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Fibronectin binding proteins (FnBP) on the surface of Staphylococcus aureus have previously been shown to
mediate adherence of the organism to resting endothelial cells in static adhesion assays. However, in this study
using well-defined flow assays, we demonstrate that physiologic levels of shear stress prevent FnBP-mediated
adhesion of S. aureus 8325-4 to resting endothelial cells. This result suggests that mechanical forces present in
vivo may influence the ability of staphylococci to bind endothelial cell surfaces.

With the increase in antibiotic resistance of Staphylococcus
aureus, there is a critical need to develop innovative therapeu-
tics to combat infections, such as infective endocarditis, osteo-
myelitis, and other S. aureus infections of organs. S. aureus
adhesion to endothelial cells followed by invasion has been
implicated in the pathogenesis of these infections (reviewed
extensively in references 11, 12, and 15).

The hematogenous spread of S. aureus from local sites of
infection to deeper tissues (reviewed in references 7 and 15)
may be an important aspect of the infection process. Adhesion
of S. aureus to endothelial cells may be important in this bac-
terial metastasis when there is no damage to the blood vessel
wall. For example, infective endocarditis is sometimes seen in
individuals with previously undamaged heart valves, suggestive
of initial bacterial adhesion to the intact endothelium on the
cardiac valve surface (11).

The endothelial cell receptors and bacterial adhesins in-
volved in this adhesion have not been clearly identified. Re-
cently, Peacock and colleagues (15) demonstrated the signifi-
cant role played by the S. aureus adhesins fibronectin (Fn)
binding protein A (FnBP A) and FnBP B (5, 8) by comparing
adherence of mutant strains defective in expression of FnBPs
with the adherence of isogenic parent strain 8325-4 to resting
human endothelial cells under static conditions. FnBPs were
also implicated in the subsequent internalization of S. aureus
by endothelial cells. However, the significance of FnBPs has
been questioned by an in vivo study of the pathogenesis of
endocarditis (4). Fn and fibrinogen present on mammalian
cells may act as bridging molecules between mammalian cells
and the bacteria (1, 2, 18, 19). However, Peacock and col-
leagues found no change in S. aureus adhesion to resting hu-
man endothelial cells when the endothelial cells were pre-
coated with Fn (15).

In the vasculature, fluid shear is an important physiological
parameter that has been shown to modulate the interactions

between blood cells and endothelial cells (6, 9, 10). Fluid shear
stress is the hydrodynamic force generated by the flow of blood
on the vessel wall. This force is proportional to the rate of
deformation of the fluid at a surface, which is known as the
shear rate (expressed as units per second). Physiological shear
rates can range between 40 s21 and 2,000 s21 for stable laminar
flow, and even higher shear rates are prevalent in turbulent
flow and at vessel entrances and bifurcations (17). Therefore,
as was stated in the study by Peacock et al. (15), it is important
to incorporate well-defined flow conditions in the assay of
bacterial adhesion to endothelial cells to further elucidate the
relative importance of various molecular adhesion pathways.
Parallel plate flow chamber assays have been used extensively
to study this dynamic adhesion of cells to surface bound pro-
teins and cells (6, 9, 10, 14). The aim of this study was to
examine the role of FnBPs in mediating the adhesion of S.
aureus 8325-4 to resting endothelial cells under physiological
flow conditions.

S. aureus strain 8325-4 and its isogenic mutant lacking
FnBPs, DU5883 (5), were grown for approximately 20 h (pri-
mary culture) in 50 ml of tryptic soy broth (TSB) under con-
stant rotation at 37°C followed by a secondary culture (transfer
of 1 ml of bacterial suspension to 49 ml of TSB under constant
rotation at 37°C). After approximately 2 h of growth to early
growth phase (peak expression of FnBPs [16]) in secondary
culture, bacteria were harvested into cold phosphate-buffered
saline (PBS) with a final concentration of 0.02% sodium azide
and 0.1% bovine serum albumin (BSA). The bacterial cells
were labeled with fluorescein isothiocyanate (FITC; Molecular
Probes Inc, Eugene, Oreg.) and washed repeatedly to remove
excess FITC. Sodium azide was used to preserve the number of
FnBP adhesins on the bacterial surface during labeling. Pre-
liminary studies demonstrated that short-term bacterial expo-
sure to sodium azide did not affect FnBP-mediated binding to
immobilized Fn under dynamic conditions (data not shown).
Just before use in any assay, the labeled bacteria were removed
from the PBS with 0.02% sodium azide and diluted into assay
buffer without sodium azide (PBS with 0.1% BSA) to a con-
centration of 108 cells/ml to avoid any adverse effect of azide
on the endothelial cells.
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Bovine aortic endothelial cells (BAECs; Clonetics, San Di-
ego, Calif.) were maintained in Dulbecco’s Modified Eagle
Medium (Clonetics) supplemented with 10% fetal bovine se-
rum and penicillin-streptomycin according to standard tissue
culture techniques. BAECs (second to sixth passages) were
seeded onto gelatin-coated glass slides or 35-mm tissue culture
dishes and grown to 100% confluence. For experiments requir-
ing precoating of BAECs with Fn, the growth medium was
replaced with serum-free medium containing 200 mg of Fn/ml
and incubated for 30 min in a humidified incubator before use
in an adhesion assay.

In order to verify our experimental system, we first per-
formed a static adhesion assay to reproduce previously pub-
lished results (15). BAECs or Fn-precoated BAECs in 35-mm
tissue culture dishes were incubated with FITC-labeled S. au-
reus (108 cells/ml in assay buffer with no azide) for 20 min at
37°C. The bacterial suspension was aspirated, and the BAEC
monolayer was washed gently with PBS to rinse away nonad-
herent bacteria. The adherent bacteria were visually counted
using an inverted-stage microscope equipped with standard
FITC filters, epifluorescent illumination, and a charged-cou-
pled device camera. The results of this static adhesion assay are
shown in Fig. 1. We examined the relative adhesion (adhesion
of DU5883 to endothelial cells as a percentage of 8325-4 ad-
hesion to endothelial cells) in order to compare our data to a
previous study (15). Our results show 12.5% relative adhesion
of DU5883 (versus that of 8325-4) to BAECs (Fig. 1) com-
pared to the previously published result of approximately 19%
relative adhesion of DU5883 versus 8325-4 to human um-
bilical vein endothelial cells (absolute numbers are given in
reference 15). This result substantiates the role of FnBPs in
mediating adhesion to resting endothelial cells under static
conditions. Precoating of the BAECs with Fn did not affect
FnBP-mediated S. aureus adhesion to endothelial cells under
static conditions, in agreement with the previous study (15).
These results demonstrate that we have reproduced previously
published findings despite differences in bacterial labeling
technique and endothelial cell source (15).

In order to reproduce the static assay in the parallel plate

flow chamber (13), a FITC-labeled bacterial cell suspension
(108 cells/ml in assay buffer with no azide) was perfused over
the endothelial cell monolayer at a shear rate of 100 s21 for 5
min before the flow was stopped, and the bacteria were al-
lowed to settle onto the endothelial surface for 30 min. The
nonadherent bacteria were rinsed away by switching the inlet
tube to wash buffer (PBS with 0.1% BSA) and restarting flow
at 25 s21 for 5 min. This experiment is termed a “stopped flow”
assay. The number of firmly adherent bacteria per square mil-
limeter as visualized on an inverted epifluorescent microscope
using a computer-controlled stage and image-capturing system
is reported (eight frames of view in the center of the flow field
for each experiment; each experiment was repeated at least
three times; image capturing was set up as described in refer-
ence 13). The results from the stopped flow assay are shown in
Fig. 2. Our results show 15.7% relative adhesion of DU5883
(versus 8325-4) to BAECs in the stopped flow assay, in agree-
ment with our findings for the static adhesion assay (Fig. 1).
Precoating of BAECs with Fn did not significantly alter the
stopped flow adhesion results. These results demonstrate that
FnBP-mediated S. aureus adhesion to endothelial cells under
static conditions has been reproduced in the parallel plate flow
chamber in the stopped flow assay.

Dynamic adhesion of S. aureus to endothelial cells was ex-
amined in a parallel plate flow chamber under well-defined
flow conditions as previously described (13). The shear rates
examined were in the range of 10 to 200 s21 corresponding to
flow in veins and venules (17). A suspension of FITC-labeled
bacteria (108 cells/ml in assay buffer with no azide) was per-
fused through the flow chamber over the endothelial cells
(both BAECs and Fn-precoated BAECs) at a particular wall
shear rate for 10 min. Immediately, the inlet tube was switched
to wash buffer, which was perfused through the flow chamber
to rinse away nonadherent cells for 5 min (6). With the buffer
flowing, the number of firmly adherent cells was determined
(13) and reported as firmly adherent cells per square millime-
ter of endothelium (the experiment was repeated three times).
No bacteria adhered firmly to either BAECs or Fn-precoated
BAECs during the dynamic flow assay at any of the shear rates

FIG. 1. Static adhesion of S. aureus 8325-4 and DU5883 to BAECs and Fn-precoated BAECs. Data are plotted as the means 6 standard errors
of the means. The asterisk denotes statistically significant compared to the 8325-4 control (P , 0.05 by analysis of variance).
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examined (Fig. 2). Invasion of BAECs by S. aureus under shear
conditions was not examined since there was no adhesion in
the flow assay.

This result in the dynamic flow assay was unexpected be-
cause preliminary experiments in our laboratory demonstrated
8325-4 and DU5883 adhesion to immobilized Fn at shear rates
as high as 300 s21, suggesting that FnBPs can mediate binding
under shear conditions (data not shown). To explain these re-
sults, we considered that the flow over BAECs could strip away
any cellular Fn already present on the endothelial cell surface
or any Fn precoated on the BAECs. This possibility was ad-
dressed by incorporating Fn at a concentration of 100 mg/ml in
the flow assay buffer at two of the lower shear rates (10 s21 and
25 s21). No firm adhesion of bacteria was observed (data not
shown). Therefore, the removal of Fn from the endothelial sur-
face is not the cause for the surprising results of the flow assay.

The results of the dynamic study stand in sharp contrast to
the assay results performed under static conditions. There are
several possible explanations for the contradictory results.
Shear at the surface of the endothelial cell could prevent for-
mation of sufficient bonds by reducing the contact time be-
tween either the FnBPs and the Fn complexed to endothelial

surface receptors or between the Fn and the endothelial cell
receptors. The dramatic increase in bacterial adhesion when
flow was stopped for 30 min and then restarted suggests that an
increase in contact time could lead to formation of sufficient
bonds. However, the adhesion with increased contact time
could be a result of an increased number of receptors being
expressed on the endothelial cell surface. For example, S. au-
reus resting on the surface of the endothelial cells during the
static assay could be stimulating the cells during the 20- to 30-
min period, resulting in receptor trafficking to the endothelial
cell surface. Alternately, the increased contact time could bring
into play stabilization mechanisms such as cytoskeleton linkage
or a change in receptor confirmation. Finally, the number of
receptors on the surface of resting endothelial cells may simply
be insufficient to support firm adherence of the bacterium
during flow.

This study is an initial step in the incorporation of hydrody-
namic forces in in vitro assays involving bacterial adhesion to
endothelial cells. In the future, we plan to examine the effects
of cytokine stimulation (3) on the adhesion of S. aureus to
human umbilical vein endothelial cells under dynamic flow
conditions. In addition, other adhesion pathways, such as clump-

FIG. 2. Adhesion of S. aureus 8325-4 and DU5883 to BAECs under stopped flow and dynamic conditions. Shear rate is the rate of deformation
of the fluid at the surface and is expressed as units per second. This parameter is directly proportional to the force generated on the surface by
the flowing fluid. Data are plotted as the means 6 standard errors of the means. The asterisk denotes statistically significant compared to the 8325-4
control (P , 0.05 by analysis of variance).
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ing factor A (ClfA) ClfB, and fibrinogen, will be investigated.
Well-established static adhesion assays have identified various
molecular mechanisms of S. aureus adhesion. We submit that
the static assay needs to be complemented with dynamic ad-
hesion assays to further elucidate the relative importance of
each adhesion mechanism.

Bacterial strains in this study were kindly provided by Magnus Höök
(Center for Extracellular Matrix Biology, Texas A & M University,
Houston, Tex.) and Timothy J. Foster (Microbiology Department, Moyne
Institute of Preventive Medicine, Trinity College, Dublin, Ireland).
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