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Abstract

Endotoxemia is frequently associated clinically with disseminated
intravascular coagulation (DIC); however, the mechanism of en-
dotoxin action in vivo is unclear. Modulation of tissue factor
(TF) and thrombomodulin (TM) expression on the endothelial
surface may be relevant pathophysiologic mechanisms. Stimu-
lation of human umbilical vein endothelial cells with endotoxin
(1 ,ug/ml) increased surface TF activity from 1.52±0.84 to
11.89±8.12 mU/ml-106 cells at 6 h (n = 11) which returned to
baseline by 24 h. Repeated stimulation at 24 h resulted in renewed
TF expression. Endotoxin (1 ,tg/ml) also caused a decrease in
TMexpression to 55.0±6.4% of control levels at 24 h (n = 10)
that remained depressed at 48 h. Both effects were dose and
serum dependent. A temporary rise in TF expression accom-
panied by a sustained fall in TMexpression comprise a shift in
the hemostatic properties of the endothelium that would favor
intravascular coagulation and may contribute to the pathogenesis
of DIC in gram-negative septicemia.

Introduction

The endothelial cell surface forms an effective thromboresistant
surface between the intravascular and extravascular spaces. This
thromboresistance is mediated by several mechanisms including
the synthesis and secretion of prostacyclin (1), both urokinase-
type and tissue-type plasminogen activators (2), and protein S
(3). In addition, endothelial cells have heparinlike molecules on
their luminal surface that can accelerate antithrombin III-me-
diated thrombin inactivation (4). Endothelial cells also express
a surface glycoprotein called thrombomodulin (5) which, when
bound to thrombin, is a potent activator of circulating protein
C (5). Activated protein C in turn functions as an anticoagulant
by proteolytically degrading Factor Va (6, 7) and Factor VIIIa
(8) and in dogs as a profibrinolytic agent by indirect and as of
yet unclear mechanisms (9).

Endothelial cells possess procoagulant properties as well.
They synthesize von Willebrand factor (10), which plays a major
role in platelet adhesion (11); they synthesize a plasminogen
activator inhibitor (12) and have been shown to have the ability
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to support the assembly of clotting factor complexes on their
surfaces (13, 14).

Under physiologic conditions the thromboresistant properties
of the endothelium are predominant. In some pathological states,
however, this may not be the case. Gram-negative sepsis is fre-
quently associated with varying degrees of disseminated intra-
vascular coagulation (DIC),' which is thought to be triggered by
endotoxemia. The pathophysiology of DIC in gram-negative
sepsis is complex and the mechanism(s) by which endotoxemia
promotes intravascular coagulation in vivo is unclear. Recently,
reports by several investigators provide evidence that the throm-
boresistance of the endothelial cell is diminished after exposure
to endotoxin in the absence of other cell types. Endothelial cells
have been shown to generate tissue factor activity (15-18) and
release a plasminogen activator inhibitor (19) when stimulated
with endotoxin in vitro.

In this paper we present data showing that the stimulation
of tissue factor activity by endotoxin that has been previously
reported is accompanied by a profound and sustained decline
of thrombomodulin activity on the endothelial cell surface.

Methods

Materials. Medium 199 (M-199) was purchased from Whittaker M. A.
Bioproducts, Walkersville, MA. Fetal bovine serum (FBS) was obtained
from Hyclone Labs, Logan, UT (lot 110452, assayed by the manufacturer
at 0.005 ng/ml endotoxin). Penicillin Gand streptomycin were purchased
from Eli Lilly & Co., Indianapolis, IN. Porcine mucosal heparin was
obtained from either Sigma Chemical Co., St. Louis, MO, or Eli Lilly
& Co., Indianapolis, IN. Endothelial cell growth factor was purchased
from either Biomedical Technologies, Inc., Cambridge, MA, or Meloy
Laboratories, Inc., Springfield, VA. Buminate, 25% human serum al-
bumin U. S. Pharmacopeia, was purchased from Travenol Laboratories,
Inc., Glendale, CA, and type II collagenase was from Worthington Di-
agnostics Systems, Inc., Freehold, NJ. Lipopolysaccharide from Esche
richia coli serotype 026:B6, prepared by the Boivin method, was pur-
chased from Difco Laboratories, Detroit, MI, and limulus amebocyte
lysate (LAL) was obtained from Cape Cod Associates, WoodsHole, MA.
The synthetic chromogenic substrates, S-2222 (N-benzoyl-L-Glu-Gly-
Arg-pNA) and S-2238 (HD-Phe-Pip-Arg-pNA) were purchased from
Helena Laboratories, Beaumont, TX. Spectrozym CA (H-o-Lys(Cbo)-
Pro-Arg-pNA. 2AcOH) was obtained from American Diagnostica, Inc.
(Greenwich, CT). Hirudin was purchased from Pentapharm Ltd., Basel,

1. Abbreviations used in this paper: APC, activated protein C; DIC, dis-
seminated intravascular coagulation; [3H]DOG, 2-deoxy-D-[3H]glucose;
HBSS, Hanks' balanced salt solution; HSA, human serum albumin;
HUVEC,human umbilical vein endothelial cell; LPS, lipopolysaccharide;
MES, 2-(N-morpholino)ethanesulfonic acid; MOPS, 3-(N-morpho-
lino)propanesulfonic acid; PA, plasminogen activator; PEG, polyethylene
glycol; QAE, quaternary aminoethyl; SDS-PAGE, sodium dodecyl sulfate;
TF, tissue factor; TNF, tumor necrosis factor; LAL, limulus amebocyte
lysate.
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Table I. Characterization of Endotoxin-stimulated Procoagulant

TF

Cell treatment Assay reaction mixture 1 2

mU/mi. 106 cells
None VII, X <0.9 <1.0
Endotoxin VII, X 8.31 5.02
Endotoxin X <0.9 < 1.0

In two experiments on cells derived from two different umbilical
cords, confluent HUVECwere incubated with and without 1 gg/ml
endotoxin for 6 h in M-199/20% FBS. Tissue factor assays were then
performed on duplicate wells using purified clotting factors as de-
scribed in Methods.

Switzerland, and rabbit brain thromboplastin from Dade Diagnostics,
Aguanda, Puerto Rico. 2-Deoxy-D-[3H]glucose ([3H]DOG, 1 jCi/ml, 21
Ci/mmol sp act) was purchased from Amersham Corp., Arlington
Heights, IL. Factor VII-deficient and Factor X-deficient plasma was
obtained from George King Biomedical, Inc., Overland Park, KS. Purified
human a-thrombin (2850 NIH U/ml) was a gift of J. W. Fenton III,
NewYork State Department of Health Laboratories, Albany, NY.

Preparation of barium citrate eluate. Citrated human fresh-frozen
plasma was purchased from the Central Indiana Regional Blood Center.
Barium citrate adsorption and elution was performed as described by
Broze and Majerus (20). Dry ammonium sulfate was slowly added to
the barium citrate eluate at 40C to 28% saturation. The precipitate was
removed by centrifugation. The supernatant was extensively dialyzed at
4'C against 0.1 MNaCl, 0.05 Msodium phosphate, 25 mMbenzamidine
HC1, pH 7.4, concentrated by dialysis against polyethylene glycol (PEG)-
20,000 and stored in l-ml aliquots at -70'C until use. Prior to use, an
aliquot of eluate was dialyzed overnight against 2 liters 0.1 MNaCl, 0.05
Msodium phosphate, pH 7.4, at 4°C to remove benzamidine. The eluate
contained 9.4 U/ml Factor VII and 8.4 U/ml Factor X as assayed by
conventional one-stage clotting assays using congenital factor-deficient
plasma.

Preparation ofpurified proteins. Humanprotein C, protein S, Factor
VII and Factor X were partially purified from citrated human plasma
by quaternary aminoethyl (QAE) adsorption and elution as described
(21). The eluate containing the vitamin K-dependent factors was then
sequentially batch adsorbed with a monoclonal anti-human protein S
affinity resin followed by a monoclonal anti-human protein C affinity
resin. The anti-protein S monoclonal antibody, termed HPS2 and the
anti-protein C monoclonal antibody, termed HPC4, were coupled to
Affigel 10 (Bio-Rad Laboratories, Richmond, VA) according to the in-
structions of the manufacturer. The final antibody concentration on these
gels was 5 mg/ml resin. Protein S was eluted from the HPS2 resin with
80% ethylene glycol in 1 mM3-(N-morpholino)propanesulfonic acid
(MOPS), pH 7.5, and protein C was eluted from the HPC4resin with 2
mMEDTAin 0.1 MNaCl, 20 mMTris, pH 7.5. Protein Cwas activated
according to D'Angelo et al. (22). HumanGla-domainless protein Cwas
prepared as described by Esmon et al. for the bovine molecule (23).

The QAEeluate after adsorption with the monoclonal antibody resins
was adsorbed with BaSO4 and eluted as previously described (21). The
barium eluate was brought to 70% saturation with dry ammonium sulfate
and the precipitate collected by centrifugation. The precipitate was re
suspended in 100 ml 0.15 M NaCl, 5 mM 2-N-morpho-
lino)ethanesulfonic acid (MES), 1 mMbenzamidine, pH 6.0, and desalted
on a 5 X 40-cm Sephadex G-75 column equilibrated in the same buffer.
The desalted material was loaded onto a 2.5 X 50 cm DEAE-Sepharose
column, washed extensively and developed at 4°C with a 1,300-ml linear
gradient from 0.15 Mto 0.5 MNaCl in 5 mMMES, I mMbenzamidine,
pH 6.0.

Factor VII containing fractions were pooled and dialyzed against 0.1
MNaCl, 20 mMTris, 1 mMbenzamidine, pH 7.5. Factor VII was
further purified by chromatography on a 5 X 50 mmMono Qcolumn
(Pharmacia Fine Chemicals, Piscataway, NJ). The column was developed

with a 20-ml linear gradient from 0 to 0.5 MNaCl in 20 mMTris, 5
mMCaCl2, pH 7.5, at a 2-ml/min flow rate. The Factor VII activity,
which eluted at --0. 15 MNaCI, was pooled and made 5 mMin EDTA.
This material was reapplied to the Mono Q column and the column
developed with a 20-ml linear gradient from 0.1 to 0.7 MNaCl and in
20 mMTris, pH 7.5. Factor VII eluted at -0.38 MNaCl. This protein
was homogeneous by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) performed according to Laemmli (24) and had
a specific activity of 3,760 U/mg.

Factor X containing fractions of the DEAE-Sepharose column were
pooled and dialyzed against 50 mMimidazole, 1 mMbenzamidine, pH
6.0, and further purified by chromatography on heparin agarose as de-
scribed by Miletich et al. (25). The Factor X peak was dialyzed against
0.1 MNaCl, 20 mMTris, I mMbenzamidine, pH 7.5, loaded onto a 5
X 50 mmMono Qcolumn and developed with a 20-ml linear gradient
from 0.1 to 0.7 MNaCl in 20 mMTris, pH 7.5, at a flow rate of 2 ml/
min. Factor X activity eluted at -i0.45 MNaCl and was homogeneous
by SDS-PAGE. This protein had a specific activity of 210 U/mg.

Endotoxin assays. All solutions that came into contact with cells
prior to endotoxin stimulation were assayed at <0.05 ng/ml endotoxin
using the LAL test performed according to the supplier in pyrogen-free
12 X 75 mmpolystyrene tubes (Fisher Scientific Co., Pittsburgh, PA).
Complete media was assayed using the serial dilution method described
by Edwards et al. (26). Under our conditions, the detection limit of this
lysate was 0.05 ng/ml E. coli serotype 026:B6 LPS.

Cell cultures. Endothelial cells were harvested from umbilical cord
veins less than 8 h after delivery as described by Jaffe et al. (27) and
grown to confluence in M-199 supplemented with 20% FBS, 90 jig/ml
porcine mucosal heparin, 100 jg/ml endothelial cell mitogen, 100 jg/
ml penicillin Gand 100 ,ug/ml streptomycin, in tissue culture flasks (75
cm', Corning Glass Works, Corning, NY) at 37'C, 5%CO2. Cells were

passed using 0.1% collagenase in phosphate-buffered saline (PBS) and
grown to confluence in 16-mm diam tissue culture wells (Cluster 24,
Costar Data Packaging, Cambridge, MA). All experiments were per-
formed on cells after only one passage and at least 4 d after passage.

The endothelial cell monolayers demonstrated the typical cobblestone
morphology of endothelial cells and stained positive for Factor VIII an-
tigen by indirect immunofluorescent staining.

Tissuefactor assays. The surface expression of tissue factor was mea-
sured using a two-stage amidolytic assay. Tissue culture wells (16 mm
diam) containing confluent human umbilical vein endothelial cell
(HUVEC) were washed four times with M-199/0.5% human serum al-
bumin (HSA) prewarmed to 37°C. After the last wash, 0.5 ml M-199
(serum free) was added to the test wells. In the first stage of the assay,
25 jl human barium citrate eluate was added to each washed monolayer
and incubated for 10 min on a rotating platform (120 cycles/min) at
room temperature. In the second stage, 0.4 ml of conditioned media was
combined with 0.2 ml 1 mMS-2222 in a cuvette. The AOD405/min was
measured using a model 35 spectrophotometer (Beckman Instruments,
Inc., Fullerton, CA). After assay, the cells were removed from each well
with 0.25% trypsin and counted with a hemocytometer. In certain ex-
periments purified human Factor X (final concentration 4 ,ug/ml) with
or without purified human Factor VII (final concentration 0.5 jig/ml)
were added in the first stage of the assay instead of barium citrate eluate.

The tissue factor activity was obtained from a standard curve (log
[AOD405/min] vs. log [mU/ml]) constructed using serial dilutions of
rabbit brain thromboplastin in M-199 assayed as described above. Un-
diluted thromboplastin was arbitrarily assigned a value of 1 U/ml. Stan-
dard curves, performed with each assay, were linear from 0.1 to 100
mU/ml and did not change significantly over 6 mo. The tissue factor
activity was normalized to the cell counts from the same well and ex-
pressed as milliunits of tissue factor/ml-106 cells.

Thrombomodulin assays. The surface expression of thrombomodulin
was also measured using a two-stage amidolytic assay. Tissue culture
wells (16 mmdiam) containing confluent HUVECwere washed as de-
scribed above. In the first stage of the assay, human a-thrombin (final
concentration, 0.1 NIH U/ml) and human protein C (final concentration,
12 jg/ml) was added to the monolayers containing 0.5 ml M-199. The
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cells were incubated for 60 min at 370C, 5% CO2. Excess hirudin was
then added (final concentration, 4 antithrombin U/ml) to block thrombin
activity. Controls containing cr-thrombin and protein C in the absence
of cells were treated similarly. In the second stage, 0.14 ml of conditioned
media was combined with 60 sl of 1.5 mMS-2238 in microliter wells
and OD405 measured with an automatic plate reader after 5 min at room
temperature. In the presence of hirudin, S-2238 hydrolysis exclusively
measures activated protein C activity. After assay, the cells were removed
from each well with 0.25% trypsin and counted with a hemocytometer.

The thrombomodulin activity was obtained from a standard curve
(OD405 vs. ,ug/ml activated protein C, APC) constructed using serial di-
lutions of purified human APCin M-199, assayed as described above.
The thrombomodulin activity was normalized to the cell counts from
the same wells and expressed as micrograms APC/ml-106 cells.

Endothelial cells were >95% viable by trypan blue exclusion after
these assays.

[3H]DOG release assay. Endothelial cell membrane integrity was
determined using a [3H]DOG release assay as previously described (28).
Briefly, confluent HUVECmonolayers in 96-well tissue culture plates
were labeled with 0.1 ml of 2.5 mCi/ml [3H]DOG for 18 h. Following
the labeling period, the media was removed and the monolayers washed
five times with 0.1 ml Hanks' buffered salt solution (HBSS)/0.5% HSA
to remove excess radiolabel. The cells were then incubated in M- 199/
20%FBS with varying concentrations of endotoxin (0-100 ,g/ml). After
incubation from 1 to 4 h at 37°C, 5%C02, the supernatant was removed
and the cells washed twice with HBSS/0.5% HSA. The cell monolayers
were then dissolved with 2%Triton X- 100. The supernatant, cell washes
and solubilized cells were then counted in a liquid scintillation beta
counter (Packard Instruments Co., Downers Grove, IL). The percent
release was then calculated as (A/A + B) X 100, where A represents the
counts per minute in the supernatant plus cell washes and B represents
the counts per minute in the solubilized cell fraction. Specific release
was determined by subtracting the percent release from control cells
from the percent release from endotoxin-stimulated cells. Assays were
performed on cells derived from three separate cell harvests after one
passage. For each endotoxin concentration and each time point tested,
four parallel wells of HUVECwere assayed separately as described. Con-
trol assays incubated without endotoxin were performed on eight parallel
wells.

Results

Stimulation oftissuefactor activity. Whenwe examined the effect
of endotoxin on surface expression of tissue factor (TF) on en-
dothelial cells in culture, we observed a time-dependent stim-
ulation of tissue factor activity (Fig. i). Increased tissue factor
activity was observed as early as 2 h and reached a maximum
at 6 h after endotoxin stimulation. Tissue factor expression began
returning to baseline by 8 h and was at 44.3% of maximal
expression at 12 h. At 24 h, the surface expression of tissue
factor returned to baseline control levels. Tissue factor expression
in control wells did not change significantly over the 24-h in-
cubation period. In a series of experiments on cells derived from
11 different umbilical cord veins, control monolayers expressed
1.52±0.84 mUTF/ml-106 cells (mean±SD) and monolayers
stimulated with 1 tg/ml endotoxin expressed 11.89±8.12 mU
TF/ml-106 cells (mean±SD) after 6 h incubation (P < 0.001,
paired t test). That the ability of endotoxin-stimulated HUVEC
to generate Factor Xa is due to the expression of tissue factor
and not a Factor X activator was confirmed by assays using
purified human Factor X in the presence and absence of purified
human Factor VII (Table I). Endotoxin-stimulated tissue factor
expression occurred without discernable morphological changes
assessed by phase contrast microscopy, and without detectable

Figure 1. Time course
of endotoxin-stimulated
tissue factor expression.

* 10 []°Confluent HUVEC
A
wX monolayers derived

E - from six different umbil-
ical cord veins were as-

6 - x sayed for surface expres-
o A A sion of tissue factor after
U. L4-O @~~ incubation withlI ugml
1%S endotoxin in M-199/

2 20% FBS forthe indi-
P h i cated time periods. Data

12,,, v , derived from each of the
4 8 12 24 six endothelial cell lines

Time (hours) is represented by a dif-
ferent symbol. Each

point represents the average of assays performed on duplicate wells.
Assays on cultures marked (o, X, a, A, *) were performed with barium
citrate eluate as the source for coagulation factors. Two of the cultures
(o, o) were assayed with purified reagents. The best responding (peak
TF 24 mU/106 cells) and the worst responding (3.5 mU/106 cells) cul-
tures were not shown in the figure.

loss of membrane integrity, measured by [3H]DOG release
(<2.8% specific release) at endotoxin doses up to 100 ytg/ml.

Dose-response experiments indicated that tissue factor
expression in response to endotoxin was dose dependent (Fig.
2) and that the threshold endotoxin concentration approached
the sensitivity of the LAL assay.

Endotoxin-stimulated tissue factor expression did not occur
in the absence of serum (Fig. 3). The effect of serum on tissue
factor expression appeared to be dose dependent. This effect was
not due to complement activation because the FBS used had no
detectable hemolytic complement by standard CH50 assay.

The ability of endothelial cells to respond to restimulation
by endotoxin was also studied (Fig. 4). After initial endotoxin
exposure, the time course of tissue factor expression and sub-
sequent down regulation was identical to that described above.
In addition, the tissue factor expression declined to baseline
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Figure 2. Effect of endotoxin concentration on endothelial cell tissue
factor expression. Confluent HUVECmonolayers derived from three
different umbilical cord veins were assayed for surface expression of
tissue factor after incubation with endotoxin in M- 199/20% FBS for 6
h. Data derived from each of the three endothelial cell lines is repre-
sented by a different symbol. Each point represents the average of as-
says performed on duplicate wells.
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Figure 3. Effect of serum concentration on endotoxin-stimulated tis-
sue factor expression. Confluent HUVECmonolayers derived from
three different umbilical cord veins were assayed for surface expression
of tissue factor after incubation with I gg/mI endotoxin in M-199 with
0-20% FBS for 6 h. Data derived from each of the three endothelial
cell lines is represented by a different symbol. Each point represents
the average of assays performed on duplicate wells.

whether or not endotoxin was removed from the cultures at 6
h. Cells initially stimulated for 6 h (open squares) expressed
levels of tissue factor activity comparable to that after the first
exposure, and with a similar time course, when restimulated.
Cells incubated with endotoxin for the preceding 24 h (open
triangles) also expressed increased tissue factor activity when
restimulated, albeit at lower levels.

Suppression of thrombomodulin activity. Wenext examined
the effect of endotoxin on the surface expression of thrombo-
modulin activity (Fig. 5). Thrombomodulin expression was ob-
served to decline between 6 and 12 h, continued to decline until

0
8-

0
0

0
0

|- 6 -

E

E 4

I-

0co

0

0 0 '
._

0 2 4 6 24 26 28 30 48

Time (hours)

Figure 4. Restimulation of tissue factor expression in response to en-
dotoxin. Sequential tissue factor assays were performed on parallel sets
of confluent HUVFCmonolayers derived from the same umbilical
cord vein. One set, incubated with M-199/20% FBS for 48 h (media
changed at 24 h), served as controls (o). A second set (o) was incu-
bated with 1 gg/ml endotoxin in M- 199/20% FBS for the initial 6 h
after which the endotoxin containing media was removed and fresh
endotoxin-free M-199/20% FBS added. At 24 h 1 gg M-199/20% FBS
with 1 ,ug/ml endotoxin was again added. A third set (A) was incu-
bated with 1 gg/ml endotoxin in M-199/20% FBS for the initial 24 h
after which the media was removed and fresh M- 1 99/20% FBS con-
taining 1 sg/ml endotoxin added. Each point represents the average of
assays performed on duplicate wells.

48

Time (hours)

Figure 5. Time course of endotoxin-stimulated thrombomodulin
suppression. Confluent HUVECmonolayers derived from four differ-
ent umbilical cord veins were assayed for surface thrombomodulin ac-
tivity after incubation with 1 gg/ml endotoxin in M- 199/20% FBS for
the indicated time periods. Data derived from each of the four endo-
thelial cell lines is represented by a different symbol. Each point repre-
sents the ratio of thrombomodulin activity on endotoxin-stimulated
cells (average of four replicate wells) to the activity on control unstim-
ulated cells (averaged four replicate wells) assayed at the same time.

24 h, and remained depressed up to 48 h after addition of en-
dotoxin. In a series of experiments on cells derived from 10
different umbilical cord veins, control monolayers generated
40.13±19.0 ,g APC/ml-106 cells (mean±SD) and monolayers
stimulated with 1 tig/ml endotoxin generated 21.95±12.10 ,ug
APC/ml- 1I 6 cells (mean±SD) after 24 h incubation (P < 0.001,
paired t test). Under the assay conditions, no detectable S-2238
amidolytic activity was generated on either control or endotoxin-
stimulated HUVECmonolayers when protein C was deleted
from the first stage of the assay. Therefore, the armidolytic activity
generated on the cells was due exclusively to APC.

Dose-response experiments indicated that endotoxin-stim-
ulated thrombomodulin suppression is also dose dependent.
Concentrations of endotoxin required to initiate stimulation of
tissue factor production and suppress thrombomodulin activity
were comparable (Figs. 2 and 6).

To determine if thrombomodulin suppression also required
serum, HUVECmonolayers were incubated with 1 gg/ml en-

.00,30
>~ 0

. 0
4 0

0
- 20 -IsI,

l

o E
E a 10-0 a
E C

I-

0 -

0

0 0.1 10 1000

Endotoxin (ng/ml)

Figure 6. Effect of endotoxin concentration on endothelial cell throm-
bomodulin expression. Confluent HUVECderived from two different
umbilical cord veins were assayed for surface thrombomodulin activ-
ity after incubation with endotoxin in M- 1 99/20% FBS. Data derived
from each endothelial cell line is represented by different symbols.
Each point represents the average of four replicate wells.
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dotoxin for 24 h in both M-199/20% FBSand M-199/0.5% HSA.
Thrombomodulin suppression did not occur in the absence of
serum (data not shown).

The diminished thrombomodulin activity on endotoxin-
treated cells could be due to one of the following mechanisms.
First, endothelial cells may express and/or secrete an APCin-
hibitor in response to endotoxin. Wecould exclude this possi-
bility because no detectable APCinhibitor activity was observed
when purified human APC(1.55 tig/ml) was added to cell-free
media conditioned for 60 min on either control HUVECor
HUVECincubated with 1 gg/ml endotoxin for the previous 24
h. Wewere also unable to detect cell-bound APC inhibitor ac-
tivity when purified human APC (1.55 jg/ml) was incubated
for 60 min on control or endotoxin-treated HUVEC, either in
the presence or absence of human protein S (19.8 jsg/ml). De-
creased thrombomodulin activity could also result from either
a reduced affinity for thrombin or protein C. One potential
mechanism for these changes could be the induction of inhibitors
of these interactions. To exclude these possibilities, we have
characterized the kinetic properties of thrombomodulin on con-
trol and endotoxin-treated HUVEC(Figs. 7 and 8). Neither the
dissociation constant (KD) for thrombin nor the Michaelis con-
stant (K.) for protein Cwere substantially altered by endotoxin
treatment. Wehave also observed that the rate of activation of
the Gla-domainless form of protein C decreases in parallel to
that of native protein C (data not shown), providing additional
evidence that substrate recognition is unaltered by endotoxin
treatment. Therefore we can exclude the production of a com-
petitive inhibitor of the binding interaction of thrombin or pro-
tein C with thrombomodulin and can infer that the thrombo-
modulin that remains on the cell surface after endotoxin treat-
ment is kinetically unaltered.
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Figure 7. Effect of thrombin concentration on the rate of thrombin-
catalyzed protein C activation on control and endotoxin-stimulated
HUVECmonolayers. Confluent HUVECwere incubated for 24 h in
the presence or absence of endotoxin (10 Mg/ml) in M-199/20% FBS.
At 24 h, the monolayers were washed three times with serum-free
M- 199. Protein C (1.0 MM)and thrombin at the indicated concentra-
tions were added to each well and incubated for 1 h at 370C. After 1 h
10 Ml bovine antithrombin III (1.67 mg/ml) was added and AOD405/
min measured in the presence of 0.1 mMSpectrozym CA. Reaction
rates were normalized relative to the rate measured at 1 nMthrombin.
Points represent the average of assays performed on duplicate wells.
(Control o °, KD = 0.12 nM; endotoxin o a, KD
= 0.24 nM).
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Figure 8. Effect of protein C concentration on the rate of thrombin-
catalyzed protein C activation on control and endotoxin-stimulated
HUVECmonolayers. Confluent HUVECwere incubated for 24 h in
the presence or absence of endotoxin (10 Mg/ml) in M-199/20% FBS.
At 24 h, the monolayers were washed three times with serum-free
M- 199. Thrombin (1 nM) and protein C at the indicated concentra-
tions were added to each well and incubated for I h at 370C. After 1
h, 10 Ail bovine antithrombin III (1.67 mg/ml) was added and
A&OD405/min measured in the presence of 0.1 mMSpectrozym CA.
Reaction rates were normalized relative to the rate measured at 4 AM
protein C. Points represent the average of assays performed on dupli-
cate wells. (Control o o, Km= 0.91 AM; endotoxin o a, K.
= 0.63 AM).

Discussion

The host response to gram-negative septicemia, thought to be
triggered by bacterial endotoxins, is complex and may culminate
in an irreversible shock state and death. This shock state is fre-
quently associated clinically with organ dysfunction, especially
of the lung and kidney, and the development of disseminated
intravascular coagulation. Pathologically, widespread vascular
injury, focal thrombosis of small vessels and ischemic necrosis
may be observed.

Endotoxin alone, however, does not cause detectable damage
to human endothelial cells in vitro as assessed by light microscopy
and 5'Cr release assays (29, 30). Our findings support these ob-
servations using a [3H]deoxyglucose release assay, which has been
reported to be a more sensitive indicator of cellular injury than
lactate dehydrogenase or 5"Cr release (27).

Neutrophils have been clearly implicated in the pathogenesis
of endotoxin-induced lung injury (31), which can be abolished
by prior depletion of circulating neutrophils (32). Neutrophils
stimulated with a variety of agents, including lipopolysaccharide
(29), zymosan-activated plasma (33), and phorbol myristate ac-
etate (34), have all been shown to damage endothelial cells in
vitro by generation of hydrogen peroxide and superoxide radicals.
In addition, neutrophil-derived neutral proteases may also par-
ticipate in endothelial cell injury (35, 36). Recently, however, it
has become apparent that endotoxin may directly modulate en-
dothelial cell hemostatic properties at extremely low concentra-
tions in the absence of other cell types.

Colucci et al. (19) showed that cultured human endothelial
cells release a fast-acting plasminogen activator inhibitor in re-
sponse to endotoxin at concentrations comparable to those used
in this study. That this effect is relevant in vivo was supported
by their observation that rabbits injected with a single dose of
endotoxin showed a 10-fold rse in plasminogen activator (PA)
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inhibitor activity 3 h after injection. In addition, markedly in-
creased levels of PA inhibitor were observed in patients with
septicemia when compared with control patients.

Endotoxin has been shown by other investigators to promote
de novo synthesis and expression of a procoagulant activity,
identified as tissue factor on endothelial cells in vitro (15-18).
Similarly, interleukin 1 has also been reported to stimulate tissue
factor expression on human endothelial cells in vitro (37) and
in vivo in rabbits (38). Tissue factor expression in response to
both endotoxin (15), and interleukin 1 (37) was blocked by cy-
cloheximide and/or actinomycin D, indicating that de novo
synthesis of tissue factor was involved.

Our data demonstrate a dose-dependent stimulation of sur-
face expression of tissue factor on HUVECin response to en-
dotoxin. The time course of tissue factor expression is identical
to that observed in previous studies (15-18) with maximal
expression at 6 h and subsequent return to baseline by 24 h. We
report that endotoxin-stimulated tissue factor expression is ac-
companied by a sustained dose-dependent suppression of
thrombomodulin activity that occurs at the same threshold en-
dotoxin concentration that promotes tissue factor expression.
Other investigators have recently observed that thrombomodulin
expression declines after exposure to other inflammatory me-
diators, including interleukin 1 (38) and tumor necrosis factor
(TNF) (39).

The mechanism of the suppression of thrombomodulin ac-
tivity is unclear. Wehave ruled out three possible mechanisms
for the decreased thrombomodulin activity on endotoxin-treated
cells, namely the generation of an APCinhibitor, the inhibition
to the thrombin-thrombomodulin interaction, and inhibition of
the interaction between protein C and the thrombin-thrombo-
dulin complex. Wespeculate that the depressed thrombomodulin
activity we observe after endotoxin exposure is due to the in
ternalization and/or degradation of surface bound thrombo-
modulin. Preliminary experiments measuring thrombomodulin
activity and thrombomodulin antigen by radioimmunoassay in
extracts of bovine aortic endothelial cells stimulated with TNF
indicate that thrombomodulin is internalized and degraded after
exposure to TNF (unpublished observations).

Several observations suggest that tissue factor expression,
enhanced PA inhibitor secretion and suppression of thrombo-
modulin activity comprise a unified response of endothelial cells
to inflammatory stimuli. First, the time courses of tissue factor
expression in response to endotoxin, interleukin 1 (38) and TNF
(39), are identical, as are the time courses of thrombomodulin
suppression in response to these same agents. Second, tissue
factor expression, thrombomodulin suppression, and PA inhib-
itor secretion (19) all occur in response to endotoxin in a dose-
dependent fashion and at essentially the same threshold endo-
toxin concentration. It is indeed possible that these changes in
the properties of endothelial cells that result from exposure to
endotoxin, interleukin 1, or TNF may occur as a result of the
same primary intracellular events.

The physiological relevance of our in vitro observations is
uncertain. The tissue factor levels that we and others (15) observe
when endothelial cells are exposed to endotoxin is relatively
low. Furthermore, the suppression of thrombomodulin activity
is not complete, with most cell cultures decreasing to - 50% of
control levels. Webelieve that the extent of reduction in throm-
bomodulin concentration would result in a comparable reduc-
tion in the rate of protein C activation in response to in vivo
thrombin formation. This might have an influence on the he-

mostatic balance approximately equivalent to a 50% reduction
in protein C levels since physiological protein C concentrations
are below the Kmfor the activation complex (40). An increased
thrombotic tendency has been associated with familial decreases
in protein Cto 50% of the normal level (41). In addition, binding
thrombin to thrombomodulin decreases its procoagulant activity
(42-44) and may increase the rate of reaction with antithrombin
III (45). In addition to reducing the rate of protein C activation,
reduction in thrombomodulin concentration thus may increase
both the thrombin procoagulant activity and clearance time in
vivo. Even with these considerations, whether either of these
effects alone or in combination are adequate to induce DIC or
thrombosis in vivo is, of course, speculative. If one considers
the much more favorable surface to volume ratio of a capillary
bed relative to a tissue culture dish, however, we would speculate
that these effects would comprise a thrombogenic effect in vivo.
These effects may be significant in the pathogenesis of DIC in
gram-negative sepsis.
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