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Abstract

Background: CD39 is the dominant vascular nucle-
oside triphosphate diphosphohydrolase (NTPDase)
that exerts major effects on platelet reactivity by the
regulated hydrolysis of extracellular adenine nu-
cleotides. The effects of NTPDases on endothelial cell
(EC) activation and apoptosis remain unexplored.
Material and Methods: Recombinant replication-
deficient adenoviruses were constructed with human
CD39 cDNA (rAdCD39) or the bacterial 8-galactosidase
(rAdpBgal).

Results: Intact human umbilical vein EC cultures in-
fected with rAdCD39 had substantial and stable in-
creases in NTPDase biochemical activity (14.50 * 3.50
Pi nmole/well/min), when contrasted with nonin-
fected cells (0.95 = 0.002) and rAdpBgal infected cells

(1.01£0.02; p<<0.005). Increased NTPDase activity ef-
ficiently inhibited immediate type 2Y purinergic re-
ceptor (P2Y)-mediated EC activation responses viz.
von Willebrand factor secretion in response to extra-
cellular ATP. In addition, CD39 up-regulation blocked
ATP-induced translocation of the transcription nuclear
factor (NF)-«kB to the cell nucleus, and abrogated
transcription of mRNA encoding E-selectin, and
consequent protein synthesis. CD39 also decreased
the extent of apoptosis triggered by putative type-2X
purinergic (P2X7) receptors in response to high con-
centrations of extracellular ATP in vitro.
Conclusion: These properties of CD39 indicate pri-
mary vascular protective effects with potential
therapeutic applications.

Introduction

The vascular nucleoside triphosphate diphos-
phohydrolase (NTPDase; EC 3.5.1.5 or CD39)
is expressed on the luminal surface and caveo-
lar microdomains of endothelial cells (EC) (1).
Vascular CD39 sequentially hydrolyses extra-
cellular plasma ATP and ADP to the
monophosphate derivative AMP (2-5). CD73
(ecto-5’-nucleotidase; EC 3.1.3.5) associates
with the vasculature, then generates adenosine
from the adenosine monophosphate (6). Adeno-
sine reacts with specific receptors in the vascu-
lature, on leukocytes, or on platelets, and is
taken up by EC via concentrative transporters
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(7-9). These ectonucleotidases and related
proteins are wholly responsible for the chain
of extracellular nucleotide hydrolysis in the
blood (5).

Both ATP and ADP are released at high
concentrations from activated platelets and
injured EC (10,11). These extracellular nu-
cleotides bind to and activate specific puriner-
gic type 2 (P2) receptors expressed on EC (12).
P2Y receptors are G-protein-coupled proteins;
whereas, P2X family members are ligand-gated
channels (7). Following exposure to adenine
nucleotides, EC undergo immediate activation
responses with release of prestored proteins,
such as von Willebrand factor (vWF) (13), with
secretion of prostacyclin and nitric oxide (NO)
(12). Ligation of P2Y receptors results in the re-
lease of vWF stored in Weibel Palade bodies;
whereas, adenosine can potentiate this effect
via binding to the specific adenosine or P1 re-
ceptors (13). These early events are designated
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type I activation and do not require protein
synthesis (14,15).

Delayed or type II EC responses are gener-
ally regulated at the transcriptional level and
consist of de novo synthesis and expression
of a variety of proteins, including adhesion
proteins such as E-selectin, proinflammatory
cytokines such as IL-1 or monocyte chemoat-
tractant protein-1 (MCP-1), and procoagulant
molecules such as tissue factor (16,17). These
latter pathways are usually dependent on the
nuclear translocation of the transcription nu-
clear factor NF-«B (18,19), that can be induced
by distinct P2 receptor activation responses
(20,21). Extracellular ATP also induces apop-
totic cell death through interactions with the
P2X7 purinergic receptor (22).

The regulated hydrolysis of adenine nu-
cleotides and generation of nucleosides by the
vascular NTPDase has potential implications
for proximate ADP-mediated platelet reactiv-
ity (23-25). We demonstrated such thrombo-
regulatory effects by the generation of mutant
mice deficient in cd39 (26). Somewhat paradox-
ically, these mice have defects in hemostasis as-
sociated with platelet P2Y1-type desensitization
that is comparable to that seen in the recently
described P2Y1-deficient mice (27). Mechanisms
underlying the disordered vascular EC tissue
factor expression, and consequent high levels of
fibrin sequestration in the cd39-deficient mice,
are under further investigation (26,28).

CD39-associated NTPDase activity is also
rapidly lost with graft rejection (29), ischemia-
reperfusion injury (30), oxidant perturbation
(2,31) and in cytokine-mediated EC activation
responses (25). Such inflammatory changes
commonly are associated with extensive
vascular injury with the involvement of other
mechanisms in vivo (32,33). Multiorgan
vascular injury is also observed in cd39-null
mice, compared with wild-type mice (27).
Excessive murine graft rejection reactions and
organ failure also appear to be linked to the
suppression or deletion of NTPDase expression
[(26); unpublished data]. In addition, supple-
mentation of cellular NTPDase activity by the
infusion of apyrases effectively blocks platelet
sequestration at the sites of vascular injury
within cardiac grafts (34).

The aim of this study was to investigate
any putative benefits of high-level expression
of CD39 in the modulation of inflammatory re-
sponses in EC exposed to purinergic media-
tors. We present clear evidence that CD39 can

down-regulate adenine nucleotide induced
type I and type II EC activation and influence
the process of ATP-induced apotosis. These
experimental observations have important
implications for the pharmacological use of
CD39 in vascular inflammatory and throm-
botic states.

Materials and Methods
Cell Culture and Reagents

Human umbilical vein endothelial cells
(HUVEC) were kindly provided by Dr. Ewen-
stein, Brigham and Women’s Hospital, Harvard
Medical School, and maintained in M199
medium (BioWhittacker, Walkersville, MD)
supplemented with 15% fetal calf serum (FCS;
Atlanta Biologicals, Norcross, GA), NaH,CO;
(20mM), N-2-hydroxyethylpiperazine-N-2
ethanesulfonic acid (HEPES; 25mM), glutamine
(5mM; BioWhittacker), heparin (100 wg/mL),
gentamicin (50 ug/mL), and endothelial growth
factor (50 pg/ml; Biomedical Technologies,
Stoughton, MA). Cells were used up to the third
passage, as described before (25). All reagents
were analytical grade and purchased from Sigma
(St. Louis, MO), unless otherwise stated.

Adenoviral Vectors

The replication defective adenovirus type V (a
kind gift of Dr. Gerard, Univ. Texas, South-
western Medical Center, Dallas, TX) was used
to generate recombinant vectors. The aden-
oviruses used to overexpress CD39 contained
the specific human cDNA (2), under the control
of a cytomegalovirus promoter enhancer and an
SV40 poly-adenylation sequence. This aden-
oviral vector, designated rAdCD39, was cre-
ated by homologous recombination in 293
cells, between an E1 shuttle vector and the
plasmid pJM17 containing the full adenoviral
genome (35). The control adenovirus contained
Escherichia coli (3-galactosidase driven by the
cytomegalovirus promoter was also a gift of
Dr. Gerard, and was termed rAdBgal. This was
used as a control for the effects of viral infection.
Recombinant viruses were propagated in 293
cells and then isolated and purified. Viral titres
were determined by the average of two plaque
assays and expressed as plaque forming unit
per ml (pfu/ml), by standard convention (35).
Virus stocks were expanded as previously de-
scribed, aliquoted in small volumes, and stored
in phosphate-buffered saline (PBS) with 10%



glycerol at —80°C. The viral titres used for these
experiments ranged from 10'°-10'> pfu/ml.

Adenoviral-mediated Gene Transfer to EC

HUVEC were infected with 100 pfu/cell. Aden-
oviral infection was carried out in 1% FCS Dul-
becco’s modified Eagle’s medium (DMEM) for
1.5 hr at 37°C, under 5% CO, and 95% humid-
ity, with gentle shaking on a rocking platform.
The FCS concentration was then adjusted to
10% and infected HUVEC were kept in the pres-
ence of the recombinant adenovirus for a further
48 hr. The culture medium was changed prior
to formal experimentation. Further studies were
carried out with infected cells 2 days after infec-
tion, to facilitate maximal protein expression.

NTPDase Activity Assay

Membrane-bound NTPDase activity was deter-
mined by measuring the amount of liberated
inorganic phosphate hydrolyzed from exoge-
nous, extracellular ATP (2). HUVEC were
grown to confluence in 24-well plates, left un-
treated, or infected with rAdCD39 or rAdBgal
for 48 hr. Intact HUVEC were incubated in
20 mM Tris pH 8.0 containing 5 mM CacCl,,
and either 200 uM ADP or 200 uM ATP for 15
min at 37°C. Release of free phosphate was
then determined using published methodology
(36). 5 mM tetramisole was added to inhibit
ecto-alkaline phosphatase in these assays. A
standard curve was constructed using 0-20 uM
KH,PO,. Malachite green was added to stop
the reaction and absorbance at 610 nm was
measured to determine phosphate levels
against the standard curves.

von Willebrand Factor (nWF) ELISA

HUVEC were grown to confluence in 24-well
plates, left wuntreated, or infected with
rAdCD39 or rAdpBgal for 48 hr. Confluent cells
were washed three times with Krebs-Ringer
bicarbonate buffer (120 mM NaCl, 1.2 mM
CaCl,, 4.74 mM KCl, 1.2 KH,PO,, 0.6 mM
MgSO,, 25 mM NaHCO; and 25 mM HEPES,
pH 7.4), and then stimulated with -either
thrombin, ATP, the non-hydrolysable analog
ATPvS, or adenosine, in defined ranges and
concentrations to elicit approximately 50% of
maximal responses. Conditioned serum-free
harvest fluids were obtained from HUVEC after
0, 30 and 60 min post-stimulation. Then 100 wl
of test sample or vWF standard were added to
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a 96-well plate precoated with polyclonal goat
anti-vWF (American Diagnostica, Greenwich,
CT) and incubated for 1 hr on a shaker at room
temperature. After washing wells four times
with phosphate buffered saline/tween (as pro-
vided by American Diagnostics), 100 ul of
horseradish peroxidase conjugated vWF anti-
body was added and incubated for 1 hr at room
temperature on a shaker. After washing four
times with PBST, 100 ul of substrate solution
was added. The enzymatic reaction was stopped
after 20 min by adding 50 ul of 0.5 M sulfuric
acid. Absorbance was read on a micro-test plate
reader (Biotek Instruments, Winooski, VT) at a
wavelength of 450 nm.

E-selectin Cell ELISA

HUVEC were grown to confluence in 96-well
plate, left untreated, or infected with rAdCD39
or rAdpBgal for 48 hr, and then stimulated with
thrombin, ATPyS, ATP or adenosine (ADO) for
12 hr (20,22). Cells were washed three times
with PBS and fixed with 0.05% glutaraldehyde
in PBS for 10 min on ice, then blocked with 1%
FCS PBS for 1 hr at room temperature. Cells
were washed three times with PBS and incu-
bated with a mouse monoclonal antibody
BBA1l (R&D Systems, Minneapolis, MN) di-
rected against human E-selectin, for 1 hr at
room temperature. Cells were washed three
times with PBS and a goat anti-mouse horse-
radish peroxidase-coupled polyclonal antibody
(Pierce, Rockford, IL) was used as secondary
antibody. Cells were washed three times with
PBS and incubated with 0.4 mg/ml ortho-
phenylenediamine + 0.00012% H,O,. The en-
zymatic reaction was stopped with 50 ul 2 M
H,S0,. Absorbance was immediately deter-
mined at a wavelength of 492 nm on an ELISA
reader (Molecular Devices, Sunnyvale, CA).

RNA Isolation and Northern Blots Analysis

Confluent HUVEC were left untreated or in-
fected with rAdCD39 or rAdBgal for 48 hr and
stimulated with thrombin, ATPyS, ATP, ADO;
peak levels of E-selectin RNA were observed at
4 hr. RNA were isolated using RNeasy Mini Kit
(Qiagen GmbH, Hilden, Germany) according to
the manufacturer’s instructions. The amount of
extracted RNA was calculated from optical den-
sity (O.D.) measurements at 260 nm. Equal
amounts of total RNA (5 ug) were loaded and
run on a 1.3% agarose formaldehyde gel, trans-
ferred overnight to Hybond-N nylon membranes
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(Amersham NEN Life Science, Boston, MA), and
analyzed by specific hybridization to radiola-
beled cDNA probes for human E-selectin (a kind
gift from Dr. T. Collins, Brigham and Women’s
Hospital, Harvard Medical School, Boston, MA)
and glyceraldehyde-3-phosphate dehydroge-
nase as an internal control (GADPH) (20).

Electrophoretic Mobility Shift Assay (EMSA)

Confluent HUVEC were left untreated, or in-
fected with rAdCD39 or rAdBgal for 48 hr and,
subsequently, stimulated with ATP or ATPyS at
the previously defined high concentrations for
1 hr to activate NF-uB (22). Nuclear proteins
were extracted from HUVEC by high salt ex-
traction as described (20). All buffers were
supplemented with 1 ug/ml leupeptin, 1 pug/ml
aprotinin, 1 pug/ml phenylmethysulfonyl
fluoride (PMSF), 0.1 mM N-a-Tosyl-L-lysine
chloromethyl ketone (TLCK) and 0.1 mM
Tosyl-L-phenylalanine chloromethyl ketone
(TPCK). Equal amounts of nuclear extracts
(5 ng) were incubated 30 min at room temper-
ature with 120,000 cpm of *?P-y-ATP radi-
olabeled NF-«B-specific oligonucleotide (5'-
AGTTGAGGG-AATTTCCCAGGC-3'), 3 mg of
poly (dI-dC) in 20 mM HEPES, pH 7.9, 50 mM
NaCl, ImM EDTA, 1 mM B-mercaptoethanol,
and 5% glycerol. The resulting DNA/protein
complexes were separated on a 6% polyacryl-
amide gel in Tris glycine/EDTA buffer at pH 8.5
and finally subjected to autoradiography on Ko-
dak film (Kodak, Rochester, NY).

Apoptosis Assay

Cell death by apoptosis induced by ATP was
assessed by flow cytometric analysis of DNA
content following propidium iodide staining
(20). Confluent HUVEC were left untreated, or
infected with rAdCD39 or rAdgBgal for 48 hr,
and incubated with staurosporine 200 nM (as
the positive control) ATP or ATP%S for 18 hr in
10% FCS M199, 10 mM HEPES. Cells were
harvested by trypsin digestion, washed with
PBS, and then fixed in 70% ethanol. Cells were
suspended in PBS, pH 7.4, containing 0.1% tri-
ton X-100, 0.1 mM EDTA, pH 7.4, with 50
pg/ml RNAase A, 50 U/mg, and 50 wg/ml pro-
pidium iodide, and incubated for 1 hr. Finally,
cells were analyzed by flow cytometry on a
FACSort equipped with Cellquest II software
(Becton Dickinson, Franklin Lakes, NJ) to de-
termine percentage of nuclei with hypodiploid
content indicative of apoptosis. Cellular debris
and doublets were excluded from analysis by

gating by forward and right side light scatter
properties.

Results

Adenoviral Gene Transfer of CD39 in HUVEC
Substantively Increased NTPDase Activity

Confluent monolayers of HUVEC were infected
for 48 hr with rAdCD39, rAdpBgal, or left
untreated. To evaluate the efficiency of recom-
binant CD39 adenoviral infection in HUVEC,
we determined NTPDase activity by the mea-
surement of inorganic phosphate release from
exogenous ATP. Expression of CD39 was con-
firmed by immunocytochemistry and Western
blots analysis following five series of infections
(not shown). In a representative experiment,
the rAdBgal-infected HUVEC expressed NTP-
Dase activity of 1.01 £ 0.02 Pi nmole/min/well;
whereas, the control non-infected HUVEC had
basal levels of 0.95 + 0.002 Pi nmole/min/well.
The rAdCD39 infection of HUVEC resulted in a
14-fold higher biochemical activity of 14.50 *
3.50 Pi nmole/min/well that remained consis-
tently elevated in subsequent experiments (not
shown). We did not attempt to measure super-
natant fluid content of ATP at the various time-
points tabulated below when the various ex-
perimental end-points were determined.

Type I EC Activation:
von Willebrand Factor Secretion

Determination of von Willebrand factor (vWF)
release from Weibel-Palade bodies was used as
an index of immediate EC P2Y-mediated acti-
vation response to extracellular adenine nu-
cleotides. Confluent monolayers of CD39,
B-galactosidase-infected, or non-infected HU-
VEC were maintained in 24-well plates and
stimulated with thrombin (1 U/ml), ATPyS
(50 uM), ATP (50 uM), and adenosine (50 wM)
for 60 min under serum-free conditions, on three
separate occasions. Conditioned media were
then tested for vWF antigen levels by ELISA.
Dose response curves were performed that were
similar to published data [(13); not shown].

In a experiment representative of three,
nonstimulated HUVEC had basal levels of vWF
release of 0.59 = 0.01 mU/ml from non-
infected cells, 0.85 *= 0.04 mU/ml from rAdg-
gal-infected, and 0.89 = 0.01 mU/ml from
rAdCD39-infected cells. We noted that high
levels of thrombin stimulation increased by
11-fold the amount of VvWF released, to
6.49 = 0.01 mU/ml, from non-infected cells. In



addition, the VWF released from rAdpBgal-
infected EC was 7.13 £ 0.75 mU/ml;whereas, a
comparable increase to 7.99 * 0.33 mU/ml was
observed in the rAdCD39-infected EC cultures
stimulated with high levels of thrombin. The
non-hydrolysable ATP-analog, ATPYyS, resulted
in a 7-fold increase in vWF secretion to 3.89 *+
0.01 mU/ml from non-infected cells; whereas,
comparable increases to 4.22 = 0.18 and 4.71 *+
0.39 mU/ml were noted in rAdggal- and
rAdCD39-infected cells, respectively (Fig. 1).
Most importantly, stimulation of HUVEC with
extracellular ATP resulted in a 6-fold increase
of vWF release to 3.61 * 0.03 mU/ml from non-
infected cells. Although a comparable increase
was noted to 4.75 £ 0.82 mU/ml in the
rAdBgal-infected cultures, minimal incre-
ases to 1.87 = 0.06 mU/ml were consistently
observed in the rAdCD39-infected EC cultures
stimulated with ATP under the same experi-
mental conditions. Under these experimental
conditions, almost all of the extracellular ATP
would be subjected to hydrolysis by 10 min.
Hence, overexpression of CD39 in HUVEC
resulted in a 61% decrease in vVWF secretion
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induced by ATP, compared with rAdpBgal-
infected cells (p < 0.005). In keeping with
prior work (13), there were no differences in
the multimer composition of the secreted vWF
in response to either ATP or thrombin. In addi-
tion, the secreted vWF multimer patterns were
comparable between both rAdpgal- and
rAdCD39-infected cells (data not shown).
Adenosine treatment doubled the levels of
VvWF secretion to 1.23 * 0.01 mU/ml from non-
infected cells, to 1.45 = 0.04 mU/ml from
rAdggal infected and to 1.79 = 0.20 mU/ml
from rAdCD39-infected cells (Fig. 1).

Type II EC Activation: E-selectin Surface Expression

We next tested whether ATP-induced type II ac-
tivation, mediated at least in part by
P2X7-receptors, could be influenced by high
levels of CD39 expression. We examined levels
of E-selectin surface expression and up-regula-
tion on confluent monolayers of HUVEC in
96-well plates. Experiments were timed to
facilitate maximal synthesis and expression of
E-selectin with concurrent loss of P-selectin

ErCD39Ad
W rAdg-gal

VWF mU/ml

Thrombin ATP ATP
vS

Fig. 1. CD39 decreases ATP-induced von
Willebrand (vWF) release. HUVEC were grown to
confluency in 24-well plates, left untreated or
infected with CD39 or B-galactosidase adenovirus.
Confluent cells were incubated with thrombin, ATP,
ATPYS, or adenosine (ADO). vWF release was mea-
sured in conditioned serum-free medium, taken 60
min after stimulation by ELISA. Overexpression of
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CD39 limited ATP-induced vWF secretion by
approximately 60%. Experiments were performed in
triplicate and results are expressed as mean = SEM.
C, control; NI, non-infected; rAdCD39, recombinant
replication-deficient adenovirus from human CD39
c¢DNA; rAdpgal, recombinant replication-deficient
adenovirus from bacterial 3-galactosidase.
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from the EC (20,37). Cells were stimulated by a
12-hr incubation with thrombin (10 U/ml),
ATPyS (5 mM), ATP (5 mM), and adenosine
(5 mM). This was done on three separate
occasions and data are presented from a repre-
sentative study. Thrombin treatment of HUVEC
consistently resulted in an approximate 7-fold
induction of immunoreactive E-selectin expres-
sion in non-infected cells (0.17 = 0.01 to 1.22 *+
0.04), with comparable increments in rAdggal-
infected cells (0.19 = 0.01 to 1.39 = 0.03) and
in rAdCD39-infected cells (0.17 £ 0.02 to 1.20
%+ 0.01). This showed that these pathways were
largely independent of high levels of CD39 ex-
pression (Fig. 2). ATPyS stimulation of HUVEC
substantively increased E-selectin surface ex-
pression in non-infected cells (0.17 £ 0.01 to
1.13 *= 0.03), with comparable approximate 6-
fold increments in rAdg gal-infected cells (0.19
*0.01to 1.19 £ 0.07) and in rAdCD39-infected
cells (0.17 = 0.02 to 1.12 = 0.07). In the paral-
lel experiments, ATP treatment of non-infected
HUVEC resulted in only an approximate 5-fold

1.6

induction of E-selectin surface expression in
non-infected cells (0.17 = 0.01 to 0.81 = 0.08),
a comparable induction in rAdpggal-infected
cells (0.19 £ 0.01 to 0.87 £ 0.08), but only a
doubling in rAdCD39-infected cells (0.17 =
0.02 to 0.37 = 0.01; p < 0.005; Fig. 2). Adeno-
sine stimulation of HUVEC had no effects on
boosting E-selectin surface expression in any of
the EC cultures (0.17 *= 0.01 to 0.17 * 0.01 in
non-infected cells, 0.19 = 0.01 to 0.18 = 0.01
in rAdpBgal-infected cells, and 0.17 = 0.02 to
1.18 = 0.01 in rAdCD39-infected cells; Fig. 2).
We, therefore, observed no differences in the
specific E-selectin surface expression patterns
in either thrombin or ATPyS-treated HUVEC,
following up-regulation of CD39 post adeno-
viral infection. However, rAdCD39-infected
HUVEC failed to respond to ATP treatment,
with respect to the induction of E-selectin.
Overexpression of CD39 resulted in substantial
inhibition of ATP-induced E-selectin surface
expression, compared with rAdBgal infected
EC (Fig. 2).

1.4
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Thrombin ATP ATP
vS

Fig. 2. CD39 inhibits ATP-induced E-selectin
surface expression. Confluent human umbilical
vein endothelial cells (HUVEC) were left untreated
or infected with CD39 or B-galactosidase adeno-
virus. Cells were then stimulated with thrombin,
ATPvS, ATP, or adenosine for 12 hr. E-selectin
surface expression was determined by ELISA, in
triplicates of the cultures. Overexpression of CD39
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ADO C

approximately halved ATP-induced E-selectin sur-
face expression. Results are expressed as mean *=
SEM of an experiment representative of three.

C, control; NI, non-infected; rAdCD39, recombi-
nant replication-deficient adenovirus from human
CD39 cDNA; rAdpgal, recombinant replication-
deficient adenovirus from bacterial 8-galactosidase.




E-selectin Gene Up-requlation

Northern blots analysis was performed to
study the transcriptional modulation of
E-selectin in the infected HUVEC, following
their stimulation with thrombin and several
nucleotides. Total RNA was prepared 4 hr after
stimulation of HUVEC with thrombin (1-10
U/ml), ATPyS (1-5 mM), ATP (1-5 mM), and
adenosine (1-5 mM). High levels of thrombin
and ATPyS consistently increased levels of
E-selectin transcripts in non-infected, rAdBgal-
and rAdCD39-infected HUVEC, on three
separate occasions. Adenosine had no effect on
the transcription of E-selectin in these groups.
However, levels of E-selectin transcripts were
increased substantively 4 hr, only after ATP
stimulation in non-infected and rAdgBgal-
infected HUVEC. By contrast, in the rAdCD39-
infected HUVEC, lower levels of mRNA tran-
scripts for E-selectin were observed post-ATP
stimulation (Fig. 3).

We also observed that, despite equal load-
ing of 5 ug of total intact RNA per lane, the
GAPDH signal was lost with high levels of
ATP-stimulation in cells, other than those over
expressing CD39.
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Fig. 3. CD39 decreases ATP-induced E-selectin
mRNA levels. Up-regulation of mRNA encoding
for E-selectin was evaluated by Northern blots
analysis in non-infected, 3-galactosidase, or CD39
adenovirus-infected human umbilical vein
endothelial cells (HUVEC) that were stimulated
with thrombin, ATPyS, ATP, or adenosine (ADO)
for 4 hr ATP-, but not ATPyS-induced E-selectin
gene up-regulation was abrogated by CD39.
Results shown are representative of three
independent experiments and include the control
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). C, control; NI, non-infected; rAdCD39,
recombinant replication-deficient adenovirus from
human CD39 cDNA; rAdBgal, recombinant replica-
tion-deficient adenovirus from bacterial 8-galactosi-
dase.
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Translocation of NF-kB to the Nucleus

Electrophoretic mobility shift assays were
performed to confirm that the decreased
ATP-induced E-selectin gene expression in
rAdCD39-infected HUVEC was associated
with failure of transcription factor NF-«B acti-
vation and nuclear targeting. Nuclear extracts
were prepared from non-infected, rAdBgal-
and rAdCD39-infected HUVEC, after 1 hr
stimulation with ATP (5 mM) or ATPyS (5
mM). After incubation with a >?P-labeled
oligodeoxynucleotide encoding the NF-«B
binding site, the protein/DNA complexes were
analyzed to determine NF-«B activation. Mu-
tant and a cold NF-«kB competitor (as internal
controls) were co-incubated with the ATP-
stimulated nuclear extracts from non-infected
cells to demonstrate specificity for the «B-
binding site. Nuclear extracts from ATPyS-
induced HUVEC had comparable levels of
NF-kB activation and nuclear translocation in
all three groups of cells. However, when ATP
was used as the agonist, there was markedly
less kB-binding activity observed in the nuclei
of rAdCD39-infected HUVEC, compared with
rAdggal-infected or non-infected HUVEC
(Fig. 4). These data were consistent in three
experiments, since all demonstrated decreased
transcriptional activity of NF-«B-dependent
genes, upon ATP stimulation in rAdCD39-
infected HUVEC.

Apoptotic Cell Death

In addition to the modulating effects of CD39
on type I and type II activation detailed above,
we also examined regulation of ATP-mediated
cell death by CD39. HUVEC were infected with
rAdCD39, rAdpBgal, or left untreated. Individ-
ual cell cultures were then incubated with
staurosporine (200 nM), ATPvS (5 mM) or ATP
(5 mM) for 18 hr. To confirm apoptotic cell
death, DNA fragmentation was determined by
propidium iodide (PI) labeling, followed by
flow cytometric measurement of the percentage
of nuclei with hypodiploid DNA content. Two
regions were defined within a flow cytometric
cell cycle histogram. The first region desig-
nated M1, including a major diploid peak
(Go/G,), as well as a small hyperdiploid region
(S) and a tetraploid region (G,/M). The second
region, designated M2, was adjacent to the
Go/G,; peak and included cells undergoing
apoptosis-associated DNA fragmentation. In a
representative study of four untreated, non-
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Fig. 4. CD39 abrogates ATP induced nuclear
factor (NF)-«B translocation. Confluent human
umbilical vein endothelial cells (HUVEC) were left
untreated or infected with CD39 or 8-galactosidase
adenovirus, and subsequently, stimulated with ATP
or ATPyS. Nuclear proteins were extracted from
HUVEC and equal amounts of nuclear extracts were
incubated with a radiolabeled NF-«B-specific
oligonucleotide. Resulting DNA/protein complexes
were separated by electrophoretic mobility shift as-
say (EMSA) on a 6% polyacrylamide gel. Controls
with competing unlabeled or mutated probes for
NF-«B confirmed specificity. One experiment, repre-
sentative of three, is shown and confirms that CD39
up-regulation blocked the ATP-mediated NF-«B
translocation. NI, non-infected; rAdCD39, recombi-
nant replication-deficient adenovirus from human
CD39 ¢cDNA; rAdpBgal, recombinant replication-
deficient adenovirus from bacterial 8-galactosidase.

infected HUVEC, 1-2% of cells were observed
to be in the M2 region. The basal rAdBgal- and
rAdCD39-infected HUVEC cultures had 8%
and 4% of cells in the M2 region, respectively.
Staurosporine treatment of HUVEC resulted in
75-85% apoptotic cells in all groups. Exposure
to ATPyS killed 65% of non-infected cells,
67% of rAdpgal-infected cells, and 66% of
rAdCD39-infected cells no significant (NS) dif-
ference. When incubated with ATP, non-infected
HUVEC cultures sustained 57% apoptosis rates,
rAdpgal-infected HUVEC had 60% apoptotic
cells, but rAdCD39-infected HUVEC were

somewhat protected, with only 21% of cells
undergoing apoptosis, as observed in this rep-
resentative experiment (Fig. 5). Overexpres-
sion of CD39 in HUVEC substantively de-
creased the extent of ATP-induced apoptosis,
compared with HUVEC infected with rAdBgal.
In these series of experiments, ATPyS or ATP
concentrations below 5 mM were largely inef-
fective at inducing substantive levels of apop-
tosis in HUVEC, further suggesting involve-
ment of the P2X7-receptor (data not shown).

Discussion

Activation responses, induced by nucleotides
released into the plasma, have the potential to
influence vasomotor responses, platelet aggre-
gation, thrombotic reactions and inflammatory
processes (22,38-40). Extracellular ATP and
ADP appear to regulate hemostasis and platelet
microthrombus formation through the modula-
tion of several platelet P2 receptors (41-45).
The removal of an extracellular P2Y1 receptor
agonist, ADP by vascular EC NTPDase activity,
has demonstrable thromboregulatory effects on
platelet activation responses (2) that also en-
compass maintenance of the P2Y1 receptor
function (26).

ATP and ADP also stimulate EC P2Y recep-
tors to induce release of prostacyclin and NO
(12,24,46-48). In addition, ATP also exhibits
various immediate or delayed activation-
related effects on EC, including plasma mem-
brane permeabilization, induction of apoptosis
and stimulation of Ca®>" mobilization with
NF-«B translocation to the nucleus (20,39,49).
The fully ionized tetrabasic form of ATP
(viz. ATP*") that interacts with the unique
P2Z/P2X7 receptors that are typically located
on monocyte-macrophages (M¢) (22,50) is also
considered to activate EC via this pathway
(4,20).

Prior to this study, modulatory influences on
purinergic signaling have not been demonstrated
for the vascular endothelium and the direct ef-
fects of the loss of NTPDase function post-cellu-
lar activation have been unclear (25). CD39/cd39
account(s) for almost all NTPDase biochemical
activity in the vascular endothelium. An ecto-
ATPase or -NTPase is also expressed by EC and
is identical with cd39L1 (26,51). The localization
of CD39 to caveolae, membrane microdomains
that also have high concentrations of G-protein
coupled receptors (52), further suggests involve-
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Fig. 5. Overexpression of CD39 inhibits ATP-
induced apoptosis. Confluent human umbilical
vein endothelial cells (HUVEC) were left untreated
or infected with CD39 or -galactosidase adenovirus.
Groups of cells were then left untreated or incubated
with staurosporine (200 nM), ATP (5 mM), or ATPyS

ment of the vascular NTPDase in cellular activa-
tion responses directly triggered by high levels of
pericellular nucleotides (1).

CD39 is regulated by inflammatory stimuli
and mediators in a post-translational manner
that theoretically could influence processes of
primary vascular injury (25,53). However, it is
possible that, at certain concentrations in the
immediate pericellular environment, adenine
nucleotides could preferentially interact with
P2 receptors, rather than the ectonucleotidases
expressed by the same cell. This may preclude

(5 mM). Cell apoptosis rates were assessed by flow
cytometric analysis of DNA content by propidium
iodide (PI) staining. ATP-induced apoptosis was
decreased in rAdCD39-infected cells. FL2-A, forward
light scatter; M1, viable cells; M2, nonviable cells.

efficient hydrolysis of nucleotides by the vas-
cular NTPDases.

We demonstrated that stable and targeted
overexpression of CD39 can be achieved by re-
combinant adenoviral infection. This conse-
quent dramatic up-regulation of vascular
NTPDase activity substantively influences nu-
cleotide mediated activation pathways in EC
both in vitro and in vivo. Our experimental data
also demonstrate that the biochemical action of
CD39 takes precedence over the interaction of
nucleotides with P2 receptors at the cell surface.
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The secretion of vVWF from Weibel-Palade
bodies occurs independently of de novo protein
synthesis and has been shown to be rapidly
triggered by G-protein-coupled P2Y receptor
ligation (13). In our experiments, adenosine
alone had minimal effects on vWF release
(Fig. 1). The major consequence of CD39 over-
expression was to block substantively the
release of VWF in response to hydrolysable
forms of ATP and to abrogate an important
type-I activation response (54) to nucleotides in
vitro.

Type II EC activation has been considered
to represent increased or de novo expression of
proinflammatory factors, including the leuko-
cyte adhesion molecule E-selectin (17,54).
Overexpression of vascular NTPDase was
shown to decrease ATP-induced E-selectin sur-
face expression on EC, a NF-«B dependent
process, putatively related to P2X7 activation
(20,21). By contrast, E-selectin surface expres-
sion levels induced by ATPyS are not influ-
enced by recombinant adenoviral infection
(Fig. 2). We also demonstrated that this failure
of E-selectin induction was associated with
transcriptional regulation (Fig. 3) and inhibi-
tion of ATP-induced translocation of the tran-
scription factor NF-«B to the nucleus (Fig. 4).
Our data, therefore, emphasize a potentially
important role of CD39 in influencing ATP-
mediated type II EC activation and the conse-
quent synthesis of adhesion receptors. In addi-
tion, CD39 would be anticipated to influence
other activation responses to other agonists,
such as endotoxin (55), that elicit ATP or ADP
release from cells or platelets (56).

The ligation of P2X7 receptors that are lig-
and-gated cation channels by specific nucleotide
agonists results in apoptosis (20-22,50). EC
apoptotic reactions that were observed follow-
ing exposure to high levels of ATP could be at-
tenuated by overexpression of CD39, following
infection with rCD39Ad (Fig. 5). Under these
experimental conditions, the use of GAPDH as
an internal control gene, may be inappropriate
(not shown). This observation that CD39 influ-
ences cell death has relevance to the further in-
duction of a pro-thrombotic state (57,58) and
the release of proinflammatory cytokines, like
interleukin-1 (IL-1) (59).

These experiments, taken in their entirety,
indicate that various biological functions ex-
erted by extracellular ATP, including type I and
type II activation as well as apoptosis, can be
modulated by high levels of vascular NTPDase

in vitro. Therefore, in an analogous manner to
platelets, nucleotide-mediated signaling in
vascular EC can be influenced by simultaneous
exposure to NTPDases. Resistance to ATP ac-
tion may be explained by the presence of high
levels of CD39 that protect from the stimula-
tory effects of extracellular ATP by facilitating
accelerated phosphohydrolysis to AMP.

To test whether adenoviral-mediated gene
transfer could be an effective therapeutic
modality in vivo, we also have infected guinea
pig hearts with rCD39Ad or rAdBgal and trans-
planted these grafts into rats (60). Survival
benefits were achieved in this model that were
analogous to those seen with the administra-
tion of soluble NTPDases (34), or other
antiplatelet interventions (61). These data,
when taken in conjunction with the current ob-
servations, suggest that the thromboregulatory
effects of CD39 are important for mediating
those inflammatory reactions characterized by
EC perturbation and cell death in vivo.

The physiological concentrations of ATP
in plasma are thought to be between 0.4 and
6 wM, but local concentrations could increase
dramatically after vascular injury and platelet
degranulation into the mM range that we
evaluated in this study in vitro (11,62). In
the light of this and because of current limita-
tions in the development of truncated func-
tional derivatives of CD39 (53,63-65), tar-
geted local expression of CD39 may have
advantages to parenteral administration of
soluble NTPDases.

Studies from our group and others suggest
that CD39 expressed by EC and the vasculature
plays a pivotal role in platelet aggregation and
activation responses both in vitro and in vivo
(2,3,26,66). In addition, we now show that
overexpression of CD39 by EC can have thera-
peutic effects on intrinsic cellular activation
processes and apoptosis induction by extracel-
lular nucleotides.
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