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Alteration of human endothelial cells may increase their susceptibility to staphylococcal invasion and thus
may contribute to the development of intravascular staphylococcal disease. Acidic fibroblast growth factor, a
potent regulator of endothelial cell function, had a significant effect on Staphylococcus aureus infection of
cultured human endothelial cells. Three of four S. aureus strains had diminished adherence to endothelial cells
when the latter were grown in the presence of acidic fibroblast growth factor (P < 0.05). The diminished
adherence was time dependent, maximal at 72 h, and independent of the initial bacterial inoculum. A twofold
enhancement of S. aureus adherence was observed when endothelial cells were pretreated with heparitinase.
Adherence was unaffected by endothelial cell activation by interleukin-1 or endotoxin. Thus, acidic fibroblast
growth factor exerted a protective effect, deterring S. aureus adherence to cultured endothelial cells.
Endothelial cell heparan sulfate was also directly involved in the adherence process. Subtle modulations of
endothelial cells can significantly affect the ability of S. aureus to adhere to and then infect these cells. Similar
alterations may contribute to the ability of S. aureus to infect endovascular tissue in vivo.

The pathogen Staphylococcus aureus is notable for its
ability to cause fulminant disease. In acute endocarditis, S.
aureus is often associated with metastatic dissemination,
abscess formation, high mortality, and a propensity for
involving apparently normal valvular tissue (6, 11, 29). The
basis for this affinity for endovascular tissue is unexplained.
Previous studies have demonstrated that S. aureus has a
remarkable ability to adhere to valvular tissue and to cul-
tured human endothelial cells (17, 26, 35). Thus, the intrinsic
properties of the bacterium appear to be important in the
characteristic development of S. aureus endocarditis. The
role of the endothelium in this process is less clearly under-
stood.
Many investigators have demonstrated that endothelial

cell activation by immunomodulators such as interleukin-1
or endotoxin leads to increased leukocyte adhesion (1-3, 22,
23, 32). This activation appears to be critical in the initiation
of both the inflammatory response and coagulation (8, 9).
Thus, the endothelial cell can respond to environmental
stimuli with significant alterations of surface characteristics.
We hypothesized that the vascular endothelium was ac-

tively involved in the initial bacterial adhesion interaction
(26) and therefore contributed to the pathogenesis of staphy-
lococcal endovascular disease. Modulation of the endothe-
lial cell might contribute significantly to this process. To
investigate this question, we studied whether the endothelial
cell modulators acidic fibroblast growth factor (aFGF), in-
terleukin-1, and endotoxin induced changes which rendered
the endothelial cells more susceptible to invasion by S.
aureus in tissue culture.

MATERIALS AND METHODS
Endothelial cell preparation. Endothelial cells were har-

vested from human umbilical veins by using 0.1% collagen-
ase (Sigma Chemical Co., St. Louis, Mo.) and maintained in
tissue culture at 37°C in 5.5% CO2 as previously described
(14). Cells between the second and fifth passages (inclusive)
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were grown to confluence in 100-mm Falcon tissue culture
plates (Becton Dickinson Labware, Oxnard, Calif.) and
passaged every 7 days in medium consisting of medium
199 (M199) (GIBCO Laboratories, Grand Island, N.Y.)
supplemented with 20% newborn calf serum (GIBCO), 1.6
mM glutamine (GIBCO), 15 mM HEPES (N-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid) buffer (Calbiochem-
Behring, La Jolla, Calif.), 25 ,ug of porcine heparin (Sigma)
per ml, 50 jig of ascorbate (Fisher Scientific Co., Pittsburgh,
Pa.) per ml, and partially purified aFGF (14). Infection
assays were performed with these cells passaged into 24-well
(16-mm) plastic trays (Corning Glass Works, Rochester,
N.Y.). The maximal cell passage number for these studies
was 4.

Preparation of bacteria. A blood culture isolate from a

patient with S. aureus endocarditis was the primary strain
(Webb) used for all of the experiments. Additional isolates
including S. aureus (three isolates), Staphylococcus epider-
midis (two isolates), and Streptococcus sanguis (one isolate)
were used in some studies (Table 1). The strains were stored
on glass beads in nutrient broth (Difco Laboratories, Detroit,
Mich.) at -70°C and subcultured onto blood agar before
each experiment. Fresh colonies were inoculated into Todd-
Hewitt broth (BBL Microbiology Systems, Cockeysville,
Md.) and grown up overnight at 37°C. Stationary-phase
bacteria were collected by centrifugation and suspended in
M199. The suspension was repeatedly aspirated through a
25-gauge needle and then filtered through a 5.0-,um-pore-size
membrane (Nuclepore Corp., Pleasanton, Calif.) to disperse
bacterial aggregates. The suspension was then adjusted to an
optical density known to provide an average inoculum of 107
CFU/ml.

Infection assay. Samples of 0.25 ml of bacteria were added
to well sets containing confluent monolayers of endothelial
cells (4 x 104 to 8 x 104 cells per well) and incubated at 37°C
in 5.5% CO2 for 30 min (26). Supernatants containing non-
adherent bacteria were aspirated, and the cell surfaces were
washed with phosphate-buffered saline (PBS). Endothelial
cells and adherent bacteria were removed with trypsin
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FIG. 1. Effect of aFGF on S. aureus adherence to endothelial
cells. Endothelial cells were grown to confluence in the presence or

absence of aFGF (3 mg%). The endothelial cell monolayer was
washed, and the infection assay was performed (30-min bacterial
incubation). Results represent the means + SD.

(GIBCO), diluted into distilled water to lyse the endothelial
cells, and then serially diluted and plated into heart infusion
agar (Difco). Results were expressed as the number of
bacteria per endothelial cell (BA/EC).

Effect of aFGF, interleukin-1, and endotoxin on adherence.
All studies were performed by preincubating the endothe-
lial cell monolayer with one of the immunomodulators as

described below. After preincubation, monolayers were
washed free of the immunomodulator and the infection assay
was performed.

(i) aFGF. Endothelial cells were grown to confluence over
periods ranging from 24 to 96 h either with or without
partially purified bovine brain aFGF or heparin affinity-
purified human brain aFGF (concentrations of 3 mg% and 50
ng/ml, respectively). The affinity-purified human aFGF was
a gift of Gregory Conn, Albert Einstein College of Medicine,
Bronx, N.Y. (7). The infection assay was performed simul-
taneously on washed endothelial cells of the same cell line
grown with and without aFGF. Endothelial cell counts were
similar in the wells grown with and without aFGF. In
dose-response studies, the infection assay was performed at
4°C (to prevent bacterial endocytosis) with concentrations of
bacteria ranging from 105 to 107 CFU/ml and monolayers
grown to confluence over 72 h with and without aFGF.

(ii) Interleukin-1 and endotoxin. Endothelial cell monolay-
ers grown to confluence in the presence and absence of
aFGF were preincubated with interleukin-1 (5 to 10 U/ml) for
15 min to 96 h or Escherichia coli lipopolysaccharide 026B6
(gift of Julius Nemins, Bronx Veterans Administration) (0.5
to 1.0 jig/ml) for 15 min to 48 h. After preincubation, the
immunomodulator was removed, the surface was washed,
and the infection assay was performed.

(iii) Control study. To demonstrate that the interleukin-1
was active in this system, the study was performed with
neutrophils in lieu of S. aureus (33). Neutrophils were
obtained by the method of Lalezari (20) with a 6% dextran
(Pharmacia Fine Chemicals, Piscataway, N.J.) sedimenta-
tion and lymphocyte separation medium (density, 1.077
g/ml) (Bionetics Lab Products, Kingston, Md.). Endothelial
cell monolayers were grown to confluence on cover slips in
the presence of aFGF. Washed monolayers were then incu-
bated with interleukin-1 (10 U/ml) for 4 h and washed; each
cover slip was then incubated with approximately 106 neu-
trophils in PIPES buffer [25 mM piperazine-N,N'-bis(2-
ethanesulfonic acid) (Sigma), 110 mM NaCl, 5 mM KCI (pH
7.3)] for 10 min at 37°C. Nonadherent neutrophils were

washed off, and adherent cells were stained with Wright

Giemsa to allow for visual identification of neutrophils and
endothelial cells under light microscopy. Ten high-power
fields (x40) were screened on each cover slip, and three
separate cover slips per treatment group were examined for
each experiment.

Endothelial cell morphologic studies. Endothelial cells
grown to confluence over 24 to 96 h, both in the presence and
absence of aFGF, were compared morphologically by using
phase-contrast microscopy at multiple points before and
during the infection assays (4 and 37°C) (18). Endothelial
cells were also examined ultrastructurally. Monolayers were
grown to confluence over 72 h with and without aFGF on
35-mm plastic petri plates (Corning). Cells were fixed with
2% glutaraldehyde and 0.1% ruthenium red in 0.1 M cacody-
late buffer (pH 7.4) for 20 min, postfixed in 1% OS04 in 0.1
M cacodylate buffer, stained en bloc with 1% aqueous uranyl
acetate, dehydrated in a graded ethanol series, and embed-
ded in LX 112 (Ladd Research Industries, Inc., Burlington,
Vt.). Thin sections taken perpendicular to the growth plane
were stained with uranyl acetate and lead citrate and then
compared ultrastructurally.
Enzymatic treatment of endothelial cell monolayers. Endo-

thelial cells grown to confluence in the presence of aFGF
were washed and incubated at 37°C in 5.5% CO2 with M199,
chondroitinase ABC (Seikagaku Kogyu, Tokyo, Japan),
Hanks balanced salt solution (HBSS; GIBCO), heparitinase
(Seikagaku Kogyu), or PBS. The heparitinase degraded
isolated endothelial cell heparin sulfate proteoglycans (un-
published data). After incubations of 1 1/2 or 3 h, the wells
were washed with M199 plus 1% bovine serum albumin
(Miles Laboratories, Naperville, Ill.), and the infection assay
was performed. Heparitinase was diluted into PBS to pro-
vide final concentrations of 2.5 or 1.25 U/ml, and chondroi-
tinase ABC was diluted into HBSS to give final concentra-
tions of 1.25 or 0.5 U/ml. The PBS and HBSS wells served as
controls for wells preincubated with heparitinase and chon-
droitinase ABC, respectively.

Statistics. All studies were performed on at least two
separate occasions. Each point, unless otherwise stated, was
performed in triplicate. The results represent the means ±
standard deviations (SD) of all studies. Results were ana-
lyzed by the Student two-tailed t test as described by Zar
(36).

RESULTS

Effect of aFGF on bacterial adhesion. Endothelial cells
grown to confluence in the presence and absence of aFGF
demonstrated similar patterns of S. aureus adhesion at 24
and 48 h. By 72 h there was a significant decrease (P < 0.05)
in S. aureus adherence to endothelial cells grown with aFGF
(BA/EC + SD, 14.4 + 8.3 for cells grown with aFGF versus
22.9 + 8.6 for controls [Fig. 1]). A similar diminution in
adhesion to endothelial cells grown to confluence in the
presence of heparin affinity-purified human aFGF was ob-
served (BA/EC ± SD, 21.9+5.8 for cells grown with aFGF
versus 29.1 + 4.4 for controls; P < 0.05). At 72 h the effect
of aFGF on S. aureus was noted consistently with different
inocula of S. aureus, ranging from 105 to 107 CFU per well
(Fig. 2). The diminished adhesion in the presence of aFGF at
72 h was also noted with two of three additional S. aureus
strains tested but was not observed with less-adherent
clinical isolates of S. epidermidis or S. sanguis (Table 1).
Scatchard analysis of this data (not shown) revealed a
nonlinear representation, suggesting the presence of multiple
binding sites with evidence for cooperative binding (10). The
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FIG. 2. Representative binding curves for the adherence of S.
aureus to endothelial cells grown with and without aFGF. Mono-
layers were grown to confluence with or without aFGF for 72 h.
aFGF was removed, and the infection assay was performed at 4°C
with different bacterial inocula (30-min bacterial incubation). Each
point represents the mean of two determinations.

diminished adhesion was not demonstrable on endothelial
cells beyond the fourth passage.

Effect of interleukin-1 and endotoxin on S. aureus adhesion.
Endothelial cells were preincubated with interleukin-1 (5 to
10 U/ml) for time periods spanning 15 min to 96 h or with
endotoxin (0.5 to 1.0 ,ug/ml) for periods ranging from 15 min
to 48 h. Regardless of the dose of immunomodulator used or
the duration of the preincubation, neither interleukin-1 nor
endotoxin had any effect on S. aureus adherence to endo-
thelial cells. This was true whether the endothelial cells were
grown to confluence in the presence or absence of aFGF
(Fig. 3). All bacterial adherence to monolayers grown with
aFGF was diminished when compared with adherence to
monolayers grown without aFGF (BA/EC + SD, 13.6 ± 4.5
versus 28.6 ± 4.4; P < 0.05). Similar results were noted with
bacterial incubations of 15, 45, and 60 min.

TABLE 1. Adherence of bacteria to human endothelial cells in
the presence or absence of aFGFa

Mean BA/EC + SD
Species and strain

+aFGF -aFGF

S. aureus
Webbb 26.4 ± 4.1 37.2 ± 8.5
Figb 17.5 ± 4.2 27.5 ± 4.8
Gold 23.6 ± 8.6 36.0 ± 16.3
Wood 43.5 ± 10.0 43.4 ± 10.7

S. epidermidis
But 2.5 0.5 2.1 0.6
Sut 3.5 ± 0.8 3.5 ± 1.4

S. sanguis Wicky 14.4 ± 1.5 15.9 ± 3.7

a Comparison of bacterial adherence to human umbilical vein endothelial
cells grown in the presence or absence of aFGF for 72 h. Bacteria were
incubated with confluent endothelial cell monolayers for 30 min.

b Differences between the +aFGF and -aFGF groups are significant (P <
0.05).
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FIG. 3. Effect of interleukin-1 and endotoxin on S. aureus ad-
herence to endothelial cells. Endothelial cells were grown to con-
fluence in the presence or absence of aFGF. Confluent monolayers
were preincubated with interleukin-1 (10 U/ml), endotoxin (1 ,ug/ml),
or M199 for 30 min before the infection assay on washed monolay-
ers. Results represent the means ± SD.

Interleukin-1 activation of the endothelial cells under our
experimental conditions was demonstrated by measuring
leukocyte adhesion to endothelial cells pretreated with inter-
leukin-1 for 4 h. A sixfold increase in leukocyte adhesion to
the endothelial cells was observed, suggesting activation
(no. adherent leukocytes per high-power field [mean ± SD],
6.5 ± 3.0 for interleukin-1-treated cells versus 0.9 ± 1.1 for
untreated cells; P < 0.05).

Morphologic comparisons of endothelial cells grown with
and without aFGF. Endothelial cells grown with and without
aFGF exhibited similar morphology upon examination by
phase-contrast microscopy. Additionally, ruthenium-red-
stained ultrastructural studies of the luminal surface of the
endothelial cell revealed no significant morphologic differ-
ences to account for the disparity in S. aureus adherence.
Cells grown with aFGF were able to withstand multiple
passages, and they rapidly became confluent, even in the
presence of low endothelial cell inocula and late-passaged
cell lines. The cells could be detached from the well set with
trypsin incubation at 37°C but not at 4°C. Cells grown
without aFGF could not be passaged more than one time. In
the absence of aFGF, endothelial cells became confluent
only in the presence of higher inocula and were readily
detached with trypsin incubation at both 4 and 37°C.
Enzymatic pretreatment of endothelial cell monolayers.

Endothelial cells grown to confluence with aFGF were
pretreated with chondroitinase ABC or heparitinase to as-
sess the role of extracellular proteoglycans in S. aureus
adherence to endothelial cells (Table 2). Chondroitinase
ABC, an enzyme which disrupts polysaccharide bonds,
thereby destroying chondroitin and dermatan sulfates, had
no effect on adherence. Pretreatment with heparitinase, an
enzyme which acts specifically on heparan sulfate, resulted
in a twofold enhancement of S. aureus adherence to endo-
thelial cells (P < 0.05). The morphology of the cells as
determined by phase-contrast microscopy was not affected
by heparitinase pretreatment. Chondroitinase ABC in con-
centrations greater than 0.5 U/ml promoted detachment of
the cells from the substrate. Heparitinase treatment (1.25
U/ml) of endothelial cells grown in the absence of aFGF also
promoted detachment of the cells.

DISCUSSION

Previous studies have demonstrated that activated endo-
thelial cells have altered surface characteristics which pro-
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TABLE 2. Effect of chondroitinase ABC and heparitinase on
S. aureus adherence to human endothelial cellsa
Prepnb Mean BA/EC ± SD"

M199 ..................................... 4.7 ± 1.0
Chondroitinase ABC ..................................... 6.2 ± 1.8
HBSS ..................................... 5.4 ± 0.9
Heparitinase (1.25 U/ml) ............................... 9.7 ± 3.4
PBS ..................................... 4.2 ± 0.6

a The endothelial cell monolayer was pretreated with the enzyme for 3 h at
37°C. The monolayers were then washed, and the infection assay was
performed. Bacteria were incubated with the monolayer for 30 min.

b HBSS and PBS served as controls for chondroitinase ABC and hepariti-
nase, respectively.

c Results are from three separate studies; each point represents an experi-
ment performed in duplicate.

mote leukocyte adhesion (1-3, 22, 23, 32) and that this
process may contribute to the inflammatory response and
initiation of coagulation (8, 9). In this study, we investigated
whether endothelial cell modulation would alter susceptibil-
ity to infection.
We have shown that endothelial cells grown in the absence

of aFGF are more susceptible to S. aureus adherence. This
process is time dependent but independent of the initial
bacterial inoculum. We speculate that aFGF produces subtle
biochemical or ultrastructural changes which affect the sus-
ceptibility of these cells to infection. Similar types of
changes induced by other modulators may contribute to the
development of infection by S. aureus.

aFGF, a peptide originally purified from bovine brain, has
a crucial, multifunctional role in cell function. aFGF plays a
major role in angiogenesis, cell growth, migration, and
adhesion to the substrate (13-16, 21, 33). It affects the
synthesis of glycosaminoglycans, including heparan sulfate
(13). In our in vitro system, aFGF is crucial for the long-term
maintenance of endothelial cell lines in culture. Maciag et al.
(21) and Gordon et al. (14) have demonstrated that cells
grown without growth factor cannot be serially propagated.
Moreover, Gordon et al. (13) have reported that cells grown
without aFGF are more readily detached from their matrix.
We have confirmed these findings. Thus, despite their simi-
lar morphologic appearance, endothelial cells grown in tis-
sue culture with aFGF behave differently from those grown
without aFGF in tissue culture. Although fibroblast growth
factors have primarily been studied in in vitro systems, they
have been isolated from both normal and cancerous human
tissues (12, 24, 25). In vivo effects of these growth factors
include cell proliferation, limb regeneration, and the forma-
tion of new blood vessels (16).

In our series of experiments, heparitinase pretreatment
greatly enhanced S. aureus adhesion to endothelial cells,
suggesting that heparan sulfate played a role in S. aureus

adhesion. The process of binding to cell surface receptors is
complex, often involving multiple receptors (4, 19). In the
atherosclerotic model, heparan sulfate has been implicated
as a protector of endothelial cell integrity by inhibiting
smooth muscle cell migration (5, 33). Parsons and colleagues
(27, 28, 34) have demonstrated that glycosaminoglycans
exert a protective effect, preventing the development of
bladder infection, and that bladders with intact mucin are

more resistant to bacterial adherence and subsequent infec-
tion. In our system, the removal of heparan sulfate promoted
enhanced S. aureus adhesion. Heparan sulfate may provide
steric hindrance, blocking S. aureus attachment to a binding
site on the endothelial cells. Whether heparan sulfate is
important in the aFGF-induced diminution of S. aureus

adherence to endothelial cells is unknown and is a focus of
current study.

Endothelial cell modulation appears to contribute to the
pathogenesis of intravascular disease. Ryan and Ryan (30,
31) have documented the importance of subtle ultrastruc-
tural change in endothelial cell function. Endothelial cell
exposure to granulocytes or viruses resulted in an alteration
of surface glycocalyx, permitting the expression of previ-
ously unexposed Fc receptors. This favored the binding of
immune complexes with subsequent activation of comple-
ment. The effects of modulation may be variable, based on
the modulator and the system with which it is interacting.
Thus, despite the ability of both interleukin-1 and endotoxin
to enhance leukocyte adhesion to endothelial cells, neither
immunomodulator affects S. aureus adherence under the
conditions of our system.

In summary, we have utilized an in vitro infection assay to
demonstrate that endothelial cell modulation significantly
affects staphylococcal adhesion. Both aFGF and hepariti-
nase can mediate these changes in vitro. The ability ofaFGF
to exert a protective role in bacterium-endothelial cell inter-
actions is a novel function for this critical cellular peptide.
Similar types of modulation in vivo caused by aFGF or other
agents may contribute to the pathogenesis of staphylococ-
cal endovascular infections such as acute endocarditis or
infected vascular grafts. In both clinical settings, a mor-
phologically normal endovascular surface may be seeded.
Alteration of these surfaces by circulating modulators or
underlying material (e.g., prosthetic grafts) may alter the
susceptibility of these cells to infection.
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