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Cultured Human Endothelial Cells Generate
Tissue Factor in Response to Endotoxin
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A B S T R A C T Bacterial infection is associated with
disseminated intravascular coagulation and fibrin de-
position in the microcirculation; the mechanism of
these effects in humans is still unclear. Wehave studied
the generation of procoagulant activity (PCA) by cul-
tured human endothelial cells (EC) in response to en-
dotoxin. Cells from umbilical cord veins were grown
in Eagle's minimum essential medium with 20% fetal
calf serum till confluence. Absence of fibroblasts and
macrophages was carefully checked. Endotoxin (Sal-
monella enteritidis lipopolysaccharide (LPS) Wor
Escherichia coli 0111:B4 LPS W, 0.01-1.0 ,g/ml) was
added to culture dishes for 4-6 h. PCA of EC was
measured by a one-stage clotting assay and/or a two-
stage amidolytic assay with the chromogenic substrate
S-2222. In the absence of endotoxin, EC generated
little, if any PCA (2-5 units/105 cells). In contrast, the
addition of endotoxin resulted in generation of strong
PCA that reached a maximum within 4-6 h (185-241
units/105 cells) and was dose-dependent between 1 and
0.01 .tg endotoxin/ml of culture medium. The gen-
eration of PCA required RNA and protein synthesis
but did not require the presence of serum. No activity
was found in the culture medium. The activity was of
tissue thromboplastin type, as indicated by biological
and immunological criteria. These endotoxin effects
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were observed in the absence of endothelial damage,
as shown by phase-contrast mnicroscopy and lack of
51Cr release. These data coul(d contribute to elucidate
the pathogenesis of vascular complications associated
with endotoxemia in man.

INTRODUCTIO'N

Endotoxin-producing bacte ria cause disseminated in-
travascular coagulation (D[IC),' shock, and ultimate
death of an estimated 25.% of patients with blood-
stream infections (1, 2). The mechanism of endotoxin
action in man is still unclear and difficult to study. In
animals endotoxin induce s injury of endothelial cells
(EC) and this is thought to play an important role in
blood clotting activation (3, 4).

We describe here exp)eriments indicating that en-
dotoxin induces the gelieration of tissue factor pro-
coagulant by cultured inuman EC. This hitherto un-
described effect of endQtoxin could play a key role in
the generation and deposition of fibrin in blood vessels.

METHODS
EC. HumanECwere obtained from umbilical cord veins

according to Gimbrone et al. (5) as previously described (6).
The collected cells were equally distributed in flat-bottom,
16-mm diam, four-well plates (Nunc, Roskilde, Denmark)
and grown at 37°C in IE-agle's minimum essential medium

I Abbreviations used;'-z this paper: DIC, disseminated in-
travascular coagulation; EC, endothelial cells; LPS, lipo-
polysaccharide; PCA, piocoagulant activity.
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on Hanks' ba. lanced salt solution supplemented with Hepes
(20 mM), pensicillin (100 U/ml), streptomycin (100 jig/ml),
and 20% fetal calf serum (Flow Laboratories, Irvine, Ayr-
shire, Scotland ). The medium was replaced every second
day. In this stut ly 5-d-old confluent cultures were used. EC
were characteri. zed by positive immunofluorescent staining
with a specific anti-Factor VIII antibody (Behringwerke
Scoppito, Italy). No obvious contamination with fibroblast-
like cells was dete cted in the ECcultures used. These cultures
contained no mac rophages as judged morphologically or by
nonspecific esteras.e staining (7, 8).

Experimental po ocedure. In each experiment a series of
EC cultures derive, d from the same umbilical cord vein was
used. The culture n tedium was removed and the cell mono-
layers were washe i three times with serum-free culture
medium. Then 1 ml 1f fresh culture medium with or without
absorbed human AB serum containing 1 ug/ml endotoxin
(Salmonella enteritid 'is lipopolysaccharide (LPS) Wor Esch-
erichia coli 0111::B4 LPS W, Difco Laboratories, Detroit,
MI), or saline (as a co ntrol) was added to the wells and the
cultures were incubated at 37°C. At predetermined inter-
vals, the supernatant w as removed and the ECwere washed
three times with serum -free culture medium before evalu-
ating their procoagularwt activity (PCA). The cell number
was estimated by counti ng in a hemocytometer (Electronic
Coulter Counter, model B, Culture Electronics Ltd., Luton,
England) the cells releas ed by 0.25% trypsin from a com-
panion set of washed mon olayers. Virtually all the cells were
released into suspension. Cell counts in all wells varied by
<10%. The average numb.er was 2 X 105/well. Cell viability
was always >90% by the t rypan blue dye exclusion test.

In some experiments end otoxin-stimulated and control EC
were detached from the pi'astic wells by brief exposure to
a 0.25% trypsin-0.02% EDY'A solution or to a 0.02% EDTA
solution alone, washed exten sively and suspended in culture
medium before testing for F'CA.

Evaluation of PCA. PCA of EC that had been disrupted
by freezing and thawing directly in the wells or of undis-
turbed EC fixed to the bottonA of the wells was measured by
a one-stage clotting assay and./or by a two-stage amidolytic
assay (9). The freeze-thaw proc edure was performed by plac-
ing the cell plates on top of a dry ice ethanol mixture for
freezing and by shifting them to a water-bath at 37°C for
thawing. The clotting time wa; determined in duplicate in
prewarmed plastic tubes using t he following test system: 0.1
ml test sample, 0.1 ml citrated normal or coagulation factor-
deficient plasma, and 0.1 ml 0.025 M CaC12. In the ami-
dolytic assay (9) PCA was measlired by incubating the test
sample with a BaSO4 serum eluate (as source of Factor X
and VII) and CaCl2. After 30 miin the reaction was stopped
by EDTA and the activated Fact-or X (Xa) present was as-
sayed by measuring its amidolyti c activity on the chromo-
genic substrate S-2222 (Kabi iDiagnostica, Stockholm,
Sweden).

Results were expressed in arbitirary units by comparison
of the clotting times of EC with a s:tandard curve of clotting
times produced by dilutions of rabbit brain thromboplastin.
1,000 units of thromboplastin cause normal plasma to clot
in 20 s. Similarly, the EC PCA me;asured in the amidolytic
assay was expressed in arbitrary units by comparison of Fac-
tor Xa activity generated by the EC' with Factor Xa activity
obtained in the same system by testing dilutions of throm-
boplastin.

Determination of EC damage. Injury to EC was eval-
uated by phase-contrast microscop) and by a 51Cr-release
assay as described (10).

RESULTS

Fig. 1 shows that after 5-d culture human EC had little
if any PCA, which did not increase significantly during
6-h incubation with fresh, endotoxin-free culture me-
dium (2.1±0.5 vs. 5.3±2.1 units; n = 5, P > 0.1 using
the Student's t test). However, when endotoxin was
added to the medium strong PCA could be detected
in EC after 3-h incubation, reaching a maximum
within 4-6 h. No activity was recovered in the culture
medium (clotting time always >300 s). The endotoxin
effect was dose dependent between 1 and 0.01 Ag/ml
culture medium. The generation of EC PCA induced
by endotoxin was completely abolished by cyclohexi-
mide (1 gg/ml culture medium) suggesting that RNA
and protein synthesis are required for this phenome-
non (Fig. 1); cycloheximide did not affect cell viability.
The observed PCA generation by EC did not require
the presence of serum in the cell culture environment
and, in fact, in parallel experiments in the absence of
serum, EC generated comparable levels of PCA in re-
sponse to endotoxin (data not shown). Table I shows
that ECPCAinduced by endotoxin is identical to tissue
thromboplastin on the basis of two criteria: (a) it failed
to shorten the coagulation time of Factor VII-deficient
plasma but did shorten the coagulation time of normal,
Factor VIII- or Factor IX-deficient plasma to similar
extents; (b) it was neutralized by a goat antiserum
against the apoprotein III component of human brain
thromboplastin (kindly provided by Prof. Prydz, Re-
search Institute for Internal Medicine, Rikshospitalet,
Oslo, Norway).

To determine whether undisturbed EC have PCA
available on their surface, endotoxin-stimulated and
control cell monolayers were washed and incubated
with a source of Factor X and VII (BaSO4-serum eluate)
and CaCl2 (Methods). The apparent PCA level in these
undisturbed cells was compared with that of the same
number of cells disrupted by freezing and thawing
(three times) directly in the well before addition of
the clotting zymogens (serum eluate) and CaCl2.

Fig. 2 shows that undisturbed endotoxin-stimulated
EC did express some PCA. This activity represented
approximately one-fourth that of the disrupted cells
(total PCA).

In some experiments EC, after 4-h incubation with
endotoxin or saline, were detached from the plastic
plates by exposure to trypsin-EDTA or EDTA alone
before testing. Again, in all instances, only endotoxin-
stimulated cells expressed PCA. Most of this activity
was detected in intact cells, suggesting that the de-
tachment procedure causes unmasking of PCA (Fig.
3). No difference was found between cells detached
with trypsin-EDTA and those detached by EDTA
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FICURE 1 PCAgenerated by human ECduring incubation with endotoxin. PCAwas measured
by the clotting assay on disrupted cells (Methods). Basal, PCA of unincubated EC cultures.
Results are the mean±SE of five separate experiments. Saline, (U); endotoxin, (0); cyclohexi-
mide, + endotoxin (0).

alone, suggesting that trypsin per se had no effect on
cellular PCA availability.

Failure of endotoxin to induce endothelial damage.
No changes were observed by phase-contrast micros-
copy in the morphology of EC monolayers during the
6-h incubation with endotoxin (1-10 ug/well). In ad-
dition, endotoxin (up to 10 ,Ag/well) did not induce
5"Cr release (95-107%, range of four experiments,
compared with respective controls set to 100%).

TABLE I
Characterization of PCA

Sample PCA

units/ 10i cells

I EC tested in normal plasma 185.4-241.7
II EC tested in Factor VIII-deficient

plasma 193.8-245.3
III EC tested in Factor IX-deficient

plasma 195.2-240.9
IV EC tested in Factor VII-deficient

plasma 2.1-3.9
V EC treated with antiapoprotein III 3.1-4.7

VI EC treated with normal goat
serum 198.0-254.5

EC cultures were stimulated with endotoxin for 4 h and disrupted
as described in Methods. Samples V and VI were incubated with
equal volumes of goat antiserum to apoprotein III or normal goat
serum (both diluted 1:40) for 1 h at room temperature before testing
in normal plasma. Results are the range of three separate experi-
ments.

DISCUSSION

One of the main effects of endotoxin both in humans
and experimental animals is the production of DIC.
Endotoxin-induced endothelial damage is considered
one of the main pathogenetic factors in laboratory
animals (3, 4). However, there is no evidence, so far,
that cultured human EC are directly injured by en-
dotoxin (10-13). In this study we also failed to dem-
onstrate endothelial damage as assessed by 51Cr release.
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FIGURE 2 PCA expressed by undisturbed EC monolayers
and by the same number of disrupted cells after stimulation
with endotoxin for 4 h. For details see text. Results are the
mean±SE of four separate experiments. Saline, (-);
endotoxin, (0).
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FIGURE 3 PCA of endotoxin-stimulated EC detached from
the plastic wells with trypsin-EDTA before testing in the
clotting assay. The assay was performed with intact and dis-
rupted (by freezing and thawing) cells. Basal, PCA of un-
incubated EC cultures. Results are the mean±SE of three
separate experiments. Saline (U); endotoxin (Cl).

Nevertheless, endotoxin is capable of inducing the gen-

eration in human cultured EC of tissue factor procoa-

gulant, a potent trigger of blood coagulation. Inter-
estingly, some endotoxin-induced PCA is also ex-

pressed by undisturbed monolayers, suggesting that it
is available, to some extent, at the cell surface. The
inhibitory effect of cycloheximide suggests that mes-

senger RNA and protein synthesis are necessary for
tissue factor generation by human EC in response to
endotoxin. Maynard et al. (14) and Smariga and May-
nard (15) showed that after subculture the EC tissue
factor increased, reaching a maximum after 5-8 h and
that most of the activity became available after freeze-
thaw disruption of cells. In our study EC cultures in-
cubated for 4-6 h in the absence of endotoxin had very
low PCA, similar to that of unincubated cells. More-
over, their disruption did not result in a significant
increase in PCA. However, no direct comparison can

be made between our data and those of Maynard et
al. (14), since our EC were not subcultured.

Endotoxin-induced DIC is characterized by fibrin
deposition in the microcirculation. The generation of
PCA by EC reported in this study could help explain
fibrin generation and deposition in the microcircula-
tion.
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