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HEMOSTASIS, THROMBOSIS, AND VASCULAR BIOLOGY

Endothelial Cells Undergoing Apoptosis Become Proadhesive
for Nonactivated Platelets

By Thomas Bombeli, Barbara R. Schwartz, and John M. Harlan

Under normal conditions, platelets do not adhere to endothe-
lium. However, when platelets or endothelial cells are stimu-
lated by thrombin or cytokines, respectively, platelets bind
avidly to endothelium. Because there is accumulating evi-
dence that endothelial cells may become apoptotic under
certain proinflammatory or prothrombotic conditions, we
investigated whether endothelial cells undergoing apoptosis
may become proadhesive for nonactivated platelets. Human
umbilical vein endothelial cells (HUVEC) were induced to
undergo apoptosis by staurosporine, a nonspecific protein
kinase inhibitor, or by culture in suspension with serum-
deprivation. After treatment of HUVEC or platelets with
different receptor antagonists, nonactivated, washed human
platelets were allowed to adhere to HUVEC for 20 minutes.
To exclude matrix involvement, platelet binding was mea-
sured in suspension by using flow cytometry. Independent of
the method of apoptosis induction, there was a marked

HUVEC exhibited maximal adhesiveness for platelets after 2
to 4 hours, complete DNA fragmentation of HUVEC occurred
only several hours later. Adhesion assays after blockade of
different platelet receptors showed only involvement of
Bi-integrins. Platelet binding to apoptotic HUVEC was inhib-
ited by more than 70% when platelets were treated with
blocking anti-f; antibodies. Treatment of apoptotic HUVEC
with blocking antibodies to different potential platelet recep-
tors, including known ligands for B;-integrins, did not affect
platelet binding. As assessed by determination of g-thrombo-
globulin and platelet factor 4 in the supernatants, platelets
bound to apoptotic HUVEC became slightly activated. How-
ever, significant expression of platelet P-selectin (CD62P)
was not found. These data provide further evidence that
endothelial cells undergoing apoptosis may contribute to
thrombotic events.

© 1999 by The American Society of Hematology.

increase in platelet binding to apoptotic HUVEC. Although

NPERTURBED endothelial cells provide potent anticoagu- lial cells undergoing apoptosis would become proadhesive for
lant properties, preventing the adhesion of platelets asionactivated platelets and whether platelets would become

well as the initiation of coagulation. However, when exposed toactivated through contact with apoptotic endothelial cells. With
proinflammatory stimuli the endothelium is rapidly transformed a flow cytometry-based binding assay, we show that nonacti-
into a proadhesive and procoagulant surface, promoting formavated platelets bind to apoptotic human umbilical vein endothe-
tion of thrombil2 Several lines of evidence indicate that, under lial cells (HUVEC) to the same extent as thrombin-activated
similar conditions, endothelial cells may also undergo apopto-Platelets bind to normal HUVEC. [The mechanism by which
sis. Vascular cell death has been observed primarily in thd1UVEC apoptosis was induced was not critical, since the extent
environment of hypertension, inflammation, and arteriosclero-0f nonactivated platelet adhesion was similar using either
sis34 Thus, it is suggestive that apoptotic endothelial cells maystaurosporine-treated or suspended and starved HUVEC.] Bind-
contribute to the pathophysiology of thrombosis. In a recent ining was inhibited only by treating platelets with arfii-integrin
vitro study, we have found that endothelial cells undergoing@ntibodies, indicating that platel@t receptors were primarily
apoptosis became highly procoagulant because of the loss ¢gSponsible for adhesion. Tifi-receptor ligands on apoptotic
anticoagulant membrane components and the exposure ¢{UVEC remain undefined, but collagen, fibronectin, and
negatively charged phospholipids, which accelerated activatiofiRGD-dependent ligands are not involved. Platelets bound to
of coagulation factor.In addition, two other reports showed 2POptotic HUVEC became slightly activated as demonstrated

that endothelial cells markedly increased cell surface tissu®Y the release of thromboglobulin and platelet factor 4, but
factor activity on induction of apoptosis. Vascular smooth P-selectin was not expressed significantly. These data provide

muscle cells have similarly been found to promote thrombin
generation during the process of cell defathience, it is
conceivable that, in vivo, an area of vascular cells undergoing
apoptosis may contribute to the initiation of thrombosis.
For years it has been shown that activated platelets readily " <" . ) ! ;
adhere to normal endotheliutiwve have recently elucidated the niversity Hospital of Zurich, Zurich, Switzerland.
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formation of thrombosis3 © 1999 by The American Society of Hematology.
The purpose of this study was to determine whether endothe- 0006-4971/99/9311-0038$3.00/0
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further evidence that endothelial cells undergoing apoptosis31 (P-selectin, CD62P, Ig® (Endogen Inc and Biosource Int, Camar-
may acquire prothrombotic properties. illo, CA, respectively®?% 1.2B6 and H18-7 (E-selectin, CD62E)
(Endogen Inc and Becton Dickinson, San Jose, CA, respecti{ély)
E1-6 and 1G11 (VCAM-1; CD106, Ig& (Becton Dickinson and
MATERIALS AND METHODS Immunotech, respectivelyy:3*°JC70A and M89D3 (PECAM-1, CD31,
Cell culture. HUVEC were obtained by collagenase treatment of 1gG;) (Accurate Chemicals Co, Westbury, NY, and Dr M.R. Zocchi,
umbilical cord veins as previously describ¥dCells were cultured on  Laboratory of Adoptive Immunotherapy, Milan, Italy, respectively); and
gelatin-coated dishes and propagated in RPMI 1640 medium suppleanti-human fibronectin MoAb type 2 from Calbiochem (La Jolla, CA).
mented with 20% bovine calf serum, 90 pg/mL heparin (Sigma All of these MoAbs were used at a final concentration of 30 pg/mL. The
Chemical Co, St Louis, MO), and 50 pg/mL endothelial cell growth anti-human collagen IV MoAb COL-94 (Igf; Sigma) and the anti-
factor prepared from bovine hypothalani@sFor flow cytometry human von Willebrand factor (vWF) rabbit polyclonal antibody (IgG
assays, HUVEC derived from passage two or three were allowed tdraction; Sigma) were used at a final dilution of 1:28@& nonspecific
grow to confluence in 12-well dishes. Before the adhesion assayisotype control was performed with a mouse lg®oAb (Sigma).
HUVEC were washed twice with RPMI medium and incubated with Gly-Arg-Gly-Asp-Ser (GRGDS) and Gly-Arg-Gly-Glu-Ser (GRGES)
receptor antagonists in phenol red—free RPMI medium for 30 minutes apeptides (Peninsula Laboratories, Belmont, CA) and recombinant
37°C. Where indicated, HUVEC were stimulated with 0.5 U/mL human annexin V (provided by Dr J.F. Tait, Department of Laboratory
thrombin (Sigma) for 15 minutes at 37°C. Medicine, University of Washington, Seattle, WA) were used at a final
Apoptosis induction. Apoptosis of HUVEC was induced either by  concentration of 50 ug/mL and 5 pmol/L, respectively.
200 nmol/L staurosporine (Sigma) in growth medium or by culture in  Adherence assay.HUVEC (either adherent or suspended) were
suspension in the absence of heparin, serum, and growth factors. T@ashed twice with RPMI medium and incubated with 600 pL of HEPES
prevent cells from adherence, tissue culture plates were coated with gyffer (same buffer as described above, but with 2 mmol/L ga@id
2% agarose gel. Both methods induce apoptosis in about 50% of thgg 1 of the suspension of stained platelets for 20 minutes at 37°C. The
cells within 6 to 8 hours. final platelet concentration was 1.28 10%mL. When suspended
Platelet preparation. Blood was obtained by venipuncture from \vEC were used, the adhesion assay was performed in a 1.5-mL
healthy adult volunteers according to a protocol approved by the Humarephendorf tube placed on a shaking table to avoid sedimentation.
Subjects Division of the University of Washington, Seattle. The agherent HUVEC were harvested mechanically by vigorous pipetting.
volunteers did not take any drugs for the previous 10 days. Isolation ofsf;q, washing, HUVEC were fixed immediately with 80% ethanol on
platelets was performed as described by Baenziger and Mafehus.  jco for 30 minutes. To differentiate HUVEC from residual unbound
brief, blood was drawn into polypropylene syringes containing one'te”thplatelets, HUVEC were stained with the DNA binding dye, propidium
volqme of 0.11 ”_IOVL sodlum citrate and centrifuged at 1@@0 iodide. The cells were resuspended in 200 pL phosphate-buffered saline
4 minutes to obtain platelet-rich plasma. Platelets were sedimented be 7.4 and 0.1% Triton-X 100 (Sigma) containing 5 pg/mL propidium
centrifugation at 2,009for 10 minutes and washed twice with 10 mL of iodide (Sigma) and 50 ug/mL ribonuclease A (R-6513; Sigma).
HEPES buffer (10 mmol/L HEPES, 0.5 mmol/L MgClL30 mmol/L Subsequently, specimens were analyzed by a FACScan (Becton Dickin-

NaCl, 4 mmol/L KCI, 1 mmoI/L CaGl 5 mmol/L. glucose, pH 7.'4)' To son, Mountain View, CA). At least 10,000 cells that stained positive for
pellet erythrocytes selectively, platelets were resuspended in the same " .~ . :
buffer and centrifuged twice at 18dor 3 minutes. Subseguently, the propidium iodide (FL-2-H) were evaluated. Platelet adhesion to HUVEC

. was expressed by the median fluorescence (FL-1-H) of the entire
content of erythrocytes was less than 1% as calculated with aH . A
hemocytometer. Platelets were stained with 2.5 pmol/L calcein- UVEC population. Based on the distribution of the DNA content
) ' r(FL—2—H), HUVEC were routinely tested for apoptosis (designated A

acetoxymethyl ester (Molecular Probes, Eugene, OR) in the dark for " bel G K) and h tDi te ti .
15 minutes. To avoid platelet activation, all centrifugations were done af ©9'0n below @G, peak) and homotypic aggregate formation (region

room temperature (RT) and in the presence of 1 umol/L prostaglandirﬁ?ovzg/'\élﬁzal_() dOn qverige, Il? ss than SO/IO of th(;ceslls ?Xhlbllteq m.cf)'re
E1 (Alprostadil, Prostin VR Pediatric; Upjohn, Kalamazoo, Ml). After a than 1N ‘|cat|ng t a.ltt ey were clumped. Statistical signifi-
washing step, platelets were adjusted to a final concentrationsof 2 Cance was determined by using Studentest.

10°mL and incubated with receptor antagonists for 30 minutes at RT. Determination of P-selectin expressiorSugpended HUYEC' plate_—
Where indicated, platelets were activated with 0.5 U/mL human lets, or platelet-HUVEC aggregates were incubated with the anti—P-

thrombin for 10 minutes. Thrombin was then inactivated with 2 U/mL S€l€ctin MoAb WAPS12.2 (Ig& Endogen Inc) at a final concentration
hirudin (Sigma) for 10 minutes. of 10 pg/mL for 30 minutes at RT. After washing twice, the secondary
Antibodies and other receptor antagonistsTo block platelet or ~ fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse I9G
HUVEC receptors, the following monoclonal antibodies (MoAbs) were (Caltag Lab, San Francisco, CA) was incubated for 30 minutes (final
used (the corresponding references refer to studies in which the MoAbgilution of 1:200). At least 10,000 cells were then analyzed by a
were found to have blocking functions): PACI®; (ntegrin, CD29, FACScan (Becton Dickinson). Cells treated with FITC-conjugated
IgGy,) (Life Technologies Inc, Gaithersburg, MB)2A11 (B, integrin,  isotype-specific IgG were used as negative controls.
CD29) produced in our laboratory (B.R. Schwartz, unpublished obser- Determination of release of platelet factor 4 agethromboglobulin
vations); P1E6 ¢, CD49b, IgG) (Chemicon International, Inc, from platelets. After incubation of platelets with staurosporine-treated
Temecula, CA%, P1D6 (s, CD49e, ascites fluid) (Life Technologies and washed HUVEC in HEPES-buffer (see above) for 20 minutes at
Inc)!® GoH3 (s, CD49f, IgG,a) (Endogen Inc, Woburn, MAY: 37°C, the supernatants were carefully removed and centrifuged at
LM609 (avyB3integrin, CD51/CD61, Igg (Chemicondt; P2 (GPIlbllla, 2,00@ for 5 minutes to remove residual unbound platelets. Before
CD41a/CD61, 1gG@) (Immunotech Inc, Westbrook, MB3 Sz2 and  centrifugation, a stop solution was added to a final concentration of 5
2E4 (GPllx, CD42b, 1gG) (Immunotech and Dr G.J. Roth, Veterans mmol/L EDTA (Sigma), 1 pmol/L prostaglandin E1 (see above), and 3%
Affairs Medical Center, Seattle, WA, respectively)FA6.152 (GPIV, paraformaldehyde (Sigma) to prevent centrifuge-induced secretion
CD36, 1gG) (Immunotech); R6.5 and 2D5 (ICAM-1, CD54, Igiz  from the residual unbound platelefd-thromboglobulin and platelet
provided by Dr R. Rothlein, Department of Immunologic Diseases, factor 4 were then determined by using enzyme-linked immunosorbent
Boehringer Ingelheim Pharmaceuticals Inc, Ridgefield, CT and Dr D.C.assay (ELISA) kits, according to the manufacturer’s instructions
Altieri, The Boyer Center for Molecular Medicine, Yale University (Asserachrom BTG and Asserachrom PF4, Diagnostica Stago, Asnieres-
School of Medicine, New Haven, CT, respectivél’, WAPS12.2 and  Sur-Seine, France).
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APOPTOTIC ENDOTHELIAL CELLS BIND PLATELETS

RESULTS

Apoptotic HUVEC bind platelets.Because platelets adhere
primarily to matrix proteins, determination of platelet adhesion
to adherent HUVEC may produce spurious results if the<2
monolayer is not completely confluent. This may be a particular 3
problem with apoptotic HUVEC, because endothelial cell death©
is accompanied by retraction and also detachment. To avoid thi
problem, HUVEC were mechanically detached after the bind-
ing assay and platelet binding was determined in suspensio
with flow cytometry. As we have previously shown, this method
allows us to completely exclude involvement of matrix pro-
teins!® Unstimulated live HUVEC did not bind nonactivated
platelets in a significant manner (Fig 1A). However, HUVEC
treated with staurosporine, a nonspecific protein kinase inhibi:
tor, for 8 hours (Fig 1B) or kept in suspension and serum g,
deprived also for 8 hours (Fig 1C) bound nonactivated platelet:§
to the same degree as normal HUVEC incubated with thrombin @
activated platelets (Fig 1D). Within this period of time, both
methods induce cell death in at least 50% of the cells as
demonstrated by the occurrence of apoptosis-associated DN
degradatiort. Platelet adhesion to apoptotic HUVEC was not
further increased when thrombin-activated platelets were use
(data not shown). On stimulation with 0.5 U/mL human
thrombin for 15 minutes, HUVEC also exhibited an increased
fluorescence which, however, was not as high as with apoptoti
HUVEC (Fig 1E). This proadhesive effect of thrombin could
be blocked by treating HUVEC with 2 U/mL hirudin for
15 minutes before adding the platelets (data not shown). Highe g
thrombin concentrations (up to 2 U/mL) did not increase further ©
platelet adhesion (data not shown). These data indicate the
HUVEC undergoing apoptosis may become more proadhesiv:
for platelets than on direct stimulation with a prothrombotic
stimulus.

Time course of platelet binding.To differentiate HUVEC
from residual unbound platelets in flow cytometry, HUVEC
were stained with the DNA-binding dye propidium iodide after
the adhesion assay. This procedure allowed us to also determir
the percentage of HUVEC with a hypodiploid DNA content that @
is characteristic of apoptosis. Thus, it was possible to correlat'S
the time course of the increase in platelet adhesion with th(8
occurrence of apoptotic DNA fragmentation. As shown in Fig 2,
the onset of platelet adhesion did not correlate with DNA
fragmentation, but preceded it by several hours. The maxima
increase in platelet adhesion was observed after 2 to 4 hours t
using either staurosporine or suspension/starvation for apoptc
sis induction, whereas complete DNA fragmentation was ob-
served only after 16 or more hours. These results indicate the
during the course of HUVEC apoptosis important functional

unts

Fig 1. Platelet binding to HUVEC. Nonactivated or thrombin-
activated, washed, and calcein-loaded platelets were allowed to
adhere to normal, apoptotic or thrombin-stimulated HUVEC for 20
minutes. Apoptosis was induced either by staurosporine or by
suspending cells with serum deprivation. Platelet binding was then
determined by flow cytometry to exclude involvement of subendothe-
lial matrix proteins. Binding is expressed as the median fluorescence
(FL-1-H) of the entire HUVEC population. Apoptotic HUVEC bound
nonactivated platelets as effective as normal HUVEC bound thrombin-
activated platelets. A representative experiment of three performed
is shown.

counts

500

250

500

250

Normal HUVEC +
Non-activated platelets

Staurosporine-treated HUVEC + B
Non-activated platelets

500

250

500 —

250

500

250

Suspended, serum-deprived HUVEC + C
Non-activated platelets

Normal HUVEC +
Thrombin-activated platelets D

Thrombin-activated HUVEC +
Non-activated platelets E

50 100
Platelet binding (FL-1-H)

150 200

20z aunr g0 uo 3sanb Aq Jpd'L£8E/STTYSIL/LESE/ L L/EG/IPA-0]01E/POOIGJEU SUOKEDIIqNdYSE//:d)Y WOl papeojUMOQ



3834

250 - 100

200 | - 80

150 | - 60

- 40

100 | —@— Platelet binding to
staurosporine-treated HUVEC
- Piateiet binding to q
suspended HUVEC
—~O~ DNA-fragmentation of 420
staurosperine-treated HUVEC
—{ DNA-fragmentation of
suspended HUVEC

50 +

Median Fluorescence (FL-1-H)
% HUVEC with hypodiploid DNA

0 2 4 6 8 10 12 14 16
time (hours)

Fig2. Time-course of platelet binding to apoptotic HUVEC. Washed
and calcein-loaded nonactivated platelets were allowed to adhere to
HUVEC undergoing apoptosis induced either by staurosporine or by
keeping cells in suspension with serum-deprivation. After the adhe-
sion assay, HUVEC were permeabilized and stained for DNA with
propidium iodide. HUVEC were then assayed by flow cytometry to
determine platelet binding and, simultaneously, apoptosis-induced
DNA fragmentation. Platelet binding is expressed as the median
fluorescence (FL-1-H) of the entire HUVEC population. DNA fragmen-
tation is expressed as percentage of cells with hypodiploid DNA. A
representative experiment of three performed is shown.
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CAM-1) and inducible receptors (VCAM-1, E-selectin, and
P-selectin) did not affect platelet binding (Fig 4). In accordance
with this finding, we found that HUVEC undergoing apoptosis
induced by staurosporine did not show increased expression of
ICAM-1 or induction of expression of E-selectin or VCAM-1
(B.R. Schwartz, unpublished observations). Based on the fact
that platelet B;-integrins mediated adhesion to apoptotic
HUVEC, it was conceivable that HUVEC would expose
particular platelet-binding matrix proteins such as collagen or
fibronectin that promoted binding. However, treatment of
apoptotic HUVEC with blocking antibodies to collagen IV or
fibronectin did not reduce adhesion. Because a previous report
has shown that nonactivated platelet adhesion to virally infected
endothelial cells was mediated by endothelial exposure of von
Willebrand factor (VWF¥? platelet adhesion was also tested after
treatment of apoptotic HUVEC with a blocking polyclonal anti-
VWF antibody. However, platelet binding was not altered, consistent
with the fact that VWF is not a known ligand #Bg-integrins.
HUVEC-bound platelets become slightly activate@he
question of whether platelets would become activated through
the contact with apoptotic HUVEC was also addressed. As
shown in Fig 5, the supernatants of apoptotic HUVEC with
bound platelets contained a significant amounpdahrombo-
globulin and platelet factor 4 as compared with the supernatants
of normal or apoptotic HUVEC alone, nonactivated platelets

changes occur several hours before structural alterations of tH@one, or normal HUVEC incubated with nonactivated platelets.

nucleus are completed.

Platelet receptors. To determine the platelet receptors in-
volved in the binding of nonactivated platelets to apoptotic
HUVEC, platelets were incubated with different blocking
MoAbs for 30 minutes before the adhesion assay. Apoptosis o
HUVEC was induced by treating the cells with staurosporine
for 6 hours. Inhibition of platelet adhesion was observed only
when platelets were treated with the afti-integrin antibodies
P4C10 or 2A11 (Fig 3), both of which inhibited platelet binding
by more than 70%. To clarify further which type of platelet
Bi-integrin (@2B1, asB1, Or agBy) would be involved in the
binding, platelets were treated with blocking moAbs to either
the a,-, as-, Or ag-subunit. However, platelet binding was not
reduced significantly when one of thesubunits was blocked.
Significant inhibition of platelet binding (about 20%) was
observed only when all three anttMoAbs were used in
combination. RGD peptides also were without effect at concen:
trations that inhibit GPllalllb-dependent adhesion of thrombin-
activated platelets to HUVE®. Blockade of other important
receptors for platelet-subendothelium interactions, including
GPlbx, GPIV, and «,Bsintegrin, as well as activation-
dependent receptors, including GPlIbllla and P-selectin, did no
inhibit platelet binding to staurosporine-treated HUVEC. Fur-
thermore, incubation of platelets with annexin V to block

However, the concentration @-thromboglobulin and platelet
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L

negatively charged phospholipids did not affect platelet adher- Fig 3. Platelet adhesion to apoptotic HUVEC after blockade of
ence platelet receptors. Nonactivated platelets treated with different recep-

HUVEC To d . tor antagonists were allowed to adhere to a HUVEC monolayer
receptors. To determine a counter receptor on treated with staurosporine for 6 hours. Platelet binding was deter-

apoptotic HUVEC, cells were treated with a variety of blocking mined by flow cytometry as described above. The following concen-
MoAbs to different adhesion receptors known to be importanttrations were used: 5 pmol/L annexin V, 50 pg/mL RGE and RGD

for the binding of leukocytes or activated platelets. However,Peptides, 30 pg/mL MoAb, and a dilution of 1:250 for polyclonal

S antibodies. Results are expressed as the mean + SD of the median
none of the tested MoAbs was found to inhibit adherencefluorescence (FL-1-H) of at least three experiments. *P < .01 by

significantly. Blockade of both constitutively expressed recep-siudent's t-test, compared with adhesion of nonactivated platelets

tors (,Bs-integrin, Bi-integrin, GPIllx, ICAM-1, and PE-  treated with the isotype-specific control MoAb.

20z aunr g0 uo 3sanb Aq Jpd'L£8E/STTYSIL/LESE/ L L/EG/IPA-0]01E/POOIGJEU SUOKEDIIqNdYSE//:d)Y WOl papeojUMOQ



APOPTOTIC ENDOTHELIAL CELLS BIND PLATELETS

control (live HUVEC) — l—!

no treatment

annexin V

RGE

RGD

migG

anti-collagen IV (coll-94) —j
anti-vWF (polycl.) —]
anti-TSP (5G11)
anti-ovp3 (LM609) |

anti-B1-integrin (Péil?;
. (822)
anit-GPlba (2E4)
. (JC70A)
anti-PECAM-1 (M88D3)

anti-E-selectin ((L%BB(;;

anti-P-selectin (WAPS 1((233

(R6.5)

anti-ICAM-1 (2D5)

, E16)

i-VCAM-
anti-VC, (1611)

s | s | ' | ' 1 L

0 50 100 150 200 250

Median Fluorescence (FL-1)

Fig 4. Platelet adhesion to apoptotic HUVEC after blockade of
HUVEC receptors. Nonactivated platelets were allowed to adhere to
HUVEC treated with staurosporine for 6 hours. Before the adhesion
assay, HUVEC were treated with different receptor antagonists.
Platelet binding was determined by flow cytometry as described
above. The following concentrations were used: 5 pmol/L annexin V,
50 pg/mL RGE and RGD peptides, 30 pg/mL MoAb, and a dilution of
1:250 for polyclonal antibodies. Results are expressed as the mean =
SD of the median fluorescence (FL-1-H) of at least two experiments.

factor 4 was almost three times higher when HUVEC were
incubated with thrombin-activated platelets.

Likewise, normal or apoptotic HUVEC alone, nonactivated
platelets alone, or normal HUVEC incubated with nonactivated
platelets did not express P-selectin, as determined by flov
cytometry (Fig 6A-C). Complexes between nonactivated plate-

DISCUSSION
Whereas endothelium normally controls platelet reactivity,

3835

further characterized the adhesion of activated platelets to
endothelial cells, showing that it is mediated by adhesive
proteins involving platelet GPlIbllla and different endothelial
cell counter receptor®.Furthermore, platelet-endothelial inter-
actions may also occur when the endothelium, but not the
platelets, are activated. Two recent in vivo studies have showed
that nonactivated platelets roll on the endothelium when it is
activated with proinflammatory stimulf.12 Stimulation of the
endothelium by laser light has similarly been shown to induce
adhesion of nonactivated platelétsThis report shows that
during the process of apoptotic cell death, endothelial cells also
become proadhesive for nonactivated platelets.

Independent of the method of apoptosis induction, both
adherent HUVEC and HUVEC kept in suspension dramatically
increased adhesion of nonactivated platelets. Interestingly, the
amount of binding was similar to that of normal HUVEC
incubated with thrombin-activated platelets. Because we have
previously shown that activated platelets bound to normal
HUVEC in the entire circumferencé,it is conceivable that
apoptotic HUVEC may be covered with platelets to a similar
extent. This hypothesis is supported by the fact that incubation
of apoptotic HUVEC with thrombin-activated platelets did not
further increase the fluorescence.

As shown in Fig 2, the acquisition of an adhesive phenotype
during the process of apoptosis preceded DNA fragmentation
by several hours. This is not a surprising finding, as it is well

Platelet Factor 4

0 10 20 30 40 50 €0 70O B8O 90 100

Non-activated Platelets
Activated Platelets
Normal HUVEC

Apoptotic HUVEC

Normal HUVEC
lets and apoptotic HUVEC as well as residual unbound platelet N™-2ctvated Platelets
derived from the supernatant of apoptotic HUVEC were not
found to express P-selectin in any significant manner (Fig 6B
and C). Only when preactivated with thrombin, platelets or
platelet-HUVEC complexes exhibited increased expression o
P-selectin (Fig 6B and C). These data indicate that platelets d
indeed become slightly activated on binding to apoptotic
HUVEC. This is evidenced by release of a small quantity of
activation markers, although expression of P-selectin is no
significant.

Normal HUVEC
+ Activated Platelets

Apoptotic HUVEC
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Fig5. Release of activation markers of HUVEC-bound platelets. To
determine whether platelets were activated through the contact with
apoptotic HUVEC, the supernatants were assayed for the presence of
platelet-specific activation markers. After incubation of the platelets

recent in vitro and in vivo studies have showed that, undefwith HUVEC for 20 minutes, the supernatants were tested for

certain conditions, endothelial cells may develop properties thag-thromboglobulin and platelet factor 4 using an ELISA assay.

render them adhesive for platelets. Once activated, platelets arf‘%?%p;%'s O;QHUKEC was '”duczd b{/dfreatme”t ‘é"ghfsflllfostp:’k:'”e
. . +

well known to rapidly adhere to both microvascular and 'O > OUTS: RESUILs are expressed as the mean ot at feast three

) X . experiments. *P < .01 by Student’s t-test, compared with the release

macrovascular endothelial cells, recruit additional platelets, an@s activation markers by nonactivated platelets incubated with

eventually form increasing larger aggregaté®33Recently, we  normal HUVEC.
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the thrombospondin receptor CD36 (GPIV) did not inhibit
binding to apoptotic HUVEC. As well, platelet adhesion was
not reduced by treatment with an antithrombospondin MoAb.
However, when platelets were treated with gitiMoAbs,
HUVEC binding to apoptotic HUVEC was inhibited by more than 70%.
The fact that only the combination of all three aatMoAbs
but not any one anti-MoAb alone revealed a blocking effect
suggests that all three-subunits might recognize a ligand(s) on
E—‘ apoptotic HUVEC. It is important to note that the apt-
MoAbs blocked platelet binding more effectively than the
combination of the three anti-MoAbs. Importantly, all three
anti-a—MoAbs (P1E6, P1D6, and GoH3) have been found to

counts

1 Normal HUVEC
2 Apopiotic HUVEC

counts

Platelets
o 1 Non-activated piatelets block platelet adhesion to matrix proteitf£® However, be-
2 Activated piatelets

3 Unbound platelets from normal HUVEC
4 Unbound platelets from apoptotic HUVEC

cause treatment of HUVEC with blocking MoAbs to fibronectin
or collagen IV or addition of RGD peptides did not reduce
platelet binding, it is not likely that matrix ligands were
involved. Based on the lack of evidence in the literature, we
believe that anothew-subunit is involved® Furthermore,
studies in our laboratory have shown that adhesion of leuko-
cytes to endothelial cells undergoing apoptosis is similarly
mediated by multipl;-integrins (B.R. Schwartz, A. Karsan, T.
Bombeli, J.M. Harlan, submitted). Possibly, platelet binding to
the apoptotic ligand(s) on HUVEC uses regions of éhsub-
units different from those used for known ligands.
Unfortunately, our attempts failed to determine the ligand(s)

counts

HUVEC with bound Platelets

1 Mormal HUVEC + non-activated platelets

2 Mormal HUVEC + activated platelets

3 Apoptotic HUVEC + non-actvated platelets
4 Apoptotic HUVEC + activated platelats

50 100 150 200
Fluorescence (FL-1-H)

Fig 6. Expression of P-selectin of platelets and HUVEC. To deter-
mine the degree of platelet activation through the contact with
apoptotic HUVEC, platelets were tested for the expression of
P-selectin. After incubation of the platelets with HUVEC for 20
minutes, the cells (whether adherent or unbound) were stained
separately with anti-P-selectin MoAb (WAPS 12.2) followed by an
FITC-conjugated anti-mouse MoAb. Cells were then assayed by flow
cytometry to determine P-selectin expression. As controls, nonacti-
vated and activated platelets and HUVEC were also measured
separately. A representative experiment of three performed is shown.

on apoptotic HUVEC to which nonactivated platelets bind.
Blockade of the HUVEC receptors ICAM-&, Bs-integrin, and
GPlhx, which we have previously found to mediate binding of
thrombin-activated platelet8,did not reduce platelet binding.

In addition, we did not find any evidence for the involvement of
endothelial VWF or PECAM-1, which have been suggested to
be responsible for the binding of nonactivated platelets to
endothelial cells stimulated with cytokines or laser ligift?

Recent in vivo studies have shown that nonactivated platelets

i i i i 2,41
known that the translocation of negatively-charged phospholip-_rOII on postischemic or inflamed endothelid##2*' These

ids to the external leaflet of the cell membrane is an early evenptzractlolns were Lound to Ee dependent on endothelllal Pl-selﬁctln
in apoptosi$:3* Furthermore, we have previously shown that and E-selectin, whereas the counter receptors on platelets have,

apoptosis-induced changes of the HUVEC surface membrang® far, .not been characterlged. In.our studlles, treatmen'F of
occurred well before detectable alterations of the nudeus.2Poptotic HUVEC with blocking anti—P-selectin or E-selectin
Hence, the rapid binding of platelets to apoptotic HUVEC may MOAPS did not reduce nonactivated platelet binding. When
reflect early structural modifications of the cell membrane suchFompared with leukocyte-endothelial interactions, these find-
as the expression of new, presynthesized molecules or the loddds aré not surprising because rolling is known to involve
of constitutively expressed, platelet-repellent components. Ifffifferent receptors than firm adhesit#iherefore, we expected
particular, treatment of valvular endothelial cells with hepari- Other endothelial adhesion receptors to be involved, possibly
nase or neuraminidase has been found to render the celCAM-1 (binds By-integrins) and ICAM-1. Both receptors
proadhesive for nonactivated platelets, suggesting that the lodiave recently been suggested to be responsible for the hyperad-
of membrane sialyl residues and heparan sulfate may induce Besiveness of apoptotic HUVEC for monocytic céfsdow-
prothrombotic phenotype in endothelial céfs. ever, blockade of these receptors did not affect platelet adhesion
So far, several receptors have been shown to be involved i@ apoptotic HUVEC. Moreover, we did not find any evidence
the interaction of live and apoptotic cells. Macrophages andhat VCAM-1 and ICAM-1 became significantly upregulated on
other phagocytic cells recognize and bind apoptotic cellsinduction of apoptosis (B.R. Schwartz, unpublished observa-
primarily via o,Bz-integrin or the CD36 receptor. Binding is tions). It has further been demonstrated that binding and
mediated by thrombospondin, which is secreted by the macrophagocytosis of apoptotic cells can be mediated by phosphatidyl-
phages, forming a bridge to a so far unidentified counterserine, which is rapidly upregulated on induction of apopto-
receptor® Binding of apoptotic cells by phagocytes has also sis#*#°>However, treatment of apoptotic HUVEC with saturat-
been found to involve CD14 and the fibronectin receptoring concentrations of the phosphatidylserine-binding protein
asBq-integrin, which is thought to be regulated hy,Bs- annexin V did not reduce platelet adhesion. These findings
integrin37-38In our studies, blockade of platele{fs-integrin or  indicate that nonactivated platelet adhesion to HUVEC undergo-
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ing apoptosis involves a, so far, unidentified endothelial cellinduced adherence of platelets to cultured cells from the blood vessel
ligand(s) recognized by multiplg;-integrins. wall. J Clin Invest 62:847, 1978 _ .

When bound to subendothelial matrix proteins, platelets 10- Bombeli T, Schwartz BR, Harlan JM: Adhesion of activated
become readily activated as characterized by the shape chan ,ée'_ets to iﬂdt_)thellaldcells. lelden;:e ford ihGl'Plll?gl,ill-\;jge;dem
the release reaction, and the activation of adhesion receptorg@9'"d mZCGla:rl‘t')staE” r’:/?"jl;‘;?;zgorlgggo elia B
Thus, it seemed important to evaluate whether binding ofntegrin. an a - =xp Ve e

. . L . 11. Frenette PS, Johnson RC, Hynes RO, Wagner DD: Platelets roll
platelets to apoptotic endothelial cells would similarly induce

L fthe platel d he i f b on stimulated endotheliuin vivo: An interaction mediated by endothe-
activation of the platelets. Based on the increasg-0frombo-  jiq) p_selectin. Proc Natl Acad Sci USA 92:7450, 1995

globulin and platelet factor 4 in the supernatant of apoptotic 15 Frenette PS, Moyna Caitlin, Hartwell DW, Lowe JB, Hynes RO,

HUVEC with bound platelets, it is evident that platelets becomeyagner DD: Platelet-endothelial interactions in inflamed mesenteric

activated. However, apoptotic HUVEC seem to be a relativelyyenules. Blood 91:1318, 1998

weak agonist, because the bound platelets did not significantly 13. Rosenblum WiI: Platelet adhesion and aggregation without

express P-selectin. This slight activation may be explained byendothelial denudation or exposure of basal lamina and/or collagen. J

the observation that only one type of platelet receptorsvasc Res 34:409, 1997

(Bs-integrins) is involved and that the ligand(s) on HUVEC is  14. Jaffe EA, Nachman RL, Becker CG, Minick CR. Culture of

probably not a matrix protein. Platelet binding to matrix human endothelial cells derived from umbilical veins. J Clin Invest

proteins and subsequent activation involves several receﬁtors.52:2745' 1973

Hence, apoptotic HUVEC appear to bind nonactivated platelets 15. M?C'ag T, Cerundolo J, ”SIey_ S, Kelley PR, Forand_ .R: An

as effectively as the subendothelium. However, after binding o}gndothe!lal cell growt.h fa}ctorfrom bovine hypthaIamus.: Identification
. . » . and partial characterization. Proc Natl Acad Sci USA 76:5674, 1979

a single layer, the recruitment of additional platelets into the

Vi h b Id likelv be | frocti d 16. Baenziger NL, Majerus PW: Isolation of human platelets and
evolving thrombus would likely be less effective, as compare platelet surface membranes. Methods Enzymol 31:149, 1974

with subendothelial matrix proteins. Based on our previous 17 carter WC, Wayner EA, Bouchard TG, Kaur P: The role of
findings that apoptotic endothelial cells also become highlyintegrins alpha 2 beta 1 and alpha 3 beta 1 in cell cell and cell substrate
procoagulang, it is tempting to speculate that endothelium adhesion of human epidermal cells. J Cell Biol 110:1387, 1990

undergoing apoptosis may support thrombotic events. 18. Keeley PJ, Parise LV: The alpha2betal integrin is a necessary
co-receptor for collagen-induced activation of Syk and the subsequent
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