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In bacterial endocarditis (BE), intravascular infection with Staphylococcus aureus, Streptococcus sanguis, or
Staphylococcus epidermidis can lead to formation of a fibrin clot on the inner surface of the heart and cause
heart dysfunction. The events that start the coagulation in the early stage of the disease are largely unknown.
We have recently shown that human endothelial cells (EC) upon binding and internalization of S. aureus, but
not S. sanguis or S. epidermidis, express tissue factor (TF)-dependent procoagulant activity (TFA). The present
study shows that infection of EC with these three pathogens induces surface expression of intracellular
adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) and monocyte adhesion.
Subsequent coculture of these cells synergistically enhanced TFA, which was exclusively dependent on TF
molecules that were expressed on EC during coculture. TFA induction required direct contact between
monocytes and bacterium-infected EC, but the signals for this response were not generated by the binding of
monocytes through their 3,- or o,-integrins to ICAM-1 or VCAM-1, respectively, on infected EC. The mech-
anism by which monocytes induce TFA in bacterium-infected EC was partly mediated by the proinflammatory
cytokine interleukin-1 produced by the cells during coculture. Endogenous tumor necrosis factor alpha was not
involved. This modulating effect of monocytes on species- and strain-dependent TFA of bacterium-infected EC
supports our hypothesis that in an early stage in the pathogenesis of BE, as well as other intravascular
infections that lead to detrimental fibrin formation, the coagulation cascade can be activated on the surfaces

of EC as a consequence of specific interactions between pathogenic bacteria, EC, and monocytes.

Attachment of pathogenic microorganisms to vascular en-
dothelial cells (EC) or sites of vascular injury is considered a
critical initiating event for many types of intravascular infec-
tions. In bacterial endocarditis (BE), the microbial infection is
localized on the endocardial surface of the heart and, depend-
ing on the bacterial species, may cause an inflammatory reac-
tion that in most cases affects the mural endocardium and the
mitral and aortic valves (4). In humans, virulent bacteria, such
as Staphylococcus aureus, and less virulent bacteria, such as
Streptococcus sanguis and Staphylococcus epidermidis, are the
primary organisms that cause BE (4, 13, 26, 38). Despite sig-
nificant improvements in medical and surgical therapies, BE
remains a severe disease, with an overall incidence of 17 to 40
per million persons in the general population and a mortality
of about 19% in The Netherlands (4, 42).

Cardinal processes in the pathogenesis of BE are initiation
of a local inflammatory reaction and activation of the extrinsic
pathway of the clotting system (4, 12). This reaction results in
the formation of vegetations on the surface of the heart valve,
which cause heart dysfunction. These endocardial vegetations
consist of a clot of fibrin and platelets, in which the causative
microorganisms are embedded and multiply. Many clinical and
experimental studies on the pathogenesis of BE gave clear
insight into the processes in vegetations that are already
formed on mechanically damaged valvular endocardium. In
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this stage of the disease the procoagulant molecule tissue fac-
tor (TF) is required to activate the clotting system and main-
tain fibrin deposition (2, 3, 44). TF is a 47-kDa transmembrane
glycoprotein that in complex with coagulation factor VIla
(FVIIa) acts as a serine protease and cleaves factor X (FX).
The resulting factor Xa (FXa) triggers downstream coagula-
tion pathways, ultimately leading to the generation of fibrin
(12). Subsequent in vivo experiments with the rabbit model of
BE revealed that TF needed to maintain fibrin formation was
generated by monocytes from the circulatory system settling on
the fibrin of growing (infected) vegetations (2, 3, 44). Also, in
vitro, human monocytes generated increased levels of TF-de-
pendent procoagulant activity (TFA) upon binding to fibrin
containing bacteria, in particular S. aureus, S. sanguis, or S.
epidermidis (1-3, 44).

However, these studies of established vegetations left unex-
plained the events that induce fibrin formation on intact en-
dothelial surfaces of still undamaged heart valves in the initial
phase of BE. In an in vitro model of endovascular infection, we
recently showed that activation of the coagulation system may
start as a consequence of immediate damage or activation of
endothelial cells (EC) by bacteria that cause BE (43). This
finding was predisposed by the type, number, and virulence of
the infecting microorganisms as well as their ability to interact
with vascular EC. Adding to the results of studies by other
investigators (5, 25, 32), we found that S. aureus, a pathogen
with a high propensity to colonize endocardial tissue and to
cause infections of intact heart valves, binds to and is actively
internalized by cultured human EC (9, 43, 45). As a result,
virulent S. aureus strains caused direct EC damage but less
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virulent strains induced EC activation that resulted in the pro-
duction of a variety of proinflammatory mediators, including
interleukin-1 (IL-1), IL-6, IL-8, monocyte chemotactic protein
1 (MCP-1), and RANTES (9, 40, 48, 49), surface membrane
expression of intercellular adhesion molecule 1 (ICAM-1;
CD54) and vascular cell adhesion molecule 1 (VCAM-1;
CD106), and monocyte adhesion. S. aureus-infected EC also
expressed TFA, which was controlled at the level of TF gene
transcription and TF protein synthesis and was synergistically
enhanced by IL-1, a representative cytokine released during
bacteremia (43). By contrast, S. sanguis and S. epidermidis,
bacteria with a low propensity to cause infection on undam-
aged endocardial tissue (13, 38), did bind to EC, but these
organisms alone did not induce endothelial TFA but did so in
combination with IL-1 (43).

So far these investigations indicated that coagulation may
start as a consequence of the interaction between bacteria and
EC, a response that is governed by specific properties of the
infecting microoganisms as well as the inflammatory status of
EC. The present study was undertaken to assess whether
monocytes that bind to the surface of bacterium-infected en-
dothelium play a role in the amplification of coagulation and
the extent to which amplification is influenced by the type of
infecting microorganism. In particular, our aim was to find
arguments for the hypothesis that prior to destruction of the
endocardium by bacteria, resulting in exposure of the throm-
bogenic subendothelial matrix, the coagulation cascade is ac-
tivated on the surfaces of EC as a consequence of the inter-
action between pathogenic bacteria, EC, and monocytes.

MATERIALS AND METHODS

Reagents. Fetal calf serum (FCS), culture medium 199 (M199), and RPMI
1640 were purchased from GIBCO Laboratories (Grand Island, N.Y.). Penicillin
was obtained from Brocades Pharma B.V. (Leiderdorp, The Netherlands), strep-
tomycin was obtained from Gist-brocades N.V. (Delft, The Netherlands), am-
photericin B was obtained from Squibb B.V. (Rijswijk, The Netherlands), and
L-glutamine was obtained from Flow Laboratories (Irvine, United Kingdom). EC
growth factor was prepared from bovine hypothalamus as described previously
(8). Lysostaphin and agarose were obtained from Sigma Chemical Co. (St. Louis,
Mo.); gelatin and trypsin were obtained from Difco Laboratories (Detroit,
Mich.). EDTA was purchased from Boerhinger (Mannheim, Germany). Human
serum (HuS) samples were collected from healthy donors and inactivated (HuSi)
at 56°C for 30 min. Clotting factor VII (FVII) was prepared from human plasma
as described previously (1); factor X (FX) and the chromogenic substrate Pe-
fachromeFXa were purchased from Kordia (Leiden, The Netherlands). FVII-
depleted human plasma was generously given by the Department of Hematology
(Leiden University Medical Center, Leiden, The Netherlands). Acetic acid,
CaCl,, and Tris base were obtained from Merck (Darmstadt, Germany). Rusel’s
Viper Venom was obtained from Chromogenix (Mdélndal, Sweden).

MAbs and cytokines. The following monoclonal antibodies (MAbs) against
surface molecules on human EC or blood leukocytes were used: MAb ENA-1
(immunoglobulin G1 [IgG1]; Monosan, Uden, The Netherlands) against E-
selectin (CD62E) (22); MAb RUU-SP 2.17 (IgG1) against P-selectin (CD62P)
(28), a gift from K. Nieuwenhuizen (Department of Hematology, University
Hospital, Utrecht, The Netherlands); MAb RR1/1 (IgG1) against ICAM-1
(CD54) (39), kindly donated by T. A. Springer (Dana Farber Cancer Institute,
Boston, Mass.); MAb CBR-IC2/2 (IgG2a; Endogen, Inc., Boston, Mass.) against
ICAM-2 (CD102) (17); MAD E1/6 (IgG1; Becton Dickinson Benelux S.A., Aalst,
Belgium) against VCAM-1 (CD106) (37); MADb L133.1 (IgG1; Becton Dickin-
son) against platelet-endothelial cell adhesion molecule-1 (PECAM-1; CD31)
(31); MAD IB4 (IgG2a) against CD18 (B,-integrin) (47), obtained as a superna-
tant of the hybridoma cell line (American Type Culture Collection, Manassas,
Va.); MAb 15A8 (IgG1; Central Laboratory for Blood Transfusion, Amsterdam,
The Netherlands) against VLA-4a (CD49d) (21); MAb 2LPM19C (IgG1; Dako,
Glostrup, Denmark) against the I-domain of CR3a (CD11b) (18); and TF9-
10H10 (IgG1; OMNILabo International B.V., Breda, The Netherlands) against
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TF (CD142) (29). Neutralizing MAb against human tumor necrosis factor alpha
(TNF-a) was purchased from R&D Systems. Human recombinant IL-1a (here-
after referred to as rIL-1) and human recombinant IL-1 receptor antagonist
(rIL-1ra) were provided by P. Lomedico (Hoffmann-La Roche, Nutley, N.J.) and
ITK Diagnostics BV (Uithoorn, The Netherlands), respectively.

Cells. EC were isolated from human umbilical veins after collagenase diges-
tion, according to the protocol described previously (8). The cells were cultured
in culture medium (M199 supplemented with 100 U of penicillin G/ml, 0.1 mg of
streptomycin/ml, 100 U of amphotericin B/ml, 0.1 mg of EC growth factor/ml, 5
U of heparin/ml, 1 mM L-glutamine, and 10% HuSi in a 5% CO, incubator at
37°C). The cells were grown to confluence in plastic tissue culture dishes (Falcon,
Becton Dickinson Europe, Le Pont de Claix, France) coated with 0.75% gelatin
in pyrogen-free water. Primary cultures of EC were harvested with 0.05% (wt/
vol) trypsin-0.01% (wt/vol) EDTA and subsequently subcultured in culture me-
dium in tissue culture dishes (6- or 24-well tissue culture plates; Corning Costar
Europe, Badhoevedorp, The Netherlands). In most experiments confluent
monolayers of secondary cultures of EC, i.e., cultured after one passage, were
used. In some experiments secondary cultures of EC were grown to confluence
on 0.75% gelatin-coated glass coverslips (6) in 24-well tissue culture plates.

As a source for human monocytes, cells from the human monocytic cell line
THP-1, which for this study possesses the relevant characteristics of monocytes,
were used in the experiments (34, 41). In an extensive pilot study the ability of
THP-1 cells to express surface adherence molecules enabling adherence to EC
and to produce TFA upon lipopolysaccharide (LPS)-stimulation was confirmed
(data not shown). THP-1 cells were cultured in monocyte culture medium
(RPMI 1640 supplemented with 100 U of penicillin G/ml, 0.1 mg of streptomy-
cin/ml, 1 mM r-glutamin, and 10% heat-inactivated FCS [FCSi] in a 5% CO,
incubator at 37°C). Prior to their use in the adhesion and coculture assay, the
cells were suspended in M199 plus 10% HuSi at the desired concentration.
Henceforth, THP-1 cells will be referred to as monocytes.

Granulocytes, used in some experiments, were obtained from human periph-
eral blood by differential centrifugation on a Ficoll-amidotrizoate gradient as
described elsewhere (9).

Bacteria and infection of EC. The bacteria used in this study were S. aureus
42D, S. epidermidis ATCC 149900, and S. sanguis NCTC 7864 and have been
used extensively in our previous studies of BE (2, 3, 40, 43). Bacteria suspensions
were stored at —70°C and prepared for use as described previously (43). Briefly,
S. aureus and S. epidermidis were routinely grown overnight in brain heart
infusion broth and S. sanguis was grown in Todd-Hewitt broth at 37°C. The
bacteria were harvested by centrifugation, resuspended in M199 plus 0.1% (wt/
vol) gelatin and 10% (vol/vol) fresh human serum, and incubated for 30 min with
rotation at 4 rpm for opsonization. The bacteria were then diluted in M199 with
10% HusSi at the desired concentration prior to use in the infection assay.
Confluent monolayers of EC were washed once with culture medium without
antibiotics and incubated for 24 h with opsonized bacteria in M199 with 10%
HuSi at 37°C in a 5% CO, incubator as described previously (9). The number of
bacteria used in the infection assay was determined by colony counting after
serial dilutions were plated on blood agar plates and incubated overnight at 37°C.

Monocyte adherence and coculture conditions. Monolayers of EC grown on
gelatin-coated glass coverslips in 24-well cell culture plates were incubated for
24 h with bacteria as described above. After a wash in warm phosphate-buffered
saline (PBS), about 2.5 X 10° monocytes (=1 monocyte per single EC) in M199
with 10% HuSi were added. Monocytes were allowed to bind to these EC for
different periods of time at 37°C in a 5% CO, incubator. The coverslips were
then removed from the wells, washed five times in warm PBS to eliminate
nonadherent monocytes, fixed with methanol for 15 min, and stained with Gi-
emsa stain. The number of adherent monocytes was determined by counting
under a light microscope according to our method described elsewhere (6), and
the data were expressed as the percentage of EC-bound monocytes of the total
number added. To assess the contribution of cell surface adhesion molecules in
the binding of monocytes to EC and induction of procoagulant activity (PCA),
coculture experiments were performed in the presence of 5 to 10 g of a relevant
MAb/ml in M199 plus 10% HuSi. For coculture without direct cell contact, a
two-compartment culture system was used. Monocytes in the upper compart-
ment of an inner well insert and (infected) endothelial cell monolayers in the
lower compartment were cocultured physically separated by a porous membrane
(pore size, 0.45 wm; Falcon cell culture insert; BD Labware, Lincoln Park, N.J.).
After incubation the insert with monocytes was transferred to an empty well, and
monocytes were spun down onto the filter by centrifugation. The EC in the lower
compartment were washed once with warm PBS. From both cell types TFA was
determined as described below.

TFA assay. TFA assays were conducted using confluent secondary cultures of
EC on gelatin-coated glass coverslips in 24-well culture plates (43). Following
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FIG. 1. Bacterial species- and strain-dependent PCA during coculture of monocytes and infected EC. Monolayers of 2 X 10° EC/well were
infected for 24 h with 4 X 107 to 5 X 107 of the indicated bacterium (closed symbols) or incubated in culture medium (open circles). These cultures
were then washed, and 2.5 X 10° monocytes were added. Time zero represents the time at which monocytes were added. At the indicated times
during subsequent coculture, PCA was determined by FVIIa-dependent FX activation as described in Materials and Methods. Values represent
means * standard deviations of six separate experiments with EC from different donors.

infection and/or incubation with monocytes as described above, the coverslips
were washed once with warm PBS and transferred to a new 24-well cell culture
plate. The level of TFA was measured as described by Bancsi et al. (1). Briefly,
the coverslips were incubated with 125 ul of buffer containing 0.125 pmol of
purified FVII and 0.125 nmol of CaCl, for 20 min at 37°C with rotation at 200
rpm, to allow formation of a TF-FVII-Ca complex. Next, 20 pl of FX (10 U/ml)
was added. After 5 min at 37°C 100 pl of the mixture was removed and added to
100 wl of cold (4°C) buffer containing EDTA, to stop FXa formation. Then, the
sample mixture was warmed to 37°C. Subsequently, 25 pl of a 1-mg/ml concen-
tration of PefachromeFXa, a chromogenic substrate for FXa, was added. After
20 min at 37°C the conversion of the substrate was stopped by the addition of 200
wl of 50% (vol/vol) acetic acid. The optical density at 405 nm was measured and
converted into FXa concentrations. For this calculation a calibration curve was
made from purified FX that was fully activated with Rusel’s Viper Venom. Data
are expressed as milliunits of FXa/well containing about 2 X10° EC and variable
numbers of EC-bound monocytes.

Flow cytometric analysis of endothelial adhesion molecule expression. For
fluorescence-activated cell sorting (FACS) analysis, EC were collected and pre-
pared as described previously (9, 43). Briefly, EC were grown to confluence in
gelatin-coated tissue culture flasks and incubated shortly before use in culture
medium without antibiotics. These cultures were then incubated with approxi-
mately 5 X 10% CFU of opsonized bacteria (about 200 bacteria per EC) in 10 ml
of M199 with 10% HusSi or culture medium alone for 24 h at 37°C in a 5% CO,
incubator. Cells were washed with PBS. Then, they were harvested by mild
trypsinization, collected, and washed in cold PBS with 1% FCSi (wash buffer).
Subsequently, these cells were incubated for 30 min in cold PBS supplemented
with 1% goat serum and 1% HusSi. All further incubations were done on ice. The
cells were washed twice in wash buffer and incubated with 1 pg of the appro-
priate MAb/ml for 30 min. After two washes the cells were incubated for 30 min
with phycoerythrin-conjugated goat anti-mouse Ig (Southern Biotechnology As-
sociates Inc., Birmingham, Ala.) according to the supplier’s manual, washed
once, and then analyzed by flow cytometry with a FACScan (Becton Dickinson).
In each sample 10,000 cells were analyzed. EC treated with conjugated antibody
alone served as a control to set background fluorescence.

Analysis of TF antigen expression in monocyte-EC cocultures. Monocytes
were allowed to adhere to bacterium-infected EC as described above. After 5 h
of incubation, nonadherent monocytes were removed by washes in warm PBS,
and EC with bound monocytes were brought into suspension by mild trypsiniza-
tion. These mixed-cell suspensions were analyzed for surface expression of TF
antigen in the FACScan by using the TF9-10H10 MADb. The procedures for cell
labeling and FACS analysis were similar to those described above. Monocyte and

EC populations were distinguished on the basis of their distinct forward and side
scatter profiles. In addition, the anti-CD18 MAb IB4 was used to identify the
monocyte population in these mixed cell suspensions. In this way monocytes and
EC could be analyzed separately for TF antigen expression.

Statistical analysis. Differences between the results of the various experiments
were evaluated by means of the Wilcoxon signed ranks test.

RESULTS

Induction of PCA in cocultures of monocytes and EC after
bacterial challenge. Unstimulated EC expressed very little TF-
dependent PCA (TFA), i.e., mean = standard deviation of
2.33 + 3.7mU of FXa/well of 2 X 10° EC (n = 56). At 24 h of
bacterial exposure, the value for TFA of S. aureus-infected EC
was 21.37 = 13.9 mU of FXa/well (n = 39) (Fig. 1; TFA values
for EC infected with bacteria for 24 h are depicted at time
zero). This result confirmed our previous finding (11). Next,
PCA of bacterium-infected EC in the presence of monocytes
was evaluated. Monocytes in suspension expressed little PCA,
i.e., approximately 5 mU of FXa per 2 X 10° cells. The addition
of 2 X 10° monocytes to the control, noninfected, EC mono-
layers induced a small increase in the total level of PCA during
subsequent coculture. Time course experiments showed that
the amount of FXa generated in these cells gradually increased
to (8.2 = 3.3) mU of FXa/well at 24 h of coculture (Fig. 1). A
more pronounced increase in PCA was found during incuba-
tion of the monocytes with monolayers of S. aureus-infected
EC. The level of PCA was significantly increased after 4 h of
culture in the presence of monocytes, reached a high level of
60.9 = 8.0 mU of FXa/well after 8 h, and then declined to
32.5 = 11.7 mU of FXa/well after 24 h of coculture. With S.
sanguis-infected EC induction of PCA during coculture with
monocytes followed a similar time course, but at each time
values for PCA were significantly lower (P < 0.05; n = 6) than
those observed for cocultures with S. aureus-infected EC (Fig.
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TABLE 1. Effect of removal of nonadherent monocytes on PCA of
cocultures of monocytes and bacterium-infected EC*

PCA (mU of FXa/well) in cocultures of monocytes

Time of culture and EC infected with:

(hy’
S. aureus S. sanguis S. epidermidis
0 (no monocytes) 21.37 £ 14.0 1.67 = 0.5 157+ 08
1 2428 = 4.6 13.48 £2.9 2345 4.7
4 53.42 £ 18.5 2731 +78 50.18 £ 15.5
6 76.68 = 13.8 57.89 = 7.1 91.99 = 16.9

“ Monolayers of 2 X 10° EC/well were incubated for 24 h with 4 X 107 to 5 X
107 organisms of the indicated bacterium, washed, and incubated for 1 h with
2.5 X 10° monocytes. Then, nonadherent monocytes were removed by washing,
EC with membrane-bound monocytes were cocultured for an additional period
of time; and PCA was determined. Values represent the means = standard
deviations for three individual experiments.

b At time zero, the levels of PCA were determined 24 h after bacterial infec-
tion just before the addition of monocytes. At 1 h of culture, nonadherent
monocytes were removed and PCA was assessed 1 h after continuous incubation
of bacterium-infected EC with monocytes. At 4 and 6 h after the addition of
monocytes (i.e., 3 and 5 h, respectively, after the removal of nonadherent mono-
cytes from the coculture, PCA was determined.

1). The time course of PCA induction and the level of PCA of
cocultures of S. epidermidis-infected EC and monocytes were
somewhat different from those observed for EC infected with
the two other bacteria. With S. epidermidis-infected EC, a
threefold increase (P = 0.018; n = 5) in the PCA level was
detectable after 2 h of coculture. The highest level was reached
at 6 h. From this time onward PCA gradually declined to
22.2 = 9.9 mU of FXa/well (n = 3) after 24 h (Fig. 1).

Additional experiments showed that incubation of bacteri-
um-infected EC with a 10-fold-higher number of monocytes
did not further increase PCA of cocultures (data not shown).
Also, values for PCA of bacterium-infected EC after 6 h of
coculture in the continuous presence of monocytes, as depicted
in Fig. 1, were not different from those of cocultures from
which all nonadherent monocytes had been removed after 1 h
of incubation (Table 1), suggesting that PCA occurs in the
presence of EC-bound monocytes.

To further determine whether direct cell-to-cell contact is
essential for PCA enhancement, the coculture experiments
were repeated in a two-compartment culture system. Separa-
tion of monocytes in the upper compartment from monolayers
of bacterium-infected EC in the lower compartment by a mi-
croporous filter membrane that only allowed free diffusion of
soluble mediators did not enhance PCA in either monocytes or
the EC (data not shown). Thus, PCA induction requires phys-
ical contact between monocytes and bacterium-infected EC.

Coculture experiments in which monocytes were replaced by
pure suspensions of human granulocytes demonstrated that
the ability to induce PCA was not exclusively restricted to
monocytes. In cocultures of noninfected EC and granulocytes,
a small increase in PCA was detected. At 6 h of coculture PCA
values had increased to 6.3 = 1.1 mU of FXa/well (n = 3).
With bacterium-infected EC these values were significantly
higher, namely, 80.4 = 10.4 mU of FXa/well (n = 3) for S.
aureus-infected EC, 53.1 = 5.4 mU of FXa/well (n = 3) for S.
sanguis-infected EC, and 39.3 = 7.4 mU of FXa/well (n = 3)
for S. epidermidis-infected EC.

Monocyte adhesion to EC after bacterial challenge. In order
to explain species- and strain-dependent PCA induction in
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cocultures of monocytes and infected EC (Fig. 1), experiments
were performed to investigate whether the three types of bac-
teria differ in their abilities to modulate monocyte binding to
EC.

In our previous study we observed that monolayers of EC
upon binding and internalization of S. aureus were induced to
bind monocytes isolated from fresh human blood (9). In the
present study using THP-1 monocytic cells, this observation
was confirmed. THP-1 binding to EC was determined at 1 and
6 h of coincubation, the times between which the PCA of
cocultures increased to a high level (Fig. 1). The mean per-
centage of THP-1 cells (hereafter referred to as monocytes)
that adhered to monolayers of control, noninfected EC within
1 h of incubation was 39.5% = 8.5% (n = 4). During the next
5 h of coculture, monocyte binding was reduced to 21.7% =+
2.6% (P < 0.035 versus monocyte binding after 1 h; n = 4)
(Fig. 2A). Infection of EC with S. aureus, S. sanguis, or S.
epidermidis resulted in an increased number of bound mono-
cytes, which occurred when the adhesion assay was performed
24 h after the addition of bacteria to the EC (Fig. 2A). The
number of monocytes that were bound to S. aureus-infected
EC after 1 h of coculture was slightly, but not significantly,
higher than the number that were bound to S. sanguis- or S.
epidermidis-infected EC. For all three types of bacteria the
number of EC-bound monocytes after 6 h of coculture was
similar to that observed after 1 h, as was also the case with
monocyte binding to control rIL-1-stimulated EC (Fig. 2A).
Accurate microscopic assessment of the number of monocytes
bound to EC at times later than 6 to 8 h of coculture was not
possible, mainly because after binding to EC an increasing
number of monocytes lose their spherical appearance and
adopt a flattened morphology, an observation similar to that
previously reported by us (6, 7).

Species- and strain-dependent expression of adhesion mol-
ecules on bacterium-infected EC and their role in PCA
induction. The mechanism by which monocytes bind to bac-
terium-infected EC and induce PCA was further explored.
Monolayers of EC infected with the three types of bacteria
were prepared for FACS analysis, and membrane expression of
a variety of adhesion molecules involved in leukocyte binding
to these cells was evaluated. Control, noninfected EC ex-
pressed relatively high levels of CD31 (PECAM-1) and CD102
(ICAM-2) (data not shown) and moderate levels of CD54
(ICAM-1) (Fig. 3) and did not express CD106 (VCAM-1) (Fig.
3), CD62E (E-selectin) (data not shown), or CD62P (P-selec-
tin) (data not shown). These expression profiles did not change
during the first 4 h of incubation with S. aureus, S. sanguis, or
S. epidermidis (data not shown). However, after 24 h of bacte-
rial exposure, EC expressed both VCAM-1 and an elevated
level of ICAM-1 molecules on their cell membranes (Fig. 3);
surface expression of the other above-mentioned adhesion
molecules remained unchanged (data not shown). Increased
endothelial expression of ICAM-1 during bacterial infection
was observed on each single cell, whereas VCAM-1 expression
was induced in only a proportion of the cells. This latter finding
appeared to be dependent on the type of the infecting bacteria.
Incubation of EC with S. aureus for 24 h resulted in VCAM-1
expression by 53.8% * 11.5% (n = 3) of the cells, whereas
incubation with the same number of S. sanguis or S. epidermidis
organisms resulted in VCAM-1 expression by 44.1% * 9.1%
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Prior to their addition to EC, monocytes were incubated with 10 pg of anti-CD49d MAb/ml and 10 pg of anti-CD18 MAb/ml in combination (C
and D) or in medium alone (A and B). At the indicated times during coculture, the percentage of EC-bound monocytes of the total number of
added monocytes was determined as well as the level of PCA generated by the cells. Data are given as the means * standard deviations for four
separate experiments with EC from different donors. (C) P values were 0.007 (), 0.003 (*x), and 0.017 () versus the same stimulus at 6 h without

MAD (A).

(n =3)or27.0 £ 3.1% (n = 3) of the cells, respectively. As a
control, monolayers of EC were incubated with rIL-1 for 24 h.
This resulted in markedly increased expression of ICAM-1 on
all cells and VCAM-1 on almost all cells (91.3% * 2.3%;n =
3) (Fig. 3), demonstrating the capability of each individual EC
to express VCAM-1 in response to an appropriate stimulus.
Engagement of integrin receptors on monocytes can initiate
intracellular signals leading to expression of TF (16, 20). To
determine whether the enhancement of PCA in cocultures of
monocytes and bacterium-infected EC requires adhesion of
monocytes to endothelial ICAM-1 and VCAM-1, coculture
experiments were performed in the presence of anti-CD18 and
anti-CD49d MAbs directed against the integrin-8, subunit and

VLA-4 integrin-a, subunit, respectively, on monocytes. These
antibodies block binding of monocytes to either endothelial
ICAM-1 or VCAM-1 (7, 21, 47). The number of monocytes
bound to bacterium-infected EC was assessed after 1 h as well
as after 6 h of coculture, the latter being the time at which PCA
was also determined. For comparison, monocyte binding and
PCA values were evaluated in cocultures of these cells with
noninfected or rIL-1-stimulated EC. The experiments with
bacterium-infected EC showed that the values of PCA after 6 h
of coculture with monocytes were not affected by the presence
of a combination of anti-CD18 and anti-CD49d MAbs (Fig. 2B
versus D). At 6 h of coculture, however, the binding of mono-
cytes to S. sanguis- or S. epidermidis-infected EC but not to S.
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FIG. 3. Flow cytometric analysis of the species- and strain-dependent expression of surface adhesion molecules on bacterium-infected EC.
Monolayers of EC were incubated for 24 h with culture medium alone (no stimulus), with 5 ng of rIL-1/ ml (positive control), or with the indicated
bacteria and then analyzed for surface expression of ICAM-1 and VCAM-1 molecules. Data from one representative experiment are shown. Boxed
numbers represent the mean fluorescence intensities expressed in arbitrary units of all analyzed EC. Mean background fluorescence, established
by incubation of EC with the phycoerythrin-conjugated MAb only (PE-conjugate), ranged from 13 to 19 arbitrary units.

aureus-infected EC was inhibited 55 to 60% by these MAbs
(Fig. 2A versus C). Likewise in the experiments with nonin-
fected or rIL-1-stimulated EC these MAbs also did not affect
PCA in the cells in coculture but markedly reduced monocyte
binding, i.e., 58.2% inhibition of binding to noninfected EC
and 76.7% inhibition of binding to rIL-1-stimulated EC (Fig.
2). However, under each experimental condition, the inhibi-
tory effect of these MAbs on monocyte-EC interaction was not
observed at 1 h of coculture (Fig. 2A versus C). Apparently,
monocytes initially bind to EC independently of or not solely
via their CD18 and CD49d integrin molecules.

TF dependency of PCA and surface expression of TF on cells
in coculture. In our experiments PCA was assayed by the
conversion of factor X to Xa, most likely through cleavage by
the membrane-bound TF-FVII/Ca** complex. To confirm the
involvement of FVII and thereby TF as the PCA effector
molecule, coculture experiments were performed by using
FVII-depleted pooled human plasma instead of normal human
plasma, and PCA was determined in the absence of FVII. The
capacity of the cells in coculture to generate PCA in the ab-
sence of FVII was completely abolished, revealing the TF
dependency of the observed PCA (Fig. 4A). The alternative
procoagulant response of monocytes to activate conversion of
factor X to Xa independent of TF antigen via their CR3

(CD11b/CD18; ay4B,) integrin molecules, as suggested by oth-
ers (27, 33), was excluded by the use of a neutralizing MAb
against CD11b (MAb 2LPM19C). The presence of 10 pg of
this MAb/ml during coculture of monocytes and EC infected
with S. aureus (Fig. 4B) or S. sanguis or S. epidermidis (data not
shown) did not abolish the induction of TFA.

To determine the cellular source of TFA, expression of TF
antigen on the surfaces of monocytes and EC after coculture
was analyzed by flow cytometry. As described in our previous
study, stimulation of EC with rIL-1 as well as exposure of these
cells to S. aureus, but not to S. sanguis or S. epidermidis, re-
sulted in time-dependent TF mRNA and TF antigen expres-
sion (43). As a result of this, rIL-1-stimulated EC and S. au-
reus-infected EC still express elevated numbers of TF
molecules on their cell membranes at 24 h after stimulation or
bacterial infection. This is the time at which in the present
study the coculture with monocytes was started. The values for
endothelial TF expression at the time of the addition of mono-
cytes are included in Fig. 5. When S. aureus-infected EC were
then cocultured with monocytes for 5 h the surface expression
of TF remained unchanged. Similarly, monocyte binding to
rIL-1-stimulated EC did not further increase endothelial TF
expression. On the other hand, the low basal level of expres-
sion of TF antigen on S. sanguis- or S. epidermidis-infected EC
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FIG. 4. TF dependency of PCA of cocultures of monocytes and bacterium-infected EC. Monolayers of ~2 X 10° S. aureus-, S. sanguis-, or S.
epidermidis-infected EC or noninfected EC/well were cocultured for 6 h with 2.5 X 10° monocytes in normal or FVII-depleted human plasma (A)
and in the absence (no MADb) or presence of 10 pg of anti-CD11b MAb 2LPM19C/ml. Then, PCA was determined. Values are the means *
standard deviations for three (A) and six (B) separate experiments with EC from different donors.

increased about fourfold upon incubation with monocytes (Fig.
5). Also, TF expression on noninfected EC was slightly in-
creased upon coculture with monocytes. Changes in the basal
expression level of TF antigen on monocytes were not found in
either coculture experiment described above (Fig. 5).

Role of endogenous IL-1a, IL-1f, or TNF-« in induction of
TFA in coculture of monocytes with bacterium-infected EC.
Although induction of TFA appeared to require cell-cell con-
tact, we explored the possibility that soluble factors that are
released by the cells during coculture might also be involved.
The most likely candidates are the proinflammatory cytokines
IL-1 and TNF-q, since these cytokines are produced by mono-
cytes and/or EC upon activation and induce TFA in EC (11).
To test possible auto- or paracrine stimulation of TFA by
endogenous IL-1a, IL-1B, or TNF-a, coculture experiments
were performed in the presence of rIL-1ra or neutralizing
concentrations of anti-human TNF-a MAb. The results show
that anti-human TNF-a MAb did not prevent the increase in
TFA in cocultures of monocytes and bacterium-infected EC
(Fig. 6). In contrast, generation of TFA was markedly inhibited
in the presence of 30 ng of rIL-ra/ml. The mean value for TFA
inhibition was about 40%; no significant differences were
found between S. aureus-, S. sanguis-, or S. epidermidis-infected
EC. Also, no further inhibition was obtained when both block-
ing compounds were used in combination (P > 0.05 versus
rIL-1ra alone; n = 8) (Fig. 6). Control experiments demon-
strated that similar concentrations of these blocking com-
pounds completely abolished the increase in TFA in EC upon
exposure to rIL-1 (43) or rTNF-a (data not shown).

DISCUSSION

The focus of this study was to understand more fully some
fundamental aspects of the initiation of coagulation in an early
stage of the pathogenesis of BE. In particular, the roles of EC
and monocytes were explored because these cell types can

generate TFA (12). The use of a coculture system allowed us
to establish contacts between EC, pathogenic bacteria, and
monocytes that may more closely resemble interactions as they
occur in vivo. The results from this investigation show that
monocytes bind to the surfaces of bacterium-infected EC and
as a result of their interaction promote, in a synergistic man-
ner, an increase in PCA that depends entirely on TF mole-
cules. This finding was observed for cocultures of monocytes
and S. aureus-infected EC, i.e., after infection EC expressed an
elevated level of TFA, and also in cocultures with EC infected
with S. sanguis or S. epidermidis, each a bacterial species unable
to induce TFA in EC by itself (reference 43 and this study).
The mechanism by which monocytes increase TFA in bacteri-
um-infected EC is partly mediated by the proinflammatory
cytokine IL-1 produced endogenously by the cells during co-
culture. This modulating effect of monocytes on species- and
strain-dependent TFA of bacterium-infected EC supports our
hypothesis that specific interactions between bacteria, mono-
cytes, and vascular EC coordinate the early activation of the
coagulation system in BE or other intravascular infections that
lead to detrimental fibrin formation.

Our previous studies demonstrated that virulent as well as
less virulent S. aureus organisms and to a lesser extent S.
sanguis and S. epidermidis infect and colonize EC in culture (9,
40, 43). As a result of infection with S. aureus, but not S.
sanguis or S. epidermidis, EC are activated to express TF
mRNA, TF surface antigen, and TFA (43). In addition to
bacterium-dependent activation of EC, the results of the
present study show that infection with each of these three types
of bacteria is accompanied by increased ability of EC to bind to
monocytes and an enhancement of TFA a few hours later.
Incubation of monocytes with EC infected with S. epidermidis
appears to be the most effective condition for initiation of
TFA. The level of TFA in these cocultures was more pro-
nounced and TFA could be detected at an earlier time, i.e., at
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FIG. 5. Flow cytometric analysis of TF antigen expression on the surfaces of monocytes or EC after coculture. Monolayers of EC were
incubated for 24 h in culture medium alone, with 5 ng of rIL-1/ml, or with the indicated bacteria. These monolayers were subsequently washed
and cultured for 5 h in the presence of monocytes. Then, EC and EC-adherent monocytes were analyzed separately for membrane expression of
TF molecules as described in Materials and Methods. Open profiles represent the cells before coculture. Closed profiles represent the cells after

5 h of coculture. Data from one representative experiment are shown.

2 h of coculture, than in experiments with EC infected with
each of the two other microorganisms. The lowest values for
TFA were observed in the experiments with S. sanguis-infected
EC. With regard to these differences some interesting conclu-
sions can be drawn. First, the amount of TFA induced during

coculture of monocytes with bacterium-infected EC most likely
is not regulated simply by the number of EC-associated bac-
teria. This, for example, becomes clear when previous (43) and
present findings with S. epidermidis-infected EC are combined.
Using the same experimental procedure, we recently showed
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FIG. 6. Contribution of endogenous IL-1 or TNF-« to enhanced TFA of monocyte-EC cocultures. Monolayers of 2 X 10° EC/well were
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min with culture medium with (+) or without (—) 1 g of anti-human TNF-a MAb/ml and/or 30 ng of rIL-1ra/ml. Then, these cells were cocultured
for 6 h with 2 X 10° monocytes in the absence (—) or presence (+) of anti-human TNF-a MAD and/or rIL-1ra. TFA was determined as described
in Materials and Methods. Values are the means = standard deviations for eight separate experiments with EC from different donors. P values
were <0.03 (*)and <0.02 (*+*) versus the same stimulus in the absense of rIL-1ra and anti-human TNF-a MAb (open bars). All mean values for
TFA determined in the presence of both blocking compounds were not significantly different (P > 0.05; n = 8) from values measured in the

presence of rIL-1ra alone.

that incubation of EC with S. epidermidis results in a consis-
tently lower degree of infection than with S. aureus and S.
sanguis (43). Yet, values for TFA are relatively high in cocul-
tures of monocytes and S. epidermidis-infected EC. Second,
TFA levels are not directly related to the number of monocytes
that bind to the surfaces of bacterium-infected EC. Despite
differences in TFA levels and kinetics, we found that for all
three types of bacteria the numbers of EC-adherent monocytes
were similar. Together, these findings point out that certain
bacterial factors or bacterium-induced processes can, at least
to some extent, modulate TFA induction during monocyte-EC
interaction. This, however, awaits further investigation.

The ability of monocytes to induce PCA during incubation
with cultured human EC has been documented previously by
several research groups (14, 23, 24, 30, 46). These studies have
been performed according to different experimental proce-
dures with confluent or subconfluent cultures of either cyto-
kine-activated or quiescent human EC. These differences in
the activation status of EC, and consequently that of the mono-
cytes bound to these EC, most likely account for the discrep-
ancies in the amount of TFA, the kinetics of TFA induction,
and the cell type(s) expressing this TFA that are described in
these reports. Consistent, however, with observations by Na-
poleone et al. (30) and Collin et al. (14), our present data show
that values for TFA expressed by nonstimulated EC or mono-
cytes before coculture were almost negligible but became
slightly elevated during 24 h of coculture. In addition, we show
that increased adhesion of monocytes to EC stimulated with
rIL-1 for 24 h did not generate an increase in TFA during
subsequent coculture. Analogous to experiments with 24-h
TNF-a-stimulated EC (24), this lack of TFA induction could
be explained, at least in part, by the absence of E-selectin
(CD62E) molecules on the surfaces of rIL-1-stimulated EC
(10). These molecules augment monocyte-EC interaction and

were shown to mediate TFA induction during subsequent co-
culture of these cells (24).

However, the most essential and novel finding of the present
study is that the PCA is markedly enhanced in cocultures of
monocytes and EC infected with pathogenic bacteria that
cause BE. From the experiment using FVII-depleted plasma
and anti-CD11b MAD, this activity was identified as being
exclusively dependent on TF glycoprotein molecules that be-
come expressed and functionally active on bacterium-infected
EC during coculture with monocytes. The observation that the
amount of TFA is not proportionate to the number of mono-
cytes present in the coculture, as discussed above, also points
towards EC as the sole cellular source of the increased TFA.
This is further supported by the experiments with human gran-
ulocytes. These leukocytes are unable to express TF antigen by
themselves (12) but increase TFA in bacterium-infected EC
during coculture.

The increased endothelial surface expression of TF was most
obvious from the coculture experiments of monocytes with S.
epidermidis- or S. sanguis-infected EC. The results with S. au-
reus-infected EC reveal that an increase in TFA is not always
accompanied by an increase in the number of TF molecules on
the cell surfaces. This finding argues for the existence of an
alternative mechanism, possibly TF deencryption, a mecha-
nism whereby TF surface molecules acquire their full func-
tional activity by qualitative changes after cell activation (36).

Our study using the two-compartment coculture system sug-
gests that direct contact between monocytes and bacterium-
infected EC is mandatory for induction of TFA, indicating the
involvement of cellular adhesion receptors. We previously re-
ported that S. aureus upon internalization by EC induces
monocyte adhesion and chemotaxis by increasing EC surface
expression of ICAM-1 and VCAM-1 molecules (9) and secre-
tion of MCP-1 (40). In extension to this, the present study
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shows a similar response of EC after infection with S. epider-
midis or S. sanguis. Since these latter two types of bacteria were
unable to induce TFA in EC by themselves (reference 43 and
this study), these findings once more indicate that processes
regulating the induction of a proinflammatory activity that
promotes leukocyte binding to bacterium-infected EC differ
from those regulating endothelial PCA. However, the genera-
tion of TFA in the cocultures of monocytes and bacterium-
infected EC seems not to be a consequence of the interaction
of ICAM-1 and VCAM-1 molecules on EC with their respec-
tive B,- or B;-integrin receptors on monocytes. The data
clearly show that antibodies against B,-integrins and the ;-
integrin VLA-4 partially but significantly reduced the number
of monocytes that were bound to bacterium-infected EC after
6 h of coculture without influencing the elevated level of TFA.
Also, the ICAM-1- and VCAM-1-dependent binding of mono-
cytes to rIL-1-stimulated EC did not coincide with an increase
in TFA during coculture of the cells. Based on these observa-
tions we surmise that other adhesive molecules involved in the
initial contacts between monocytes and bacterium-infected EC
provide the signals required for the expression of TFA by EC
a few hours later. The identity of these costimulatory adhesive
molecules remains to be determined. However, a possible con-
tribution of E-selectin molecules that are rapidly expressed on
EC after monocyte-EC interaction (24, 35) cannot be ex-
cluded. It is also plausible that the synergistic induction of TFA
in cocultures of monocytes and bacterium-infected EC is
achieved by a cooperation of adhesion molecules and EC-
bound bacteria. The credibility of these potential mechanisms
is presently under investigation.

Cellular interactions between monocytes and EC induce
early release of proinflammatory cytokines, such as TNF-a and
IL-1B (15, 19, 30, 50). Considering the effects of these cyto-
kines on EC TFA (reference 11 and this study) and the syn-
ergistic effect of rIL-1 on TFA of bacterium-infected EC (43),
we investigated whether these cytokines mediate TFA induc-
tion in our coculture studies. The experiments with rIL-1ra
and/or neutralizing anti-human TNF-a MAD revealed a signif-
icant contribution by IL-1 and possibly other, unknown cell-
derived factors. This suggests that IL-1 is produced by mono-
cytes or EC during coculture and acts in concert with the
adhesive cellular interactions, in an auto- or paracrine fashion,
to augment the production of TFA in bacterium-infected EC.
Alternatively, in vivo, IL-1 could also have a profound stimu-
latory effect on EC distal to the site of infection.

In summary, our findings suggest an important synergistic
relationship between EC, bacteria, and monocytes in the ini-
tiation of fibrin formation at sites of intravascular infections.
With regard to the early events in the pathogenesis of BE, the
present results and those of previous studies (9, 40, 43) have
prompted us to consider the following sequence of events that
can start fibrin formation on structurally normal heart valves.
The contact of bacteria with quiescent or preconditioned EC
and/or the persistence of the bacteria in these cells causes
direct injury to EC or induces EC activation. This mechanism
is dependent on the strain and/or the virulence of the bacte-
rium. Activation of bacterium-infected EC is accompanied by
binding of monocytes (and granulocytes) to the surfaces of EC
and, with S. aureus, by the initiation of endothelial PCA. The
contact of infected EC with monocytes elicits the release of

INFECT. IMMUN.

cytokines as well as expression of TF molecules, which are
needed to start fibrin formation at the site of endothelial col-
onization. We surmise that these processes further increase the
(leukocyte-mediated) damage to the infected endothelium
(M. H. A. M. Veltrop and H. Beekhuizen, unpublished data).
Ultimately, monocytes, which settle from the circulatory sys-
tem onto these infected endocardial lesions, are activated to
express TFA (1-3, 44). This result will intensify the deposit of
fibrin clots on the endocardial surface (2, 3, 44), ultimately
causing heart dysfunction.
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