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Abstract

 

Platelets, activated by various agonists, produce microparti-
cles (MP) from the plasma membrane, which are released
into the extracellular space. Although the mechanism of MP
formation has been clarified, their biological importance re-
mains ill defined. We have recently shown that platelet-
derived MP influence platelet and endothelial cell function.
In this study, we have further examined the mechanism of
cellular activation by platelet MP. To address the possibility
that they may influence monocyte–endothelial interactions,
we used an in vitro assay to examine their effects on the ad-
hesion of monocytes to human umbilical vein endothelial
cells (HUVEC). Platelet MP increased the adhesion of
monocytes to HUVEC in a time- and dose-dependent man-
ner. Maximal adhesion of monocytes to resting HUVEC
was observed after 24 h of stimulation with MP. Similar ki-
netics were observed with U-937 (human promonocytic leu-
kemia) cells, used as a model for the blood-borne monocyte.
Maximal adhesion of resting monocytes to MP-stimulated
HUVEC was observed after 5 h of stimulation with MP. The
EC

 

50

 

s for MP-induced increases in HUVEC, monocyte, and
U-937 cell adhesion is 8.74, 43.41, and 10.83 

 

m

 

g/ml of MP
protein, respectively. The induction of monocyte–endothe-
lial adhesion was mimicked by arachidonic acid isolated
from MP. The observed increased cellular adhesiveness cor-
related with MP-induced upregulation of cell adhesion mol-
ecules. MP-stimulated HUVEC increased intracellular cell
adhesion molecule–1 (ICAM-1) but not vascular cell adhe-
sion molecule–1 (VCAM-1), P-, or E-selectin expression.
Monocyte and U-937 lymphocyte function–associated anti-
gen-1 (CD11a/CD18) and macrophage antigen-1 (CD11b/
CD18, 

 

a

 

m

 

/

 

b

 

2

 

) were both upregulated upon MP stimulation,
but an increase in p150,95 (CD11c/CD18), very late anti-
gen-1, or ICAM-1 expression was not observed. The func-
tional importance of these changes was demonstrated with
blocking antibodies. MP also induced the chemotaxis of
U-937 cells in a dose-dependent manner with an EC

 

50

 

 of
4.40 

 

m

 

g/ml of MP protein. Similarly, arachidonic acid iso-
lated from MP mimicked the chemotactic response. A role

for PKC was implicated in both adhesion and chemotaxis. GF
109203X, a specific inhibitor of PKC, significantly reduced
monocyte–endothelial adhesion, as well as U-937 chemo-
taxis. The demonstration that platelet MP may modulate
important aspects of endothelial and monocyte function
provides a novel mechanism by which platelets may interact
with such cells in human atherosclerosis and inflammation.
(

 

J. Clin. Invest.

 

 1998. 102:136–144.) Key words: arachidonic
acid
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Introduction

 

Cellular activation by physiological agonists may result in
membrane vesiculation, followed by shedding of blebs or mi-
croparticles (MP

 

1

 

; 1–3). Such MP may contain proteins and lip-
ids that subserve mediator functions in the context of the intact
cell (4, 5). For example, platelet-derived MP contain pro- and
anticoagulant proteins (6). Both platelet and endothelial cell
MP also contain bioactive lipids (7, 8); indeed, we have re-
cently shown that platelet MP arachidonic acid (AA) can both
activate adjacent platelets by donation of substrate for throm-
boxane A

 

2

 

 formation and induce endothelial prostacyclin for-
mation via upregulation of cyclooxygenase-2 (9). The possibil-
ity that platelet-derived MP might modulate the likelihood of
thrombosis led us to address the possibility that they might
also influence other aspects of cellular interactions with the
vessel wall.

The precise role of platelet activation in vascular prolifera-
tive disorders is unclear (10, 11). Intense platelet activation ac-
companies the vascular injury attendant to coronary angio-
plasty. However, despite the release of growth factors by
activated platelets in vitro (12), it is unclear whether they play
an important causative role in the proliferative process that re-
sults in coronary restenosis (13). For example, clinical trials of
aspirin and other platelet inhibitors (14–16) have failed to in-
fluence this process. However, an animal model of acute vas-
cular injury and platelet activation is complicated by a chronic
vascular proliferative lesion, which is ameliorated by more po-
tent inhibitors of platelet glycoprotein IIb/IIIa (GpIIb/IIIa;
17). There has also been some suggestion of an effect of
GpIIb/IIIa inhibitors on restenosis after coronary angioplasty
in humans (18). This possibility is presently being addressed
more formally.

The importance of platelet activation in atherogenesis is, if
anything, even more speculative. Whereas the release of plate-
let-derived growth factor from activated platelets was pro-
posed to play a central role in the original “vascular injury” hy-
pothesis of atherogenesis (10, 19), the lack of experimental
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evidence in support of this concept prompted a revised view of
the importance of platelet activation (20). More recently, at-
tention has centered on the monocyte–macrophage. Currently,
it is thought that circulating monocytes are recruited to adhere
to dysfunctional, but intact, endothelial cells at an early stage
in the process of atherogenesis. After their adherence, mono-
cytes migrate across the endothelium and transform to mac-
rophages. These cells ingest oxidized lipoprotein, ultimately
forming foam cells, a characteristic feature of atherosclerotic
plaques (21, 22). Although platelets may not contribute di-
rectly to plaque formation, platelet activation is a feature of
atherosclerotic vascular disease in humans. This is true in the
setting of acute plaque rupture (23), where platelet activation
is central to the likelihood of acute vascular occlusion, but also
in patients with more stable, but severe disease (24). Given
that platelet MP have been reported to circulate in human syn-
dromes of platelet activation and inflammation (25, 26) and
that flow dynamics predict their accumulation at sites of devel-
oping atherosclerosis (27), we speculated that they might rep-
resent a mechanism by which platelets modulate monocyte–
endothelial interactions.

We now report that platelet-derived MP increase the adhe-
sive interactions between endothelial cells and both monocytes
and monocytoid cells. MP-induced adhesiveness occurs via up-
regulation of monocyte and U-937 CD11a and CD11b and en-
dothelial cell intracellular adhesion molecule–1 (ICAM-1).
Furthermore, platelet MP increase U-937 cell chemotaxis and
induce upregulation of CD14, a marker of their differentiation
(28). Interestingly, these effects, similar to MP-induced plate-
let activation and endothelial cell cyclooxygenase-2 expres-
sion, are attributable to MP AA acting via a protein kinase C
(PKC) sensitive pathway.

These data suggest that concentrated delivery of bioactive
lipids in MP may not only influence thrombosis, but also mod-
ulate multicellular interactions of relevance to the early stages
of atherogenesis.

 

Methods

 

Reagents.

 

Indomethacin, cycloheximide, actinomycin D, and Rose
Bengal were purchased from Sigma Chemical Co. (St. Louis, MO).
GF 109203X (bisindoylmaleimide) and H-89(

 

N

 

-[2-(p-bromocin-
namylamino) ethyl]-5-isoquinolinesulfinamide) were purchased
from Calbiochem (La Jolla, CA). A number of antibodies were gen-
erously provided for these studies. These included a mAb directed
against the common 

 

b

 

-chain (CD18, IB4, murine, purified IgG) from
D. Altieri (Yale University, New Haven, CT), and anti–ICAM-1
(RR1/1.1.1) from R. Rothlein (Boehringer Ingelheim, Ridgefield,
CT), both of which had a blocking function. L. Languino (Yale Uni-
versity, New Haven, CT) kindly donated TS2/16 directed against 

 

b

 

1

 

integrins, which was used for FACScan

 

®

 

 analysis. Anti-CD11a, -CD11b,
and -CD11c were purchased from Immunotech (Westbrook, ME).
Anti-CD14, -CD62E, -CD62P, -CD54, and -CD106 were purchased
from PharMingen Corp. (San Diego, CA). All of these antibodies
were used for FACScan

 

®

 

 analysis. Anti-CD11a, -CD11b, -CD14, and
-

 

b

 

3

 

, all with a blocking function, were purchased from Becton Dickin-
son (Franklin Lakes, NJ). FITC-conjugated F(ab

 

9

 

)2 fragments of
goat anti–mouse and goat anti–rat IgG were purchased from Cappel
Laboratories (West Chester, PA). U-937 cells were purchased from
the American Type Culture Collection (Rockville, MD).

 

Isolation of platelets, preparation of platelet MP, and their identifi-
cation.

 

Platelets were harvested as described previously (29). The
volunteers had not taken any medication for at least 14 d. Briefly,
blood was collected into a plastic syringe containing 3.8% buffered

sodium citrate as anticoagulant (ratio 1:9). Platelet-rich plasma
(PRP) was prepared by centrifugation at 130 

 

g

 

 for 15 min, and plate-
let-poor plasma by centrifugation of PRP at 900 

 

g.

 

 Washed platelets
were isolated from PRP after centrifugation and resuspended in cal-
cium- and magnesium free Hepes buffer (pH 7.4). The platelet num-
ber was always adjusted to 3 

 

3

 

 10

 

8

 

/ml. Platelet aggregation was stud-
ied at 37

 

8

 

C using washed platelets in a PAP-4 model aggregometer
(BIO-DATA Corporation, Hatboro, PA) in siliconized cuvettes with
continuous stirring.

Platelet MP were isolated after platelet aggregation and charac-
terized using a flow cytometer (Coulter Corporation, Hialeah, FL)
(9). Each platelet MP preparation was assayed for endotoxin contam-
ination using the Limulus amebocyte lysate assay: final endotoxin
contamination was always 

 

,

 

 0.02 U/mg protein. Experiments were
performed with platelet MP that were preincubated with polymixin B
(50 

 

m

 

g/ml) for 1 h to further exclude any possible contamination.

 

Isolation of arachidonic acid from MP.

 

AA isolation was per-
formed as previously described (9). Briefly, lipids were extracted ac-
cording to a modified version of the method of Bligh and Dyer (30)
and separated as previously described (9). The free fatty acid fraction
was purified by NH

 

2

 

 column chromatography (International Sorbent
Technology, Glamorgan, UK) followed by TLC. The band with the
same 

 

R

 

f

 

 as standard arachidonic acid was extracted from the TLC
plate and purified by reverse phase high performance liquid chroma-
tography. Identification of AA was confirmed by negative ion chemi-
cal ionization mass spectrometry, as previously described (9).

 

Cell culture.

 

Human umbilical vein endothelial cells (HUVEC)
were prepared according to the method of Jaffe et al. (31). They
were maintained in medium 199 (Boehringer Mannheim, India-
napolis, IN), containing 10% heat-inactivated fetal calf serum, 2 mM

 

L

 

-glutamine, 100 

 

m

 

g/ml streptomycin, and 100 U of penicillin, 10 

 

m

 

g/
ml heparin, and 50 

 

m

 

g/ml endothelial growth supplement. HUVEC
were selected for experimental use at passage level 1. Passage cells
were subcultured into 96-well plates (10

 

3

 

 cells/well) and were allowed
to grow for 48 h to reach subconfluence before stimulation. The sub-
confluent state, however, is not critical.

U-937 cells, were cultured in RPMI 1640 medium supplemented
with 10% heat-inactivated fetal calf serum, 2 mM 

 

L

 

-glutamine, 100

 

m

 

g/ml streptomycin, and 100 U of penicillin. U-937 cells were main-
tained in log phase and cell number was maintained at 10

 

6

 

 cells/ml.
Monocytes were obtained from fresh peripheral blood of healthy

volunteers, who did not take any medication during the previous 2 wk.
Blood was subject to Ficoll-Hypaque (Pharmacia Fine Chemicals,
NJ) density gradient centrifugation as described by Boyum (32). The
mononuclear cell layer was recovered and washed with Hanks’ bal-
anced salt solution. The cells were resuspended in RPMI 1640 me-
dium containing 10% heat-inactivated fetal calf serum and EDTA for
15 min at 37

 

8

 

C to remove platelets specifically adherent to the mono-
cytes. They were washed twice in Hanks’ balanced salt solution and
resuspended at 10

 

6

 

/ml in RPMI 1640 medium supplemented with 2 mM

 

L

 

-glutamine, 100 

 

m

 

g/ml streptomycin, and 100 U of penicillin. More
than 95% of the cells were estimated to be viable, based on trypan
blue dye exclusion. The cells were plated in 6-well multiwell plates
and maintained at 37

 

8

 

C. The nonadherent cells were removed by
washing the plates twice with Dulbecco’s phosphate–buffered saline
after 2 h of incubation, and the adherent cells were maintained in
RPMI 1640 medium supplemented with 5% heat-inactivated fetal
calf serum, 2 mM 

 

L

 

-glutamine, 100 

 

m

 

g/ml streptomycin, and 100 U of
penicillin. The resultant harvested adherent cells routinely contained

 

.

 

 93% monocytes, as determined by morphology and staining for
nonspecific esterase (33).

 

Cell stimulation and adherence.

 

To investigate the effects of MP
on HUVEC, monocyte, or U-937 adhesion, cells were stimulated with
increasing concentrations of platelet MP protein or MP AA for 5 h.
Indomethacin (20 

 

m

 

M) was always present in the medium to prevent
AA metabolite formation. After 5 h of stimulation, medium was re-
moved from the HUVEC, the plate washed three times with PBS/
EDTA to remove any adherent MP or excess AA, and examined mi-
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croscopically to ensure complete removal of MP. Blood monocytes
and U-937 cells were pelleted after stimulation by centrifugation at
1,200 rpm for 5 min, and later washed three times with PBS/EDTA.
HUVEC, monocytes, or U-937 cells were incubated for 1, 5, or 24 h
with MP to characterize the time dependence of cell adhesion. Cells
were washed as described in the experiments to explore the dose de-
pendence of MP-induced effects. Monocytes or U-937 cells (10

 

5

 

) were
added to subconfluent HUVEC and allowed to adhere at 37

 

8

 

C for 1 h
in a 5% CO

 

2

 

/95% air incubator. Microscopic examination confirmed
that cells were attached individually and not by self-aggregation. GF
109203X (5 

 

m

 

M), H89 dihydrochloride (10 

 

m

 

M), and cycloheximide
(5 

 

m

 

g/ml) were preincubated with either HUVEC, U-937 cells, or
monocytes for 45 min before MP and Actinomycin D (12 

 

m

 

M) were
coincubated with MP.

 

Measurement of adherent cells.

 

A sensitive ELISA method based
on the cellular uptake of Rose-Bengal stain was used to measure the
increase in adherence interactions after MP stimulation (34). Briefly,
bound monocytes or U-937 cells on HUVEC were treated with
0.25% Rose-Bengal in PBS (100 

 

m

 

l/well) for 10 min at room tempera-
ture after adhesion. The stain was removed by aspiration and wells
were washed with PBS and 10% heat-inactivated fetal calf serum.
Cells were treated with a solution of ethanol and PBS for 30 min to
release the stain. Optical density at 570 nm for each well was deter-
mined by using an ELISA reader (Dynatech Microplate MR600; Dy-
natech, Alexandria, VA).

 

Effect of blocking antibodies.

 

To examine the effects of blocking
antibodies against surface antigens, U-937 cells were pretreated for 1 h
at 4

 

8

 

C with anti-CD18, (10 

 

m

 

g/ml), anti-CD14, anti-CD11a, and anti-
CD11b (5 

 

m

 

g/ml). HUVEC were treated with anti–ICAM-1(20 

 

m

 

g/ml).
To address the possibility that 

 

a

 

IIb

 

b

 

3

 

 on MP may act as a bridge be-
tween ICAM-1 and/or 

 

a

 

m

 

b

 

2

 

 on endothelial cells and leukocytes, re-
spectively, both U-937 cells and/or HUVEC were treated with anti-

 

b

 

3

 

(10 

 

m

 

g/ml). Cells were incubated with control IgG antibodies or an
equivalent volume of PBS in each experiment. Antibodies were not
removed during incubation of U-937 with HUVEC and did not cause
aggregation of cells under the conditions tested.

 

Test of antibody saturation.

 

Samples were analyzed by flow cy-
tometry to ensure that functional antibody remained after conclusion
of U-937 adhesion to HUVEC. HUVEC or U-937 cells were incu-
bated with experimental supernatants or fresh media containing the
appropriate antibody for 1 h at 4

 

8

 

C. Cells incubated with superna-
tants without Ab from control experiments, or with fresh medium
without added Ab were used as negative controls. Samples were la-
beled with either FITC-goat anti–mouse or anti–rat IgG and analyzed
on a EPICS XL flow cytometer (Coulter Corporation, Hialeah, FL).

 

Flow cytometry.

 

Cell surface antigen expresssion on HUVEC,
U-937, or monocytes were examined by flow cytometry. Briefly, subcon-
fluent HUVEC monolayers or U-937 cells and monocytes (10

 

5

 

) either
treated or not with MP or MP AA, were incubated with 100 

 

m

 

l of the
appropriate amount of the primary mAb for 1 h at 4

 

8

 

C with agitation.
Indomethacin (20 

 

m

 

M) was added to the medium to prevent AA me-
tabolite formation. The antibodies used (all IgG isotope) were anti-
CD11a, -CD11b, -CD11c, -CD14, -CD62E, -CD62P, -CD54, -CD106,
and TS2/16 at 5 

 

m

 

g/ml. FITC-conjugated F(ab

 

9

 

)

 

2

 

 fragments of goat
anti–mouse or goat anti–rat IgG were used as secondary Abs. Cells
incubated with FITC-conjugated F(ab

 

9

 

)

 

2

 

 fragments only were used as
negative controls. The secondary FITC–conjugated Ab was added to
each sample (10 

 

m

 

g/ml) for thirty min at 4

 

8

 

C with agitation. Samples
were analyzed using an EPICS XL flow cytometer.

 

Chemotaxis assay.

 

We used a 96-well chemotaxis chamber to in-
vestigate MP or MP AA–induced chemotaxis of U-937 cells (35). The
chamber consists of an upper and lower compartment separated by a
5-

 

m

 

m framed filter. The lower section was filled with media alone,
media containing MP, or media containing MP AA. The upper cham-
ber was filled with 200 

 

m

 

l of U-937 cell suspension (2 

 

3

 

 10

 

5

 

). Cells
were variously incubated with GF 109203X (5 

 

m

 

M), H89 dihydrochlo-
ride (10 

 

m

 

M) for 45 min, or 100 nM PMA for 48 h, before their addi-
tion to the upper chamber.

Assays were carried out at 37

 

8

 

C in 5% CO

 

2

 

/95% air for 24 h.
Upon completion of incubation, the medium in the upper chamber
was removed and replaced with 200 

 

m

 

l PBS and 20 

 

m

 

M EDTA, and
incubated at 4

 

8

 

C for 30 min. Cells that did not undergo chemotaxis
were removed from the upper surface of the polycarbonate filter,
whereas cells that had migrated into the lower chamber were col-
lected by centrifugation at 500 

 

g

 

 for 10 min.

 

MTT assay.

 

Reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nol tetrazolium bromide (MTT) was assayed to calculate the number
of cells which had migrated (35). MTT (5 mg/ml) was added to each
well of a 96-well plate (10 

 

m

 

l/well in 200 

 

m

 

l of complete medium) and
incubated at 37

 

8

 

C overnight. After incubation, the medium was aspi-
rated and the MTT crystals dissolved by addition of 100 

 

m

 

l of acid–
isopropanol. The plate was read within 2 h at wavelength 540 nm with
a microtitre plate ELISA reader.

 

Statistical analysis.

 

Results are expressed as mean

 

6

 

SEM. Statisti-
cal comparisons were made by using analysis of variance with subse-
quent application of Student’s 

 

t

 

 test, as appropriate.

 

Results

 

Platelet MP induce a time- and dose-dependent increase in the
adhesiveness of HUVEC, U-937 cells, and monocytes.

 

The ad-
hesion of unstimulated U-937 cells to platelet MP–stimulated
HUVEC increased in a time-dependent manner (Table I, 

 

A

 

).
Similarly, MP-stimulated U-937 and monocytes adhered to un-
stimulated HUVEC (Table I, 

 

C

 

 and 

 

E

 

). HUVEC and U-937
cells failed to adhere significantly to each other in the absence
of pretreating either cell type with platelet MP. However, we
observed that 

 

z 

 

40

 

6

 

18% of unstimulated monocytes adhere
to unstimulated HUVEC, which is in agreement with previous
reports (36). The kinetics of the alteration in cellular adhesion
was dependent on whether HUVEC, U-937 cells, or mono-
cytes were stimulated with platelet MP. When HUVEC were
stimulated, the maximal increase in adhesion was observed af-
ter 5 h of exposure to platelet MP (Table I, 

 

A

 

). AA isolated
from the platelet MP mimicked the kinetics and magnitude of
this response (Table I, 

 

B

 

). When U-937 cells were stimulated
with platelet MP, adhesion to HUVEC increased steadily at 1,
5, and 24 h after stimulation (Table I, 

 

C

 

). Again, platelet MP
AA mimicked this response (Table I, 

 

D

 

). Similarly, when
monocytes were stimulated with either MP or MP AA, we ob-
served similar results as for U-937 cells (Table I, 

 

E

 

 and 

 

F

 

). A

 

Table I. Time Course Analysis of the Increase in Adhesion of 
HUVEC, U-937 cells, and Monocytes when Stimulated with 
MP (30 

 

m

 

g/ml) or MP AA (30 

 

m

 

M)

 

Time (h) A B C D E F

 

1 34

 

6

 

8 18

 

6

 

3 30

 

6

 

9 10

 

6

 

3 36

 

6

 

6 46

 

6

 

21
5 81

 

6

 

16 63613 4867 3369 68616 76625
24 41613 1465 62618 75621 121637 99642

The increase in MP– or MP AA–stimulated HUVEC adhesion to un-
stimulated U-937 cells is represented in columns A and B, respectively.
Columns C and D represent the increase in U-937 adhesion to unstimu-
lated HUVEC after stimulation with MP or MP AA, respectively. Col-
umns E and F represent the increase in monocyte adhesion to unstimu-
lated HUVEC after stimulation with MP or MP AA, respectively.
Values are reported as mean percentage increase 6SEM of five experi-
ments.
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dose-dependent increase in adhesion of HUVEC, U-937 cells,
and monocytes was also observed after stimulation with in-
creasing concentrations of MP (Table II, A, B, and C). MP AA
induced a similar dose-dependent increase in cell adhesiveness

(Table II, D, E, and F). Roughly 1 mg/ml MP protein corre-
sponds to 2 mM MP AA.

Platelet MP induce upregulation of HUVEC, U-937 cell,
and monocyte surface antigens. Using flow cytometry, we
sought to determine whether the augmentation of U-937 cell
and monocyte binding to HUVEC was associated with differ-
ences in cell surface antigen expression. We found that HU-
VEC express a basal level of ICAM-1 under resting condi-
tions. This is in agreement with previous reports by other
investigators (37). However, ICAM-1 expression increased
further upon MP stimulation. Increased ICAM-1 expression
was only observed after 5 h of incubation with platelet MP and
declined to basal expression by 24 h (Fig. 1 A). We did not ob-
serve an increase in vascular cell adhesion molecule–1, P-, or
E-selectin expression in the activated HUVEC (data not
shown).

MP stimulation of U-937 cells increased CD11a and
CD11b, but not CD11c (Fig. 2, A, B, and C). However, the ki-
netics differed from those of MP stimulation of ICAM-1 in
HUVEC. Thus, both integrins increased significantly after 1 h
of MP stimulation. Whereas CD11b reached equilibrium after
1 h, the expression of CD11a continued to increase over 24 h.

Table II. A Dose-dependent Increase in Adhesion Evoked by 
MP or MP AA

MP (mg/ml) A B C MP AA (mM) D E F

0 261 763 37619 0 361 865 42617
3 2361 1664 46614 3 1563 1066 56615

10 4664 3369 63611 10 33614 23611 70611
30 6262 50610 98634 30 46614 42615 125637

100 8064 6367 159629 100 55629 55618 188625

Columns A and D represent MP– and MP AA–induced increases in
HUVEC adhesion to unstimulated U-937 cells, respectively. Columns
B and E represent MP– and MP AA–induced U-937 adhesion to un-
stimulated HUVEC, respectively. Columns C and F represent MP– and
MP AA–induced monocyte adhesion to unstimulated HUVEC, respec-
tively. Values are reported as the mean percentage increases in adhe-
sion 6SEM of four experiments.

Figure 1. Flow cytometry of 
HUVEC ICAM-1 expression. 
HUVEC were stimulated with 
MP (30 mg/ml) in the absence 
(A) or in the presence of GF 
109203X (5 mM; B). The filled 
histogram represents the nega-
tive control. Unstimulated
HUVEC or HUVEC stimulated 
with MP for 1, 5, or 24 h are rep-
resented as red, black, blue and 
green lines, respectively. Flow 
cytometry was performed as out-
lined in Methods. The trace is 
representative of three experi-
ments.



140 Barry et al.

Interestingly, we also observed an increase in CD14 expres-
sion, although this was delayed (Fig. 2 D). We did not observe
an increase in either very late antigen–1 or ICAM-1 expression
(data not shown). Similar results were obtained with human
monocytes (data not shown). Again, MP AA mimicked the ef-
fects of intact MP. Thus, we observed a similar increase in HU-
VEC ICAM-1, U-937 cell, and monocyte CD11a, CD11b, and
CD14 expression when cells were stimulated with MP AA
(data not shown). Indomethacin, present in all experiments
described, failed to inhibit the expression of any of the anti-
gens described, indicating that AA, per se, rather than one of
its metabolites, was responsible for the observed increase in
antigen upregulation in HUVEC, U-937 cell, or monocytes,
when each was stimulated with MP AA.

Because we observed similar kinetics in adhesion and anti-
gen expression when either monocytes or U-937 cells were
stimulated with MP or MP AA, we used U-937 cells as a model
for monocytes in further experiments. U-937 cells exhibit

many characteristics of monocytes, including complement and
Fc receptors, lysozyme production, and chemotactic respon-
siveness to N-formylmethionyl-leucyl-phenylalanine (38, 39).

Platelet MP induce U-937 chemotaxis. The addition of MP
or MP AA to the bottom well of a chemotaxis chamber re-
sulted in mean 10- and 6-fold increases in U-937 chemotaxis,
respectively, as compared with vehicle control. The optimal
MP concentration for U-937 chemotaxis was 30 mg/ml MP pro-
tein and 30 mM MP AA (Fig. 3).

MP-induced adhesion, antigen expression, and chemotaxis
is PKC dependent. We investigated the role of PKC in MP-
induced increases in HUVEC, U-937, and monocyte adhesion.
PKC inhibition with GF 109203X (40) reduced the adhesion of
MP-stimulated HUVEC to U-937 by 8761% (P , 0.003) (Fig.
4 A). Similarly, the inhibitor reduced the adhesion of MP-stim-
ulated U-937 and monocytes to resting HUVEC by 6764%
(P , 0.007) and 5367% (P , 0.02), respectively (Fig. 4, B and
C). By contrast, pretreatment with a PKA inhibitor, H89,

Figure 2. Flow cytometry of U-937 cell CD11a (A), CD11b (B), CD11c (C), and CD14 (D) expression. U-937 cells were stimulated with MP (30 
mg/ml). The filled histogram represents the negative control. Unstimulated U-937 or U-937 stimulated with MP for 1, 5, or 24 h are represented 
as red, black, blue and green lines, respectively. Flow cytometry was performed as described in Methods. The traces are representative of four 
experiments.
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failed to modulate adhesion of either activated HUVEC,
U-937 cells, or monocytes. Both actinomycin D and cyclohexi-
mide significantly reduced HUVEC (P , 0.002 and P , 0.003,
respectively), U-937 (P , 0.005 and P , 0.003, respectively),
and monocyte (P , 0.020 and P , 0.020, respectively) adhe-
sion (Fig. 4). Similar results were observed when cells were in-
cubated with MP AA (data not shown). This result is some-
what surprising for monocytes and U-937 cells, as new
synthesis of b2 integrins is not usually required for stimulated
adhesion of either cell type. The principle mechanisms in-
volved are inside-out signaling of constitutively expressed integ-
rins (41). However, we did not observe a reduction in the
intensity of expression of either CD11a or CD11b by flow cy-
tometry in the presence of either actinomycin D or cyclohex-
imide when both cell types were stimulated with either MP or
MP AA (data not shown). Thus, it may be possible that these
inhibitors are acting on different signaling pathways that are
independent of and unrelated to b2 integrins.

The role of PKC activation in ICAM-1 upregulation has
been described previously (42). PKC activation also appears to
be critical for MP-induced upregulation of HUVEC ICAM-1
(Fig. 1 B). GF 109203X failed to modulate U-937 cell and
monocyte surface antigen expression of CD11a, CD11b, or
CD14 (data not shown).

Similarly, PKC has previously been shown to play a role in
chemotaxis (43). We addressed the involvement of MP-induced
chemotaxis both by pharmacological inhibition and downregu-

lation of the enzyme. GF 109203X reduced cell migration by
9062% (P , 0.003), whereas H89 was without effect (Fig.
5 A). U-937 cells were pretreated under conditions (100 nM
for 48 h) that completely downregulate phorbol ester-respon-
sive PKC isozymes (44), as confirmed by Western blot analysis
(data not shown). MP-induced chemotaxis was reduced by
7665% (P , 0.003) when U-937 cells were treated in this man-
ner (Fig. 5 B). Similar results were observed when U-937 cells
were stimulated with MP AA in the presence of GF 109203X
or PMA (data not shown).

Functional importance of antigens mediating adhesion.
Anti-CD18, anti-CD11a, and anti-CD11b inhibited U-937 cell
adhesion in three cell combinations studied (Fig. 6). Anti-
CD18 reduced the adhesion of resting U-937 cells to MP-stim-
ulated HUVEC by 4063% (P , 0.03), whereas the same anti-
body reduced the adhesion of MP-stimulated U-937 cells to
resting and MP-stimulated HUVEC by 3565% (P , 0.001)
and 4262% (P , 0.013), respectively. Anti-CD11a reduced
the adhesion of resting U-937 cells to MP-stimulated HUVEC
by 2563% (P , 0.02) and MP-stimulated U-937 cells to rest-
ing and MP-stimulated HUVEC by 3562% (P , 0.002) and
5566% (P , 0.011), respectively. Anti-CD11b was also found
to inhibit adhesion of resting U-937 cells to MP-activated HU-
VEC by 3463% (P , 0.030) and MP-stimulated U-937 to rest-
ing and MP-stimulated HUVEC by 3061% (P , 0.002) and
6066% (P , 0.006), respectively. Anti–ICAM-1 reduced the
adhesion of unstimulated U-937 cells to MP-stimulated HU-

Figure 3. MP (A) and MP 
AA (B) dose dependently 
increase U-937 chemo-
taxis. U-937 cells (2 3 105) 
were added to the upper 
wells of a chemotaxis 
chamber, and increasing 
levels of MP protein or 
MP AA were added to 
the lower chamber. In 
both experiments, cells 
were allowed to migrate 
for 24 h, and the plate was 
read at 540 nm. Values 
are expressed as mean6 

SEM of five experiments.

Figure 4. Effect of inhibitors on MP-induced increases in HUVEC (A), U-937 (B), and monocyte (C) adhesion. Cells were incubated with MP 
(30 mg/ml) for 5 h in the presence or absence of GF 109203X (GF; 5 mM), H89 (10 mM), Actinomycin D (Act D; 12 mM), and Cycloheximide 
(CHX; 5 mg/ml). The data are the mean6SEM of four separate experiments.
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VEC by 6068% (P , 0.001), and MP-stimulated U-937 cells
to resting HUVEC by 4163% (P , 0.001). However, anti–
ICAM-1 did not significantly reduce adhesion when activated
HUVEC were added to activated U-937 (1363%, P , 0.411;
Fig. 6). Anti-b3 was ineffective in blocking MP-induced HU-
VEC, or U-937 cell adhesion (Fig. 6), thereby ruling out the
possibility that the MP themselves may potentially act as a
bridging or “cross-linking” mechanism for cell–cell adhesion.
Anti-CD14 did not influence cell–cell adhesion, despite the
upregulation, albeit delayed, of this antigen when U-937 cells
were stimulated with MP (data not shown).

Discussion

Adhesion of monocytes to endothelium is an early event in
vascular inflammatory syndromes (45) and, together with sub-
sequent endothelial transmigration, is a feature of developing
atherosclerosis (46). Whereas the sequential role of selectins
and integrins in mediating this process has been characterized
in some detail (47, 48), the likely modulating effects of fluid
dynamics (27) and local vascular architecture (49) are under
current investigation (50). MP are shed from many cells that
undergo activation, including platelets (2), endothelial cells
(8), and monocytes (3). Although MP are known to contain
proteins of recognized biological activity (51), it has been un-

clear whether they are of functional importance in vivo. How-
ever, recent evidence indicates that MP not only circulate in
inflammatory syndromes in humans (52), but may influence
tissue function via transcellular donation of bioactive lipids
(9). The likelihood that circulating MP might accumulate in
the flow vortices that develop at sites in the vasculature prone
to development of atherosclerosis (53), prompted us to ad-
dress the possibility that they might influence cellular interac-
tions of relevance to atherogenesis. In the present study, we re-
port that MP, shed from activated platelets, both enhance the
adhesiveness of endothelial, monocytic, and monocytoid cells
for each other and promote chemotaxis of monocytoid cells.
These effects, however, are recapitulated by AA isolated from
the platelet MP and appear dependent upon activation of
PKC. Whereas the effects of platelet MP on platelet activation
require pretreatment with (s)PLA2 (9), this was untrue of their
effects on adhesive interactions and chemotaxis.

Coincubation of U-937 cells with HUVEC results in mini-
mal adhesive interactions between the two cell types, unlike
blood-borne monocytes that do not require activation to ad-
here to HUVEC, as previously described (36, 37). However,
exposure of all three cell types to platelet-derived MP results
in a dramatic increase in their ability to adhere to each other.
The kinetics of this reaction differ, dependent on whether it is
the monocyte or endothelial cell that is stimulated with MP. In

Figure 5. Inhibition or 
downregulation of PKC 
inhibits U-937 chemo-
taxis. A represents inhibi-
tion of MP-induced 
chemotaxis by inhibition 
of U-937 PKC. U-937 
cells were or were not in-
cubated with GF 109203X 
(GF; 5 mM) or H89 (10 
mM) for 1 h before their 
addition to the chemo-
taxis chamber. B repre-
sents inhibition of MP-

induced chemotaxis by downregulation of U-937 PKC. U-937 cells were incubated with 100 nM PMA for 48 h before their addition to the 
chemotaxis chamber. In both experiments, cells migrated for 24 h and the plate was read at 540 nm. The data are the mean6SEM of four exper-
iments.

Figure 6. Effect of anti-
b3, anti-CD18, anti-
CD11a, anti-CD11b, and 
anti–ICAM-1 on adhe-
sion of U-937 cells to
HUVEC. Unstimulated 
or MP-stimulated U-937 
cells were incubated with 
unstimulated or MP-stim-
ulated HUVEC in the 
presence or absence of 
optimally diluted anti-
bodies. Values are re-
ported as mean6SEM 
from five experiments.
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each case, the effects of MP stimulation are recapitulated by
AA isolated from the MP, and the magnitude of the responses
observed are comparable to those elicited by authentic AA.
We have previously described the distribution of AA associ-
ated with the platelet pellet and released in MP (9). No evi-
dence for fragmented or modified variants of AA was found
by GC/MS analysis of the HPLC fraction. Our assumption is
that AA itself, rather than a prostanoid, mediates these effects
as indomethacin was present in the medium throughout these
experiments. However, we do not exclude a role for other lip-
ids present in the fatty acid fraction isolated from the MP,
which may also induce similar effects (48).

We have obtained evidence for the functional importance
of antigens expressed by HUVEC, U-937 cells, and monocytes
in mediating these interactions. Thus, platelet MP evoke ex-
pression of HUVEC ICAM-1 with a time course compatible
with the increase in adhesiveness of these cells for unactivated
U-937 cells. Similarly, the time course of MP evoked upregula-
tion of U-937 cell and monocyte expression of CD11a, CD11b,
and CD14 corresponds to the increment in adhesiveness of
both cell types for unstimulated HUVEC.

It has been demonstrated previously that CD14 contributes
to the adherence of monocytes to endothelial cells by activat-
ing CD11b/CD18 and modulating its affinity for its ligand
ICAM-1 (54). Maximum adhesion occurred under conditions
where induction of CD14 is observed. However, whereas anti-
bodies that block the function of CD11a and CD11b markedly
inhibit adhesive interactions between U-937 cells and HU-
VEC, anti-CD14 fails to prevent this interaction. This raises
the possibility that initial adhesive events are dependent upon
CD11a/ICAM-1. However, upregulation of CD14 activates
CD11b/CD18, increasing the potential importance of CD11b/
ICAM-1 interactions (54). Antibodies directed against b2 in-
tegrins block the adhesion of unstimulated U-937 to MP-stim-
ulated HUVEC and MP-stimulated U-937 cells to both un-
stimulated and MP-stimulated HUVEC. Whereas the low
levels of ICAM-1 expressed on unstimulated HUVEC will
support adhesion via interaction with monocyte CD11 in-
tegrins (55, 56), they may bind other ligands expressed in
HUVEC (57, 58). Indeed, anti-CD11a had only a minor effect
(2563%) suppressing adhesion of resting U-937 cells to acti-
vated HUVEC. Others have demonstrated that anti-CD11a is
ineffective in blocking monocyte adhesion to cytokine-stimu-
lated endothelial cells (59).

Blockade of ICAM-1 was effective in preventing adhesion
of activated HUVEC to resting or activated U-937 cells, but
was ineffective when both cell types were activated by platelet
MP. This accords with previous descriptions. For example,
Mantavani et al. observed that monocyte adhesion to unstimu-
lated endothelial cells was suppressed in the presence of anti-
CD18 but was only moderately reduced in IL-1–treated endo-
thelial cells (45). It is unlikely that very late antigen–1 or
vascular cell adhesion molecule–1 play a role in these events;
neither is expressed constitutively by HUVEC and they were
not induced by pretreatment with platelet MP. Thus, blockade
of both b2 integrins and ICAM-1 is necessary for marked inhi-
bition of adhesive interactions. Whereas both CD11a/CD18
and/or CD11b/CD18 may mediate CD18-dependent interac-
tions, these integrins can interact with other HUVEC ligands
when ICAM-1 is blocked (60).

We have previously shown that platelet MP can activate
platelets via PKC (9). Using both PKC downregulation and a

pharmacological inhibitor, we now implicate this enzyme in
the mechanism of platelet MP–induced adhesive interactions
between endothelial cells, U-937 cells, and monocytes. Fur-
thermore, PKC has previously been identified as of impor-
tance in mediating lymphocyte interactions with the endothe-
lium and in the induction of ICAM-1 gene expression (61). GF
109203X prevents MP-dependent upregulation of ICAM-1 in
HUVEC, and both GF 109203X and PMA-dependent down-
regulation of PKC prevent U-937 chemotaxis induced by
platelet MP or MP-derived AA.

In summary, platelet-derived MP activate endothelial,
monocyte, and monocytoid cells. This results in increased ad-
herence between HUVEC and both U-937 cells and mono-
cytes. Platelet MP also increase U-937 cell chemotaxis. The ef-
fects of the MP may be accounted for by their content of
unmetabolized AA and involve activation of PKC. Accumula-
tion of platelet-derived MP in flow vortices at sites of vascular
constriction or bifrucation may contribute to early steps in
atherogenesis via transcellular delivery of this bioactive lipid.
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