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Abstract

Vascular endothelial growth factor (VEGF) not only regulates angiogenesis, vascular permeability,
and vasodilation but also promotes vascular inflammation. However, the molecular basis for the
proinflammatory effects of VEGF is not understood. We now show that VEGF activates endothelial
cell exocytosis of Weibel-Palade bodies, releasing vasoactive substances capable of causing vascular
thrombosis and inflammation. VEGF triggers endothelial exocytosis in part through calcium and
phospholipase C-y (PLC-y) signal transduction. However, VEGF also modulates endothelial cell
exocytosis by activating endothelial nitric oxide synthase (eNOS) production of nitric oxide (NO),
which nitrosylates Nethylmaleimide sensitive factor (NSF) and inhibits exocytosis. Thus, VEGF
plays a dual role in regulating endothelial exocytosis, triggering pathways that both promote and
inhibit endothelial exocytosis. Regulation of endothelial exocytosis may explain part of the
proinflammatory effects of VEGF.

Introduction

Vascular endothelial growth factor (VEGF) isoforms regulate a variety of vascular processes,
including angiogenesis, vascular permeability, and vasodilation.1> VEGF isoforms promote
endothelial cell migration, proliferation, and survival by interacting with the VEGF receptors.
The VEGF family includes isoforms VEGF-A, VEGF-B, VEGF-C, VEGF-D, placenta growth
factor (P1GF), and a virally encoded VEGF-E. Alternative splicing of the human VEGF-A
gene generates VEGF-A121, VEGF-A145, VEGF-A165, VEGF-A1g9, and VEGF-Agqg; the
predominant isoform is VEGFA65. Receptors for VEGF include VEGFR-1 (Fms-like tyrosine
kinase-1 [flt-1]), VEGFR-2 (flk-1, or KDR), and VEGF-3 (flt-4); VEGF isoforms also interact
with neuropilin (NRP1 and NRP2) coreceptors. VEGF engagement with its receptors activates
at least 3 distinct signal transduction pathways: the phosphatidylinositol 3’ (P1-3) kinase—alpha
serine/threonine kinase (Akt) pathway; the mitogen activated protein kinase (7MAPK) pathway;
and the phospholipase C-y (PLC-y) and protein kinase C (PKC) pathway.G’

VEGF also plays a role in inflammatory disorders, but the molecular basis of this effect is
unclear. VEGF and VEGFR levels are increased in psoriasis, dermatitis, and bullous skin
diseases.8-12 Furthermore, transgenic expression of VEGF-A in mouse skin leads to psoriasis.
13,14 one mechanism by which VEGF causes inflammation is by increasing vascular
permeability, but VEGF may have other proinflammatory effects as well. Ectopic VEGF-A
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expression causes increased leukocyte rolling and adhesion in venules, which can be blocked
by antibodies to P-selectin.14 Chronic overexpression of VEGF-A leads to inflammatory
infiltrates, associated with endothelial cell expression of E-selectin, intercellular adhesion
molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-l).13 These studies
suggest that VEGF activates the endothelium, triggering endothelial expression of selectins
and adhesion molecules and thus initiating vascular inflammation.

Endothelial activation has 2 stages, the rapid translocation of P-selectin to the endothelial
surface, and the slower synthesis and expression of adhesion molecules such as ICAM-1. P-
selectin is stored in Weibel-Palade bodies, endothelial storage granules that also contain von
Willebrand factor (VWF), interleukin-8 (IL-8), and tissue plasminogen activator,19-24 Rapid
exocytosis of Weibel-Palade bodies is activated by vasopressin, hypoxia, histamine, and
thrombin. 172527 The protein machinery that mediates exocytosis includes N-
ethylmaleimide—sensitive factor (NSF) and soluble NSF attachment protein receptors
(SNAREs).28‘30 Regulation of endothelial cell exocytosis is not well understood, but nitric
oxide (NO) can inhibit exocytosis by covalently modifying NSF, thereby inhibiting NSF
activity and blocking NSF activation of exocytosis.31 Exocytosis of Weibel-Palade bodies
causes rapid translocation of P-selectin from within granules to the endothelial surface, where
P-selectin then interacts with P-selectin glzycoprotein ligand-1 (PSGL-1) on the surface of
leukocytes, triggering leukocyte rolling.< Thus, exocytosis of Weibel-Palade bodies is a
critical early step in vascular inflammation.

We now show that VEGF has 2 opposing effects on Weibel-Palade—body exocytosis. VEGF
triggers Weibel-Palade—body exocytosis in part by calcium and PLC-y—mediated pathways.
However, VEGF also modulates Weibel-Palade—body exocytosis by activating the PI-3 kinase/
Akt pathway which increases NO synthesis, thereby inhibiting exocytosis.

Materials and methods

Reagents

Recombinant human vascular endothelial growth factor (VEGF-A121), N-nitro-.-arginine
methyl ester (L-NAME), U73122, Calphostin C, A23187, and 1,2-bis(2-aminophenoxy)
ethane-N,N,N’,N'-tetraacetic acid-acetoxymethyl ester (BAPTA/AM), were purchased from
Sigma (St Louis, MO). 5-nitroso-N-acetyl-D,L-penicillamine (SNAP) was purchased from
Cayman Chemical (Ann Arbor, MI). Human a-thrombin was purchased from Enzyme
Research Laboratories (South Bend, IN). Soluble Fms-like tyrosine kinase-1 (sFlt-1) was
purchased from Merck (Darmstadt, Germany). Fluo-3 acetoxymethyl ester (Fluo-3AM) was
purchased from Molecular Probes (Eugene, OR). Rabbit polyclonal antibody to endothelial
nitric oxide synthase (eNOS), and mouse monoclonal antibody to phospho-eNOS were
purchased from BD Biosciences (San Diego, CA). Rabbit polyclonal antibody to Akt and
mouse monoclonal antibody to phospho-Akt were purchased from Upstate Biotechnology
(Charlottesville, VA). The antibody to nitrosocysteine was purchased from Calbiochem (San
Diego, CA).

Preparation of recombinant adenoviruses

The replication-deficient adenovirus encoding the epitope-tagged dominant-negative Akt
cDNA and the adenovirus LacZ were constructed by homologous recombination in 293 cells
with use of the adenovirus-based plasmid IM17.33 Al viruses were amplified and titered in
293 cells and purified on CsCl gradients.
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Cell culture and analysis of VWF release

Human aortic endothelial cells (HAECs) were obtained from Clonetics (Walkersville, MD)
and grown in endothelial growth medium 2 (EGM-2) media supplemented with growth factors
in a kit (Bullet Kit; Clonetics). To measure the effect of VEGF on VWF release, HAECs were
grown in EGM-2 media with growth factors, then washed and placed in EGM-2 media without
growth factors or serum, stimulated with various concentration of VEGF, and the amount of
VWE released into the media was measured by an enzyme-linked immunosorbent assay
(ELISA; American Diagnostica, Greenwich, CT). To clarify the mechanism by which VEGF
induces VWF exocytosis, HAECs were pretreated for 30 minutes with U73211, Calphostin C,
and sFlt-1 and then stimulated with 50 ng/mL VEGF for 1 hour. The amount of VWF released
into the media was measured by an ELISA. HAECs were pretreated with 10 uM BAPTA/AM
for 30 minutes in Dulbecco modified Eagle medium (DMEM) or CaCl,-free DMEM. The cells
were then stimulated with VEGF. The supernatants were collected, and the concentration of
VWE released into the media was measured by an ELISA. To examine the effect of VEGF
pretreatment on VEGF-induced VWF exocytosis, we incubated HAECs with various
concentration of VEGF or control for 1, 2, 4, and 8 hours. The cells were washed and then
stimulated with 50 ng/mL VEGF. To measure the effect of Akt on exocytosis, HAECs were
incubated for 48 hours with adenoviral vectors expressing constitutively active Akt [Akt(CA)],
dominant-negative Akt [Akt(DN)], or B-galactosidaseéLacZ) for 24 hours at a multiplicity of
infection (MOI) of 200 before VEGF stimulation.33-3% To measure the effect of NO on VWF
release by VEGF, HAECs were pretreated with SNAP for 4 hours. The cells were washed and
stimulated with 50 ng/mL VEGF, and the amount of VWF released into the media was
measured by an ELISA. To measure the effect of endogenous NO production on exocytosis,
HAECs were pretreated for 16 hours with L-NAME before VEGF or thrombin stimulation.

Analysis of P-selectin translocation

HAECs were treated with 100 ng/mL VEGF for 0 and 5 minutes, and the expression of P-
selectin on the cell surface was measured by a cell surface ELISA.36 Briefly, HAEC
monolayers were fixed with 2% paraformaldehyde in a sodium phosphate buffer (pH 7.4) with
0.1 M L-lysine monohydrochloride and 10 mM sodium m-periodate for 30 minutes at 4°C and
then incubated with 1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS)
containing 0.1 M glycine overnight at 4°C. After washing twice with 0.1% BSA in PBS, the
fixed cells were probed with a rabbit anti-human p-selection antibody (PharMingen, San
Diego, CA) for 1 hour at 37°C. After washing 3 times with 0.1% BSA in PBS, the HAECs
were incubated with a peroxidase-conjugated mouse anti—rabbit immunoglobulin G (1gG)
antibody (Amersham Biosciences, Piscataway, NJ) for 1 hour at 37°C. After washing 3 times
with 0.1% BSA in PBS, 0.2% H,0, and 3.7 mM O-phenylenediamine (Sigma) was added for
30 minutes and then added 1 M H,SO, for stopping the reaction. Optical density (OD) 520 nm
of the plates was read on a spectrophotometric microplate reader (Molecular Devices,
Sunnyvale, CA).

Immunofluorescence of VWF

HAECs were treated with VEGF 50 ng/mL or cyclohexamide (CHX) 10 uM for 2 hours and
then stained with anti-VWF mouse monoclonal antibody (BD Biosciences, San Jose, CA) and
carbocyanine 3 (Cy3)- conjugated 1gG secondary antibody (Jackson Immunoresearch
Laboratories, West Grove, PA). The cells were observed with an immunofluorescence
microscope (Nikon, Tokyo, Japan).

Determination of [CaZ*]i

[Ca?*]i was determined by using the indicator dye fluo-3. HAECs were plated onto collagen-
coated glass coverslips and incubated with fluo-3AM in minimum essential media 2 (MEM-2)
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for 20 minutes at 37°C. The cells were washed, stimulated with 50 ng/mL VEGF or 1 U/mL
thrombin, and then analyzed with epifluorescence microscopy (Nikon).

Western blot analysis of Akt and eNOS phosphorylation

Confluent HAECs were serum-starved in serum-free EGM-2 media for 18 hours. Cell were
rinsed and stimulated with various concentrations of VEGF for 30 minutes in PBS. The
supernatant was removed, and sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer (Bio-Rad, Hercules, CA) was added. The cells were scraped, the
lysate were fractionated on a 7.5% SDS-PAGE, and immunoblotted with antibodies to
phospho-eNOS and phospho-Akt. To examine the effect of Akt on VEGF-induced eNOS
phosphorylation, HAECs were pretreated with adenoviral vectors expressing Akt(CA), Akt
SEN), or B-galactosidase at an MOI of 200 for 48 hours before VEGF or thrombin stimulation.

Measurement of endothelial NO production

Confluent HAECs were serum-starved in serum-free EGM-2 media for 18 hours. Cell were
rinsed and stimulated with various concentrations of VEGF for 30 minutes in PBS. NO content
in the supernatants was then measured by the Griess reaction.31

Determination of S-nitrosylation of NSF

HAECs were treated with 50 ng/mL VEGF, and cells were harvested at various times after
treatment. Measurement of NSF nitrosylated in the cell lysates was performed by
immunoprecipitation with antibody to nitrosocysteine, followed by immunoblotting with
antibody to NSF (Santa Cruz Biotechnology, Santa Cruz, CA).

Statistical analyses

Data are expressed as the mean £ SD. Statistical comparison was made by analysis of variance
followed by a Bonferroni t test for multiple comparison. A P value of less than .05 was
considered significant.

Results

VEGF triggers VWF exocytosis

We first examined the effect of VEGF on Weibel-Palade—body exocytosis. HAECs were
stimulated with various concentration of VEGF, and the amount of VWF released into the
media was measured by an ELISA. VEGF strongly induced VWF exocytosis in a dose-
dependent manner, with a maximal effect achieved at 50 ng/mL (Figure 1A). VEGF induced
VWEF exocytosis within 5 minutes of stimulation, and VWEF continues to be released up to 60
minutes after stimulation (Figure 1B). The effect on exocytosis of VEGF was comparable to
that of thrombin.

To confirm that VEGF activates exocytosis, we also determined the effect of VEGF on
externalization of P-selectin which is stored in Weibel-Palade bodies along with VWF.15,17
VEGF induced surface expression of P-selectin on HAECs within 5 minutes, as detected by a
cell surface ELISA (Figure 1C). To demonstrate the specificity by which VEGF induced
Weibel-Palade-body exocytosis, we next examined the effect of recombinant soluble Flt-1
(sFlt-1), 1 of the 3 VEGF receptors, on VWF exocytosis induced by VEGF. Recombinant sFit-1
inhibited VEGF-induced VWF exocytosis in a dose-dependent manner (Figure 1D). Soluble
Flt-1 by itself has no effect on exocytosis (Figure 1E). Furthermore, pretreatment of HAECs
with genistein, a nonspecific inhibitor of tyrosine kinase receptor autophosphorylation and
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activation, strongly blocked VEGF-induced VWF exocytosis (data not shown). These results
suggest that VEGF induces Weibel-Palade—body exocytosis through VEGF receptor signaling.

We expected that VEGF treatment would stimulate HAEC exocytosis of all Weibel-Palade
bodies, exhausting the intracellular supply of VWF. However, VWF continues to be released
by endothelial cells, even 1 hour after treatment. To explore the kinetics of Weibel-Palade—
body exocytosis, we measured the steady-state protein levels of VWF inside endothelial cells
by ELISA. VEGF does not change the intracellular levels of VWF (Figure 2). However, VEGF
treatment does decrease intracellular levels of VWEF if the cells are pretreated with the protein
synthesis inhibitor CHX (Figure 2). These data suggest that during exposure to VEGF,
endothelial cells continually produce Weibel-Palade bodies containing VWEF.

Calcium mediates VEGF-activated Weibel-Palade—body exocytosis

Since calcium can trigger exocytosis, we examined the effects of VEGF on calcium signaling
during Weibel-Palade-body exocytosis. Treatment with the Ca2* ionophore A23187 induced
VWEF exocytosis from HAECs in a dose-dependent manner, confirming that Ca2* can activate
endothelial exocytosis (Figure 3A). To examine whether or not VEGF itself increases
intracellular calcium, we treated HAECs with a calcium-specific fluorescent indicator
fluo-3AM and then measured the intracellular calcium levels. VEGF rapidly increased
intracellular calcium levels in HAECs (Figure 3B). VEGF elevates intracellular calcium levels
for more than 1 minute; in contrast, thrombin elevates intracellular calcium levels transiently
(Figure 3B).

To explore which pools of calcium are mobilized by VEGF and regulate exocytosis, we added
thrombin to HAECs pre-treated with BAPTA to deplete intracellular calcium stores or to
HAECs cultured in Ca2*-free media. Exocytosis in CaCl,-free media is decreased by 68%
(Figure 3C). Exocytosis from cells treated with BAPTA also is decreased by 71%. These results
suggest that both intracellular and extracellular Ca?* mediate VEGF-triggered VWF
exocytosis. Finally, we used pharmacologic approaches to study mechanism by which VEGF
regulates intracellular calcium levels. Inhibition of PLC-y with U73122 inhibited VEGF-
induced exocytosis with an 1Cgq, (inhibitory concentration of 50%) of approximately 90 nM
(Figure 3D). Furthermore, inhibition of PKC with calphostin C also inhibited VWF exocytosis
with an 1Cgqo, of approximately 0.7 nM (Figure 3D). Taken together, these data suggest that
VEGF activates Weibel-Palade—body exocytosis in part by increasing intracellular calcium
levels.

Pretreatment with VEGF inhibits VEGF-induced Weibel-Palade—body exocytosis

Since biologic stimuli often activate a negative feedback loop, we next examined the effect of
VEGF pretreatment on VEGF-induced Weibel-Palade—-body exocytosis. HAECs were
pretreated with VEGF for 2 hours, washed, and then exposed again to VEGF. VEGF
pretreatment of endothelial cells inhibits VEGF activation of Weibel-Palade—-body exocytosis
in a dose-dependent manner by 62% (Figure 4A). VEGF inhibition of exocytosis occurs within
1 hour of treatment and persists 8 hours after VEGF treatment (Figure 4B).

Akt mediates VEGF inhibition of Weibel-Palade—body exocytosis

We hypothesized that the Akt pathway mediates VEGF inhibition of exocytosis. To explore
the role of Akt in VEGF inhibition of exocytosis, we first examined VEGF-induced Akt
phosphorylation. VEGF (50 ng/mL) stimulation of HAECSs for 30 minutes elicited an increase
in phosphorylation of Akt, a marker of Akt activation (Figure 5A). To explore the role of Akt
in VEGF inhibition of exocytosis, we used viral vectors directing the expression of dominant-
negative Akt. HAECs were infected with adenovirusLacZ (AV-LacZ), adenovirus-
constitutively active Akt (AV-CA-Akt), or adenovirus—dominant-negative Akt (AV-DN-Akt);
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HAECs were pretreated with VEGF for 2 hours, and then VEGF was added to trigger
exocytosis. Exocytosis is activated in control cells (Figure 5B). VEGF inhibits exocytosis.
However, overexpression of dominant-negative Akt blocks the ability of VEGF to inhibit
exocytosis (Figure 5B). In contrast, a control adenoviral vector has no effect. Constitutively
active Akt increases the ability of VEGF to block exocytosis. These data suggest that Akt
mediates VEGF activation of exocytosis of endothelial cell granules.

Akt has many downstream targets. We hypothesized that VEGF may activate Akt
phosphorylation of eNOS, as has been shown by others.37-39 VEGF treatment of HAECs
activates phosphorylation of eNOS. Expression of a dominant-negative Akt blocks the ability
of VEGF to stimulate eNOS phosphorylation (Figure 5C). These results suggest that VEGF
pretreatment inhibits exocytosis by triggering Akt to activate eNOS.

VEGF triggers NO synthesis which nitrosylates NSF and inhibits exocytosis

We, therefore, examined the effect of VEGF on eNOS phosphorylation. HAECs were
pretreated with 50 ng/mL VEGF for 30 minutes, and total cell lysates were immunoblotted
with antibody to phospho-eNOS and eNOS. VEGF induced a dose-dependent increase in eNOS
phosphorylation (Figure 6A). VEGF activation of eNOS phosphorylation is dependent on Akt,
because overexpression of dominant-negative Akt blocks VEGF-triggered increases in eNOS
phosphorylation (Figure 5C). VEGF increases NO production in HAEC cultures in a dose-
dependent manner (Figure 6B). Thus, VEGF activates NO production in HAECs.

We then explored the role of endogenous NO in the regulation of VWF exocytosis. We
pretreated HAECs with L-NAME for 16 hours to inhibit endogenous NOS, treated the cells
with VEGF for 2 hours, and then stimulated the cells with 50 ng/mL VEGF for 1 hour and
measured VWF release. VEGF pretreatment blocks exocytosis of VWF (Figure 6C). However,
L-NAME blocks VEGF inhibition of exocytosis. These data show that endogenous NO inhibits
exocytosis.

To confirm the effect of endogenous NO on VWF exocytosis, we next examined the effect of
exogenous NO on VEGF-induced VWF exocytosis. We pretreated HAECs with SNAP for 4
hours, stimulated the cells with VEGF (50 ng/mL) for 1 hour, and then measured the amount
of VWEF released into the media. VEGF induces a rapid release of VWF from HAECs (Figure
6D). However, exogenous NO blocks VEGF-induced exocytosis. In addition, SNAP did not

affect the viability of HAECs at the concentration of which exhibited the inhibitory effect (data
not shown).

We have previously shown that NSF regulates endothelial cell exocytosis of Weibel-Palade
bodies. 31 Nitrosylation of NSF inhibits NSF disassembly activity which is necessary for
exocytosis. Accordingly, we next examined the effect of VEGF-induced NO synthesis on
nitrosylation of NSF. HAECs were stimulated with VEGF, and the amount of nitrosylated NSF
was measured by immunoprecipitation. VEGF increases S-nitrosylation of NSF (Figure 6E).
Thus, endogenous NO nitrosylates NSF.

Thrombin does not trigger NO synthesis and does not inhibit exocytosis

We next compared the effects of pretreatment with VEGF to thrombin. In contrast to VEGF,
pretreatment with thrombin does not inhibit VEGF-triggered exocytosis (Figure 7A). Two lines
of evidence suggest that thrombin does not activate Akt. First, overexpression of dominant-
negative Akt has no effect on thrombin-stimulated cells (Figure 7A). Second, thrombin does
not trigger phosphorylation of Akt; VEGF does (Figure 7B). Furthermore, thrombin
pretreatment does not lead to phosphorylation of eNOS (Figure 7C). Finally, the NOS inhibitor
L-NAME blunts the inhibitory effects of VEGF but has no effect on thrombin pretreatment
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(Figure 7D). Thus, VEGF pretreatment inhibits exocytosis through an Akt and eNOS-
dependent pathway; in contrast thrombin, having no effects on Akt or eNOS, does not inhibit
eXoCytosis.

These results suggest that VEGF has 2 opposing effects on endothelial exocytosis. VEGF not
only activates Weibel-Palade—-body exocytosis but also triggers NO synthesis which inhibits
exocytosis.

Discussion

The major finding of these studies is that VEGF has 2 opposing effects on Weibel-Palade—
body exocytosis from endothelial cells. VEGF not only triggers exocytosis, but VEGF also
modulates exocytosis by distinct pathways.

VEGF activates exocytosis

Endothelial exocytosis of Weibel-Palade bodies leads to the release of VWF and the
translocation of P-selectin.22 Classic activators of endothelial exocytosis include thrombin,
histamine, and adenosine triphosphate (ATP). Our data show that the vascular signaling
molecule VEGF also activates exocytosis. VEGF activates exocytosis by activating distinct
signaling pathways that include elevations in intracellular calcium. Calcium glays a critical
role in the final stages of exocytosis leading to membrane fusion in neurons.28-30 The precise
identity of the calcium sensors regulating exocytosis in endothelial cells is unknown.

Endothelial exocytosis may play a role in a subset of the physiologic effects of VEGF. For
example, VEGF regulates wound repair, and VEGF triggered P-selectin translocation may also
play a role in leukocyte recruitment to sites of tissue injury.l'5 However, it is unclear whether
or not endothelial exocytosis plays a role in the cellular effects of VEGF, such as endothelial
migration, proliferation, differentiation, and survival. Finally, some of the pathophysiologic
effects of VEGF are probably not related to exocytosis, such as angiogenesis or permeability.
However, our findings provide an explanation for how VEGF causes inflammation: VEGF
triggers exocytosis of Weibel-Palade bodies, releasing P-selectin which recruits leukocytes to
the vessel wall, and releasing I1L-8, which activates them.

VEGF activates NO, which blocks exocytosis

VEGF also modulates exocytosis by activating eNOS through a PI-3 kinase/Akt mechanism
previously described.37-40 NO then inhibits Weibel-Palade—body exocytosis triggered by
VEGEF itself or by other agonists. Previously, we have shown that NO inhibits exocytosis by
directly nitrosylating NSF, a key regulator of vesicle trafficking.l&31 The present study shows
that not only exogenous but also endogenous NO inhibits exocytosis. These results suggest
that other agonists that increase eNOS expression or activity will also inhibit endothelial
exocytosis. Furthermore, vascular expression of other NOS isoforms such as the inducible
NOS (iNOS) or the neuronal NOS (nNOS) may also lead to regulation of endothelial
exocytosis.18

Important studies by Kaufmann and Vischer#L corroborate our work, demonstrating that some
agonists activate both exocytosis and NO synthesis. For example, vasopressin and its analog
desmopressin (DDAVP) activates endothelial exocytosis of VWF, mediated in part by cyclic
adenosine monophosphate (cAMP).25 Furthermore, DDAVP also activates eNOS
phosphorylation and NO synthesis from endothelial cells, a process also mediated in part by
cAMP.4 However, it is not yet known whether or not the activation of eNOS by DDAVP
leads to a decrease in endothelial cell exocytosis. Our data comparing thrombin to VEGF
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pretreatment of endothelial cells suggest that some but not all agonists of exocytosis activate
a negative feedback loop that inhibits exocytosis.

VEGF has opposing effects on exocytosis

Paradoxically, VEGF not only activates endothelial exocytosis through 1 set of pathways, but
also inhibits exocytosis through a different set of pathways. Perhaps NO modulates the level
of endothelial exocytosis and inflammation following vascular injury. High levels of active
eNOS may mitigate vascular inflammation by decreasing exocytosis. However, low levels of
eNOS expression or defects in pathways that activate eNOS may permit higher levels of
exocytosis, leading to an increase in vascular inflammation. This extrapolation of our results
may provide a mechanism by which patients with decreased eNOS activity are predisposed to
increased levels of vascular inflammation.43

Acknowledgments

Supported by grants from the National Institutes of Health (NIH) (RO1 HL63706-04, R01 HL074061, P01 HL65608,
P01 HL56091), the American Heart Association (AHA) (EIG 0140210N), the Ciccarone Center, and the John and
Cora H. Davis Foundation (C.J.L.) and by grants from NIH (RR07002 and HL074945) (C.M.).

References

1. Carmeliet P, Jain RK. Angiogenesis in cancer and other diseases. Nature 2000;407:249-257. [PubMed:
11001068]

2. Cross MJ, Claesson-Welsh L. FGF and VEGF function in angiogenesis: signalling pathways, biological
responses and therapeutic inhibition. Trends Pharmacol Sci 2001;22:201-207. [PubMed: 11282421]

3. Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and its receptors. Nat Med 2003;9:669-676.
[PubMed: 12778165]

4. Gale NW, Yancopoulos GD. Growth factors acting via endothelial cell-specific receptor tyrosine
kinases: VEGFs, angiopoietins, and ephrins in vascular development. Genes Dev 1999;13:1055-1066.
[PubMed: 10323857]

5. Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand SJ, Holash J. Vascular-specific growth
factors and blood vessel formation. Nature 2000;407:242-248. [PubMed: 11001067]

6. Petrova TV, Makinen T, Alitalo K. Signaling via vascular endothelial growth factor receptors. Exp
Cell Res 1999;253:117-130. [PubMed: 10579917]

7.Sato Y, Kanno S, Oda N, etal. Properties of two VEGF receptors, Flt-1 and KDR, in signal transduction.
Ann N'Y Acad Sci 2000;902:201-205. [PubMed: 10865839]discussion 205-207

8. Bhushan M, McLaughlin B, Weiss JB, Griffiths CE. Levels of endothelial cell stimulating angiogenesis
factor and vascular endothelial growth factor are elevated in psoriasis. Br J Dermatol 1999;141:1054—
1060. [PubMed: 10606852]

9. Brown LF, Harrist TJ, Yeo KT, et al. Increased expression of vascular permeability factor (vascular
endothelial growth factor) in bullous pemphigoid, dermatitis herpetiformis, and erythema multi-forme.
J Invest Dermatol 1995;104:744-749. [PubMed: 7738351]

10. Nielsen HJ, Christensen 1J, Svendsen MN, et al. Elevated plasma levels of vascular endothelial growth
factor and plasminogen activator inhibitor-1 decrease during improvement of psoriasis. Inflamm Res
2002;51:563-567. [PubMed: 12540021]

11. Oura H, Bertoncini J, Velasco P, Brown LF, Carmeliet P, Detmar M. A critical role of placental
growth factor in the induction of inflammation and edema formation. Blood 2003;101:560-567.
[PubMed: 12393422]

12. Brown LF, Olbricht SM, Berse B, et al. Overexpression of vascular permeability factor (VPF/VEGF)
and its endothelial cell receptors in delayed hypersensitivity skin reactions. J Immunol
1995;154:2801-2807. [PubMed: 7876550]

13. Xia YP, Li B, Hylton D, Detmar M, Yancopoulos GD, Rudge JS. Transgenic delivery of VEGF to
mouse skin leads to an inflammatory condition resembling human psoriasis. Blood 2003;102:161—
168. [PubMed: 12649136]

Blood. Author manuscript; available in PMC 2009 July 3.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Matsushita et al.

14.

15.

16.

17.

18.

Page 9

Detmar M, Brown LF, Schon MP, et al. Increased microvascular density and enhanced leukocyte
rolling and adhesion in the skin of VEGF transgenic mice. J Invest Dermatol 1998;111:1-6. [PubMed:
9665379]

Bonfanti R, Furie BC, Furie B, Wagner DD. PADGEM (GMP140) is a component of Weibel-Palade
bodies of human endothelial cells. Blood 1989;73:1109-1112. [PubMed: 2467701]

Huber D, Cramer EM, Kaufmann JE, et al. Tissue-type plasminogen activator (t-PA) is stored in
Weibel-Palade bodies in human endothelial cells both in vitro and in vivo. Blood 2002;99:3637—
3645. [PubMed: 11986218]

McEver RP, Beckstead JH, Moore KL, Marshall-Carlson L, Bainton DF. GMP-140, a platelet alpha-
granule membrane protein, is also synthesized by vascular endothelial cells and is localized in
Weibel-Palade bodies. J Clin Invest 1989;84:92-99. [PubMed: 2472431]

Qian Z, Gelzer-Bell R, Yang Sx SX, et al. Inducible nitric oxide synthase inhibition of Weibel-Palade
body release in cardiac transplant rejection. Circulation 2001;104:2369-2375. [PubMed: 11696480]

19. Vischer UM, Wagner DD. von Willebrand factor proteolytic processing and multimerization precede

the formation of Weibel-Palade bodies. Blood 1994;83:3536-3544. [PubMed: 8204880]

20. Wagner DD, Olmsted JB, Marder VJ. Immunolocalization of von Willebrand protein in WeibelPalade

21.

22.

23.

24.

25.

26.

217.

28.

29.
30.

31.

32.

33.

34.

35.

bodies of human endothelial cells. J Cell Biol 1982;95:355-360. [PubMed: 6754744]

Wagner DD, Saffaripour S, Bonfanti R, et al. Induction of specific storage organelles by von
Willebrand factor propolypeptide. Cell 1991;64:403-413. [PubMed: 1988154]

Wagner DD. The Weibel-Palade body: the storage granule for von Willebrand factor and P-selectin.
Thromb Haemost 1993;70:105-110. [PubMed: 7694385]

Wolff B, Burns AR, Middleton J, Rot A. Endothelial cell “memory” of inflammatory stimulation:
human venular endothelial cells store interleukin 8 in Weibel-Palade bodies. J Exp Med
1998;188:1757-1762. [PubMed: 9802987]

Utgaard JO, Jahnsen FL, Bakka A, Brandtzaeg P, Haraldsen G. Rapid secretion of prestored
interleukin 8 from Weibel-Palade bodies of microvascular endothelial cells. J Exp Med
1998;188:1751-1756. [PubMed: 9802986]

Kaufmann JE, Oksche A, Wollheim CB, Gunther G, Rosenthal W, Vischer UM. Vasopressin-induced
von Willebrand factor secretion from endothelial cells involves V2 receptors and cAMP. J Clin Invest
2000;106:107-116. [PubMed: 10880054]

Pinsky DJ, Naka Y, Liao H, et al. Hypoxia-induced exocytosis of endothelial cell Weibel-Palade
bodies. A mechanism for rapid neutrophil recruitment after cardiac preservation. J Clin Invest
1996;97:493-500. [PubMed: 8567972]

Sporn LA, Marder VJ, Wagner DD. Inducible secretion of large, biologically potent von Willebrand
factor multimers. Cell 1986;46:185-190. [PubMed: 3087627]

Jahn R, Sudhof TC. Membrane fusion and exocytosis. Annu Rev Biochem 1999;68:863-911.
[PubMed: 10872468]

Jahn R, Lang T, Sudhof TC. Membrane fusion. Cell 2003;112:519-533. [PubMed: 12600315]
Mellman I, Warren G. The road taken: past and future foundations of membrane traffic. Cell
2000;100:99-112. [PubMed: 10647935]

Matsushita K, Morrell CN, Cambien B, et al. Nitric oxide regulates exocytosis by S-nitrosylation of
N-ethylmaleimide-sensitive factor. Cell 2003;115:139-150. [PubMed: 14567912]

Mayadas TN, Johnson RC, Rayburn H, Hynes RO, Wagner DD. Leukocyte rolling and extravasation
are severely compromised in P selectindeficient mice. Cell 1993;74:541-554. [PubMed: 7688665]
Ozaki M, Irani K. Measurement of in vivo oxidative stress regulated by the Racl GTPase. Methods
Enzymol 2004;381:184-191. [PubMed: 15063674]

Deshpande SS, Angkeow P, Huang J, Ozaki M, Irani K. Racl inhibits TNF-alpha-induced endothelial
cell apoptosis: dual regulation by reactive oxygen species. FASEB J 2000;14:1705-1714. [PubMed:
10973919]

Angkeow P, Deshpande SS, Qi B, et al. Redox factor-1: an extra-nuclear role in the regulation of
endothelial oxidative stress and apoptosis. Cell Death Differ 2002;9:717-725. [PubMed: 12058277]

Blood. Author manuscript; available in PMC 2009 July 3.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Matsushita et al.

Page 10

36. Takano M, Meneshian A, Sheikh E, et al. Rapid upregulation of endothelial P-selectin expression via

37.

38.

39.

40.

41.

42.

43.

reactive oxygen species generation. Am J Physiol Heart Circ Physiol 2002;283:H2054-2061.
[PubMed: 12384485]

Dimmeler S, Fleming I, Fisslthaler B, Hermann C, Busse R, Zeiher AM. Activation of nitric oxide
synthase in endothelial cells by Akt-dependent phosphorylation. Nature 1999;399:601-605.
[PubMed: 10376603]

Fulton D, Gratton JP, McCabe TJ, et al. Regulation of endothelium-derived nitric oxide production
by the protein kinase Akt. Nature 1999;399:597-601. [PubMed: 10376602]

Gallis B, Corthals GL, Goodlett DR, et al. Identification of flow-dependent endothelial nitric-oxide
synthase phosphorylation sites by mass spectrometry and regulation of phosphorylation and nitric
oxide production by the phosphatidylinositol 3-kinase inhibitor LY 294002. J Biol Chem
1999;274:30101-30108. [PubMed: 10514497]

Igarashi J, Michel T. Sphingosine 1-phosphate and isoform-specific activation of phosphoinositide
3-kinase beta. Evidence for divergence and convergence of receptor-regulated endothelial nitric-
oxide synthase signaling pathways. J Biol Chem 2001;276:36281-36288. [PubMed: 11470796]

Kaufmann JE, Vischer UM. Cellular mechanisms of the hemostatic effects of desmopressin
(DDAVP). J Thromb Haemost 2003;1:682-689. [PubMed: 12871401]

Kaufmann JE, lezzi M, Vischer UM. Desmopressin (DDAVP) induces NO production in human
endothelial cells via V2 receptor- and cAMP-mediated signaling. J Thromb Haemost 2003;1:821—
828. [PubMed: 12871421]

Russo G, Leopold JA, Loscalzo J. Vasoactive substances: nitric oxide and endothelial dysfunction in
atherosclerosis. Vascul Pharmacol 2002;38:259-269. [PubMed: 12487030]

Blood. Author manuscript; available in PMC 2009 July 3.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Matsushita et al.

Page 11
25 4 = T o2
z s . it
20 " - 8z
g E o Control §; |
Eis =2 & * VEGF 4= 7y
: ; ‘ (& Thrombin 3 § o008y WVEGF
1.0 s 28
> —o— 2 003
oela——= “g
05 0 15 30 45 60 e
0 - Time (min)
0 1 10 50 100
VEGF (ng/mL)
<20 .
-
% 15 ":E’ 0.9
; 1.0 g 0.6
w
508 = 03
0 >
VEGF - + + + + v + 0
[sFR-1] ° 01 1 10 100 200 Control _1 10 100 200
(ng/mL) sFit-1 (mg/mL)

Figure 1. VEGF induces VWF release from human aortic endothelial cells

(A) Dose response. HAECs were treated with VEGF for 1 hour. The amount of VWF released
from cells into the media was measured by an ELISA (n = 3 + SD; *P < .05 versus 0 ng/mL;
**P < .01 versus 0 ng/mL). (B) Time course. HAECs were incubated with 50 ug/mL VEGF
or 1 U/mL thrombin. The amount of VWF released from cells into the media was measured
by an ELISA (n =3 £ SD; error bars too small to be seen; **P < .01 versus control). (C) VEGF
induces P-selectin translocation onto surface of endothelial cells. HAECs were treated with
100 ng/mL VEGF for 5 minutes, and the expression of P-selectin on the cell surface was
measured by a cell surface ELISA. (n = 3 £ SD; **P < .01 versus control). (D) Soluble Flt-1
inhibits VEGF-induced VWEF release from endothelial cells. HAECs were pretreated with
sFIt-1 for 30 minutes, and then incubated with 50 ng/mL VEGF for 1 hour. The amount of
VWEF released from cells into the media was measured by an ELISA (n =3 £ SD; **P < .01
versus 0 ng/mL sFlt-1). (E) Soluble Flt-1 alone has no effect on VWEF release. HAECs were
treated with sFIt-1 for 1 hour. The amount of VWF released from cells into the media was
measured by an ELISA (n =3 = SD).
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Figure 2. Kinetics of VWF expression in VEGF treated cells

(A) Steady-state VEGF protein levels in HAECs. HAECs were treated with 50 ng/mL VEGF
or 10 uM CHX 10 uM for 2 hours. The concentration of VWF in the cells was measured by
an ELISA. (n =3 £ SD; *P < .01 compared with VEGF alone). (B) Immunofluorescence of
VWEF in endothelial cells, low magnification. HAECs were treated with 50 ng/mL VEGF or
10 uM CHX for 2 hours and then stained with anti-VWF antibody and Cy3-conjugated IgG
secondary antibody. Magnitude, x 100. (C) Immunofluorescence of VWF in endothelial cells,
high magnification. HAECs were treated with 50 ng/mL VEGF or 10 uM CHX for 2 hours
and then stained with anti-VWF antibody and Cy3-conjugated IgG secondary antibody.
Magnification, x 400. Cells were imaged at 22°C under a Nikon Fluorescent Eclipse E600
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microscope (Nikon, Tokyo, Japan) equipped with 10 x 10 and 10 x 40 water immersion

objective lenses (Nikon). Images were acquired with a Nikon DXM 1200 digital camera and
analyzed with Spot Epi-fl 3.5.2 software (Diagnostic Instruments, Sterling Heights, Ml).
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Figure 3. Long-term treatment with VEGF inhibits VEGF-induced exocytosis

(A) The calcium ionophore A23187 activates VWF release from endothelial cells. HAECs
were incubated with A23187 for 1 hour. The amount of VWF released from cells into the media
was measured by an ELISA (n =3 £ SD; **P < .01 versus 0 uM). (B) VEGF increases
intracellular calcium levels. HAECs were incubated with the calcium indicator fluo-3AM for
20 minutes. The integrated fluo-3 fluorescence intensity of each cell was measured in real time
after treatment with 50 ng/mL VEGF or 1 U/mL thrombin (n = 3 £ SD). (C) Calcium pools
and VWEF release from endothelial cells. HAECs were pretreated with 20 uM BAPTA/aw for
30 minutes in DMEM or Ca?*-free DMEM and then incubated with 50 ng/mL VEGF for 1
hour. The amount of VWF released from cells into the media was measured by an ELISA (n
=3+ SD; **P <.01 versus media + VEGF). (D) PLC and PKC inhibitors block VEGF-induced
VWEF release from endothelial cells. HAECs were pretreated with the PLC-y inhibitor U73122
for 30 minutes or the PKC inhibitor calphostin C for 30 minutes and then incubated with 50
ng/mL VEGF for 1 hour. The amount of VWF released from cells into the media was measured
by an ELISA (n = 3 £ SD; **P < .01 versus no inhibitor).
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Figure 4. Akt mediates long-term VEGF inhibition of exocytosis

(A) Dose response. HAECs were pretreated with 0, 0.5, 5, and 50 ng/mL VEGF for 2 hours.
Cells were then washed and treated with 50 ng/mL VEGF for 1 hour, and the release of VWF
was measured as above (n =3 £ SD; **P < .01 versus 0 ng/mL VEGF). (B) Time course.
HAECSs were pretreated with 50 ng/mL VEGF for 0, 1, 2, 4, or 8 hours. Cells were then washed
and treated with 50 ng/mL VEGF for 1 hour, and the release of VWF was measured as above
(n =3 xSD; **P < .01 versus 0 hours).

Blood. Author manuscript; available in PMC 2009 July 3.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Matsushita et al.

Page 16

A
VEGF (ng/mL)

0011 10 50

824
ER———— R
43

824

—— g — | 4 Akt

. |

Control  None  DN-Akt LacZ  CA-Akt
Pretreatment with VEGF

o)

VWF (mU/mL)

Cc

Control  AV-LacZ AV-Akt (CA)AV-Akt (DN)

VEGF - + - + - + - +
221-

128- i - . i p-eNOS
82-

221+

128] o — — e —— e ——| 6NOS

82

Figure 5. Long-term treatment with VEGF activates NO synthesis which nitrosylates NSF and
inhibits exocytosis

(A) VEGF increases Akt phosphorylation. HAECs were pretreated with 50 ng/mL VEGF for
30 minutes, and total cell lysates were immunoblotted with antibody to phospho-Akt (top row)
or total Akt (bottom row). (B) Dominant-negative Akt blocks VEGF inhibition of exocytosis.
HAECs were transduced with adenovirus expressing dominant-negative Akt or adenovirus
expressing p-galactosidase at an MOI of 200 for 48 hours, then treated with 50 ng/mL VEGF
for 2 hours. Cells were then washed and treated with VEGF 50 ng/mL for 1 hour, and exocytosis
was measured with an ELISA for VWEF as described for Figure 1 (n =3 £ SD; **P < .01 versus
VEGF + LacZ). (C) Dominant-negative Akt inhibits VEGF-activated phosphorylation of
eNOS. HAECs were transduced with adenoviral vectors expressing Akt(CA), Akt (DN), or
LacZ at an MOI of 200 for 48 hours. Cells were then treated with 50 ng/mL VEGF for 30
minutes, and total cell lysates were immunoblotted with antibody to phospho-eNOS or eNOS.
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Figure 6. Long-term treatment with VEGF activates NO synthesis which nitrosylates NSF and
inhibits exocytosis

(A) VEGEF activates eNOS phosphorylation. HAECs were pretreated with 50 ng/mL VEGF
for 30 minutes, and total cell lysates were immunoblotted with antibody to phospho-eNOS or
eNOS. (B) VEGF activates NO synthesis. HAECs were treated with 50 ng/mL VEGF for 30
minutes, and the NO5 in the supernatant was measured by the Griess reaction (n = 3 + SD;
**P < 01 versus control). (C) Inhibition of endogenous NOS increases VEGF-induced VWF
release. HAECs were pretreated with 1 mM L-NAME for 16 hours, washed, and then incubated
with 50 ng/mL VEGF for 2 hours. Cells were washed and treated with VEGF 50 ng/mL for 1
hour, and the amount of VWF released from cells into the media was measured by an ELISA
(n =3 £ SD; **P < .01 for VEGF versus VEGF + L-NAME). (D) Exogenous NO decreases
VEGF-induced VWEF release from human aortic endothelial cells. HAECs were pretreated with
SNAP for 4 hours, washed, and then incubated with 50 ng/mL VEGF for 1 hour. The amount
of VWF released from cells into the media was measured by an ELISA (n =3 £ SD; **P <.
01 versus 0 uM SNAP). (E) VEGF activates nitrosylation of NSF. HAECs were treated with
50 ng/mL VEGF, and cells were harvested at various times after treatment. Cell lysates were
immunoprecipitated with antibody to nitrosocysteine and immunoblotted with antibody to
NSF.
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Figure 7. Pretreatment with thrombin does not inhibit VEGF-induced exocytosis

(A) Thrombin pretreatment does not block VEGF activation of exocytosis. HAECs were
transduced with adenovirus expressing dominant negative Akt or adenovirus expressing f3-
galactosidase (LacZ) at an MOI of 200 for 48 hours, then treated with 50 ng/mL VEGF for 2
hours. Cells were then washed and treated with thrombin 1 U/mL for 1 hour, and exocytosis
was measured with an ELISA for VWF as above (n = 3 + SD; **P < .01 versus VEGF + LacZ).
(B) VEGF but not thrombin or A23187 increases Akt phosphorylation. HAECs were pretreated
with 50 ng/mL VEGF, 1 U/mL thrombin, or 1 yM A23187 for 30 minutes, and total cell lysates
were immunoblotted with antibody to phospho-Akt (top row) or total Akt (bottom row). (C)
Thrombin does not activate phosphorylation of eNOS. HAECs were transduced with
adenoviral vectors expressing constitutively active Akt [Akt (CA)], dominant-negative Akt
[Akt (DN)], or B-galactosidase (LacZ) at an MOI of 200 for 48 hours. Cells were then treated
with 1 U/mL thrombin for 30 minutes, and total cell lysates were immunoblotted with antibody
to phospho-eNOS or eNOS. (D) VEGF but not thrombin pretreatment decreases VEGF-
induced exocytosis. HAECs were pretreated with 1 mM L-NAME for 16 hours, washed, and
then incubated with 50 ng/mL VEGF or 1 U/mL thrombin for 1 hour. Cells were washed and
treated with VEGF 50 ng/mL for 1 hour, and the amount of VWEF released from cells into the
media was measured by an ELISA (n =3+ SD; **P <.01 for VEGF versus VEGF + L-NAME).
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