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Abstract

Introduction: Microparticles from activated endothelial cells (EMP) are well known to
expose tissue factor (TF) and initiate coagulation in vitro. TF coagulant activity is
critically dependent on the presence of aminophospholipids, such as phosphatidyl-
serine (PS) and phosphatidylethanolamine (PE), but it is unknown whether or not TF-
exposing EMP are enriched in such aminophospholipids. Furthermore, despite the fact
that EMP have been reported in several pathological conditions, direct evidence for
their (putative) coagulant properties in vivo is still lacking. We investigated the
phospholipid composition of endothelial MP (EMP) and their thrombogenic properties
in vivo.
Materials and methods: Human umbilical vein endothelial cells (HUVEC; n=3) were
incubated with or without interleukin (IL)-1α (5 ng/mL; 0–72 h). Phospholipid com-
position of EMP was determined by high-performance thin layer chromatography. The
association between EMP, TF antigen and activity was confirmed in vitro (ELISA, Western
blot and thrombin generation). Thrombogenic activity of EMP in vivowas determined in a
rat venous stasis model.
Results: Levels of TF antigen increased 3-fold in culture medium of IL-1α-treated cells
(Pb0.0001). This TF antigen was associated with EMP and appeared as a 45–47 kDa
protein on Western blot. In addition, EMP from activated cells were enriched in both PS
(Pb0.0001) and PE (Pb0.0001), and triggered TF-dependent thrombin formation in vitro
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and thrombus formation in vivo. In contrast, EMP from control cells neither initiated
coagulation in vitro nor thrombus formation in vivo.
Conclusions: EMP from activated endothelial cells expose coagulant tissue factor and
are enriched in its cofactors PS and PE.
© 2007 Elsevier Ltd. All rights reserved.
Introduction

Tissue factor (TF), a 45–47 kDa transmembrane
receptor, initiates coagulation [1], triggers cell migra-
tion [2] and trafficking of mononuclear phagocytes
across theendothelium [3], regulates angiogenic prop-
erties of tumor cells [4], acts as a chemotactic factor
for vascular smooth muscle cells [5], and protects
endothelial cells from apoptosis [6,7]. TF is widely
distributed within the body. Extravascular cell types
constitutively express TF [8,9], and cells at the blood
interface (endothelial cells) or circulating within the
blood (monocytes) inducibly express TF [10–13].

TF can also be present on cell-derived microparti-
cles (MP) in vivo. MP isolated from pericardial wound
blood [14], synovial fluid [15] or venous blood from a
patient with meningococcal septic shock complicated
by fulminant disseminated intravascular coagulation
[16] initiate TF-dependent thrombin generation in
vitro. In addition, we demonstrated that MP from
(pericardial)wound blood trigger TF-mediated throm-
bus formation in vivo [17]. As yet, other MP have not
been demonstrated to have such activity in vivo.

Endothelial cell-derived MP (EMP) from TNFα-or
LPS-activated endothelial cells expose procoagulant
TF in vitro [18,19], but whether such EMP have any
biological activity in vivo is unknown. This question is
becoming increasingly relevant since elevated numb-
ers of EMP are now known to occur in various
pathological conditions, including systemic lupus ery-
thematosus [20], thrombotic thrombocytopenia pur-
pura [21], vasculitis of the young [22], paroxysmal
nocturnal haemoglobinuria [23] andmultiple sclerosis
[24]. EMP in healthy subjects were reported to
correlate with the serum triglyceride concentration,
suggesting that EMP may reflect endothelial dysfunc-
tion or injury [25].

Aminophospholipids like phosphatidylserine (PS)
and phosphatidylethanolamine (PE) are well estab-
lished cofactors for the procoagulant activity of
membrane-exposed TF [26–28]. Recently, we showed
that the phospholipid composition of platelet-derived
MP changes upon activation [29]. Whether or not the
phospholipid composition of EMP changes during
activation of endothelial cells, however, is unknown.

The aims of the present study were to study the
presumed procoagulant properties of EMP in vivo and
to determine whether phospholipid composition
changes during endothelial cell activation may sup-
port this TF activity.

Materials and methods

Reagents and assays

Medium M199, penicillin, streptomycin, amphotericin B and L-glu-
tamine were obtained from GibcoBRL, Life Technologies (Paisley,
Scotland). IgG1-FITC and IgG1-PE (clone ×40) were obtained from
Becton Dickenson ((BD) San Jose, CA). Annexin V-(allophycocyanin;
APC) was from Caltag Laboratories (Burlingame, CA). Human serum
albumin (HSA) and monoclonal antibodies (MoAbs), directed against
factor VIIa (VII-1 [1.46mg/mL], VII-15 [0.53mg/mL]) and anti-factor
XII (OT-2 [0.71 mg/mL), were from Sanquin (Amsterdam, The
Netherlands). Anti-TF for Western blotting (4503, clone TF9-10H10,
IgG1) and anti-TF for in vivo studies (4502, polyclonal IgG) were from
American Diagnostica Inc. (Greenwich, CT). Anti-mouse IgG-horse-
radish peroxidase (HRP) conjugate was from Bio-Rad (Hercules, CA).
Recombinant human interleukin-1α (IL-1α), human recombinant
basic fibroblast growth factor and epidermal growth factor were
from GibcoBRL (Gaithersburg, MD). Collagenase (type 1A) was from
Sigma (St. Louis, MO), EDTA from Merck (Darmstadt, Germany),
heparin (400 U/mL) from Bufa BV (Uitgeest, The Netherlands), and
trypsin from Difco Laboratories (Detroit, MI). Human serum was
provided by the Blood Bank Center of the Leiden University Medical
Center (Leiden, The Netherlands) and was heat inactivated during
30 min at 56 °C (HuSi). Tissue culture flasks were from Greiner
Labortechnik (Frickenhausen, Germany) and gelatin from Difco
Laboratories (Sparks, MD). Reptilase was from Roche (Mannheim,
Germany) and the chromogenic substrate Pefachrome TH-5114 from
Pentapharm Ltd. (Basel, Switzerland). Heparinase (Hepzyme) was
from Dade Behring GmbH (Marburg, Germany). Human brain
thromboplastin was a gift from Prof. Dr. R. Bertina (Department of
Haematology, Leiden University Medical Center, Leiden, The Nether-
lands). Pentobarbital sodium (Nembutal) was obtained from Sanofi
(Toulouse, France). L-α-lysophosphatidylcholine (L-PC; 38–0104),
sphingomyelin (SM; 56–1080), L-α-phosphatidylcholine (PC; 37-
0106), L-α-PS (37-0160), L-α-phosphatidylinositol (PI; 37-0134) and
L-α-PE (37-0126) were from Larodan (Malmö, Sweden), L-α-lysopho-
sphatidylethanolamine (L-PE; L4754) and cholesterol (C8667) from
Sigma (St. Louis, MO), and L-α-lysophosphatidylserine (L-PS;
850092P) from Avanti Polar Lipids Inc. (Alabaster, AL). Chloroform,
ethylacetate,acetone,methanol, ethanol, dichloromethane, isopro-
panol and acetic acid (all HPLC grade) were from Merck (Darmstadt,
Germany). All other chemicals were of analytical quality.

Isolation, culture and treatment of humanumbilical
vein endothelial cells (HUVEC)

HUVEC were collected from human umbilical cord veins and
cultured as described previously [20].



Table 1 Phospholipid composition of EMP from unsti-
mulated (−) or activated (+) endothelial cells

Phospholipid IL-1α Culture time (h)

3 12 24 48 72

L-PC − 8±1 8±1 11±4 10 13±2
+ 8±1 6±2 9±3 7 9±3

SM − 17±1 16±2 23±2 19 18±1
+ 17±1 14±1.0 21±3 17 17±1

PC − 57±2 54 ± 6 45±3 57 51±4
+ 56±1 51±1 40±2# 45 42±2#

PS⁎ − 4±3 7±1 4±1 2 6±1
+ 3±1 10±3# 8±3# 6 11±1#

PI − 5±2 4±1 8±1 3 4±1
+ 7±0 4±0 9±1 3 3±0

PE⁎ − 9±2 11±6 10±3 7 7±1
+ 11±0 14±0 14±3# 16 16±1#

Data are expressed as % of total phospholipid (mol/mol). ⁎Pb
0.0001 (area under curve), #Pb0.05 (individual time points).
Activation with IL-1α did not affect the relative amounts of
L-PC (P=0.400), SM (P=0.100), PC (P=0.100) or PI (P=0.700).
Data are shown as mean ± SD (n=3–5) except for the 48 h
time interval, since EMP from this collection point had been
arbitrarily chosen to be used in the rat venous stasis model
and therefore insufficient material was available for further
analysis.
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Isolation of EMP

At the indicated activation time intervals, culture supernatants
were collected and centrifuged (10 min at 180 ×g and 20 °C) to
remove detached cells. Aliquots (250 μL each) of supernatants were
frozen in liquid nitrogen and stored at−80 °C. Sampleswere thawed
on melting ice for 1 h and centrifuged for 30 min (17,570 ×g and
20 °C) to pellet EMP. Then, 225 μL supernatantwas removed and the
EMP-enriched pelletwaswashed oncewith 225μL PBS/10.9mmol/L
trisodium citrate (pH 7.4). Finally, EMP were resuspended in the
remaining 25 μL.

Flow cytometric analysis

EMP were analyzed in a FACSCalibur flow cytometer (BD). Forward
scatter (FSC) and side scatter (SSC)were set at logarithmic gain and
EMP were identified and quantified by their FSC and SSC
characteristics and binding of annexin V as described previously
[20].

Western blotting

Culture supernatants (5 mL) were collected after 24 h of incubation
without or with IL-1α. Detached cells were removed by centrifuga-
tion (10 min at 180 ×g and 20 °C). EMP were pelleted (1 h at
17,570 ×g and 20 °C) and washed once in PBS/citrate. The final
pellet was resuspended in 24 μL PBS, to which 6 μL (5-fold
concentrated) sample buffer was added (β-mercaptoethanol (12.5%
v/v), bromophenol blue (0.025% v/v), glycerol (25% v/v), SDS (10%
w/v) andTris base (312.5mM; pH6.8)). Sampleswere heated before
electrophoresis (5 min, 100°C). Proteins were separated on 10%
polyacrylamide gel and transferred to a nitrocellulose membrane
(Schleicher & Schuell; Dassel, Germany). Subsequently, blots were
incubated (at room temperature) with blocking buffer (Tris-
buffered saline-Tween (TBST); 10 mmol/L Tris–HCl, 150 mmol/L
NaCl, 0.05% (v/v) Tween-20; pH 7.4), containing 5% (w/v) dry milk
powder (Protifar; Nutricia, Vienna, Austria); 60 min), (mouse) anti-
human-TF (1 μg/mL; 60 min) and (goat) anti-mouse IgG-HRP
conjugate (1:3000; 45 min). Between the incubation steps, blots
were washed three times with TBST for 5–10 min. All antibodies
were dilutedwith blocking buffer. The bandsweredetectedusing an
enhanced chemiluminescence kit (ECL; Amersham Biosciences;
Buckinghamshire, UK) and exposed to Fuji Medical X-ray film.

TF ELISA

TF in conditioned media was determined by ELISA
(American Diagnostica Inc.; Greenwich, CT).

Thrombin generation assay

The procoagulant properties of EMP in vitro were
studied in a thrombin generation test (TGT) as
described previously [30]. In a control experiment,
we found no effect of freeze–thawing on the ability of
microparticles to initiate thrombin generation (data
not shown). The ability to inhibit TF-initiated coagu-
lation of the anti-human factor VII used in this study is
comparable to that of anti-human TF previously used
in our thrombin generation assay [16,30].
Rat venous stasis model

Rats were anesthetized and subsequently the abdo-
men was opened and the vena cava inferior was
isolated. All side branches distal to the left renal vein
were obliterated. Afterwards, rabbit thromboplastin
suspension or saline (as positive and negative control,
respectively) or EMP were injected into the dorsal
penile vein. Thromboplastin suspension was prepared
by diluting Simplastin 50-fold (v/v) with saline. After
injection, blood was allowed to circulate freely for
10 s. Then the vena cava was ligated beneath the left
renal vein. After maintaining stasis for 10 min, the
vena cavawas ligated near the fusion of the iliac veins,
and then opened longitudinally. The formed thrombus
was removed and weighed [17,31]. Briefly, aliquots
(250 μL each) of (cell-free) conditioned medium from
both activated (IL-1α, 5 ng/mL, 48 h) or resting HUVEC
were thawed on melting ice and incubated with
heparinase to degrade heparin, an essential cofactor
of Fibroblast Growth Factor for endothelial cell
culture. EMP were isolated and washed in PBS/citrate
by centrifugation (30 min at 17,570 ×g and 20 °C).
Before injection, EMP were resuspended in 75 μL PBS/
citrate buffer (pH 7.4) or 37.5 μL antibody plus 37.5 μL
PBS/citrate buffer. Antibodies used were polyclonal
rabbit anti-human TF and anti-human factor XII. Male
Wistar Hsd/Cpb; WU rats (n=32, body weight 300–
350 g) were obtained from Harlan (Horst, The Nether-
lands). All procedures were approved by the Ethics
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Committee of Animal Welfare of Organon in accor-
dance with Dutch guidelines.

Phospholipid extraction and high-performance thin
layer chromatography (hpTLC)

EMP were isolated from aliquots of cell-free culture
supernatants (1 mL; n=3) as reported earlier [32].
Lipidswere extracted and phospholipidswere separat-
ed and quantified as described previously [29,33,34].

Statistics

To determine whether activation of endothelial cells
significantly affected the overall numbers of EMP
Figure 1 EMP from IL-1α-activated endothelial cells expose TF an
IL-1α (5 ng/mL; control samples were collected at 3 h, 24 h and 72 h
control (○) and IL-1α-activated endothelial cells (•) were collecte
binding of annexin V. (B) TF antigen in conditionedmediumcontainin
not contain detectable quantities of TF, indicating all TF to be EMP-as
lysates from unstimulated (−) and activated (+) endothelial cells; h
(C) EMP from unstimulated (○) and IL-1α-activated endothelial c
plasma to assess their thrombin generating capacity. Data from a r
generationwithout (•) or with anti-human factor VII (n) or anti-hu
expressed as the area under the curve during 15 min of thrombin
incubated with anti-human factor VII).
and TF antigen levels in conditionedmedium in time,
area under curves were calculated and differences
were post-analyzed using (two-tailed) paired t-test
(GraphPad Prism for Windows, release 3.02 (San
Diego, CA)). In case of a significant difference, data
per time interval were further analyzed by two-
tailed paired t-test. For individual phospholipids,
the overall differences in time (3–72 h) between
EMP from unstimulated versus stimulated endothe-
lial cells were determined by calculating the “area
under curve” represented by the data shown in Table
1, followed by Mann–Whitney test (two-tailed;
MedCalc). When a significant difference of the
“area under curve” was found to be present, also
paired t-tests were performed to determine at
d are coagulant in vitro HUVEC were incubated with or without
; n=3). At the indicated time intervals conditioned media from
d and analyzed. (A) Numbers of EMP identified by FSC, SSC and
g the EMP (upon removal of the EMP, the conditionedmediumdid
sociated); the insert shows a representativeWestern blot of EMP
uman brain thromboplastin (TF) was used as a positive control.
ells (•) were reconstituted in defibrinated, MP-free normal
epresentative thrombin generation experiment. (D) Thrombin
man factor XII (▴). The ability of EMP to generate thrombinwas
generation (n=3).⁎Pb0.05 (EMP without antibody versus EMP



Figure 2 Thrombus formation by EMP in vivo EMP from
unstimulated and IL-1α-activated endothelial cells (48 h) were
injected into rats to assess their ability to trigger thrombus
formation in vivo. EMP fractions from three different endothe-
lial cell cultures were used. From each individual culture, EMP
from unstimulated endothelial cells were injected into 2 rats
(EMP- IL-1α). From the corresponding EMP of activated cells,
EMP not preincubated with antibodies (EMP+IL-1α) were in-
jected into 2 rats, EMP preincubated with anti-human TF (EMP+
anti-TF) in 2 rats, and EMP preincubatedwith anti-human factor
XII (EMP+anti-FXII) also in 2 rats. Thrombus weights for in-
dividual rats are indicated. N.S. (not significant; PN0.05);
⁎Pb0.05;⁎⁎Pb0.01.
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which time points the differences were significant.
Data from in vitro thrombin generation were ana-
lyzed by two-tailed paired t-test. Data on thrombus
formation were analyzed using the Kruskal–Wallis
test followed by Dunn’s post test to correct for
multiple comparisons. All differences were consid-
ered statistically significant at Pb0.05. Values are
expressed as mean±SD.

Results

EMP from IL-1α-treated endothelial cells expose
TF and trigger coagulation in vitro

After 72 h the numbers of EMP in conditioned medium from
control (unstimulated) cultures had increased gradually about 6-
fold compared to (conditioned medium from) 3 h control cultures
(Fig. 1A). In contrast, upon activation with IL-1α, the numbers of
EMP increased already about 13-fold after 12 h of culture
compared to the 3 h time interval, and these numbers remained
virtually constant up to 72 h of culturing. In IL-1α-treated
cultures, the overall increase of EMP numbers in time differed
significantly compared to control (P=0.016). For individual time
intervals, a significant difference was observed at 24 h (P=0.04),
but not at 3 h (P=0.503) or 72 h (P=0.07). Also, EMP numbers at
the 48 h activation time interval were comparable to 24 or 72 h
control conditions (P=0.174 and P=0.324; data not shown).
Concurrently, the overall concentrations of the TF antigen in
conditioned media of IL-1α-activated cells increased in time
(Fig. 1B; P=0.037). This increase was significant at 24 h
(P=0.0024), but not at 3 h (P=0.931) or 72 h (P=0.241). After
removal of EMP by high-speed centrifugation, the concentrations
of TF (antigen) in the supernatants were below the detection
limit (12.5 ng/L), indicating that all non-endothelial cell-bound
TF is associated with EMP (data not shown). The EMP-associated
TF appeared as a single 45–47 kDa protein band on Western blot
(insert Fig. 1B). Only EMP from activated endothelial cells
initiated thrombin formation in vitro (Fig. 1C), and this was
inhibited by anti-human factor VII(a) (P=0.014) but not by anti-
human factor XII(a) (Fig. 1D; P=0.896). Both the total capacity
of the EMP to generate thrombin and the factor VII-TF depen-
dency remained unchanged between 12 and 72 h of culture.
Thus, as shown previously for endotoxin or TNF-treated endo-
thelial cells, also IL-1α-treated endothelial cells release TF-
exposing EMP, which triggers (TF-dependent) thrombin genera-
tion in vitro.

Thrombus formation by EMP in vivo

In vivo, injection of Simplastin (positive control; a commercially
available mixture of TF and lipids from rabbit brain tissues
(Organon Teknika Corp.; Durham, NC)) gave thrombi of 61.8 mg±
12.6 (n=4). Injection of saline (negative control) gave thrombi of
1.5 mg±1.9 (n=4; data not shown). Upon injection of EMP from
activated endothelial cells, thrombi were formed (Fig. 2;
35.1 mg±12.9, Pb0.01). Preincubation with anti-human TF sig-
nificantly blocked thrombus formation (5.6 mg ±9.3, Pb0.05). In
contrast, preincubation with anti-factor XII had less effect
(26.9 mg±9.2, PN0.05) and was not statistically significant. In
line with our in vitro observation, no thrombus formation was
observed in rats that received EMP from unstimulated endothe-
lial cells (0.5 mg±0.7). These data show that only EMP from
activated human endothelial cells are strongly thrombogenic in
vivo in a TF-dependent manner.
Phospholipid composition of EMP

Themost prominent phospholipids in EMP from both unstimulated
and stimulated endothelial cells were PC and SM (Table 1). EMP
from activated endothelial cells contained significantly increased
amounts of both PS (Pb0.0001) and PE (both Pb0.0001) as
compared to EMP from control cells. Upon activation of
endothelial cells, the total amount of phospholipids in isolated
EMP fractions tended to increase, although this increase did not
reach significance (P=0.2). Similarly, the cholesterol:phospho-
lipid ratio of EMP was unchanged upon activation (P=0.4).

Discussion

Previous studies demonstrated that EMP from TNF-α
or LPS-treated endothelial cells expose TF and
trigger thrombin generation in vitro [18,19]. Simi-
larly, our present data show that also EMP from IL-
1α-activated endothelial cells expose TF and trigger
thrombin generation in vitro. More interestingly,
however, is that such EMP become enriched in both
PS and PE, and trigger thrombus formation in vivo by
a TF-initiated pathway.

In this study we present data that TF exposed by
EMP from activated endothelial cells is responsible
for the coagulant activity in vitro and in vivo. This is
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based upon control studies with EMP from non-
activated HUVEC and from inhibitory studies with
antibodies against the extrinsic pathway. It could be
argued that the absence of a coagulant effect of EMP
from the control situation is due to the fact that 2 to
3-fold lower numbers of EMP are present in the
culture medium, i.e. a lower availability of procoa-
gulant phospholipids. In our experiments we did not
correct for that difference by taking larger volumes
of medium, because the EMP numbers vary some-
what between experiments. However, with the EMP
from the activated HUVEC, i.e. EMP exposing TF,
inhibition of the extrinsic coagulation pathway
completely abolished their ability to initiate coag-
ulation at the same EMP concentration. Evidently,
the exposure of procoagulant phospholipids is
insufficient to trigger coagulation, although it may
promote the TF-associated coagulant activity and
facilitate the binding of coagulation factors.

Jimenez et al. studied the numbers and antigenic
phenotype of EMP from microvascular- and macro-
vascular endothelial cells after activation (TFN-α) or
induction of apoptosis (serum deprivation) [35].
They showed that EMP from microvascular- and
macrovascular endothelial cells differed in antigenic
composition. Moreover, they showed that the anti-
genic composition of EMP frombothmicrovascular as
well as macrovascular EMP was differentially affect-
ed upon activation or induction of apoptosis. For
instance, whereas the numbers of annexin V-binding
EMP, i.e. EMP exposing PS on their surface, from
microvascular endothelial cells was increased during
growth factor deprivation compared to EMP from
activated (microvascular) endothelial cells, culture
supernatants from macrovascular endothelial cells
hardly contained any annexin V-binding EMP, i.e. not
even when these cells had been subjected to growth
factor deprivation resulting in apoptosis. In the pre-
sent study, we used a different kind of endothelial
cell (HUVEC), we used a different inducer to activate
(IL-1α), and determined the antigenic composition
of EMP after freeze–thawing. Therefore, the anti-
genic composition of EMP in these two studies, in-
cluding the binding of annexin V, can not be directly
compared. As for the PS exposure, we used EMPafter
snap freezing in liquid nitrogen, storage at −20 °C
and subsequent thawing, which increases exposure
of PS on the EMP. Thus, the EMP used in our present
study can promote the coagulation process by enab-
ling the formation of prothrombinase- and tenase
complexes on their surface, but the presence of TF is
necessary to initiate the coagulation cascade.

Recently, del Conde et al. showed that monocyte-
derived MP may fuse with activated platelets,
thereby transferring their TF [36]. It was suggested
that MP predestined for fusion are likely to be
enriched in fusion-promoting phospholipids like PS.
Our present data confirm their hypothesis for EMP.
Thus, differences in phospholipid composition (of
MP) may not only affect their procoagulant proper-
ties but also their ability to deliver TF to target cells.
The changes in phospholipid composition are likely
to be cell-type and/or agonist dependent. Previous-
ly, we showed that upon platelet activation, the PS
content of platelet-derived MP (PMP) was unaffect-
ed, whereas their cholesterol and sphingomyelin
content increased [29].

Disseminated intravascular coagulation is a fre-
quent complication of endotoxic shock. Drake et al.
demonstrated systemic fibrin deposition in a lethal
Escherichia coli sepsis baboon model. They failed,
however, to demonstrate a significant occurrence of
TF on endothelial cells [37]. They concluded, that
“compared with endothelial cells in culture, there is
in vivo significantly greater control of TF expression
than expected”. Our present data suggest that the
absence of TF on endothelial cells can be explained
by the release of TF-exposing EMP from these cells
into the circulation. This explains on the one hand
the systemic fibrin deposition and on the other hand
the unexpected absence of TF on the endothelium in
vivo.

Taken together, the present findings demonstrate
that TF-exposing EMP are enriched in aminopho-
spholipids, and that such EMP are highly thrombo-
genic in vivo.
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