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Summary

The lysis of fibrin clots on the surface of cultured human
omental tissue microvascular endothelial cells (HOTMEC) and
cultured human umbilical vein endothelial cells (HUVEC) was
studied. Fibrin clots were made by mixing fibrinogen, plasmino-
gen and thrombin on the surface of both cell types. Clot lysis was
seen only on the surface of HOTMEC, which were found to
synthesize about 100-fold more tissue plasminogen activator
(tPA) antigen than HUVEC. Clot lysis of HOTMEC could be
blocked by anti-tPA IgG but was not affected by the incorpora-
tion of exogenous plasminogen activator (PAI) into the clot in
concentrations (75 arbitrary units) exceeding the tPA activity
(21 2.5 IU) of the cells. Thus, it is likely that tPA secreted by
HOTMEC is protected from inhibition by PAI in the presence of
fibrin and endothelial cells. The stimulation of EC to release an
excess of tPA over PAI, in contrast to the secretion of an excess of
PAI over tPA found in unstimulated cells in the absence of fibrin,
is obviously no prerequisite for the initiation of fibrinolysis on the
surface of HOTMEC. As thrombin was used for clot formation,
its influence on tPA and PAI synthesis of both cell types was
-investigated. In contrast to HOTMEC, which were not affected
by a-thrombin, HUVEC revealed a dose-dependent increase in
tPA and PAI synthesis upon incubation with the enzyme. This
increase in tPA production by HUVEC was not sufficient to lyse
the clots within 48 hours. Furthermore, HUVEC behaved differ-
ently towards thrombin as these cells in contrast to HOTMEC
revealed the typical shape change reaction upon incubation with
the enzyme.

Introduction

The vascular endothelium plays a central role in the regulation
of fibrinolysis by synthesizing and secreting both plasminogen
activators (tissue-type plasminogen activator, tPA, and single-
chain urokinase-type plasminogen activator, scuPA) and plas-
minogen activator inhibitor type 1 (PAI-1) (1). Endothelial cells
(EC) release an excess of PAI over tPA so that no free tPA
activity but free plasminogen activator inhibitor capacity (PAI
cap) is found in blood of individuals at rest (2, 3) as well as in
conditioned media of unstimulated cultured human endothelial
cells (EC) (4). Several stimuli are thought to cause tPA release
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from vascular endothelial cells in vivo (5), such as venous
occlusion (6, 7), physical exercise (8), infusion of vasoactive
peptides (9) or extracorporal circulation (10, 11). If high amounts
of tPA accumulate in plasma under these conditions, the PAI
capacity in the blood is overcome, and free tPA activity can be
measured (12). Such a release of an excess of tPA over PAI by the
vascular endothelium has been assumed to be a prerequisite for
effective plasminogen activation and consecutive fibrinolytic
activity in blood. In experiments with cultured human EC,
however, considerable amounts of free tPA activity have so far
not been detected in the conditioned media or within the cells.

Recently it was shown by Wun et al. (13) that purified tPA
added to tPA depleted plasma immediately before clotting
activates plasminogen even in the presence of free PAI. Fibrin
formation obviously renders tPA relatively inaccessible to inhibi-
tion by PAI. Similar observations were first made by Kruithof et
al. (2). As fibrin formation is dependent on the action of thrombin
on fibrinogen, the effect of this enzyme on the fibrinolytic
activities of EC is of major interest. These interactions were
studied by several groups and it was shown that thrombin
enhances tPA and PAI synthesis by cultured human EC (14-16).
It is, however, unclear whether this change in the production rate
of tPA and PAI increases or decreases the fibrinolytic capacity of
EC.

In the present study fibrin clots were made of fibrinogen,
plasminogen and a-thrombin on the surface of macrovascular
human umbilical vein endothelial cells (HUVEC) and human
omental tissue microvascular endothelial cells (HOTMEC) 1) to
compare the fibrinolytic activities of HUVEC and HOTMEC,
2) to investigate the protective effect of fibrin and cell surface
structures on tPA secreted by EC directly on the EC surface and
3) to compare the influence of a-thrombin on the fibrinolytic
activities of HUVEC and HOTMEC.

Materials and Methods

Materials

Waymouth’s MB 752-1 cell culture medium, fetal calf serum (FCS),
penicillin, streptomycin, glutamine and collagenase were obtained from
Gibco, Karlsruhe, FRG. Bovine serum albumin (BSA), D(+)-glucose,
endothelial cell growth supplement (ECGS) and hirudin were purchased
from Sigma, Miinchen, FRG. Plastic petri dishes were obtained from
Becton Dickinson, Heidelberg, FRG. Fibronectin was from Behring-
werke, Marburg, FRG. Human plasminogen, human fibrinogen and
melanoma cell derived tPA were from KabiVitrum, Stockholm, Sweden.
Reptilase was from Pentapharm, Basle, Switzerland. Anti-tPA and anti-

uPA IgG antibodies were from Biopool, Umea, Sweden. Sodium dodecyl

sulfate was from Pierce Chemical Company, Illinois, USA.

Cultivation of Endothelial Cells

Human umbilical vein endothelial cells (HUVEC) were isolated
according to Jaffe et al. (17). Human omental tissue microvascular
endothelial cells (HOTMEC) were isolated as described previously (18).
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The final cell suspensions of HOTMEC as well as of HUVEC were seeded
on petri dishes (35 X 10 mm), precoated with fibronectin and were grown
to confluency in standard medium (SCM: Waymouth’s MB 752-1 medium
containing 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM glutamine)
supplemented with 20% (vol/vol) fetal calf serum (FCS) and 100 pg/ml
endothelial cell growth supplement (ECGS). ECGS was used until
HOTMEC and HUVEC had grown to confluent monolayers after 4 to
6 days. At confluence, the cells obtained from at least 3 umbilical cords
and the omental tissue of 3 patients were trypsinized (incubation with
1 ml 150 mM NaCl, 0.05% (wt/vol) trypsin, 1 mM EDTA for 3 minutes at
37 °C) from the dishes, were pooled and mixed with 40 ml SCM
containing 20% (vol/vol) FCS and were then centrifuged at 180 X g for
10 minutes. Afterwards the supernatants were discharged, the cells were
resuspended in SCM supplemented with 20% (vol/vol) FCS and 100 pg/ml
ECGS and were seeded on fibronectin-coated petri dishes. Confluent
monolayers of pooled and once passaged cells were used for the
experiments. FCS used in this study was heat inactivated at 56 °C for
30 minutes.

Fibrin Formation on the Surface of Endothelial Cells

The following reaction mixture was put on top of HUVEC and
HOTMEC: 755 ul of SCM supplemented with 2% (wt/vol) BSA and
2 mM D(+)-glucose, 25 pl of 400 mM CaCl,, 20 wl of 10 pM human
plasminogen and 100 pl of 20 mg/ml human fibrinogen. Fibrin was formed
by the addition of 100 pl serum-free SCM containing 10 NIH U/ml o-
thrombin [purified as previously described (19)] or 25 units/ml reptilase.
Clots formed within 2-3 minutes. Clot lysis was verified macroscopically
by the observation of complete liquefaction of the cell supernatant and
microscopically by the complete disappearance of the fibrin network from
the surface of HOTMEC with residual fibrin clumps left in the liquified
supernatant. In control experiments 25 pg/ml anti-tPa IgG or 50 pg/ml
anti-uPA IgG were added to the clots. Clots were also formed in the
absence of plasminogen. To increase PAI capacity in experiments with
HOTMEC, exogenous PAI was incorporated into the clots by adding
150 pl melanoma cell-derived PAI (20) (mPAI, 1,000 arbitrary units per
ml) to the reaction mixture before clot formation. mPAI was shown to be
of the endothelial cell type, PAI-1 (20). When mPAI was added, 605 pl
serum-free SCM were used in the reaction mixture.

Secretion Rate and Intracellular Levels of tPA

Confluent monolayers of identically cultivated endothelial cells of the
same population as used for the clot lysis experiments (9.8 + 1.1 x 10°
HOTMEC, n=3, and 6.9+1.1x10° HUVEC, n=3) were either
incubated in SCM supplemented with 10% (vol/vol) FCS to determine the
amount of tPA antigen released by the cells in the absence of a fibrin clot
or were trypsinized from the dishes and lysed to determine intracellular
tPA antigen levels at the time of clot formation (4).

Incubation of Endothelial Cells with a-Thrombin

Confluent monoléyers of endothelial cells were incubated for 1 hour at
37 °C with 0.0, 0.0001, 0.001, 0.01, 0.1, 1 and 10 NIH U/ml of purified

Table 1 Lysis of fibrin clots generated on the surface of human omental
tissue microvascular endothelial cells (HOTMEC) and human umbilical
vein endothelial cells (HUVEC)

Incubation mixtures Lysis time
, range (n=3)

(h) ‘

HOTMEC + fibrin clot 2-3

HUVEC + fibrin clot no lysis*

HOTMEC + fibrin clot + anti-tPA IgG no lysis*

HOTMEC + fibrin clot + anti-uPA IgG 2-3

HOTMEC + fibrin clot + mPAI** 2-3

mPAI: melanoma cell-derived plasminogen inhibitor. tPA: tissue plas-
minogen activator. uPA: urokinase type plasminogen activator. * No lysis
within 48 hours. ** mPAI added in excess over the tPA activity of
HOTMEC.
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human a-thrombin contained in 1,000 pl SCM which was supplemented
with 2% (wt/vol) BSA and 20 mM D(+)-glucose. During this period
HUVEC and HOTMEC were observed whether they revealed a shape
change reaction or not (21). Afterwards, the cells were washed twice with
SCM and incubated in SCM containing 5% (vol/vol) heat inactivated FCS.
After 6, 12 and 24 hours, the conditioned media were removed from the
respective wells, and residual thrombin activity was neutralized by the
addition of a five-fold excess of hirudin over the amount of thrombin
initially used for incubation. Thereafter, ECCM was centrifuged at
180 X g for 10 minutes, and the supernatants were separated into aliquots
and kept frozen at —30 °C up to 8 weeks until assessment.

Stability of PAI Activity in ECCM in the Absence of Cells

Studies were performed with ECCM of HOTMEC obtained after a
3 hours incubation period of the cells in SCM supplemented with 2% (wt/
vol) BSA and 2 mM D(+)-glucose. At the end of the incubation period
the conditioned media were centrifuged at 180 X g for 10 minutes and the
supernatants were kept frozen at —30 °C up to 8 weeks before they were
used. To study the stability of PAI in ECCM of HOTMEC 150 AU/ml of
purified mPAI were added to these 3 hours ECCM initially containing
35.6 +3.4 AU/ml PAI, n = 3. ECCM were then incubated at 37 °C for 3,
6,9, 12 and 24 hours in the absence and in the presence of 1 NIH U/ml of
a-thrombin. At time points indicated, aliquots were taken from ECCM,
and hirudin was added for thrombin neutralization as described above.
These samples were kept frozen at —30 °C up to 1 week until assessment.

Assay Systems

tPA antigen was measured by an ELISA according to Korninger et al.
(6). PAI cap was measured as described earlier (3). Melanoma cell-
derived tPA, presenting a specific activity of 500,000 IU/mg, was used for
titraton of PAI in the samples. One AU of active PAI represents the
amount of PAI inhibiting 1 IU of tPA. For the determination of latent
PAI, 100 pl ECCM were incubated with 10 pl 5% (wt/vol) sodium
dodecyl sulfate at 37 °C for 15 minutes. The samples were then highly
diluted for assessment to reduce the SDS concentration in the samples to
values not influencing the assay system for PAI activity.

Results

Clot Lysis by Endothelial Cells

The lysis of fibrin clots generated on the surface of HOTMEC
and HUVEC was studied. Fibrin clots were made by mixing
fibrinogen, plasminogen and thrombin on the surface of both cell
types. Clot lysis was seen only on the surface of HOTMEC within
3 hours, whereas HUVEC did not lyse the clots but deteriorated
under the fibrin films after 48 hours. Identical results were
obtained when fibrinogen was clotted by reptilase. Clot lysis seen
in experiments with HOTMEC was blocked by incorporating
25 pg/ml anti-tPA IgG into the clot, but was not affected by 50 pg/
ml anti-uPA IgG. Incorporation of 150 AU PAI (representing an
inhibitory activity towards 150 IU tPA) into the clots did not
influence clot lysis (Table 1). Clot lysis activity of HOTMEC was
found to be dependent on the incorporation of purified plasmino-
gen into fibrin clots.

' tPA and PAI Activities During Clot Lysis

ECCM containing 35.6 + 3.4 AU/ml PAI cap (n = 3) were
harvested from HOTMEC monolayers after an incubation period
of 3 hours in serum-free medium, were supplemented with
150 AU/ml melanoma cell derived PAI and were incubated at
37 °C in the absence of cells to determine the stability of PAI
activity in ECCM. A decrease in PAI activity over time was
detected. In ECCM of HOTMEC containing 185.6 + 10.4 AU/ml
PAI activity at the beginning of the incubation period a complete
loss of PAI activity was found within 9 hours (Fig. 1). A decrease
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Fig.1 Stability of PAI capacity in ECCM in the absence of HOTMEC,
and calculation of PAI activity and tPA activity during clot lysis. (O)
150 AU mPAI were added to 1 ml of ECCM of HOTMEC initially
containing 35.6 + 3.4 AU PAI cap (mean+ SD, n=3). A decrease of
25 AU PALI activity per hour upon incubation at 37° C in the absence of
cells was found. ({) Calculated decrease of 150 AU PAI cap incubated in
a fibrin clot on the surface of HOTMEC during a 3 hours incubation
period. A PAI activity of at least 75 AU can be expected within a fibrin
clot during the clot lysis period. (@) tPA activity: 32.5+6.8 ng tPA
(n = 3) were measured intracellulary and 11.2 2.0 ng tPA (n = 3) were
released by the cells within 3 hours of incubation in the absence of fibrin.
Thus, a maximal tPA antigen of 43.7 + 5.2 ng corresponding to 21.9 2.6
IU tPA activity was calculated for HOTMEC assuming a specific activity
of 500,000 IU per mg. Therefore, an excess of PAI activity within the
fibrin clot over tPA activity of HOTMEC was present throughout the clot
lysis period

of about 25 AU/ml PAI cap per hour in ECCM of HOTMEC
incubated at 37 °C was calculated. The stability of active PAI was
not affected by 1 NIH U/ml a-thrombin (data not shown). If
fibrin clots containing 150 AU PAI cap were incubated on the
surface of HOTMEC for 3 hours, at least 75 AU [150 —(3 X 25)]
PAI cap should be present during the entire 3 hours incubation
time. Total tPA antigen of HOTMEC during this 3 hours clot
lysis period was calculated by summing up the amount of tPA
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Fig.2 Increase in tissue plasminogen activator (tPA) antigen in con-
ditioned media of HUVEC (O) and HOTMEC (O) during a 12 hours
incubation period. Mean + SD (n = 3) are given
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Fig.3 Increase of plasminogen activator inhibitor capacity (PAI cap) in
conditioned media of HUVEC (O) and HOTMEC (0O) during a 24 hours
incubation period. a) Changes in active PAI cap were measured in the
absence of SDS. b) Changes in the combined active and latent PAI cap.
The latent form of PAI cap was activated by the addition of SDS.
Mean + SD (n = 3) are given
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Fig.4° The effect of a-thrombin (0.0, 0.001, 0.01, 0.1 NIH U/ml) on the
release of tPA antigen by HUVEC. Mean + SD (n = 3) are given
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antigen measured intracellularly at the time of clot formation
(32.5 = 6.8 ng, n = 3) and the amount of tPA secreted into the
culture medium within 3 hours in the absence of fibrin (11.2 *
2.0 ng, n= 3). Thus, a maximal tPA antigen of 43.7 + 5.2 ng
(n = 3) corresponding to 21.9 + 2.6 IU tPA activity was
calculated for HOTMEC assuming a specific activity of
500,000 IU per mg (22) (Fig. 1).

tPA and PAI Synthesis of HUVEC and HOTMEC in the Absence
of Fibrin

In the absence of fibrin, HOTMEC released about 100-fold
more tPA antigen than HUVEC into the conditioned media
during a 12 hours incubation period (Fig.2). In conditioned
media of both cell types, tPA was inactive; both active and latent
PAI could be measured (Fig. 3a, 3b).

Influence of Thrombin on tPA and PAI Synthesis and on the
Morphology of HUVEC and HOTMEC

Control experiments were performed to measure the influence
of thrombin on the release of tPA and PAI. At concentrations
between 0.001, and 0.1 NIH U/ml a dose-dependent maximal 2.5-
fold increase in tPA release was found in HUVEC (Fig.4),
whereas tPA secretion by HOTMEC and the levels of free active
and latent PAT in conditioned media of both cell types were not
affected by thrombin (data not shown). The typical shape change
reaction (21) upon incubation with thrombin was detécted in
HUVEC at thrombin concentrations between 0.001 and 10 NIH
U/ml, whereas the morphology of HOTMEC was not altered by
the same concentrations of thrombin.

Discussion

Endothelial cells (EC) are known to synthesize both tissue
plasminogen activator (tPA) and plasminogen activator inhibitor
(PAI). As inhibition of tPA by PAI is very fast and effective, and
as unstimulated EC are known to release an excess of PAI over
tPA, it has been assumed that fluid phase tPA activity is only
generated if EC are stimulated to release an excess of tPA .over
PAI and thus overcome blood PAI capacity.

In the present study the fibrinolytic activities of cultured
human umbilical vein endothelial cells (HUVEC) and cultured
human omental tissue microvascular endothelial cells
(HOTMEC) were studied. For this fibrin clots containing plas-
minogen were formed on the surface of both cell types.
HOTMEC lysed the clots within 2 to 3 hours, whereas HUVEC
deteriorated under the fibrin films after 48 hours. It was sur-
prising to find plasminogen activator activity associated with
HOTMEUC, as these cells secrete an excess of PAI over tPA in the
absence of fibrin. To investigate the influence of fluid phase PAI
activity at the cell surface on the fibrinolytic activity of HOT-
MEC, purified melanoma cell derived PAI (mPAI) was incorpo-
rated into the fibrin clots. According to the determinations of the
stability of mPAI in ECCM of HOTMEC in the presence of a-
thrombin the inhibitor was used in concentrations two to three
times higher than the maximal calculated tPA activity available by
the cells during the clot lysis period, to assure an excess of PAI
activity during clot lysis. Fibrinolysis mediated by HOTMEC was
not affected by such an incorporation of PAI into the fibrin films.

HOTMEC contain an excess of PAI over tPA intracellulary
and release an excess of PAI over tPA into the culture medium in
the absence of a fibrin clot (4). Therefore, maximal tPA activity
of the cells could not be measured but was calculated by summing
up intracellular tPA antigen levels measured at the time of clot
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formation and the amount of tPA antigen released by the cells
during a 3 hours incubation period in the absence of a fibrin clot.
Antigen values were converted into activity values taking into
account the specific activities known from highly purified tPA
preparations. Similar to the observations of others with HUVEC
(23), PAI-1 (mPAI) was found to be unstable in HOTMEC
ECCM. The fact the stability of PAI in ECCM of HOTMEC was
not further decreased by a-thrombin in our study in contrast to
results obtained by others (23) may be due to the lower
concentrations of o-thrombin used in our experiments. Further-
more, different types of EC were used in the two studies.

We conclude from our experiments that the activation of
plasminogen by tPA on the surface of HOTMEC can occur even
in the presence of free PAI activity. A shift in the secretion rate of
tPA and PAI in favour of free tPA is obviously no prerequisite for
the generation of fibrinolytic activity on the surface of HOTMEC,
although such a change in the ratio of tPA and PAI release in the
presence of a fibrin clot could not be excluded in our experiments.
The susceptibility of tPA to inhibition by PAI seems to be low in
the presence of fibrin and HOTMEC. Similar observations were
also made by other investigators who found that tPA is protected
from inhibition by PAI in the presence of fibrin (2, 13). This could
be due to the high affinity of tPA for fibrin or to an inhibitory
effect of fibrin on PAI activity, which has not been clarified until
now. It was also reported that tPA bound to EC surfaces is less
susceptible to inhibition by PAI (24). Our experiments demon-
strate the physiological importance of these phenomena, as
HOTMEC are the only cultured human endothelial cells so far
described which are capable of lysing fibrin clots formed on their
surface.

Binding and stabilization of PAI by the extracellular matrix
was described recently (25, 26). Such antifibrinolytic effects of the
matrix could not prevent the generation of free tPA activity on
the surface of intact monolayers of cultured HOTMEC.

The finding that clot lysis mediated by HOTMEC was depen-
dent on the incorporation of purified plasminogen into the clots
and could be blocked by anti-tPA IgG but not by anti-uPA IgG
demonstrates the major importance of tPA for fibrinolysis
induced by HOTMEC. The high amounts of tPA synthesized by
HOTMEC, 100-fold more than produced by HUVEC, may
explain why cell-associated clot lysis was detected on the surface
of microvascular but not of macrovascular endothelial cells.

As thrombin was used for clotting fibrinogen on the cells, the
influence of this enzyme on tPA and PAI synthesis of HUVEC
and HOTMEC was investigated. Despite quantitative differ-

- ences, the findings of other groups (14-16) were basically

confirmed that thrombin enhances tPA and PAI production by
HUVEC. A dose-dependent maximal 2.5-fold increase in tPA
synthesis was found in HUVEC at a thrombin concentration of
0.1 NIH U/ml. The levels of free active and latent PAI in ECCM
of both cell types did not change upon incubation of the cells with
thrombin. As, on the other hand, a thrombin mediated increase in
tPA production by HUVEC was found, it is likely that this
enhanced tPA synthesis was accompanied by an equivalent
increase in PAI synthesis. In the present study, endothelial cells
were incubated with thrombin only for 1 hour in contrast to other
studies (14-16) in which the cells were incubated with thrombin
for the entire incubation period; this may account for the
quantitative differences in the thrombin-induced increase in tPA
and PAI synthesis by HUVEC, reported here in comparison to
other publications. Most interestingly, tPA and PAI production
of HOTMEC were not affected by thrombin. Furthermore, in
contrast to HUVEC, HOTMEC did not show the typical shape
change reaction (21) upon incubation with thrombin although
HOTMEC can equally mediate protein C activation as HUVEC
(4). The shape change reaction is thought to enhance the
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procoagulant activities of the vessel wall by exposing intercellular
subendothelial structures for further activation of coagulation in
case of thrombin formation. The observation that HOTMEC lack
this reactivity towards thrombin may be of physiological import-
ance for the limitation of procoagulant activities in the microcircu-
lation as thrombin formed within the vasculature mainly binds to
endothelial cells of capillary beds (27). The different reactivities
of HUVEC and HOTMEC towards thrombin may be due to a
different pattern of thrombin receptors on the cell surface.

Our results provide evidence that in certain parts of the
microcirculation the high base line tPA production and the
protective effect of fibrin and the endothelial cell surface on tPA
against inhibition by PAI ensure immediate plasminogen activa-
tion and fibrinolysis in the case of fibrin generation within
microvessels although differences in the fibrinolytic properties of
various capillary beds cannot be excluded (28). Macrovascular
endothelial cells were on the other hand found to synthesize only
limited amounts of tPA and fibrinolytic activity could not be
detected on the cell surface, even if tPA production was stimu-
lated by o-thrombin. These findings obtained with cultured
human endothelial cells are in agreement with observations of
Pandolfi et al. (29) who found plasminogen activator activity
associated with endothelial cells of microvessels (Vasa vasorum)
but not with macrovascular endothelial cells (Vena saphena
magna) using Todd’s fibrin overlay technique. The high fibrino-
lytic activity of microvascular EC may be one of the reasons for
the rare incidence of microvessel thrombosis compared to
macrovessel thrombosis.
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