock-infected cells (negative control), and BCBL-1 cells
(positive control). The genes assayed by PCR were T1.1, K8.1, LANA-1,
ORF-50, and vGPCR. Both HHV-8-infected HMVEC-L and BCBL-1 cells
were positive for HHV-8 gene expression indicating infection. Mock-
infected cells were negative for PCR evidence of HHV-8 infection.

enzyme-linked immunosorbent assay (ELISA) experiments. The con-
ditioned media was prepared from supernatant obtained from the
purified virus preparation after pelleting the virus via centrifugation for
2 hours at 40,000 X g. The supernatant was diluted 1:10 in EGM-2 MV.
Absence of infectious virus was confirmed by immunofluorescence
assay (IFA) for LANA and K8.1 performed on the cells to which the
media was applied, and by absence of viral gene expression via real-
time RT-PCR for vGPCR and T1.1 performed on the conditioned
media itself.

Infection of HMVEC-L with HHV-8 (Direct Virus Technique)

One milliliter of concentrated virus or 1 ml of control (mock infection
media) was added per 1 X 10> HMVEC-L. Target cells were cultured
in EGM-2 MV with the addition of hexamethadrine bromide (poly-
brene) (8 pg/ml) and 1% PEG (Sigma). After overnight incubation,
media was removed and replaced with fresh EGM-2 MV. At 72 hours
after infection, cells were detached with 1X trypsin/EDTA (Cellgro;
Fisher Scientific, Fair Lawn, NJ) and harvested for IFA, RNA, and
protein extraction. Mock-infected cells were processed in an identical
fashion, but were exposed to “mock infection media” as opposed to the
viral preparation.

a _Dendrogram for clustering experiments,
using centered correlation and average linkage.
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B Cell-Mediated Infection (Co-Culture Technique)

This is a variation of a technique initially described by Sakurada and
coworkers (41) HMVEC-L were cultured in EGM-2 MV in 96-well
tissue culture plates. BCBL-1 cells were induced with 20 ng/ml TPA
and were added at a 2:1 effector:target ratio. HMVEC-L grow as
an adherent monolayer, while BCBL-1 cells grow in suspension. As
controls, HMVEC-L were cultured in the presence of “conditioned
media” (see above) from a purified virus preparation, or in media alone
(“untreated”). After 24 hours, the media was removed and each well
washed vigorously three times with EBM-2 basal media to remove the
BCBL-1 cells. The media was replaced with fresh EGM-2 MV and
changed every 2 days thereafter. At Days 10, 15, and 20 after exposure,
duplicate wells for each condition were harvested by trypsinization,
counted, and seeded onto slides for evaluation of infection by IFA as
described above. Absence of residual BCBL-1 cells in the culture after
washing was confirmed by IFA for CD38 (B cell marker) and by flow
cytometry for cell size and by visual inspection by light microscopy for
cell morphometry (data not shown). Triplicate wells for each condition
were assessed for cellular apoptosis after exposure to camptothecin (see
ArpopTosis Assay below). At time points of 72 hours, 10 days, 15 days,
and 20 days, the supernatant from each well was collected before
addition of fresh media for ELISA examination of secreted proteins
present in the supernatant.

Immunofluorescence Assay

HMVEC-L were seeded onto charged slides in EGM-2 MV, then
incubated overnight at 37°C. Slides were washed three times in
phosphate-buffered saline (PBS), air dried, and incubated for 1 hour
at 56°C. They were incubated for 2 hours with primary o-ORF73
antibody (Advanced Biotechnologies Inc., Columbia, MD) at 1:1,000,
and secondary goat a-rat antibody conjugated to Alexa Fluor 488
(Molecular Probes, Invitrogen Corp., Eugene, OR) at 1:1,000 for
detection of LANA-1. Slides were incubated with primary o-K8.1
monoclonal antibody (clone 19B4, a gift to Dr. Campbell from Dr. Bagher
Forghani, Viral and Rickettsial Disease Laboratory, Division of
Communicable Disease Control, California Department of Health
Services) at 1:1,000 and secondary goat a-mouse antibody conjugated
to Alexa Fluor 568 (Molecular Probes) at 1:2,000 for detection of the
HHV-8 lytic K8.1 proteins. They were counterstained with Hoechst
33258 dye for 10 minutes (Molecular Probes). All antibodies were
diluted with 1% normal goat serum (Gibco, Invitrogen, Carlsbad, CA)
in 1X PBS.

Microarray Analysis of HHV-8-Infected HMVEC-L

Details regarding the microarray experiments are included in the
online supplement and were performed as described previously (42).

Figure 4. (a) Dendrogram of HHV-8-infected HMVEC-L
versus mock (control)-infected cells. Micorarrays were per-
formed at 72 hours after infection. Unsupervised cluster
analysis was performed using centered correlation and aver-
age linkage. (b) Representative color display of the gene
signature distinguishing HHV-8-infected cells from mock-
infected cells. Samples (infected versus mock) are along the
y-axis and specific gene transcripts are along the x-axis. Red
color indicates a relative increase in gene expression, while
green indicates a relative decease. HHV-8 infection of HMVEC-
L resulted in significant changes in gene expression compared
with mock-infected cells. Compete list of the 1,128 gene
expression signature altered by HHV-8 infection is included in
the online supplement (Table ET).

Gene Transcripts
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TABLE 1. GENES ALTERED IN THEIR EXPRESSION BY HHV-8
INFECTION OF POTENTIAL INTEREST IN THE
PATHOPHYSIOLOGY OF PULMONARY HYPERTENSION

Gene  Fold Change in Cellular
Gene Symbol HHV-8 Infection Function/Pathway
Bone morphogenic BMPRTa 0.5 TGF-B pathway
protein receptor-1a
Bone morphogenic BMP4 0.6 TGF-B pathway
protein 4
Noggin Nog 22.6 TGF-B pathway
Interleukin-6 IL-6 5.7 Inflammation/
immunity
Matrix metalloproteinase-1 MMP-1 73 Peptidase/ECM
remodeling
Matrix metalloproteinase-2 MMP-2 1.4 Peptidase/ECM
remodeling
Matrix metalloproteinase-10 MMP-10 5.3 Peptidase/ECM
remodeling
Platelet derived growth factor D PDGFD 0.5 Growth factor
Fms-Related Tyrosine Kinase-1 ~ FLT-1 6.9 Angiogenesis
Angiopoietin 2 ANGPT12 51 Angiogenesis

Definition of abbreviations: ECM, extracellular matrix; HHV-8, human herpes-
virus-8.

Relative fold change of gene expression of HHV-8-infected cells as compared
to mock-infected cells is listed.

HG-U133 Plus 2.0 microarrays were used for the array experiments
(Affymetrix, Foster City, CA). Tabular gene expression data are
published on line in Gene Expression Omnibus (http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?token=zjgbpoiyuqogwhuandacc=GSE6489)
submission GSE6489.

Quantitative PCR

RNA was extracted from the HMVEC-L using the RNeasy kit
(Qiagen, Valencia, CA). Primers and probes for the following genes
were obtained from Applied Biosystems Assays on Demand using their
recommended conditions (Foster City, CA): BMP-4, BMPR1a, MMP-
1, IL-6, Noggin, TGFB-2, FLT-1, ANG-2, and B-actin. All reactions
were performed on a Gene Amp 5700 sequence detector (Applied
Biosystems) using conditions recommended by the manufacturer.
Three separate infections were performed, each sample was run in
duplicate, and the results were averaged. Results were standardized
to expression of a control gene (B-actin or HPRT). The absence of
nonspecific amplification was confirmed by examining PCR products
by agarose gel electrophoresis. RT-PCR was performed from the RNA
of six samples of cells (three infected and three untreated) used to
generate the microarrays as well as on three subsequent samples (from
a separate infection and mock infection) to confirm the microarray
data. RT-PCR was performed to confirm both lytic and latent infection

TABLE 2. GENES ALTERED IN THEIR EXPRESSION BY HHV-8
INFECTION RELATED TO CELLULAR APOPTOSIS

Gene Fold Change in

Gene Symbol HHV-8 Infection
BCL2-like 11 (apoptosis facilitator) BCL2L11 0.5
Angiopoietin 2 ANGPT2 5.0
Vascular endothelial growth FLT1 6.0

factor receptor
Serine/threonine kinase 17b STK17b 0.5

(apoptosis-inducing)
Transforming growth factor 1 TGF-B1 0.7
Transforming growth factor 32 TGF-B2 0.29
Bone morphogenic protein receptor 1a BMPR1a 0.5
Caspase 1 CASP1 2.0
Caspase 4 CASP4 1.9
TNF receptor superfamily 6 TNFRSF6 2.0

Definition of abbreviation: HHV-8, human herpesvirus-8.
Relative fold change of gene expression of HHV-8 infected cells as compared to
mock infected cells is listed.

of HMVEC-L. The genes selected to confirm HHV-8 infection were:
LANA-1, ORF50, K8.1, vGPCR, T1.1. The primer sequences for PCR
to confirm viral infection are included in the online supplement.

ELISA

IL-6, MMP-1, and BMP-4 levels were measured in the supernatant
(400 pl) collected from HHV-8-infected and Mock-treated HMVEC-L
at 72 hours after exposure to direct virus. IL-6, MMP-1, BMP-4, and
ANG-2 levels were measured in the supernatant of HHV-8 infected
HMVEC-L via co-culture, cells exposed to conditioned media, and
untreated cells at 72 hours and at Days 10, 15, and 20. EGM-2 media
alone was also assayed to confirm reference standard. All samples were
run in triplicate (three separate infections and controls). The ELISA
reactions were performed per the manufacturer’s recommendations
(ELISA Tech, Aurora, CO).

Apoptosis Assay

Caspse-Glo assay. HMVEC-L were infected via co-culture with
BCBL-1 cells (see above). The cell conditions for the assessment of
cellular apoptosis included: () HMVEC-L infected with HHV-8 via co-
culture with BCBL-1 cells as described above; (2) HMVEC-L exposed to
conditioned media (CM- media aspirated from an active HHV-8 in-
fection but without the presence of infectious virons); and (3) control
(untreated) HMVEC-L without exposure to virus or conditioned media.
The HMVEC-L were plated into 96-well plates at a density of 1 X 10*
cells/well 24 hours before the apoptosis assay. The EGM-2 MV media
from each condition was aspirated and replaced with EGM-2 MV media
containing camptothecin (1:1,000 X 2 mM; Bio Vision, Mountain View,
CA) to induce apoptosis. The cells were assayed for apoptosis 4 hours
later via the Caspase-Glo 3/7 assay (Promega, Madison, WI) per the
manufacturer’s recommendations. Caspase 3/7 luminescence was mea-
sured on a Spectrafluor Plus luminometer (Tecan, Research Triangle
Park, NC) with Magellan 5.01 software. Latent HHV-8 infection of
HMVEC-L was confirmed at these same three time points as described
above (IFA for LANA-1).

TUNEL assay. In a separate assay for apoptosis HMVEC-L
were seeded into 8-well chamber slides at 2 X 10%cells/well, and B cell-
mediated infection (co-culture technique) was employed to infect the
target cells. At Days 3 and 20 after exposure, cells were cultured with
or without 1:1,000 of 2 mM camptothecin (BioVision, Mountain View,
CA) for 6 hours at 37°C. Wells were washed with PBS, and then
chambers were removed from the slides. Slides were washed in PBS
three times for 5 minutes each, air dried for 30 minutes, and then heat-
fixed at 56°C for 1 hour. Slides were washed in PBS with 0.05% Tween-
20 (Bio-Rad Laboratories, Hercules, CA), and then in PBS alone.
TUNEL staining was accomplished using an In Situ Cell Death
Detection Kit (Roche, Indianapolis, IN), following the manufacturer’s
protocol. Slides were counterstained for 10 minutes with Hoechst
33258 dye (Molecular Probes), diluted at 1:20,000. Cells were examined
for evidence of apoptosis via visual inspection for immunofluorescence
at Days 3 and 20 after infection or exposure to CM. Two hundred cells
per each condition were counted, and the percentage of TUNEL-
positive cells was recorded.

Addition of Noggin, IL-6, and BMP-4

Exogenous Noggin, IL-6, and BMP-4 were added to cell culture of
HMVEC-L and the cells were assessed for apoptosis resistance.
HMVEC-L were trypsinized, resuspended in EGM-2 MV medium,
seeded into 96-well plates at a concentration of 6 X 103 cells/well, and
then allowed to attach to the wells for 4 hours. The media was then
changed and cells were cultured in either complete medium, or in serum-
free medium. Cells were treated with either Noggin (250 ng/ml), BMP4
(75 ng/ml), or with both in combination. Additional wells were treated
with IL-6 at various concentrations in the range of 10 to 200 pg/ml
(concentrations based on recommendations from the manufacturer;
R&D Systems, Minneapolis MN). After 24 hours, the EGM-2 MV
media from each condition was aspirated and replaced with EGM-2 MV
media containing camptothecin (1:1,000 X 2 mM; BioVision) to induce
apoptosis. Four hours later, the media was removed from all wells and
replaced with 1:1 Caspase-Glo reagent in EGM-2 MV. The cell plates
were incubated on a plate shaker for 1 hour at room temperature.
Caspase 3/7 luminescence was measured using a Luminoskan Ascent 2.5
luminometer with Ascent software (Thermo Scientific, Waltham, MA).
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Statistical Analysis of Data

Statistical analysis of the nonmicroarray data was performed using the
Prism version 3.0 for windows (GraphPad software, San Diego, CA).
Unpaired Student’s ¢ tests were used to compare the 72 hours q-PCR
data. Two-way ANOVA with a Bonferroni post test for treatment
effect of infection versus conditioned media or versus untreated cells
was used to assess effect of gene expression by co-culture and for the
ELISA data over the 20-day time period. One-way ANOVA with
a Tukey post test analysis was used to asses the apoptosis experiments.

Microarray Data Analysis

Analysis of the microarrays was performed as previously described
(43). Microarray data were analyzed using BRB ArrayTools v3.3b
(developed by Dr. Richard Simon and Amy Peng Lam). Cluster
analysis and class comparison using the univariate two sample ¢ test

was performed using the set of 25,866 genes that were reliably detected
on two or more arrays. Multivariate permutation tests to determine
false discovery rates were based on 1,000 random class label permu-
tations.

RESULTS

HHV-8 Can Infect Primary Human Pulmonary Microvascular
Endothelial Cells

To our knowledge, this is the first time that HHV-8 has been
shown to infect a pulmonary-derived microvascular endothelial
cell in vitro. Both infection techniques described in this manu-
script (concentrated virus and co-culture with BCBL-1 cells) were
successful in infecting the target cells. LANA-1 expression was
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and Day 20. All samples were run in triplicate. Error bars
represent SEM. & indicates P < 0.05 (two-way ANOVA).
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detected in approximately 80% of HMVEC-L exposed to the
concentrated virus preparation at 72 hours. Both lytic and latent
infection was demonstrated by immunofluorescence (IFA) (Fig-
ures 1 and 2) and PCR assays (Figure 3). Figure 1 demonstrates
IFA evidence of latent infection (LANA-1) of HMVEC-L by
HHV-8 virus 72 hours after exposure. Figure 2 shows IFA
markers of both latent (LANA-1) and lytic (K8.1) infection of
these cells after 72 hours of exposure to the virus. BCBL-1 cells
served as a positive control in the IFA and PCR assays. There was
no IFA or PCR evidence of viral infection in the negative control
condition (mock infection) or in untreated cells. Co-culture of
HMVEC-L with BCBL-1 cells also results in successful HHV-8
infection at the three time points assayed (10, 15, and 20 d)(see
Figure El in the online supplement). LANA-1 expression was
detected in approximately 10 to 20% of the HMVEC-L exposed
to HHV-8 via co-culture system at the three time points assayed
(10, 15, and 20 d) (Figure E2).

HHV-8 Infection of Pulmonary Microvascular Endothelial
Cells Significantly Alters Gene Expression

HHYV-8 infection of HMVEC-L alters gene expression as measured
by microarray and q-PCR. Figure 4 represents a microarray
unsupervised cluster analysis of infected versus mock-infected
cells. Of the 54,675 genes represented on the microarray, 25,899
passed filtering criteria. A 1,128-gene expression signature
(Table E1) distinguished HHV-8-infected cells versus mock-
infected cells. This gene expression signature was generated
using a two-sample ¢ test and a conservative P value cutoff of
0.001. Perturbation testing of the resulting 1,128 gene list
suggests that it contains fewer then 10 false discoveries. A
number of genes of interest in relation to the development of
PAH were identified by this microarray analysis (Table 1). These
included a decrease in the expression of BMP4 and BMPR1a in
infected cells, an increased expression of Noggin (an endoge-
nous inhibitor of BMPs), increased expression of IL-6, and
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Figure 7. Enzyme-linked immunosorbent assay (ELISA) for (a) IL-6 and
(b) MMP-1 in the supernatant of HHV-8-infected HMVEC-L as compared
with untreated cells (media) and mock-infected cells. & indicates P < 0.05
(two-way ANOVA). *P < 0.05 (post-test infection versus untreated).

increased expression of MMP-1, MMP-2, and MMP-10. A
number of genes involved in apoptosis were also altered in
their expression in HMVEC-L infected with HHV-8 as com-
pared with control cells (Table 2).
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g-PCR Confirms the Findings of the Gene Microarray Studies

We used g-PCR to confirm the finding of the microarray data.
Selected genes of interest identified by microarray analysis were
confirmed by quantitative PCR analysis of both the original cell
preparations (HHV-8-infected versus mock-infected cells) and
on subsequent infections and mock preparations of cells. Genes
for confirmation were selected for their perceived biologic in-
terest as pertains to PAH and the pathobiology of HHV-8
infection. These included: bone morphogenic protein 4 (BMP-
4), bone morphogenic protein receptor 1la (BMPR1a), Noggin
(Nog), matrix metalloproteinase-1 (MMP-1), IL-6, fms-related
tyrosine kinase 1 (FLT-1), TGF-B2, and angiopoietin-2 (ANG-2).
As predicted by the microarray data, there were significant
decreases in the expression of BMP-4, BMPR1a, and TGF-B2
and significant increases in the expression of MMP-1, IL-6,
Noggin, FLT-1, and ANG-2 in HMVEC-L infected with HHV-
8 as compared with mock-infected cells (Figure 5). We then
assayed for these changes in gene expression over a longer period
of time in the co-culture HHV-8 infection system comparing the
gene expression of cells infected with HHV-8 to cells exposed to
conditioned media and untreated cells. The results were stan-
dardized to the gene expression of untreated cells (expressed as
fold change compared with untreated cell gene expression)
(Figure 6). The changes in gene expression were more variable
over time though similar trends in gene expression were noted.
BMP-4 was significantly decreased in it expression in cells
infected with HHV-8 and IL-6 and MMP-1 were increased in
expression over this time period.

Relevant Proteins Were Also Altered in Expression by
HHV-8 Infection

ELISA assays of the cellular supernatant in the directly infected
cells as well as cells infected via co-culture were used to assay
for changes in relevant proteins. Supernatant aspirated from

*

Figure 8. ELISA for (a) BMP4, (b) IL-6, (c) MMP-1, and
(d) ANG-2 in supernatant of HMVEC-L infected with

HHV-8 via co-culture technique as compared with cells
exposed to conditioned media (CM) and untreated
cells (media alone). Time points assayed were 72 hours,
Day 10, Day 15, and Day 20 after exposure to virus or
CM. § indicates P < 0.05 (two-way ANOVA) *P < 0.05
(post-test infection versus untreated).
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Figure 9. Measurement of apoptosis

by caspase 3/7 assay in HMVEC-L
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HMVEC-L cells infected directly with HHV-8 demonstrated
increased levels of IL-6 and MMP-1 as compared with mock-
infected cells (Figure 7). Cells infected via co-culture also showed
increased levels of IL-6 and MMP-1 and decreased levels of BMP4
at the measured time points over a 20-day period (Figure 8).

HHV-8 Infection Results in an Apoptosis-Resistant Phenotype

To examine the effect of HHV-8 infection on cellular apoptosis,
we used the co-culture system, incubating BCBL-1 cells with the
HMVEC-L as described above. HMVEC-L were successfully
infected in this system, demonstrating evidence of latent infection
at all subsequent time points investigated (Days 3, 10, 15, and 20)
(Figures E1 and E2). Both HMVEC-L infected with HHV-8 and
cells exposed to conditioned media were resistant to camptothe-
cin-induced apoptosis as compared with untreated cells. Figure 9
shows the degree of cellular apoptosis present as assessed by the
Caspase-Glo 3/7 assay at Days 10, 15, and 20. Both cells infected
with HHV-8 and cells exposed to conditioned media were
resistant to camptothecin-mediated apoptosis as compared with
untreated cells at these time points. TUNEL assay also demon-
strated that HHV-8 infection of HMVEC-L results in cellular
resistance to apoptosis. Figure 10a shows a representative high-
powered field of the TUNEL assay at 3 days after infection via co-
culture technique and exposure to camptothecin, and again at
Day 20 after infection and exposure to camptothecin as compared
with cells exposed to conditioned media and untreated cells at the
same time points. Cells infected with HHV-8 via co-culture and
cells exposed to conditioned media demonstrate a lower percent-
age of apoptotic cells after camptothecin exposure as compared
with untreated cells. This is demonstrated graphically in Figure
10b.

and (c) Day 20. On the day of the
selected time point the cells were
exposed to camptothecin for 4 hours
to induce apoptosis. Caspase 3/7
levels were then measured via lumi-
nescence. There were five replicate
wells for each condition (n = 5). IFAs
were performed to confirm HHV-8
infection of the HMVEC-L cells and
lack of infection in the cells exposed
to CM. Approximately 10 to 20% of
the cells were HHV-8 infected (LANA-
1 positive). *P < 0.05.

CM Untreated
n=5 n=5

Addition of Exogenous Noggin, IL-6, and BMP-4 Does Not
Result in Apoptosis Resistance

To investigate potential mediators of apoptosis resistance in the
HHV-8-infected HMVEC-L, we added the exogenous proteins
Noggin, BMP-4, and IL-6 to cell culture. The addition of these
individual proteins did not result in apoptosis resistance as
measured by Caspase-Glo assay (no difference from control
cells exposed to media only; data not shown).

DISCUSSION

The present study demonstrates the ability of HHV-8 to infect
human primary pulmonary microvascular endothelial cells in vitro.
While in vitro infection of other endothelial cell lines (i.e., human
umbilical vein endothelial cells, lymphatic endothelial cells, and
dermal microvascular endothelial cells) has been demonstrated
previously, to our knowledge this is the first study reporting
HHV-8 infection of a primary cell line of pulmonary vascular
origin (44-48). HHV-8 infection results in marked alteration of
the gene expression pattern of HMVEC-L, impacting a number
of pathways involved in angiogenesis, inflammation, and apopto-
sis. Infection of HMVEC-L with HHV-8 also alters the expres-
sion of genes perceived important in the pathophysiology of
PAH. These changes include alterations of BMP pathway genes
(decreased BMP4 and increased Noggin expression) and a variety
of mediators that may be relevant to the development of PAH,
including IL-6 and MMP-1. Finally, infection of HMVEC-L with
HHV-8resultsin an apoptosis-resistant phenotype. This finding is
of particular interest as apoptosis resistance may be important in
the development of the plexiform lesions characteristic of
patients with PAH (2, 49). Conditioned media (media aspirated
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from a purified virus preparation but without infectious virions)
also resulted in HMVEC-L apoptosis resistance. This observa-
tion suggests that a secreted factor may be responsible for some of
the phenotypic changes conferred to the cultured endothelial
cells. The potential list of factors that could induce these changes
islong. IL-61is an attractive candidate, as this cytokine, or a similar
viral cytokine produced by HHV-8 (v-IL6), is hypothesized to
induce proliferative changes present in multicentric Castleman’s
disease (50). Increased IL-6 expression is also hypothesized to
play a role in HIV-1-associated PAH (51). We documented
increased levels of IL-6 in the supernatant of our HHV-8 infected
cells by ELISA. These levels were maintained in the infected
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Day 20

Measurement
of apoptosis by TUNEL
staining of  HMVEC-L
infected with HHV-8 as
compared with cells ex-
posed to conditioned me-
dia (CM) and untreated
cells. The HMVEC-L were
infected via co-culture with
BCBL-1 cells. The cells were
assayed at two time points
(Day 3 and Day 20) after
infection or exposure to
CM. At these time points
the cells were exposed to
camptothecin for 4 hours
to induce apoptosis, and
then TUNEL staining was
performed. The percent of
TUNEL-positive cells were
quantified by light micros-
copy and compared be-
tween the three groups at
each time point. Three sep-
arate infections and three
controls were performed
for each time point. The
first row represents un-
treated cells at (a) Day 3
and (b) Day 20. The second
row demonstrates cells ex-
posed to CM at (c) Day 3
and (d) Day 20. The third
row demonstrates cells
infected with HHV-8 via
co-culture at (e) Day 3
and (f) Day 20. Figures
are at X40 magnification.
The percent of TUNEL-pos-
itive cells are represented
graphically below the fig-
ures. *P < 0.05.
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cells, but decreased over time to baseline in the cells exposed to
conditioned media. The decrease in BMP-4 levels induced by
HHV-8 infection also has interesting implications for the obser-
vation of apoptosis resistance in the HHV-8-infected cells. The
signaling of BMP-4 through the receptor complex of BMPR?2 and
BMPR1a has been previously shown to inhibit cellular pro-
liferation in pulmonary artery smooth muscle cells (9). BMP-4
has also been demonstrated to be decreased by HHV-8 infection
in other endothelial cells models (52). However, addition of
exogenous IL-6 and Noggin (which competitively binds to BMP-
4) did not induce a similar apoptosis-resistant phenotype (data
not shown). We hypothesize that the HHV-8 infection induced



Bull, Meadows, Coldren, et al.: HHV-8 Infection of Pulmonary Endothelial Cells

phenotypic changes in apoptosis observed are more complicated
than an increase or decrease of any one secreted protein.
Ultimately, the mechanism behind the development of apoptosis
resistance in these cells will require further investigation.

Our manuscript describes two different means of infecting
pulmonary artery endothelial cells with HHV-8. The first method
involves exposing target cells directly to isolated virus and
examining the impact of a high-level (~ 80%) viral infection
on endothelial cell gene expression. For these experiments we
were specifically interested in the interaction of the herpesvirus
and the cultured endothelial cells, and wished to avoid the
confounding effects of other contaminating cells on gene ex-
pression. For the apoptosis experiments, we hoped to generate
conditions more analogous to the in vivo scenario, in which B
cells are thought to harbor virus which then infects surrounding
endothelial cells (41, 53, 54). The co-culture experiments
resulted in a less robust infection (~ 10-20%), but this may
more closely mirror the in vivo scenario. Importantly, many of
the same genes altered by direct viral infection were similarly
altered in cells infected by the co-culture technique as demon-
strated by qPCR and ELISA.

The findings of this manuscript do not prove an association
between HHV-8 infection and PAH. Instead, this work dem-
onstrates the ability of HHV-8 to infect cells relevant to the
disease process of PAH and to induce changes consistent with
our current understanding of the pathobiology of PAH. We
believe further investigation of HHV-8 as a contributing factor
in the development of some forms of pulmonary hypertension
is warranted. Finally, this study has implications toward the
disease entity of pulmonary Kaposi’s sarcoma (KS). Pulmonary
KS results in significant morbidity and mortality in patients
infected with HIV-1 (55). The mechanism of HHV-8 infection
and propagation in cutaneous KS has been the subject of much
investigative effort, but little is known regarding the effect of
the virus in the pulmonary vasculature. Our findings may point
to mechanisms relevant to the pathobiology of pulmonary KS.
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