Research Paper

wen o Yascular
Research

J Vasc Res 1999;36:126-132

Received: September 21, 1998
Accepted after revision: December 15, 1998

Stimulation of Tissue Factor Expression in
Human Microvascular and Macrovascular
Endothelial Cells by Cultured Vascular Smooth

Muscle Cells in vitro

Jing-Chuan Zhang Qiu-Rong Ruan Ljubomir Paucz Astrid Fabry

Bernd R. Binder Johann Woijta

Department of Vascular Biology and Thrombosis Research, University of Vienna, Austria

KeyWords
Endothelial cells - Smooth muscle cells - Tissue factor

Abstract

The effect of conditioned media obtained from different
smooth muscle cells (SMC) on tissue factor (TF) expres-
sion in endothelial cells (EC) in vitro was investigated.
We could show that conditioned media from cultured
human aortic SMC, human umbilical artery SMC or
human umbilical vein SMC all resembling the synthetic
phenotype of SMC induced TF activity in human umbili-
cal vein EC and human skin microvascular EC in a dose-
and time-dependent fashion. This induction was also
seen at the level of specific TF mRNA as evidenced by
Northern blotting. The TF inducing activity was heat-
labile and acid-stable and had an approximate molecular
mass of 38 kD. This activity was found to be distinct from
known inducers of TF expression in EC such as interleu-
kin-1, tumor necrosis factor-a, bacterial lipopolysaccha-
ride or vascular endothelial growth factor. Such as fac-
tor, if released by SMC in vivo, could contribute to the
activation of EC under conditions such as when EC are in
close contact with SMC of the synthetic (nondifferen-
tiated) phenotype seen in processes like vessel develop-
ment or neo-intima formation.

Introduction

Tissue factor (TF) is a membrane-bound glycoprotein
which forms complexes with factor VII and factor VIIa.
Factor VIla subsequently activates factor IX and X. Thus
TF plays a key role in the activation of the extrinsic path-
way of coagulation and indirectly via factor VII-depen-
dent activation of factor IX also leads to activation of the
intrinsic system [1, 2]. TF-producing cells have been iden-
tified in human vessels by in situ hybridization and
immunocytochemistry. While present in adventitial fi-
broblasts, in atherosclerotic plaques and in cells in the
tunica media, endothelial cells (EC) in normal arteries,
veins and capillaries do not express TF mRNA or protein
[3, 4]. Thus the functional expression of TF in intact
endothelium in vivo is in doubt. In vitro unperturbed EC
express only minute quantities of TF whereas the expres-
sion of TF in these cells is dramatically increased by cyto-
kines such as tumor necrosis factor-a (TNF-a) or interleu-
kin-1 (IL-1) and by bacterial lipopolysaccharide (LPS) [5-
7]. In vivo these inflammatory mediators can convert a
resting, anticoagulatory endothelium into an activated,
TF-expressing, procoagulatory one.

We have shown previously that the activation of EC
cells could also be modulated by smooth muscle cells
(SMC) - a cell type, which in vivo is in close contact with
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the endothelium — depending on the vascular source and
cell doublings of these cells [8-10]. In one of these studies
we identified a heat-labile, acid-stable factor produced by
SMC which stimulated in EC the expression of plasmino-
gen activator inhibitor-1 (PAI-1) which is - like TF - a
marker of EC activation [8]. It was therefore the aim of
this study to investigate whether SMC could also induce
the expression of another marker of activated endothe-
lium, namely TF in EC, thereby modulating the coagula-
tion pathway.

Methods

Cell Culture

Human vascular SMC were isolated by the explant technique
from pieces of human pulmonary artery and aorta after surgery, and
from the umbilical artery and vein of cords obtained after vaginal
delivery [11]. Briefly, tissue specimens were cut into 10-20 pieces
1-2 mm in diameter, placed in Petri dishes (Costar, Cambridge,
Mass.) coated with 1% gelatine (Biorad, Richmond, Calif.), and cov-
ered with a drop of Medium 199 (M 199, Sigma, St. Louis, Mo.) con-
taining 20% supplemented calf serum (SCS, HyClone, Logan, Utah),
50 IU/ml penicillin, 50 pg/ml streptomycin, 250 ng/ml amphotericin
B (all JRH Biosciences, Lenexa, Kans.) in a humidified atmosphere
of 95% air and 5% CO; at 37°C. After 3-5 days the explants became
adherent, and the Petri dish was then filled with M 199 containing
20% SCS. SMC that grew out from explants were grown to con-
fluence and subcultured using a split ratio of 1:3. Cells were con-
firmed as SMC by their typical ‘hill-and-valley’ morphology and pos-
itive immunofluorescence staining with a monoclonal antibody
against a-smooth muscle actin (Boehringer Mannheim). All SMC
used in this study were between passages 3 and 5. Human umbilical
vein endothelial cells (HUVEC) were isolated by mild collagenase
treatment as described [12], and human skin microvascular endothe-
lial cells (HSMEC) were isolated from normal skin biopsies obtained
after surgical operations according to the method of Jackson et al.
[13] using Dynabeads® coated with Ulex europaeus agglutinin (Dy-
nal, Norway). The EC were seeded into gelatine-coated Petri dishes,
grown to confluence as described above in M199 containing 20%
SCS, 50 pg/ml EC growth supplement (Technoclone, Vienna, Aus-
tria) and 5 U/ml heparin (Hoffman-La Roche, Basel, Switzerland) in
a humidified atmosphere of 95% air and 5% CO, at 37°C. After 5-8
days EC reached confluence and were subcultured using a split ratio
of 1:3. Cells were confirmed to be EC by their typical cobblestone
morphology [14], by positive immunofluorescence using anti-von-
Willebrand factor antibodies (Cappel, Cochranville, Pa.) [15] and by
the uptake of acetylated low density lipoprotein (LDL) [16] whereby
>95% of the cells stained positive with anti-von-Willebrand anti-
bodies and showed an uptake of acetylated LDL. All human EC used
in this study were between passage 2 and 3.

Preparation of SMC Conditioned Media

Human aortic smooth muscle cells (HASMC), human pulmonary
artery SMC (HPASMC), human umbilical artery SMC (HUASMC)
and human umbilical vein SMC (HUVSMC) were seeded into Petri
dishes coated with 1% gelatine and cultured with M199 containing
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20% SCS. Confluenct cultures were washed with Hanks' balanced
salt solution (Sigma) and incubated in M 199 without serum for 24 h
at 37°C. Such serum-free conditioned media (CM) of SMC were har-
vested, centrifuged at 1,000 g for 5 min to remove cell debris and
stored at —=70° C until used.

Assays for IL-1a, IL-1B, TNF-a and Vascular Endothelial Growth

Factor

Serum-free CM obtained from SMC as described above were
assayed for the presence of various cytokines using commercially
available enzyme-linked immunosorbent assays (ELISAs) specific
for human IL-la, IL-1B, TNF-a and vascular endothelial growth fac-
tor (VEGF; R&D Systems, Minneapolis, Minn.). The lower limits
of detection for these assays were 0.5, 1.0, 4.4 and 5.0 pg/ml, respec-
tively.

Assay for TF Activity in EC Treated with SMC CM

EC, grown to confluence in 24-well plates (Costar), were incu-
bated for the time periods indicated with different concentrations of
the respective CM obtained from SMC or with M 199 as a control. To
all the media SCS was added to give a final concentration of 4%. At
the end of the incubation period the cells were washed 3 times with
2 ml PBS per well. Thereafter the plates with the cells were frozen at
-70°C. The lysed cells were scraped into 400 pl per well of clotting
buffer containing 130 mM NaCl, 8 mM Na-barbital and 12 mM Na-
acetate, pH 7.4. 100 pl of these lysates were added to 100 ul of
human normal plasma and 100 pl of 20 mM CaCl,. Clotting time
was determined using a coagulometer and compared to a standard
curve constructed with different concentrations of rabbit brain
thromboplastin (Sigma) calibrated against human TF. The coagulant
activity observed in this assay reflects TF activity because no proco-
agulant activity was detected from EC when factor X-deficient plas-
ma was used instead of normal plasma. Furthermore, the procoagu-
lant activity could be completely blocked by a rabbit antihuman TF
antibody (American Diagnostica, Greenwich, Conn.) at a concentra-
tion of 100 pg/ml whereas a nonimmune rabbit antibody had no
effect when used at the same concentration.

Assay for PAI-1 Antigen

PAI-1 antigen was determined by a specific ELISA using specific
monoclonal antibodies for PAI-1 (Technoclone, Vienna, Austria).
The PAI-1 ELISA measures active, complexed and latent PAI-1.

Northern Blot Analysis

Total mRNA was prepared by the guanidinium thiocyanate-phe-
nol-chloroform extraction from confluent EC treated for 4 h with the
respective CM obtained from SMC or with M 199 as a control [17].
SCS was added to all media to give a final concentration of 4%. RNA
was electrophoretically separated on 1.2% agarose gels containing
6% formaldehyde, transferred to nitrocellulose (BioRad) and hybrid-
ized [106 cpm (Cerenkov/ml)] for 16 h at 42 °C with random primed
a-(*2P)dCTP probes (Boehringer Mannheim, Mannheim, Germany)
for either porcine TF (a 0.64-kb EcoRI-EcoRI fragment) or rat
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, a 1.3-kb Psl
cDNA fragment, kindly provided by Dr. Busslinger, Vienna).

Gel Filtration

Serum-free CM (450 ml) obtained from confluent HUASMC was
lyophilized, resuspended in 20 ml distilled water, and dialyzed
against PBS, pH 7.4, at 4°C overnight. Gel filtration of this material
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was performed using a Sephacryl S-200 HP column (2.6 x 90 cm)
equilibrated in PBS, pH 7.4, at 4°C and at a flow rate of 13 ml/h.
Fractions of 2.6 ml were collected and screened for protein and for
their ability to induce TF activity in HUVEC as described above.

High-Perfomance Liquid Chromatography

Fractions containing TF-stimulating activity obtained after gel
filtration were pooled and concentrated using ultrathimbles with a
cutoffof 10 kD (UH 100/10; Schleicher & Schuell, Dassel, Germany)
prior to purification with high-performance liquid chromatography
(HPLC). 25 pl of the concentrated sample were applied to a C4 col-
umn (Beckman, Fullerton, Calif.) and HPLC was performed at a flow
rate of 0.5 ml/min. Fractions of 0.3 ml were collected, screened for
protein, dialyzed against PBS, pH 7.4 at 4°C and screened for their
ability to induce TF activity in HUVEC as described above.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis

The fractions containing TF-stimulating activity after HPLC
were subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) followed by silver staining using the Phast-
Gel® system (Pharmacia, Uppsala, Sweden).

Endotoxin Assay

All solutions that came in contact with EC or SMC were assayed
at <0.05 ng/ml endotoxin using the Coatest® Endotoxin Kit (Kabi
Diagnostica, Sweden).

Statistical Analysis
A Student t test for unpaired observations was performed. Values
of p < 0.05 were considered significant.

Results

As can be seen from figure la CM obtained from
HASMC, HUASMC or HUVSMC induced TF activity in
HUVEC in a time-dependent way up to 14-, 38- and 31-
fold over control, respectively, whereas CM obtained
from HPASMC did not induce TF activity in HUVEC.
HUVEC incubated with M199 and used as a control
expressed 0.68 + 0.19 mU/10° cells of TF activity. TF
activity was only found to be cell-associated and it was
detected neither in CM derived from the respective
vascular SMC nor in the supernatants obtained from
HUVEC treated with the respective SMC-conditioned
media (results not shown). As can be seen from figure 1
TF activity peaked in HUVEC after 4 h incubation with
HUASMC-CM and after 6 h incubation with HUVSMC-
CM or HASMC-CM, respectively, whereas no stimula-
tion was seen at either of the time points when HUVEC
were treated with HPASMC-CM. When the response of
HUVEC towards the CM of HUASMC was compared
with that of HSMEC, in both cases a dose-dependent
response was seen, resulting in a 38- and 39-fold increase
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Fig. 1. Induction of TF activity by SMC CM. a Confluent mono-
layers of HUVEC were incubated with CM harvested from
HPASMC (A), HASMC (¢), HUVSMC (O) and HUASMC (O) for
the indicated time periods. b Confluent monolayers of HUVEC (]
or HSMEC (O) grown in 24-well plates were incubated with increas-
ing concentrations of serum-free CM harvested from confluent
HUASMC for 4 h. To all CM and the control medium used in these
experiments SCS was added to give a final concentration of 4%. TF
activity in cell lysates of HUVEC or HSMEC was determined as
described in Methods. The data shown represent mean values = SD
of three independent experiments.

in TF activity over the respective control (fig. 1b). Similar
to HUVEC unstimulated HSMEC expressed only little
TF activity (0.43 £ 0.02 mU/10¢ cells).

As evidenced by Northern blotting CM obtained from
HASMC, HUASMC and HUVSMC significantly in-
creased the expression of TF mRNA in HUVEC, whereas
CM from HPASMC had no effect on TF mRNA expres-
sion (fig. 2).
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Fig. 2. TF mRNA levels in HUVEC after incubation with SMC CM.
Confluent monolayers of HUVEC were incubated with M199 as a
control (first lane), CM from HPASMC (second lane), CM from
HASMC (third lane), CM from HUASMC (fourth lane) and CM
from HUVSMC (fifth lane), for 2 h. Northern blots of RNA from
these cells were hybridized to cDNA probes for TF and GAPDH as
described in Methods. The size of the specific TF mRNA is indicated
in kilobases.

Fig. 3. Gel filtration profile of SMC-derived

CM on Sephacryl S-200. Serum-free CM 1.0-
(450 ml) obtained from HUASMC was ly-
ophilized, resuspended in distilled water,
and dialyzed against PBS. The sample was
then separated by gel filtration on a Sepha-
cryl S-200 HP column and fractions were
collected as described in Methods. The pro-
tein content of the respective fractions is
shown as absorbance at 280 nm (O). The
fractions were diluted 1:4 in M199 and SCS
was added to give a final concentration of
4%. Confluent monolayers of HUVEC were
incubated for 4 h with the respective frac-
tions or — as a control — with PBS diluted 1:4
in M 199 containing a final concentration of
49% SCS. TF activity in the lysates of these
cells was determined as described in Meth-
ods and expressed as fold stimulation over
control (@). Arrows indicate molecular
masses of respective peaks.

OD2go

When CM obtained from HUASMC was boiled for
5 min such treated CM did not induce TF activity in
HUVEC whereas acid treatment and incubation with
heparin Sepharose did not affect its TF-stimulating activi-
ty (table 1). No detectable levels of either IL-1a or IL-1B
or TNF-a or VEGF were found in CM from HUASMC

Smooth Muscle Cells Induce Tissue Factor
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Table 1. Characterization of TF-inducing activity present in CM
obtained from HUASMC

TF activity

% of control
Control 100£10.7
HUASMC-CM, untreated 3.632.3+£339.9*
HUASMC-CM, boiled 105.8+£12.2

HUASMC-CM, acid-treated
HUASMC-CM, treated with heparin Sepharose

3,687.3+168.3*
3,969.6 £463.2%

Serum-free CM obtained from HUASMC as described in Meth-
ods was boiled for 5 min, acidified to pH 3.0 for I h and readjusted
back to pH 7.4, and incubated with heparin-Sepharose for 24 h at
4°C. To all these CM and control medium, SCS was added to give a
final concentration of 4%. Confluent monolayers of HUVEC were
incubated for 4 h with such treated or untreated HUASMC CM or
with fresh medium as a control. TF activity was determined in the
lysates of these cells as described in Methods. Data are expressed as
percent of the mean of a triplicate control and represent mean + SD
of three independent experiments. * p < 0.001 as compared to con-
trol.

r 120

Fold stimulation of TF activity

Fraction

using specific ELISAs as described in Methods (data not
shown).

When CM from HUASMC was subjected to gel filtra-
tion the TF-stimulating activity eluted in a single peak
corresponding to a molecular mass of 35 kD (fig. 3). When
HUVEC were incubated with the respective fractions
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Fig. 4. HPLC purification of TF-stimulating activity. a Fractions
found after gel filtration to stimulate TF activity were pooled and
concentrated, the sample was subsequently separated by HPLC on a
C4 column and fractions were collected as described in Methods. The
protein content of the respective fractions is shown as absorbance at
256 nm. b The fractions were dialyzed against PBS, pH 7.4. Thereaf-
ter the samples were diluted 1:4 in M199 and SCS was added to give
a final concentration of 4%. Confluent monolayers of HUVEC were

containing the TF-stimulating activity for 24 h an up to
3-fold increase in PAI-1 antigen in CM of such treated
cells was also seen (data not shown).

When the fractions containing TF-stimulating activity
after gel filtration were pooled, concentrated and sub-
jected to HPLC, two minor and one major protein peaks
were obtained. When HUVEC were incubated with the
respective fractions for 4 h it could be shown that the TF-
stimulating activity eluted in the major protein peak. Sub-
sequent SDS-PAGE of this peak revealed a single protein
band corresponding to an approximate molecular mass of
38 kD (fig. 4). When HUVEC were incubated with this
fraction for 24 h an up to 1.5-fold increase in PAI-1 anti-
gen in CM of such treated cells was also seen (data not
shown).
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incubated for 4 h with the respective fractions or - as a control - with
PBS diluted 1:4 in M 199 containing a final concentration of 4% SCS.
TF activity in the lysates of these cells was determined as described in
Methods and expressed as fold stimulation over control. Inset: The
fraction containing TF-stimulating activity was subjected to SDS-
PAGE under reducing conditions using the PhastGel system and pro-
tein was visualized by silver staining (lane 1). A molecular weight
standard is shown in lane 2.

Discussion

Unperturbed EC in vitro express only minute amounts
of TF and only when activated by cytokines such as TNF-
o or IL-1 or by LPS do these cells change to a procoagula-
tory phenotype by expressing TF activity [5-7]. Normal
vessels have been shown by in situ hybridization and
immunocytochemistry to be negative for TF mRNA and
TF protein. Thus the expression of TF in the intact endo-
thelium in vivo does not seem likely. Based on these find-
ings TF, like IL-6, E-selectin or PAI-1, is considered to be
an activation marker in endothelial cells [18-20]. We
recently showed that SMC depending on their vascular
source and the number of cell doublings could either up-
or downregulate PAI-1 production in EC [8-10]. In one of
these studies we characterized a heat-labile, acid-stable
factor with an approximate molecular mass of 23 kD
which increased PAI-1 expresson in EC in vitro [8]. Here
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we present evidence that SMC can also modulate TF
expression in EC. We showed that CM obtained from
HUASMC, HUVSMC or HASMC stimulated TF expres-
sion in human microvascular as well as in human macro-
vascular EC in a dose- and time-dependent manner.
When CM from HPASMC were used no induction of TF
activity in EC was seen. These results were also reflected
on the level of specific TF mRNA as evidenced by North-
ern blotting. Corresponding to the activity data, treat-
ment of EC with CM from HUASMC, HUVSMC re-
sulted in a dramatic increase in the expression of TF
mRNA in HUVEC and treatment of EC with CM from
HASMC resulted in a slighter increase in TF mRNA in
these cells; CM from HPASMC had no effect. In this
respect it is noteworthy that — as we showed recently -
CM from HUASMC, HUVSMC and HASMC stimulated
the expression of PAI-1 in EC whereas CM from
HPASMC induced a downregulation of PAI-1 protein
and PAI-1 mRNA in EC [8, 9]. This would suggest that
similar to the effects on the fibrinolytic system the effect
of SMC on TF expression depends on the source of the
SMC.

Similarly to the PAI-1 upregulating factor in CM of
SMC the TF-upregulating activity present in SMC-condi-
tioned media was heat-labile but acid-stable. Further-
more, it did not bind to heparin. The activity was eluted
upon gel filtration as a single peak with a molecular mass
of approximately 35 kD. Further purification of this
material by HPLC yielded a single protein band as evi-
denced by SDS-PAGE and silver staining, which corre-
sponded to an approximate molecular mass of 38 kD.
However, this information does not allow us to distin-
guish it from other known inducers of TF expression in
EC such as IL-1 with a molecular mass between 15 and
30 kD, TNF-a with a molecular mass of 17 kD, VEGF
with a molecular mass between 15 and 24 kD or thrombin
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