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Global regulatory genes in Staphylococcus aureus, including agr and sar, are known to regulate the expression
of multiple virulence factors, including cell wall adhesins. In the present study, the adherence of S. aureus
RN6390 (wild type), RN6911 (agr), ALC136 (sar), and ALC135 (agr sar) to immobilized fibrinogen, fibronectin,
von Willebrand factor (vWF), extracellular matrix (ECM), and human endothelial cells (EC) EAhy.926 was
studied. Bacteria grown to postexponential phase were subjected to light oscillation (static condition) or to
shear stress at 200 s21 (flow condition) on tissue culture polystyrene plates coated with either protein ligands,
ECM, or EC. Adherence of nonlabeled bacteria to immobilized ligands was measured by an image analysis
system, while adherence of [3H]thymidine-labeled S. aureus to ECM and EC was measured by a b-scintillation
counter. The results showed increased adherence of agr and agr sar mutants to immobilized fibrinogen and
higher potential of these mutants to induce platelet aggregation in suspension, decreased adherence of sar and
agr sar mutants to immobilized fibronectin and vWF as well as to ECM and EC, increased adherence of both
S. aureus wild type and sar mutant to EC treated with platelet-rich plasma (PRP) compared to platelet-poor
plasma (PPP) and to EC treated with PPP compared to the control, and increased adherence of S. aureus wild
type to EC coated with PRP in which platelets were activated with phorbol 12-myristate 13-acetate compared
to intact PRP. This finding paralleled the increased adherence to EC of activated compared to intact platelets.
It is suggested that platelet-mediated S. aureus adherence to EC depends on platelet activation and the number
of adherent platelets and available receptors on the platelet membrane. In conclusion, the agr locus down-
regulates S. aureus adherence to fibrinogen, while the sar locus upregulates S. aureus adherence to fibronectin,
vWF, ECM, and EC. The effect of both agr and sar on S. aureus adherence properties develops primarily under
flow conditions, which suggests different adhesion mechanisms in static and flow conditions.

The pathogenesis of Staphylococcus aureus infection de-
pends on the expression of cell wall-associated adhesins and on
the secretion of extracellular toxins. The control of expression
and secretion of virulence factors is a complex process involv-
ing global regulatory systems, including agr and sar. The well-
characterized agr locus encodes two divergent transcripts,
RNAII and RNAIII, initiated from the P2 and P3 promoter,
respectively (32). It has been shown that agr acts at the level of
both transcription and translation to regulate the production of
many toxins, enzymes, and cell surface proteins (29, 33). A
second regulatory locus, sar, is essential for agr-dependent
regulation. It is believed that agr activation is partially medi-
ated by the binding of sar gene products to the agr promoter,
stimulating the transcription of RNAII and RNAIII (11). Re-
cent studies have shown that sar may bind to the P2 promoter
region, regulating agr-mediated exoprotein production (20,
25). The activation of the sar PI promotes expression of SarA
protein, a key regulatory molecule, which directly activates
downstream genes associated with bacteria binding to fibrino-
gen, fibronectin, etc. During exponential growth of bacteria,

the sar system promotes the synthesis of cell wall adhesins (e.g.,
fibronectin-binding proteins). At the postexponential phase,
other virulence factors are governed by global regulatory sys-
tems (7). At this phase, the actual effector, RNAIII, activates
the transcription of secretory protein genes (1).

Several studies have explored different receptors mediating
S. aureus adherence to plasma proteins, biological surfaces,
and foreign-body devices. S. aureus has been reported to spe-
cifically bind to fibrinogen, fibronectin, laminin, vitronectin,
collagen, and thrombospondin (21, 22, 24, 34, 43). More re-
cently, it has been shown that S. aureus binds directly to von
Willebrand factor (vWF) (20), and this interaction is believed
to be an important mechanism in attachment of bacteria to
platelets and endothelial cells (EC).

Platelets have been considered to have a central role in the
pathogenesis of infective endocarditis by providing an adhesive
surface on the damaged endothelium for bacterial binding
(12). S. aureus binds directly to platelets and causes platelet
aggregation, resulting in the formation of infected vegetation
(38). In experimental endocarditis, antiplatelet agents cause
substantial reduction in vegetation weight (31). However,
platelets internalize bacteria into vacuoles, enhancing their
clearance from the circulation (30). Additionally, stimulated
platelets mediate oxidative killing of the phagocysed bacteria
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(44). An array of microbicidal peptides have now been isolated
from platelets (46). However, it has been suggested that plate-
let aggregation may protect bacteria from exposure to antibi-
otics and clearance by leukocytes (13).

The purpose of this study was to report the role of the agr
and sar loci in the adherence properties of S. aureus RN6390
towards immobilized plasma ligands (fibrinogen, fibronectin,
and vWF), subendothelial extracellular matrix (ECM), and
cultured EAhy.926 EC under both static and flow conditions.
The role of platelets in bacterial adherence to EC under these
conditions was also examined.

MATERIALS AND METHODS

Bacterial strains. S. aureus strain RN6390 is a wild-type laboratory strain that
maintains its hemolytic pattern; RN6911 is a derivative of RN6390 in which the
agr locus has been replaced with tetM; ALC136 is an isogenic mutant of RN6390
carrying a sar mutation; and ALC135 is a derivative of RN6390 with both agr and
sar mutations (4).

Preparation of bacteria. S. aureus strains were grown overnight at 37°C on
mannitol salt agar (BBL/11407), harvested in 4 ml of phosphate-buffered saline
(PBS, pH 7.4), and incubated in tryptone soy broth overnight to achieve the
postexponential phase. It was previously shown that these types of bacteria have
comparable growth rates in broth culture (5). For radiolabeling, [methyl-3H]thy-
midine (1 mCi/ml) (Rotem Industries, Beer-Sheva, Israel) was added to 108 CFU
of S. aureus per ml suspended in tryptone soy broth and incubated overnight at
37°C. The specific activity of the labeled S. aureus was 12,500 cpm/108 cells.
Bacteria were washed three times with PBS (final volume, 3 ml) and vigorously
vortexed, and the bacterial count was determined by measuring optical density
(OD) at 546 nm using a standard solution (MacFarland 2 5 6 3 108 cells/ml).
Bacteria were resuspended in PBS, adjusted to 109 CFU/ml, and used shortly
thereafter. Under these conditions, there was no bacterial clumping.

Coating of polystyrene plates with fibrinogen, fibronectin, or vWF. Human
fibrinogen from Sigma Chemical Co (St. Louis, Mo.) was passed through a
gelatin-Sepharose column to remove residual fibronectin (27). Bovine fibronec-
tin was obtained from Biological Industries (Beit Haemek, Israel). vWF was
purchased from Alexis Corp. (Laufelgingen, Switzerland). The proteins were
dissolved in PBS in the presence of 0.1% bovine serum albumin (Sigma) at the
following concentrations: fibrinogen, 0.5 mg/ml; fibronectin, 0.01 mg/ml; and
vWF, 0.25 U/ml. Protein solution was exposed to tissue culture four-well poly-
styrene plates (Nunc, Roskilde, Denmark) at room temperature for 2 h. After
washing with PBS containing 0.1% bovine serum albumin (BSA), plates were
further incubated with PBS–1% BSA for 2 h to block the remaining free non-
specific binding sites. Coated plates were maintained at 4°C for no more than 1
week before use.

Preparation of subendothelial ECM. ECM-coated plates were prepared as
previously described (17). Briefly, bovine corneal EC were grown to confluency
in four-well tissue culture polystyrene plates (Nunc, Roskilde, Denmark) and
removed with 0.5% Triton X-100 and 0.1 M NH4OH solution, and the plates
were extensively washed with distilled water. The wet ECM-coated plates were
stored in closed bags at 4°C for up to 6 months. This ECM has been well
characterized (17, 41) as being composed of collagens and proteoglycans; how-
ever, unlike vascular ECM, it does not contain vWF.

Preparation of EC. Human EC line EAhy.926 (16), kindly provided by C. J.
Edgell (Department of Pathology, University of North Carolin, Chapel Hill,
N.C.), was cultured in four-well tissue culture plates in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum (FCS), hy-
poxanthine-aminopterin-thymidine (HAT) supplement, and 2 mM glutamine
plus 100 U of penicillin, 0.1 mg of streptomycin, and 12.5 U of nystatin per ml.
Before assay, EC were gently washed twice with PBS. All experiments were
performed at 37°C.

S. aureus adherence to coated polystyrene surface. Before the experiment, the
protein-coated plates were washed with PBS. S. aureus types (2 3 108 CFU per
well) in PBS were incubated in the wells for 10 min at room temperature under
static (light oscillation) or flow (200 s21) conditions. Flow was created with a
rotating Teflon cone, originally designed to evaluate platelet adhesion and ag-
gregation in a Cone and Plate(let) Analyzer (42). The cone has a diameter of 14
mm, with a cone angle of 2.45°, which, according to cone-and-plate principle,
induces a constant fluid shear stress over the entire plate surface. Wells were
thoroughly washed with PBS and stained with May-Grünwald stain, and bacterial
adherence to the surfaces was evaluated with an inverted light microscope

(Olympus, Tokyo, Japan) connected to an image analysis system (Galai, Migdal
Haemek, Israel).

Adherence of radiolabeled S. aureus to ECM and EC. Suspensions of 2 3 108

CFU of [3H]thymidine-labeled S. aureus types (total volume, 200 ml) were placed
on either ECM- or EC-coated plates and incubated for 20 min at 37°C under
static (light oscillation) or flow (200 s21) conditions. Under these conditions, the
EC monolayer always remained intact, as determined by microscopy. After
incubation with S. aureus, the wells were gently washed twice with PBS. Bound
cells were collected by solubilization in a 2% sodium dodecyl sulfate (SDS)
solution, and radioactivity was counted in a b-scintillation counter (liquid scin-
tillation analyzer 1600-TR; Packard).

Preparation of plasma and [3H]adenine-labeled platelets. Peripheral vein
blood was obtained from healthy volunteers who had not taken medications
known to affect platelet function for at least 10 days before blood sampling. The
blood was collected in polypropylene tubes (3.8% sodium citrate anticoagulant-
to-blood ratio, 1:9). Centrifugation at 160 3 g for 12 min produced an upper
platelet-rich plasma (PRP) suspension. The upper two-thirds of this PRP was
transferred to other tubes. The remaining blood was centrifuged at 1,200 3 g for
12 min to produce platelet-poor plasma (PPP), which was also transferred to
separate tubes. For labeling of platelets, PRP was incubated with 5 mCi of
[3H]adenine (NEN, Boston, Mass.) per ml for 30 min at room temperature,
followed by the addition of citric acid to a final concentration of 5 mM, centri-
fuged at 800 3 g for 5 min, and resuspended to the original volume in autologous
PPP.

Platelet adhesion experiments. [3H]adenine-labeled platelets in autologous
citrated plasma (200 ml/well, containing 2 3 107 to 4 3 107 cells; 1 3 105 to 2 3
105 cpm/well) were treated for 20 min with phorbol 12-myristate 13-acetate
(PMA), prostaglandin E1/isobutylmethylxanthine (PGE1/IBMX) (all reagents
from Sigma), or PBS as a control. Platelets were resuspended in autologous
plasma and incubated with EC for 20 min at 37°C under static conditions. The
unbound platelets were then gently washed with PBS, while bound platelets were
solubilized in 2% SDS, and the radioactivity in the wells was counted in a
b-scintillation counter.

S. aureus-induced platelet aggregation. Platelet aggregation was monitored
using a standard technique in which 225 ml of PRP was incubated at 37°C and
stirred at 1,000 rpm in a four-channel aggregometer (PACKS-4; Helena Labo-
ratories, Beaumont, Tex.). Aggregation was induced by adding 25 ml of S. aureus
suspension in PBS (bacterium-platelet ratio, 4:1). Change in light transmission
was recorded for 20 min. As a control, ADP (5 mM) was used as an inducer of
platelet aggregation.

Statistical analysis. To compare the mean 6 standard deviation (SD) values
of the results, an unpaired t test was used. Statistical significance was accepted for
a value of P of ,0.05.

RESULTS

S. aureus adherence to immobilized fibrinogen, fibronectin,
and vWF. As shown in Fig. 1A, under static conditions, we
found no difference in extent of binding to the immobilized
fibrinogen among all four tested S. aureus types. However,
under flow, there was increased adherence of both agr and agr
sar mutant S. aureus types to fibrinogen (by 55 and 56%,
respectively) compared to the wild type. These data suggest
that the agr locus downregulates bacterial adherence to fibrin-
ogen. Similar to adherence to fibrinogen, almost the same
extent of adherence of all S. aureus types to fibronectin was
demonstrated under static conditions (Fig. 1B). However, a
substantial reduction (down to 25%) in adherence of both sar
and agr sar types was observed, suggesting that the sar locus
upregulates bacterial binding to fibronectin. Figure 1C shows
similar adherence of all S. aureus types to immobilized vWF
under static conditions. In contrast, under flow, substantial
reduction of binding to vWF of agr, sar, and agr sar types was
observed (by 32, 69, and 67%, respectively). These data suggest
that both the agr and sar loci upregulate bacterial binding to
vWF.

S. aureus adherence to bovine ECM. Taking into account the
difficulties in applying the image analysis system for determin-
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ing bacterial adherence to subendothelial ECM and EC (due
to bacterial clumping upon adherence to ECM and to inter-
ference of EC with direct counting of bacteria), the subsequent
experiments were performed with [3H]thymidine-treated bac-
teria, and the extent of binding was expressed as total count of
cells per well. As shown in Fig. 2A, under static conditions, a
reduction in adherence of the double mutant S. aureus to ECM
was observed (down to about 50% compared to the wild type).
As well, under flow, the reduced adherence of both sar and agr
sar bacteria (down to about 50%) was observed. These data are
in accordance with those obtained from fibronectin- and vWF-
coated surface experiments.

S. aureus adherence to EC. Under static conditions, no sig-
nificant reduction in binding of sar and agr sar bacteria to EC
monolayer was shown (Fig. 2B). However, under flow condi-
tions, these bacteria demonstrated substantially decreased ad-
herence (down to about 50%). Generally, these data were
similar to those obtained from the ECM surface, except ad-
herence of all S. aureus types was about 30% of that compared
to ECM. Again, the difference in adherence between various S.
aureus types can be observed mainly under flow conditions.

S. aureus-induced platelet aggregation. These experiments
were performed in PRP. The ability of S. aureus to aggregate

platelets in the suspension phase was confirmed (Fig. 3). Tak-
ing the lag phase in aggregation traces as a parameter for
evaluation of the ability of bacteria to cause platelet aggrega-
tion (39), it was found that agr and agr sar types were stronger
in this action than the wild type. These data agree with those
shown in Fig. 1A, which demonstrates increased adherence of
the same mutants to a fibrinogen-coated surface, since fibrin-
ogen is the main plasma ligand responsible for platelet aggre-
gation in the suspension phase.

Relative role of plasma ligands and platelets in S. aureus
adherence to EC. Only wild-type and sar mutant bacteria were
used in this assay because the sar locus has been found to be
responsible for bacterial adherence to EC. As shown in Fig. 4,
treatment of EC monolayer with plasma free of platelets was
followed by increased binding of both wild-type and sar mutant
strains under flow compared to intact EC (51 and 43%, re-
spectively). When EC were treated with PRP, the adherence
rates increased by 154 and 159%, respectively. Thus, both
plasma ligands and platelets promote S. aureus adherence to
EC. The two types of bacteria similarly responded to the treat-
ment of EC with plasma or platelets.

Platelet activation modulates S. aureus adherence to EC.
[3H]adenine-labeled platelet adherence to intact EC under

FIG. 1. Adherence of S. aureus to immobilized fibrinogen (A), fibronectin (B), and vWF (C). RN6390 wild type (WT), RN 6911 agr, ALC136
sar, and ALC135 agr sar S. aureus cells (2 3 108 CFU) were placed on polystyrene plates coated with fibrinogen (0.5 mg/ml), fibronectin (0.01
mg/ml), or vWF (0.25 U/ml) and incubated under static (light oscillation) or flow (200 s21) conditions for 10 min at room temperature. Samples
were washed, stained, and analyzed as described in Materials and Methods. Data are means 6 SD for four to six determinations performed in
duplicate. p, P , 0.01; pp, P , 0.001 for mutants compared to the wild type.

FIG. 2. Adherence of S. aureus to subendothelial ECM (A) and EC (B). [3H]thymidine-labeled bacteria (2 3 108 CFU) were placed on the
surfaces and incubated for 20 min at 37°C under static or flow conditions. Samples were washed, and adherent bacteria were solubilized with 2%
SDS. Data are means 6 SD for four to six determinations performed in duplicate. p, P , 0.01; pp, P , 0.001 for mutants compared to the wild
type (WT).
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flow was assayed. PGE1 and IBMX were added to PRP to
inactivate platelets by increasing the intracellular cyclic AMP
(cAMP) level (26). Platelet inactivation did not change the
binding to EC under flow (Fig. 5). In contrast, platelet activa-
tion with PMA, an activator of protein kinase C, resulted in
about a ninefold increase in platelet adherence to EC. Simi-
larly, treatment of EC with PGE1/IBMX-inactivated platelets
(nonradiolabeled) did not change [3H]thymidine-labeled S. au-
reus adherence to EC compared to EC treated with intact
platelets. However, treatment of EC with PMA-activated
platelets was followed by enhanced, up to threefold, S. aureus
adherence. These data suggest that hyperexpression of various
receptors on the platelet membrane upon activation, which
promotes platelet-EC interaction (3), also provides binding

sites for bacteria, thus mediating increased bacterial adher-
ence.

DISCUSSION

The virulence properties of S. aureus are controlled by global
regulatory systems, including agr and sar. Previous studies sug-
gest that these loci primarily regulate the expression of cell wall
proteins during the exponential growth of bacteria. The se-
creted proteins are induced at the late phase of exponential
growth and are produced at low levels in agr mutants (32). In
contrast, surface proteins responsible for bacterial adhesion to
host elements are produced mostly during exponential growth
and in a much higher level in agr mutants (23). It has been
suggested that the agr locus upregulates the expression of ex-
tracellular virulence genes, while it downregulates cell surface
protein genes (1, 32). The sar locus upregulates expression of
both exoproteins and cell wall adhesins (7). However, the role
of these systems in virulence properties of S. aureus is probably
more complex.

To evaluate the contribution of both agr and sar loci in S.
aureus adherence to vessel wall EC, subendothelial ECM and
immobilized plasma ligands, the RN6911 (agr), ALC136 (sar),
and ALC135 (agr sar) mutants of RN6390 wild–type S. aureus
were used in this study. The assay was performed in parallel
under both static and flow conditions, taking into account that
ligand-mediated binding of bacteria to the vessel wall might
differ under flow and static conditions. The results showed
increased adherence of agr and agr sar mutants to immobilized
fibrinogen, decreased adherence of agr, sar, and agr sar mu-
tants to immobilized vWF, and decreased adherence of sar and
agr sar mutants to immobilized fibronectin, ECM, and EC.
Taken together, these data suggest that the agr locus down-
regulates S. aureus binding to fibrinogen and upregulates S.
aureus binding to vWF. The sar locus upregulates S. aureus
binding to fibronectin, vWF, ECM, and EC. These data agree
with those showing upregulation of S. aureus binding to fi-
bronectin by sar (7). Cheung et al. (10) have reported that
inactivation of the sar locus in S. aureus leads to decreased
expression of both fibrinogen and fibronectin-binding proteins.
Moreover, in a rabbit endocarditis model, there was a signifi-
cant decrease in infectivity rates for a sar mutant compared to
the parental strain (10). Accordingly, mutation of the sarA
gene within the sar locus resultes in decreased expression of
both extracellular and cell wall proteins (9).

In the present study, both agr and agr sar mutants showed
increased binding to immobilized fibrinogen. These mutant
strains had a stronger potential to induce platelet aggregation
where fibrinogen was the main bridging molecule in bacterium-
platelet and platelet-platelet interaction. Adherence of bacte-
ria to plasma ligands may differ in suspension and on the solid
phase. Cheung et al. (5) did not observe any effect of agr on S.
aureus binding to radiolabeled fibrinogen in suspension. Sara-
via-Otten et al. (37), using radiolabeled fibronectin in suspen-
sion, concluded that fibronectin-binding genes are negatively
regulated by both agr and agr-independent mechanisms. It has
also been proposed that both the agr and sar loci function
within the same regulatory pathway in which the agr and sar
gene products act as the repressor and the activator, respec-
tively. Another possibility is that the sar locus acts irrespective

FIG. 3. S. aureus-induced platelet aggregation. Wild-type (WT)
and mutant bacteria suspended in PBS were added to PRP at a bac-
terium-platelet ratio of 4:1 in a four-channel platelet aggregometer.
The change in light transmission was evaluated. Representative picture
of three to four independent experiments.

FIG. 4. Adherence of S. aureus to endothelial cells treated with
PBS–0.1% BSA, PPP, and PRP. Two hundred microliters of plasma
was placed on the EC monolayer and incubated for 20 min at 37°C.
After washing, 2 3 108 CFU of radiolabeled S. aureus (wild type [WT]
and sar mutant) was added to the samples and subjected to flow for 20
min at 37°C. Samples were washed, and adherent bacteria were solu-
bilized with 2% SDS. Data are means 6 SD for four to six determi-
nations performed in duplicate. p, P , 0.05; pp, P , 0.01 compared to
samples of EC treated with PBS–0.1% BSA.
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of the functionality of the agr locus, leading to upregulation of
cell wall proteins (9, 10).

These are no data in the literature regarding the role of agr
and sar in S. aureus adherence to vWF. As protein A has been
found to be the vWF binding protein (18) and both agr and sar
negatively regulate protein A expression by S. aureus (6), it
could be suggested that agr and sar mutant bacteria must show
increased adherence to vWF. However, reduced adherence to
vWF of both mutant S. aureus types has been found in our
study. It may be that interaction of protein A with suspended
or immobilized vWF differs. Furthermore, vWF has distinct
binding domains for several human macromolecules, e.g., col-
lagen, heparin, and platelet glycoproteins Ib and IIb-IIIa (35,
36). In addition, the heparin-binding domain of vWF might be
the crucial region for S. aureus attachment, and both vWF and
thrombospondin may recognize similar molecules on S. aureus
membrane (15).

The data show that the regulation of S. aureus binding to
various ligands by agr and sar is a rather complicated process.
According to our data, upregulation by sar of bacterial binding
to fibronectin and vWF, the important components of suben-
dothelial ECM secreted by EC, apparently served as the main
mechanism of S. aureus adherence to ECM and EC.

In our previous study, it was shown that fibrinogen and
fibronectin, and not platelets, mediated S. aureus adherence to
thrombin-activated EC, EC-304, under flow conditions (40). In
this study, the role of plasma ligands and platelets in S. aureus
adherence to resting EC EAhy.926 was evaluated (16). The sar
mutant was used in parallel with the wild type, as the sar
mutant was found to have a lower ability to adhere to fibronec-
tin, vWF, ECM, and EC. It should be noted that treatment of
EC with plasma free of platelets enhanced adherence of both
types of S. aureus by about 50%, while about 150% enhance-
ment was observed with PRP. Preactivation of platelets in PRP
with PMA further enhanced S. aureus binding to EC, which
paralleled enhanced adherence of PMA-activated platelets to
EC. Unlike platelet inactivation by PGE1/IBMX, it failed to
affect both platelet and bacterial adherence. Apparently, se-
cretion of various ligands from a-granules of platelets together

with hyperexpression of glycoprotein IIb-IIIa and other recep-
tors upon platelet activation (14) causes enhanced S. aureus
binding to PMA-activated platelets on the surface. These data
agree with those demonstrating that S. aureus binds to platelets
in a manner suggestive of a receptor-ligand interaction, which
depends on the estimated number of available receptors on the
platelets more than it depends on the absolute adhesive affinity
of bacteria for the platelet (45).

Thus, both plasma ligands and platelets mediate S. aureus
binding to EC. Expression of fibronectin and vWF on the
membrane of damaged EC is an important mechanism for
tethering circulating platelets to EC. However, S. aureus can
adhere to both fibronectin (22, 43) and vWF (20) that allowed
bacteria to adhere to ligands bound to both platelets and EC.
This mechanism is upregulated by the sar locus and differs
from that in S. aureus-induced platelet aggregation in the con-
ventional aggregometry assay, where plasma fibrinogen is the
main ligand mediating bacterium-platelet interaction (2). The
mediating role of fibrinogen in S. aureus binding to EC is also
well established (8, 28, 40). As seen from this study, binding of
bacteria to fibrinogen is downregulated by the agr locus, which
may serve as a controlling mechanism, opposite sar, in the
multifactorial regulation of adherence properties of S. aureus.
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