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SUMMARY

Thrombomodulin is a transmembranous glycoprotein of endothelial cells. In vitro it is a
marker of endothelial cell injury. In vivo the levels of serum thrombomodulin are regarded
as a parameter of activity in vasculitides. The latter are pathophysiologically determined by
neutrophil-derived inflammation and endothelial cell injury caused by secretion of proteases
and hydrogen peroxide. It was the objective of this study to determine whether thrombo-
modulin is only a late marker of advanced endothelial cell injury or whether it indicates also
earlier stages of cell alterations. Over 24 hr endothelial cell cultures were incubated with
hydrogen peroxide or the neutrophil proteases proteinase-3, elastase and cathepsin G. The
time-dependent increase of thrombomodulin in the supernatant was determined by enzyme-
linked immunosorbent assay and immunoblot. In addition the viability (eosin, tetrazolium
dye assay), detachment (crystal-violet assay), and apoptosis (4',6-diamine-2'-phenylindole-
dihydrochloride assay) of the respective endothelial cells were determined for adherent and
non-adherent cells. A rapid thrombomodulin increase was found under all experimental
conditions. The additional immunoblotting analysis showed the pattern of proteolytic
cleavage caused by the protease reactivity. In case of hydrogen peroxide the thrombomodulin
increase was closely correlated with the loss of cell viability and lysis. The incubation of
endothelial cells with the different proteases resulted in a time-dependent detachment of
primarily viable cells. In addition to cell necrosis apoptotic cell death was found in the
subgroup of detached endothelial cells after prolonged incubation over 24 hr with proteinase-
3 (23%), elastase (31%), and cathepsin G (19%). In contrast, still adhering cells did not show
any signs of necrosis or apoptosis. In summary these studies confirm in vitro that soluble
thrombomodulin is not only a parameter of advanced endothelial cell destruction itself but
also in addition an early marker of initial endothelial cell membrane changes induced by
neutrophil derived proteases and oxygen radicals.

INTRODUCTION

Thrombomodulin is an endothelial cell transmembranous
glycoprotein acting as a receptor for thrombin.' A soluble
form of thrombomodulin (TM) is found after endothelial
cell injury as shown by several in vitro studies including
3ICr-release assays. Therefore thrombomodulin is regarded
as a reliable marker of endothelial cell injury in vitro.>
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Furthermore, soluble serum thrombomodulin is a recently
established marker of disease activity in patients with
multisystemic autoimmune vasculitis including systemic
lupus erythematosus (SLE), Wegener’s granulomatosis,
ulcerative colitis and other systemic vasculitides.®'® How-
ever, it is still uncertain whether this serological thrombo-
modulin increase is an early sign of an inflammatory
endothelial cell alteration or if it is mainly a late marker of
an advanced endothelial cell injury with cell destruction.
The vasculitides themselves are autoimmune disorders
characterized by intra- as well as perivascular inflammation.
This inflammation is mediated by neutrophils and leads to
endothelial cell injury. The latter occurs after activation
of neutrophils by inflammatory cytokines only.''"'® Several
mechanisms are involved in this inflammatory process.
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After activation neutrophils secrete oxygen radicals as well
as proteolytic enzymes. These are stored in the azurophilic
granules of the neutrophils. They include the serine
proteases proteinase-3 (PR-3), elastase and cathepsin G.
After secretion these different agents result in a direct
toxic effect on the attacked cells as well as indirect effects
leading to the detachment of cells from the surrounding
matrix.!”!

In the present in vitro study endothelial cell cultures were
incubated with PR-3, elastase and cathepsin G as well as
hydrogen peroxide (H,O,) in order to determine the time
dependence of the occurrence of thrombomodulin in
comparison with the cell viability, adherence and cytolyses
over 24 hr. Our intention was to determine whether these
different inflammatory mediators would induce a thrombo-
modulin increase only as a result of an advanced endothelial
cell injury or as a result of alteration of the endothelial cell
membrane; this was in order to get evidence whether
increased serum thrombomodulin could be regarded as an
early or only as an advanced parameter of disease activity in
patients with vasculitides.

MATERIALS AND METHODS

Reagent and proteinases of neutrophils

Highly purified human PR-3, prepared and purified
according to the methods of Kao er al.'® and Leid er al.*
was kindly provided by Prof. K. Andrassy (University of
Heidelberg, Department of Nephrology). In addition,
commercially available human leucocyte elastase (Sigma-
Aldrich Chemie GmbH, Deisenhofen, Germany) and
cathepsin G from human neutrophils (ICN Biochemicals
GmbH, Eschwege, Germany) were used. These different
reagents were experimentally used in the same range of
concentration as previously published by other investiga-
tors.”>* However, the respective concentrations used in
the present study were slightly modified because of the
known variability of the biological, proteolytic activity of
distinct proteinase preparations in order to reach a
comparable experimental thrombomodulin releasing effi-
cacy for all reagents. The following final concentrations
were used according to several dose finding experiments
(data not shown): PR-3 10 pg/ml medium (serum-free),
elastase 5 ug/ml medium (serum-free), cathepsin-G 5 pg/ml
medium (serum-free), and H,O; 0-5% (medium serum-free).
In addition, if not otherwise stated reagents were used from
Sigma (Sigma-Aldrich Chemie GmbH).

Endothelial cell culture

Human endothelial cells were isolated from umbilical veins
according to the methods of Maruyama and Jaffe with
minor modifications as described previously.'>>*2% In brief,
human umbilical vein endothelial cells (HUVEC) were
isolated by collagenase digestion (0-1% collagenase from
Clostridium histolyticum; Roche/Boehringer Mannheim,
Mannheim, Germany) from human umbilical cord veins,
washed and cultured in tissue culture flasks precoated with
fibronectin (5 pg/cm?, Roche/Boehringer Mannheim) using
medium 199 (Sigma-Aldrich Chemie GmbH) supplemented
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with 200 mmol L-glutamine, 100 pg/ml endothelial growth
factor (Sigma-Aldrich Chemie GmbH), 100 pug/ml heparin
(Sigma-Alderich Chemie GmbH), 20% fetal calf serum
(FCS, Seromed; Biochrom KG, Berlin, Germany), and
50 U/ml penicillin/50 pg/ml streptomycin (Sigma-Aldrich
Chemie GmbH). Medium without FCS and endothelial cell
growth factor was used for incubations of cells under
experimental conditions if not otherwise stated.

The second or third passage of endothelial cell cultures
was used for the respective experiments. The cells were
subcultured on 96-well plates or four-chamber slides under
optimal culture conditions up to near confluent cell density.
Before use, the anticoagulant activity as well as the purity
of the endothelial cell culture were tested as described
recently.'®%® The latter was performed by indirect immuno-
fluorescence using an anti-thrombomodulin monoclonal
antibody (M617; Dako-Diagnostik, Hamburg, Germany).

ELISA (enzyme-linked immunosorbent assay )

A prototype two-site ELISA was used for the determination
of TM in the supernatant of the endothelial cell cultures
as described elsewhere.!® The test was performed accord-
ing to the manufacturer’s instructions (Thrombomodulin
VarElisa, charge no. 17067, ELISA/Pharmacia & Upjohn,
Freiburg, Germany). Briefly, the precoated 96-well plates
were washed and incubated for one hour at room
temperature with the diluted samples in duplicates (50 ul
supernatant and 75 pl sample buffer) or the provided
standards. After washing the plates were further incubated
with the peroxidase-conjugated secondary anti-TM anti-
body (100 pl/well) for the next hour and finally with the
substrate solution (tetramethylbenzidine; TMB) at room
temperature in the dark for 10 min. With exception of the
last step the plates were washed between each incubation
step. Finally, the plates were stopped with 2 N H,SO,
and the optical density measured after 30 min of colour
stabilisation by an automated ELISA plate reader at
450 nm (Titertek Multiscan Plus MKII; ICN/Flow,
Meckenheim, Germany).

Sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS—-PAGE) and Western blotting
SDS-PAGE was carried out on a slab gel according to the
method of Laemmli*’ with minor modifications. Five per
cent acrylamide (containing 0-2% SDS 10%) were used for
the staking gel and 10% acrylamide (containing 0-2% SDS
10%) for the separating gel. The respective samples were
prepared by boiling (100°) in samples buffer (2% SDS,
100 mmol B-mercaptoethanol, 10% glycerol, 80 mmol Tris/
HCI pH 6-8) for 5 min 10 pl of marker (Rainbow coloured
protein molecular weight marker 220-143000 MW,
Amersham Life Science, Braunschweig, Germany) or sample
were loaded on the SDS gel and run with constant current
intensity of 20 mA (staking gel) or 70 mA (separating gel).
Subsequently the proteins were transferred to the
nitrocellulose membrane (Amersham Life Science) using
the semidry method with glycine transfer buffer (1000 ml
containing 80 ml Tris/glycine buffer (3:03 g Tris and
14-4 g glycine in 1000 ml) and 200 ml methanol) and three
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different preparation buffers (buffer 1: 300 mmol Tris/HCI;
buffer 2: 25 mMol Tris/HCI; buffer 3: 40 mmol 6-amino-n-
hexan-acid; Biotec-Fischer GmbH, Reiskirchen, Germany).
After transfer the membrane was blocked and incu-
bated with the specific antithrombomodulin antibody
(M617, Dako Diagnostik). For detection the Western-
light CSPD-chemoluminescence assay was used with an
alkaline-phosphatase conjugated goat anti-mouse detec-
tion antibody (TROPIX Inc Bedford, MA, distributed by
SERVA Feinbiochemica GmbH & CoKG, Heidelberg,
Germany) and finally the X-rays were automatically
developed.

Proliferation and viability assays

Crystal-violet assay. The cells were incubated with
crystal-violet (crystal-violet 7-5 g/l, NaCl 2-5 g/l, formal-
dehyde 1-57%, methanol 50%) for 20 min at the end of the
respective experiments in order to measure the relative
number of endothelial cells in the 96-well plates. After
removing the crystal-violet solution the wells were washed,
the dye eluted from the cells by methanol and the extinction
measured in an automated ELISA plate reader by 593 nm
(Titertek Multiscan Plus MKII; ICN/Flow, Meckenheim,
Germany).?%3°

Tetrazolium dye assay. The endothelial cells which had
been cultured in 96-well plates under optimal conditions to
near confluence were coincubated according to the experi-
mental requirements in FCS-free medium without endo-
thelial cell growth factor. At the fixed time intervals the
medium was replaced by fully supplemented medium and
the adherent cells incubated for further 12 hr. Subsequently
the capacity of the cells to produce formazan was measured
in the modification according to Mossman using the
CellTiter 96-kit (non-radioactive cell proliferation assay
Promega, distributed by SERVA Feinbiochemical GmbH &
CoKG).zg’30 In brief, the cells were incubated with MTT-
[3(4,5-dimethylthiazol-2-y1)2,5-diphenyltetrazolium  bro-
mide] dye solution for 3 hr. The medium was removed
and the amount of reduced MTT dye measured after lyses of
cells in an automatic ELISA reader at 570 nm (Titertek
Multiscan Plus MKII; ICN/Flow).

Eosin exclusion assay. The endothelial cells were grown
on 4-chamber slides and incubated according to the
required experimental conditions. At the fixed time intervals
the number of viable endothelial cells were investigated by
removing the supernatant and adding 2% eosin solution to
the culture. Ten minutes later the percentage of dead cells
(coloured) were determined microscopically by counting
100 cells. The number of viable cells was investigated in the
supernatant in the same way after gently centrifugation and
addition of the 2% eosin solution.*

Investigation of apoptosis

DNA fragmentation analysis. The DNA fragmentation
was analysed according to the method of Maniatis.’!
Briefly, the cells were cultured in 6-well plates and incubated
as requested. At the fixed time intervals the supernatant
was removed and gently centrifugated in 1-5 ml tubes.

Meanwhile the remaining cells were removed from the
plates by adding trypsin/ethylenediaminetetraacetic acid
(EDTA) solution (Roche/Boehringer Mannheim) and
separately centrifuged in 1-5 ml tubes as well. 100 ul
DNA-lysis buffer (200 mmol Tris, 100 mmol EDTA, 1%
SDS) supplemented with proteinase K (10 ug/10° cells;
Roche/Boehringer Mannheim) was added to all cell pellets
and incubated at 50°. After one hour RNase (25 pg/10°
cells; Roche/Boehringer Mannheim) was added and incu-
bated for an additional hour at 50°. Finally, the DNA
samples were electrophoretically separated on an 1%
agarose gel (80 V, maximum current intensity), these gels
were stained with 1% ethidiumbromide solution (Sigma-
Aldrich Chemie GmbH), the DNA analysed under
UV-light and documented by Polaroid camera.

4',6-diamine-2"-phenylindole-dihydrochloride (DAPI)
assay. The endothelial cells were grown on four-chamber
slides as for the eosin exclusion assay. At the end of the
respective culture and/or coincubation period the super-
natant was removed, the cells washed and finally fixed with
acetone and methanol. The cells in the supernatant were
prepared in the same way after centrifugation on a slide
using the cytospin technique. Next the slides were incubated
with the DAPI solution (storing solution: 0-1 mg/ml DAPI
in 180 mmol Tris/HCI, pH 7-5; solution ready for use:
0-5 wl/ml DAPI storing solution in 180 mmol Tris/HCI).
Finally, the slides were washed, mounted and the percentage
of apoptotic cells determined by fluorescence microscopy
counting 100 cells.?

Statistical analysis

If not otherwise stated, the mean and standard deviation are
given. For the assessment of significance between test and
control values the Wilcoxon paired difference test was
used considering all single values which were measured
(P<0-05).

RESULTS
Release of endothelial thrombomodulin

Thrombomodulin is very rapidly found in the supernatant
of endothelial cell cultures after incubation with PR-3,
elastase, cathepsin-G, or H,O, under serum-free culture
conditions. A very marked release of endothelial thrombo-
modulin is already detected by the TM-specific ELISA as
soon as 30 min after start of incubation (Fig. 1). The
majority of the thrombomodulin is released in the first four
hours of incubation (Fig. 1; Table 1). The culture medium
itself contains no detectable amounts of thrombomodulin.
The control culture shows only minor amounts of soluble
thrombomodulin because of physiological cell turnover.
The additional Western-blot analysis confirmed the
rapid release of TM-degradation products into the super-
natant of the endothelial cell cultures under the different
experimental conditions tested. The relative amount of TM
indicated by the staining intensity only slightly increased
during later incubation periods comparing the four different
time points of each experimental setting. The control
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10 cultures showed background amounts of TM only. Nearly

| the same TM degradation products occurred in all three

cultures treated with the different proteases. The major

molecular weight was 56 000 using the antithrombomodulin

antibody DAKO M617 for detection (Fig. 2). Undegraded

thrombomodulin (105000 MW) was not found under any
of the experimental conditions.

Viability of endothelial cells

Thrombomodulin (ng/1000.000 cells)

0O 2 4 6 8 10 12 14 16 18 20 22 24
Time (hr)

As expected, the control cultures showed a slightly
increasing number of adherent cells per well because of
-®- Control -¥~ PR-3 —%- Elastase =%~ CATH-G -5~ H202 cell growth over 24 hr of incubation using the crystal-violet

assay for detection. In contrast, nearly all cells rapidly

Figure 1. The increase of thrombomodulin in the supernatant detached after incubation with hydrogen radicals. In
gf endqthelial cell cultures i§ shown after 0-5, 1, 4, and 24 hr of addition, a rapidly decreasing number of adherent cells
Lr;ctE:aggnG lgs“ 5:1111 alsr(())g?a;e-i}osei g/nélroilizztaf;’ s:rrllsn Sfr% i was found after incubation with the proteases. The latter

P o vdrogen p was particularly marked for PR-3 (Table 1).

medium was used. The thrombomodulin values were determined by . .

ELISA. Standard cultures were used as controls. The mean of three So far, these results together with the thrombomodulin

experiments is shown. For more details see Table 1. kinetics presented first could be explained as an increasing
endothelial cell damage due to a direct toxic effect of the
incubation with proteases or hydrogen radicals. However,

the additionally performed eosin exclusion assay documents

Table 1. Time-dependent endothelial cell viability, detachment and thrombomodulin release after incubation with neutrophil derived
proteases and hydrogen peroxide

Adherent cells

Supernatant
Crystal-violet Tetrazolium dye thrombomodulin
Assay Time (optical density) (optical density) (ng/10° cells)
Starting conditions 0 hr 100423 134+19 0-1+0-2
Proteinase 3 0-5 hr 80+17 108 +27* 4:34+0-5*
1 hr 68+27* 100 +25* 4-640-4*
4 hr S14+14% 94 4 38* 6:6+0-8*
6 hr 45+ 16% 81+35* 6:9+0-7*
24 hr 15+9* 54437* 82+09*
Elastase 0-5 hr 69+ 19* 93 +41* 3-24+0-5*%
1 hr 52428%* 88+31* 4:34+0-7*
4 hr 26+ 13* 374 19* 59+0-7*
6 hr 21 +11% 47 +25% 6:3+0-9%
24 hr 14 4+-8* 34429* 8:3+1-0*%
Cathepsin G 0-5 hr 56+19* 934 55% 3:0+0-5%
1 hr 51420% 834+37* 4-04+0-7*
4 hr 364+ 15% 41+23%* 51+407*
6 hr 314 14% 55+31%* 5:3+0-8*%
24 hr 13+7* 35422% 6:1+0-8*
H,0, 0-5 hr 22411% 174 14* 4-340-6*
1 hr 124+9* 10+ 6% 6:1+0-8%
4 hr 64 6* 6+ 6* 7-24+0-9%
6 hr S+T* 9+5% 7-3+0-8%
24 hr 243* 94 5% 8:0+0-9*
Control 0-5 hr 100+9 135+25 0:3+0-1
1 hr 100423 133429 03401
4 hr 97+22 131+23 0-4+0-2%
6 hr 98 425 131437 0-5+0-1%*
24 hr 101+27 159+51 0-7+0-2%

Mean and standard deviation of three experiments (*P <0-05).

© 2002 Blackwell Science Ltd, Immunology, 107, 340-349



344

a preserved viability of adherent endothelial cells as well as
cells in the supernatant over the first hours of incubation
for all experimental settings with one exception. Only the
incubation with hydrogen radicals led to a rapid cell damage

Control Proteinase-3
(coated) addition
0.5hr thr 4hr 24hr  0.5hr 1hr 4hr 24hr
97000MW m
66000MW == " ot f- -——
46000MW == i
30000MW ==
Elastase Cathepsin G H,O,
addition addition addition

0.5hr thr 4hr 24hr  0.5hr 1hr 4hr 24hr  0.5hr 1hr 4hr 24hr

97000MW ==
66000MW ==

46000MW ==

30000MW ==

Figure 2. The immunoblot analysis of the respective culture
supernatants confirms the rapid loss of thrombomodulin from
the endothelial cells. The different blots show the typical pattern of
proteolytic thrombomodulin cleavage for the experiments with the
three neutrophil proteases proteinase-3, elastase, and cathepsin G.
Background staining is found in the standard control culture only.
A representative blot is shown.

M. W. J. Boehme et al.

with loss of adherence and release of thrombomodulin
(Table 2).

These results were confirmed by the tetrazolium dye
assay. Hereby, the cells were cultured and incubated with
proteases or hydrogen radicals as for the other experiments.
After the respective time intervals of incubation the super-
natant was removed, the cells washed with medium and
the remaining cells cultured under optimal conditions
using serum supplemented medium (for details please see
the method section) for a further 12 hr in order to evaluate
endothelial cells without progressive injury of cells. There-
after the tetrazolium dye assay was performed. This test
showed an enzymatic activity of the remaining adherent
cells as expected because of the estimated number of cells
by the crystal-violet assay. In contrast, the incubation of
endothelial cells with hydrogen radicals lead to a very quick
cell damage without enzymatic activity in all cultures
(Table 1).

Apoptosis of endothelial cells

Finally we investigated the occurrence of apoptosis as one
potential pathophysiological mechanism for the sustained
endothelial cell death after incubation of endothelial cells
with proteases. First an agarose gel electrophoresis of the
DNA was performed investigating the different subgroups
of adherent endothelial cells as well as the cells in the
supernatant. In summary, DNA degradation was only
detectable in the group of non-adherent cells after incuba-
tion for 24 hr with all three different proteases (Fig. 3).
Moreover, indications of a typical DNA ladder pattern were

Table 2. Time-dependent endothelial cell viablility and apoptotic cell death of adherent and non-adherent cells

Adherent cells

Non-adherent cells

Eosin exclusion

Eosin exclusion

Assay Time (% viability) DAPI (apoptosis) (% viability) DAPI (apoptosis)
Starting conditions 0 hr 99+4+2% <1% 14+2% <1%
Proteinase 3 0-5 hr 994+1% <1% 98 +1%* <1%
1 hr 98 +1% <1% 97 +1%* <1%
4 hr 89+ 7%* <1% 89 4+ 5%* 1+1%
24 hr 68 +8%* <1% 21 +5%* 23 +5%*
Elastase 0-5 hr 99+1% <1% 97 +2%* <1%
1 hr 97 +2% <1% 97 +2%* 2+1%
4 hr 89 +4%* <1% 39 +6%* S+3%*
24 hr 54 4+ 8%%* <1% 6+ 3%* 31 +6%*
Cathepsin G 0-5 hr 98 +1% <1% 97 +2%* <1%
1 hr 69i9%>* <1% 86i4%)* liloo
4 hr 30 +7%* <1% 66 + 5%* 34+2%*
24 hr 21 +8%* <1% 6+4%* 19 + 5%*
H,0, 0-5 hr 44 3%* <1% 443% <1%
1 hr 1+2%* <1% 2+1% <1%
4 hr <1%* <1% 1+2% <1%
24 hr <1%* <1% liloo <1%
Control 05 hr 99+ 1% <1% 1+1% <1%
1 hr 98 +2% <1% 1+1% <1%
4 hr 96 +3% <1% 3+2% <1%
24 hr 96 +4% <1% 3+1% 4+ 3%*

Mean and standard deviation of three experiments (*P <0-05).
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Non-adherent endothelial cells
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Figure 3. The DNA agarose gel electrophoresis shows no signs of
DNA degradation for the subsets of adherent endothelial cells
under all experimental condition. However, DNA degradation
occurs time-dependent in the subgroups of these nonadherent
endothelial cells incubated with one the three proteases which
were tested; proteinase-3, elastase, and cathepsin G. In addition,
indications of a typical DNA ladder pattern were additionally
found in these three protease related DNA degradation smears
when these were directly viewed under the ultra violet lamp.

additionally found in these protease related DNA degrada-
tion smears when these were directly viewed under the
ultraviolet lamp. Therefore, the question of the occurrence
of apoptosis was further investigated with the DAPI assay
using short times for fixation and washing in order to
prevent diffusion of DNA.*® Likewise this DAPI assay
revealed no detectable apoptosis of adherent cells under
all of the distinct culture conditions tested. However, after
24 hr of incubation a significant amount of apoptosis
occurred among the detached endothelial cells of the
supernatant in the proteases treated groups showing the
typical pattern of dense chromatin granules because of
DNA condensation®**-** (Fig. 4). The incubation with
H,0, did not result in a detectable apoptosis under any
culture conditions (Fig. 3, Table 2).
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DISCUSSION

Vasculitides are an inhomogeneous group of autoimmune
disorders involving a variety of organ systems. Up to today
reliable serological markers of disease activity are still
missing. Pathophysiologically vasculitides are characterized
by inflammatory vascular damage whereby the endothelial
cells are affected, during the first phase in particular. The
vascular inflammatory process includes local secretion of
proinflammatory cytokines like tumour necrosis factor-o
or interleukin-1, cytokine activation of endothelial cells as
well as leucocytes, and increasing expression of adhesion
molecules. This inflammatory process leads to augmented
cell adhesion with consecutive cellular cytotoxicity of
activated neutrophils. Finally the vascular inflammatory
cascade results in a local endothelial cell injury.'' 1%
In vitro thrombomodulin — a transmembranous glycopro-
tein of endothelial cells — is regarded as reliable marker of
endothelial cell injury.® Soluble thrombomodulin is not
released in vitro into the supernatant but internalized and
degraded after activation under normal culture condi-
tions.>® In addition, serum thrombomodulin concentrations
show in vivo a promising correlation to the disease activity
in a variety of autoimmune vasculitides and diseases with
substantial vascular injury. These include SLE, Wegener’s
granulomatosis, ulcerative colitis, Takayasu’s arteritis,
Behget’s disease, giant cell arteritis, sepsis, disseminated
intravascular coagulation and malaria.®'%*"3° However, it
is still unknown whether or not the respective serological
thrombomodulin increase is only a late sign of advanced
endothelial cell destruction.

The cellular toxicity of activated neutrophils is mainly
due to the secretion of oxygen radicals and proteolytic
enzymes.' 1217 Oxygen radicals are known to rapidly
induce direct toxic effects on endothelial cells (cytolysis)
in vitro in high concentrations (in pmolar to mmolar range)
using the Cr’'-release assay. This endothelial cell cyto-
toxicity is closely correlated with a thrombomodulin
increase in the culture supernatant.>>!° In contrast the
incubation with very low concentrations of oxygen radicals
(in umolar to nmolar range) does not result in direct
endothelial cell toxicity or thrombomodulin release. How-
ever, these low concentrations of oxygen radicals lead to
endothelial cell lysis by inducing apoptosis.”>*°

High concentrations of oxygen radicals pathophysiolo-
gically occur in the intracellular microenvironment leading
to a direct cytotoxicity, e.g. after cell to cell contact. In
contrast low concentrations of oxygen radicals are found
in the extracellular fluid of the inflammatory environment
and are involved in the neutralization of a protective
antiproteinase shield at the inflammation site.'> Further-
more, recently published results point to an additional
possibility, that low concentrations of oxygen radicals can
increase the activity of neutrophil derived proteases.>!”
Nevertheless, the present study was not especially designed
to further investigate the ability of low oxygen radical
concentrations to induce apoptosis or to determine addi-
tional synergistic effects of oxygen radicals on the activity
of proteases. In contrast, high concentrations of oxygen
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Proteinase-3

Elastase

Cathepsin G

H0,

Control

Figure 4. After 24 hr of incubation the fluorescence microscopy of detached endothelial cells in the supernatant shows the
typical apoptotic pattern of dense chromatin granules after staining with DAPI (preparation on slides using cytospin
technique; for more details see the method section). This pattern is due to DNA condensation. The apoptotic pattern is found
in the subgroups of endothelial cells treated with proteases (proteinase-3, elastase, cathepsin G) but not with hydrogen radicals.
No detectable apoptotic pattern occurred under any culture conditions among the endothelial cell, which still remained
adherent (not shown; more results in Table 2) (magnification x 40).

radicals were used in this present study because of their
known, constantly occurring, effects of cytotoxicity, with
the intention to compare these results with the alterations
induced on endothelial cells by the proteinases. Therefore,
the present experiments confirmed the direct endothelial
cell toxicity of high concentrations of hydrogen peroxide as

well as their capacity to induce a rapid and marked increase
of thrombomodulin in the supernatant. Likewise, no signs
were detected of the induction of an indirect cell toxicity like
apoptotic cell death.

Proteolytic enzymes are the second source of activated
neutrophils to cause cell injury. They include the serin
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proteases PR-3, elastase and cathepsin G, which are stored
in the azurophilic granules.!” %! The concentrations (per ml)
of all proteases that were used experimentally were in the
pathophysiological relevant range, as 1 x 10° neutrophils
contain in general a few micrograms of these proteinases,
with minor variability concerning the distinct proteases.'>'®

In vitro these proteases are able to degrade proteins
of the endothelial matrix including fibronectin, laminin,
collagen and proteoglycans. Therefore, they can induce
detachment of endothelial cells from the surrounding
matrix.'®*"™* The induction of emphysematous lesions as
well as the detachment of glomerular endothelial cells has
been described.!® 2! In vitro these proteases lead to a rapid
loss of the thrombomodulin activity of the endothelial cells
themselves as judged by the protein C activation capacity.’
In addition a rapid increase of thrombomodulin occurs
in the supernatant of the protease treated endothelial cell
cultures.** This was confirmed in the present experiments.
These effects of the proteases on the endothelial cells could
be fully inhibited by the addition of a-1-proteinase inhibitor
(data not shown) as already known.>?!

The immunoblotting analysis of the released thrombo-
modulin showed the pattern of proteolytic cleavage, as
recently described for purified protein® and not the pattern
of thrombomodulin degradation as found in vivo which is
characterized by the occurrence of multiple fragments.***’
The latter was only found in cell cultures incubated under
non-adhering unphysiological conditions (data not shown).
These results confirm, that thrombomodulin is rapidly
released from endothelial cells by proteases as well as
oxygen radicals. However, the difference in the pattern of
the degradation fragments under in vitro in contrast to
in vivo conditions might be a result of the different influences
and multiplicity of various simultaneously occurring
pathophysiological interactions during the inflammatory
process. In contrast, the similarity of the detected degrada-
tion fragments in vitro under non-adherent, unphysiological
culture conditions and in vivo indicate the occurrence of
similar regulatory mechanism of cell death after detachment
as under pathophysiological conditions in vivo.

In addition, the results of the endothelial cell viability
assay documented that this increase of thrombomodulin
in the supernatant because of protease treatment was not
directly correlated with an immediate cell destruction and
lysis as for hydrogen peroxide. Furthermore, the tetra-
zolium dye assay confirmed the remaining viability of
adherent endothelial cells after a short incubation time
with the proteases used in the experiments. However the
protease-treated endothelial cell cultures showed a marked
and time-dependent detachment of the endothelial cells in
connection with the release of thrombomodulin in the
supernatant. This is most likely caused by the ability of
neutrophil-derived proteases to degrade matrix proteins
leading to endothelial cell detachment, as discussed above.
Recently a dose-dependent cytolysis and detachment of
endothelial cells has been shown for PR-3 as well as elastase
after incubation of 3 hr. However in this study this is not
distinguished between adherent and non-adherent cells.?! In
addition, it is known that the cultivation of endothelial cells
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under adhesion preventing conditions results in rapid loss of
cell viability and triggering of apoptosis.** Furthermore,
in vitro apoptosis of endothelial cells can be induced by
prolonged incubation of endothelial cells with proteinase-3
and elastase. However, a mixed culture of adherent and
detached cells is measured in this investigation.® Cor-
responding to these results we found a significant percent-
age of endothelial cell apoptosis beside necrotic cell death
occurring after prolonged incubation with all three
proteases used. However, both kinds of cell death occurred
only in the subgroups of detached cells. The occurrence of
necrosis as well as apoptosis in the subgroups of proteinase-
treated cells in contrast to oxygen-radical injured cells
indicate the existence of various mechanisms responsible for
endothelial cell destruction. These include toxic as well
as environmental or regulatory factors. In vivo, apoptotic
endothelial cell death might be of pathophysiological
relevance for the deletion of detached or injured endothelial
cells, e.g. in the circulation or locally, respectively. In
contrast, direct, toxic necrotic tissue damage mediated by
invading neutrophils is the primary leading, pathophysio-
logical feature of inflammation'? whereby apoptosis of
endothelial cells is an additionally occurring event under
these conditions only.

Taking these presented and recently published results
into consideration the neutrophil-derived proteases induce
rapid loss of thrombomodulin from the endothelial cell
membrane caused by proteolytic cleavage without
immediate cell lysis. However, the proteolytic activity of
these proteases additionally induce the detachment of the
endothelial cells from the underlying matrix, subsequently
resulting in sustained cell injury and cell death including
necrosis as well as apoptosis. In contrast, oxygen radicals
in higher concentrations lead to rapid thrombomodulin
release connected with necrotic endothelial cell lysis. In this
respect all three neutrophil-derived proteases tested are
equally effective. In addition, we showed that the increase
of soluble thrombomodulin is not only an early event but is
also independent of the finally occurring kind of endothelial
cell death with regard to necrosis or apoptosis.

In summary the presented study confirms that soluble
thrombomodulin is not only a parameter of endothelial cell
destruction itself but also in particular an early marker
of initial endothelial cell membrane changes induced by
neutrophil-derived proteases and oxygen radicals. There-
fore, these in vitro data provide evidence for soluble
thrombomodulin as an early indirect parameter of
disease activity in vasculitides and vascular diseases with
endothelial cell injury.
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