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Abstract: Infection by Staphylococcus aureus is the leading cause of infective endocarditis (IE). Acti-
vation of platelets by this pathogen results in their aggregation and thrombus formation which are
considered to be important steps in the development and pathogenesis of IE. Here, we show that a
secreted cysteine protease, staphopain A, activates human platelets and induces their aggregation.
The culture supernatant of a scpA mutant deficient in staphopain A production was reduced in its
ability to trigger platelet aggregation. The platelet agonist activity of purified staphopain A was
inhibited by staphostatin A, a specific inhibitor, thus implicating its protease activity in the agonism.
In whole blood, using concentrations of staphopain A that were otherwise insufficient to induce
platelet aggregation, increased binding to collagen and thrombus formation was observed. Using
antagonists specific to protease-activated receptors 1 and 4, we demonstrate their role in mediating
staphopain A induced platelet activation.

Keywords: Staphylococcus aureus; platelets; protease; staphopain; PAR-1; PAR-4

1. Introduction

Staphylococcus aureus is a major pathogen responsible for a significant burden on
human morbidity and mortality. If S. aureus enters the bloodstream, the consequent
bacteremia can cause complications such as endocarditis and sepsis. The pathogen can
activate platelets, forming platelet-bacteria aggregates that become deposited on exposed
sub-endothelial extracellular matrix such as collagen, in places such as the heart valves,
thus compromising their function [1,2]. Similarly, septic emboli can form, migrate through
the circulation to the brain and cause a stroke. In sepsis, thrombocytopenia can occur as a
consequence of platelet consumption, resulting in a poor prognosis for the patient, indeed
the severity of thrombocytopenia correlates with the rate of mortality [3,4]. Platelets from S.
aureus endocarditis patients display heightened reactivity to physiological agonists [5] and
activation induced by the infectious milieu is generally assumed to cause thrombocytopenia,
as activated platelets aggregate and are deposited in the microvasculature, resulting in
disseminated intravascular coagulation, multi-organ failure [6,7] and loss of haemostatic
function [8]. In addition to their haemostatic function, platelets contribute to the initiation
and coordination of effective immune responses to infection [9,10].

The ability of S. aureus to activate platelets has been attributed to the presence of surface
proteins known as microbial surface components recognising adhesive matrix molecules
(MSCRAMMs), which bind plasma proteins such as fibrinogen and von Willebrand factor,
causing activation via the plasma protein’s cognate receptors on the platelet [2,11–21]. While
MSCRAMMs are important factors in this aspect of the host–pathogen interaction, S. aureus
also produces a wide variety of extracellular molecules such as toxins and proteases that
interact with the host. S. aureus α-haemolysin (Hla) is a potent activator of platelets [22], but
its relevance to endocarditis has been questioned as strains which produce high quantities
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of the toxin are not associated with the disease; indeed this may be related to its ability to
lyse platelets at higher concentrations [23]. Activation of platelets in vivo by α-haemolysin
does however cause formation of dynamic microthrombi which accumulate in the liver
sinusoids and kidney glomeruli, causing multi-organ disfunction [7]. Conversely, S. aureus
strains that produce proteases are more likely to cause the disease. The pathogen produces
4 main proteases, a metalloprotease (aureolysin, Aur), a serine protease (V8, SspA) and two
cysteine proteases (staphopain A (ScpA) and staphopain B (SspB)), which have multiple
effects on host cells and molecules [24,25].

In this study, we show that staphopain A, an intensively secreted protease of S. aureus
which is conserved amongst clinical isolates, induces platelet activation and that this occurs
via protease-activated receptors 1 and 4 (PAR-1 and -4). At concentrations of staphopain A
that are insufficient to cause platelet aggregation, it potentiates the ability of the platelet
to become activated by collagen. Thus, staphopain A is able not only to directly activate
platelets but can also prime them, increasing activation stimulated by collagen, a normal
physiological agonist to which they can be exposed upon damage to the endothelium.

2. Materials and Methods
2.1. Reagents

Bovine thrombin, Fluorescein isothiocyanate (FITC), dialysis tubing, wortmannin,
TFLLR-NH2 and AYPGKF-NH2 were obtained from Sigma (Poole, UK). Bisindolylmalei
mide I (Bis-1) and primary 4G10 antibody were purchased from Merck Millipore (Darm-
stadt, Germany). RWJ56110 and TCY-NH2 were purchased from R&D Systems (Minneapo-
lis, MN, USA). Primary FITC labeled PAC-1 and Cy5 labelled anti-CD62P were purchased
from BD Biosciences (New Jersey, NJ, USA). Staphostatin A was purchased from Biocen-
trum (Krakow, Poland). Fast flow DEAE and CF sepharose columns were purchased from
GE Healthcare (Buckinghamshire, UK). Brain heart infusion media was purchased from
Oxoid (Basingstoke, UK). All other reagents were from previously described sources [26].

2.2. Bacterial Strains Used

Wild type S. aureus 8325-4 [27], and mutant strains DU1090 (hla) [28], LES12 (aur),
LES17 (sspB), LES22 (sspABC) and LES27 (scpA) [29] were used.

2.3. Ammonium Sulphate Precipitation of S. aureus Supernatant

300 mL BHI broth was inoculated 1:100 with overnight cultures of S. aureus and
grown for 6 h. Supernatant was then harvested by centrifugation at 15,000× g for 10 min.
Ammonium sulphate was added to the supernatant to a final concentration of 3.1 M and
left stirring for 1 h at 4 ◦C. The supernatant was centrifuged at 20,000× g for 20 min and the
pellet was resuspended in 2 mL of PBS. Ammonium sulphate fractions were then dialysed
thoroughly against PBS to remove all ammonium sulphate. Protein concentrations were
determined by Bradford assay (Bio-Rad, Hercules, CA, USA).

2.4. Extraction and Purification of Staphopain A

Staphopain A was purified using a previously described method [30,31]. 300 mL BHI
broth was inoculated with S. aureus DU1090 and grown overnight at 37 ◦C. The supernatant
was then harvested by centrifugation at 15,000× g for 20 min. Ammonium sulphate was
added to the supernatant to a final concentration of 4.25 M and left stirring for 1 h at 4 ◦C.
The supernatant was centrifuged at 20,000× g for 20 min and the pellet was resuspended
in 5 mL of 50 mM sodium acetate. Ammonium sulphate fractions were then dialysed
thoroughly against 50 mM sodium acetate to remove all ammonium sulphate. The dialysed
fractions were then passed through a Fast flow DEAE column to remove any staphopain
B. The flow through was collected and ion exchange chromatography was performed
using a fast flow CF sepharose column with an increasing gradient of 300 mM sodium
chloride. The presence of a single band corresponding to the known size of staphopain A
was determined by SDS-PAGE. These fractions were pooled and dialysed against Tyrode’s
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buffer and lyophilised overnight. The concentration of staphopain A was determined by
Bradford assay.

2.5. Preparation of Platelet Rich Plasma

Human blood was obtained from consenting healthy volunteers who were free from
drugs known to influence platelet function. This work was approved by the University of
Reading Ethics Committee. 45 mL of blood was collected into a syringe containing 5 mL
of anti-coagulant 4% (w/v). Platelet rich plasma (PRP) was prepared by centrifugation at
102× g for 20 min. Platelet concentration was adjusted to 4 × 108 platelets/mL and PRP
was rested for 30 min at 30 ◦C prior to experiments.

2.6. Human Washed Platelet Preparation

Human blood was obtained from consenting healthy volunteers in accordance with the
principles set out in the Declaration of Helsinki. Ethical approval for all experiments using
human blood was obtained from the University of Reading Research Ethics Committee. All
donors gave written consent. 45 mL of blood was collected into a syringe containing 5 mL
of anti-coagulant 4% (w/v) sodium citrate and mixed with 7 mL of acid citrate dextrose
(ACD) and were prepared by differential centrifugation [20]. Platelets were re-suspended in
modified Tyrode’s-HEPES buffer (134 mM NaCl, 0.34 mM Na2HPO4, 2.9 mM KCl, 12 mM
NaHCO3, 20 mM HEPES, 5 mM glucose and 1 mM MgCl2, pH 7.3) and rested for 30 min at
30 ◦C prior to experiments.

2.7. Light Transmission Aggregometry

Human washed platelet or PRP were prepared as described. Platelet samples were
incubated for 30 min at 37 ◦C with the antagonists indicated followed by stimulation by
agonists. Aggregation was measured in an optical aggregometer (Chronolog), stirring
whilst at 37 ◦C. Percentage aggregation was calculated by dividing the maximum aggre-
gation of samples by the maximum aggregation achieved by the given agonist alone [32]
Aggregation was measured for 300 s.

2.8. Flow Cytometry

5 µL of washed platelets (4 × 108 cells/mL) or PRP, was prepared as mentioned
previously, and incubated with 5 µL of PAC-1 antibody or 1 µL of anti-CD62P. PRP was
then incubated with various concentrations of staphopain A, staphostatin A, or thrombin
(1 unit/mL). Samples were fixed at room temperature for 10 min in 1% paraformaldehyde.
Samples were diluted with Tyrode’s buffer to a final volume of 500 µL. Fluorescence
intensity of the sample was measured using a BD Accuri™ C6 flow cytometer. 10,000 events
within the platelet gate as determine by forward and side scatter were measured per sample.

2.9. In Vitro Thrombus Formation

Whole citrated blood was incubated with a lipophilic dye, 3,3-dihexyloxacarbocyanine
iodide (DIOC6) for 10 min and perfused through collagen-coated (400 µg mL−1)
Vena8™Biochip (Cellex, Dublin, Ireland) at a shear rate of 20 dynes/cm2. Z-stack im-
ages (epifluorescence) of forming thrombi were taken every 30 s using a Nikon eclipse
(TE2000-U) microscope and thrombus fluorescence intensity was analyzed using Slide-
book™5 software (Intelligent Imaging Innovations, Denver, CO, USA).

2.10. Statistical Analysis

Statistical analysis was performed in GraphPad Prism version 9.4.1 (GraphPad Soft-
ware, La Jolla CA, USA). Data was determined as normally distributed using a Shapiro–Wilk
test. For normally distributed data sets, significance was assessed using unpaired T-tests.
For non-normally distributed data sets, a Wilcoxon Signed Rank test was used to determine
significance (indicated in figure legend). p < 0.05 was regarded as significant.



Pathogens 2022, 11, 1237 4 of 15

3. Results
3.1. Staphopain A Causes Platelet Activation

In order to determine whether S. aureus proteases were able to induce activation of
human platelets, the exoproteins of stationary phase cultures of 8325-4 and isogenic protease
mutants LES12 (aur), LES17 (sspB), LES22 (sspABC) and LES27 (scpA) were precipitated
with a range of ammonium sulphate concentrations up to 4.25 M, equivalent of c. 80%
saturation which is sufficient to precipitate all 4 S. aureus proteases [31,33,34]. The ability
of the re-suspended precipitates to induce platelet aggregation was subsequently tested.
As expected, we observed aggregation corresponding to the presence of Hla (results not
shown). Additionally, exoproteins precipitated with 3.1 M ammonium sulphate from
the supernatant of S. aureus 8325-4, but not LES27 (scpA) possessed the ability to induce
aggregation of platelets (Figure 1).
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Figure 1. Supernatant from S. aureus induces platelet aggregation. Aggregation of washed human
platelets (4 × 108 platelets/mL) stimulated with precipitated supernatant of S. aureus 8325-4 and
LES27 (scpA). Aggregation was measured as change in light transmission for 300 s. Collagen agonism
was used to standardise responses between platelet donors. Mean values ± SEM, n = 3, ** p < 0.01.

The supernatants of LES12 (aur), LES17 (sspB), LES22 (sspABC) (Figure S1) and DU1090
(hla), precipitated with 3.1 M ammonium sulphate induced aggregation in a manner indis-
tinguishable from the parental wild type. Addition of ammonium sulphate up to 4.25 M
did not reveal the presence further agonist activity (results not shown). Thus we were
able to demonstrate that S. aureus 8325-4 supernatant possesses staphopain A-dependent
platelet aggregatory activity in addition to Hla.

Staphopain A was purified to homogeneity from the supernatant (Figure S2) for use
in further experiments from S. aureus DU1090 (hla), in order to eliminate the possibility
of trace contamination with Hla. Using platelet aggregometry, staphopain A was able to
induce aggregation of washed human platelets Figure 2(ai,aii) and PRP Figure 2(bi,bii), in a
dose dependent manner.
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Figure 2. Purified Staphopain A causes platelet aggregation, activation of αIIbβ3 and α-granule secre-
tion. (ai) Washed human platelets (4 × 108 cells/mL) were stimulated with increasing concentrations
of staphopain A. Aggregation was measured as change in light transmission for 300 s. (aii) Rep-
resentative aggregation traces. (bi) Human PRP was stimulated with increasing concentrations
of staphopain A. Aggregation was measured as change in light transmission for 300 s. (bii) Rep-
resentative aggregation traces. (ci) Washed human platelets (4 × 108 cells/mL) were stimulated
with increasing concentrations of staphopain A and incubated with PAC-1 FITC. Samples were run
through a BD AccuriTM C6 flow cytometer and median fluorescence was recorded. Data are plotted as
median increase in fluorescence when compared to a Tyrode’s buffer only control. (cii) Representative
histograms. (di) Washed human platelets (4 × 108 cells/mL) were stimulated with increasing concen-
trations of staphopain A and incubated with CD62P Cy5. Samples were run through a BD AccuriTM

C6 flow cytometer and median fluorescence was recorded. Data are plotted as median increase in
fluorescence when compared to a Tyrode’s buffer only control. (dii) Representative histograms. Mean
values ± SEM, n = 3, * p < 0.05, ** p < 0.01, *** p < 0.005.
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Upon activation of platelets, a conformational change in integrin αIIbβ3 occurs, allow-
ing it to bind fibrinogen [35]. P-selectin, an adhesive molecule, also becomes exposed on
platelet surfaces as a consequence of α-granule secretion. In order to confirm that platelets
were indeed activated by staphopain A, antibodies reactive to P-selectin (anti-CD62P) [36]
and the activated form of αIIbβ3 (PAC-1) [37] were used in flow cytometry. In both in-
stances, a dose dependent increase in binding of PAC-1 (Figure 2ci,cii) and anti-CD62P
(Figure 2di,dii) occurred. Taken together, these data using defined isogenic S. aureus strains,
and flow cytometry, demonstrate that S. aureus staphopain A induces the activation and
consequent aggregation of human platelets.

3.2. Staphopain A Protease Activity Is Required for Platelet Activation and Intracellular Signaling

Given that mammalian proteases are well known agonists of platelet activation, it was
hypothesised that the protease activity of staphopain A was responsible for the observed
ability to activate platelets. Staphostatin A (ScpB) was used to inhibit the activity of the
staphopain A. Staphostatin A is an S. aureus intracellular inhibitor of staphopain A, which
binds the protease in a 1:1 inhibitory complex, blocking its active site and preventing its
activity prior to secretion into the extracellular milieu [38–40]. Staphostatin A is highly
selective for staphopain A and is inactive against trypsin, chymotrypsin, neutrophil elastase,
cathepsin G or all of the other S. aureus proteases [39]. Following exposure to increasing
concentrations of staphostatin A, PAC-1 binding to platelets was measured as a marker
of platelet activation. Increasing concentrations of staphostatin A reduced the amount
of PAC-1 binding to platelets in a dose-dependent manner (Figure 3), thus the protease
activity of staphopain A is responsible for the observed platelet activation.
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Figure 3. Activation of αIIbβ3 caused by staphopain A is inhibited by staphostatin A. Increasing
amounts of staphostatin A was added to staphopain A (0.45µM) and after 5 min incubation PAC-
1 FITC was added. Samples were run through a BD AccuriTM C6 flow cytometer and median
fluorescence was recorded. Data are plotted as median increase in fluorescence when compared to
Staphopain A only. Mean values ± SEM, n = 3, * p < 0.05, ** p < 0.01, **** p < 0.0001.

3.3. Staphopain A Potentiates Thrombus Formation under Physiological Flow Conditions

Suboptimal activation of platelets by thrombin enhances their adhesion to collagen
via integrin α2β1 [41]. This is believed to prime platelets to form thrombi on exposed
sub-endothelial matrix without directly activating them. Moreover, S. aureus increases
platelet reactivity in patients with infective endocarditis [5].

To investigate whether staphopain A could potentiate thrombus formation in whole
blood and under arterial flow conditions, whole human blood was perfused through
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collagen coated biochips in the presence of Tyrode’s buffer and staphopain A. In blood
pre-treated with staphopain A at a concentration (0.027 µM) which was insufficient to
stimulate platelet aggregation, significantly increased thrombus volume and surface area,
but not number of thrombi formed, was observed compared to the vehicle treated control
(Figure 4a–c). This suggests that initial adhesion to collagen is unaltered but subsequent
platelet activation and thrombus growth is enhanced. Mean peak fluorescence was in-
creased by approximately 255% (Figure 4b).
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Figure 4. Staphopain A induces thrombus formation at sub-activation concentrations. (a) Platelets
within whole human blood were labelled with a lipophilic dye DIOC6. Whole blood was then
treated with staphopain A (0.027 µM) and then perfused through collagen coated (400 µg/mL)
Vena8™Biochip at a flow rate of 20 dynes cm−2. Formation of thrombi was recorded using a
Z-stack capture every 30 s for 10 min using a Nikon eclipse (TE2000-U) microscope. Thrombus
fluorescence volume and surface area was calculated using Slidebook™ 5.0 software. Representative
images. (b) Volume of thrombi formed over 10 min. (c) Surface area of thrombi formed over 10 min.
Data were not normally distributed thus a Wilcoxon Signed Rank test was performed to determine
significance. Mean values ± SEM, n = 3. **** p < 0.0001.
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Potentiation of thrombus formation in whole blood under physiologically relevant
flow conditions was consistent with the platelet activation observed in plasma and washed
platelets (Figure 2). Furthermore, these data demonstrate that concentrations of staphopain
A which might not be sufficient to cause thrombus formation alone, may be sufficient cause
septic thrombi to form and/or become larger than would be the case in its absence.

3.4. Platelet Activation by Staphopain A Occurs via Protease Activated Receptors 1 and
4 (PAR-1 and -4)

The activation of human platelets by the mammalian protease thrombin is mediated
by cleavage of PAR1 and PAR4. These G-protein coupled receptors induce activation via
protein kinase C (PKC) [42–46]. To test whether staphopain A induced activation could
be inhibited by blocking PKC, we assessed the ability of a PKC-inhibitory concentration
of Bis-1 (10 µM) [47] to prevent activation of integrin αIIbβ3, measured using PAC-1 anti-
body. Bis-1 mediated PKC inhibition resulted in a significant decrease in αIIbβ3 activation
(Figure 5), thus activation of platelets by staphopain A is mediated, at least in part via PKC,
possibly downstream of PAR-1 and/or -4.
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Figure 5. Staphopain A mediated platelet activation occurs via PKC. Whole blood samples were
treated with Bisindolylmalemide-I (10 µM) for 30 min. PAC-1 was added before stimulation with
various concentrations of staphopain A. Samples were run through a BD AccuriTM C6 flow cytometer
and median fluorescence was recorded. Data are plotted as median increase in fluorescence when
compared to a Tyrode’s buffer only (no staphopain A) control and represent mean values ± SEM,
n = 3. * p < 0.05.

We next sought to assess the individual roles of PAR-1 and -4 in staphopain A platelet
activation. Using RWJ-56110 (PAR-1 antagonist) [48] and tcY-NH2 (PAR-4 antagonist) [49],
the ability of staphopain A to induce activation was assessed. RWJ-56110 caused a small
but reproducible inhibition of aggregation but tcY-NH2 caused a much larger decrease
in staphopain A induced platelet aggregation. Combining both inhibitors resulted in the
largest decrease Figure 6(ai,aii). Similarly PAC-1 binding, a measure of platelet activa-
tion, was inhibited by both RWJ-56110 and tcY-NH2, was inhibited by both antagonists
Figure 6(bi,bii). Thus it appears that staphopain A activates platelets mainly via PAR-4, but
with a contribution from PAR-1 also.
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Figure 6. The role of PAR-1 and -4 in staphopain A platelet agonist activity. (ai) Washed human
platelets (4 × 108 cells/mL) were preincubated for 30 min with RWJ-56110 (100 µM) and/or tcY-NH2
(400 µM) and then stimulated with staphopain A (0.45 µM). Aggregation was measured as change in
light transmission for 300 s. (aii) Representative aggregation traces. (bi) Washed human platelets
(4 × 108 cells/mL) were preincubated for 30 min treated with various concentrations of RWJ-56110
and/or tcY-NH2 and then treated with staphopain A (0.45 µM). PAC-1 was added before stimulation
with various concentrations of staphopain A. Samples were run through a BD AccuriTM C6 flow
cytometer and median fluorescence was recorded. Data are plotted as median increase in fluorescence
when compared to a staphopain A only control. (bii) Data from (bi) shown with RWJ-56110 (50 µM)
and/or tcY-NH2 (200 µM) of Mean values ± SEM, n = 3. * p < 0.05, *** p < 0.001.
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To confirm these data, the downstream signaling pathways of PAR-1 and -4 were
inhibited. PAR-1 couples to Gi/o in human platelets and activates phosphoinositide-3
kinase (PI3K) [50]. PI3K activation regulates integrin αIIbβ3 activation and potentiates
the PAR-1 mediated increase in intraplatelet calcium concentration [47]. Wortmannin, a
PI3K inhibitor, eliminates these effects downstream of PAR-1 but has no effect on PAR-4
signaling [47,51–53]. Aggregation induced by staphopain A was reduced by the addition
of wortmannin, indicating a role for PAR-1 signaling (Figure 7).
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Figure 7. The role of PAR-1 and -4 signalling in staphopain A platelet agonist activity. (ai) Washed
human platelets (4 × 108 cells/mL) were treated with wortmannin (0.1 µM), BAPTA-AM (20 µM) and
2-MeSAMP (50 µM), and then stimulated with staphopain A (0.45 µM). Aggregation was measured
as change in light transmission for 300 s. (aii) Representative aggregation traces. Data are plotted as
percentage of aggregation and represent mean values + SEM, n = 3 *** p < 0.001.

PAR-4 signalling can be blocked in platelets by dual inhibition of P2Y12 purinergic
receptor and calcium mobilisation, with no effect on PAR-1 signaling [54]. Using 2-MeSAMP
(a P2Y12 receptor antagonist) and BAPTA-AM (an intracellular Ca2+ chelator), a significant
reduction in the ability of staphopain A to induce platelet aggregation was observed
(Figure 7).

Taken collectively, these data demonstrate that staphopain A is able to induce platelet
activation via PAR-1 and -4. Activation via PAR-4 appears to be greater than the observed
PAR-1 effect.

4. Discussion

Bacterial host–pathogen interactions are often complex and multifactoral. Our data
show that staphopain A causes platelet activation, but we do not conclusively demonstrate
a lack of a role for other S. aureus proteases in platelet activation, which might potentially be
demonstrable under different conditions. Many pathogens, including S. aureus, can induce
the activation of platelets during bacteraemia, the consequences of which can vary from
formation of infected thrombi on heart valves resulting in endocarditis, to disseminated
intravascular coagulation and consumption of platelets resulting in thrombocytopenia.
Much of the previous research on S. aureus-platelet interactions has focused on the role of
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MSCRAMMs which bind platelets either indirectly via plasma proteins such as fibrinogen,
fibronectin and von Willebrand factor, or directly by binding to αIIbβ3. The pathogen pos-
sesses significant functional redundancy in this regard, possessing an array of MSCRAMMs
which can activate platelets in vitro [2,11–21]. However, to date, only two of these, ClfA
and FnBPA, have been shown to be virulence factors in experimental models of infective
endocarditis [55,56].

The bacterial extracellular milieu is a cocktail of molecules, some of which are in-
volved in the interaction between pathogens and their hosts. Previous studies of S. aureus
supernatant molecules have shown that α-hemolysin, Efb, Eap and lipoteichoic acid affect
platelets [22,32,57,58]. Similarly, Porphyromonas gingivalis, another pathogen of the vas-
culature, produces proteases that like staphopain A are folded in a papain-like manner,
called arginine-specific gingipains RgpB and HRgbA, which activate platelets [59]. Thus,
exomolecules produced by pathogens represent an important element in bacteria-platelet
interactions.

Staphopain A mediated platelet activation is a novel aspect of the host–pathogen
interaction. Hitherto, in vitro studies have shown staphopain A to degrade fibrinogen and
collagen [60], release of bradykinin from human kininogens [61], block CXC chemokine
receptor 2 (CXCR2) on neutrophils [62] and to induce cell death in epithelial cells [63].
The activities against collagen, fibrinogen and kininogens are proposed to be important
in haemostasis. Proteolysis of collagen and fibrinogen correlates with an ability to inhibit
the clotting of cell-free blood plasma. Release of bradykinin from kininogens results in
vascular leakage and hypotension. Both phenomena which, along with thrombocytopenia,
could at least in part account for the disruption of normal haemostasis seen during sepsis.

Some previous in vivo studies on the roles of staphylococcal proteases, which have
principally relied on mice in various models, have been inconclusive. This may be ex-
plained by α2-macroblobulin and macroglobulin-related proteins, which are inhibitory for
staphopains and are present in much higher levels in mice than in humans [64]. However,
staphopain A has recently been demonstrated to contribute to colonisation of the lung in a
mouse model of pneumonia, as well as host cell death in vitro [63].

In this study, we used antagonists of PAR-1 and -4, and inhibitors of their different
signalling pathways to demonstrate that staphopain A mediated platelet activation occurs
primarily through PAR-4 and to a lesser extent PAR-1. The PARs are a family of four G
protein coupled receptors which act as targets for proteases. Distributed among many
different cell types, PARs are substrates for various different proteolytic enzymes. Although
most studies on platelet PARs have used thrombin as an agonist, neutrophil granzyme
Cathepsin G activates platelets via PAR-4 [65].

In platelets, PAR signalling is well characterised and we have used known inhibitors
of these signalling pathways to confirm their role in staphopain A agonism. PAR-1 and -4
exist in a stable complex allowing thrombin to act as a bivalent functional agonist where
PAR-4 activity is enhanced by thrombin-PAR-1 interactions [66]. However, activation of
either receptor is sufficient to trigger platelet activation. Cleavage of platelet PAR-1 results
in rapid signalling across the plasma membrane to internally located G proteins, which
culminates in the formation of platelet aggregates [44]. Experiments using thrombin as
an agonist show that PAR-1 has a higher affinity for thrombin than PAR-4 and is thus
presumed to be the first PAR activated when thrombin is generated at sites of vascular
injury [67]. However, PAR-4 signalling is prolonged and is thus proposed to play a role in
the late phase of platelet aggregation [68,69]. In this study, we have shown that staphopain
A is an agonist principally of PAR-4, but that some platelet activation also occurs via PAR-1.

In addition to their roles in platelet physiology, PARs are involved in inflammation
and vascular homeostasis, being present on vascular endothelium, vascular smooth mus-
cle cells, cardiomyocytes and leukocytes [70]. Both PAR-1 and -4 are present in vascular
endothelial cells and their activation results in vasodilation [71,72]. In rat models, re-
moval of endothelium from arteries, which is sometimes seen at sites of inflammation
and subsequent S. aureus infection, can result in PAR-1 mediated direct smooth muscle
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contraction [73]. PAR-4 activation on cultured human aortic smooth muscle cells supports
thrombin production by those cells [74]. In rat venules, thrombin-PAR-4 signalling stimu-
lates proinflammatory effects by inducing leukocyte rolling and adhesion [75]. Activation
of PAR-4 on epithelial cells stimulates mesenchymal transition [76]. Thus it is tempting to
speculate that staphopain A mediated activation of PAR-4 and possibly PAR-1 might also
have effects on other cell types within the vascular system and elsewhere, and thus may
represent a novel axis in the host-S. aureus interaction. Similarly, PAR-2 and -3, which are
not present on human platelets, may also be substrates of S. aureus proteases.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pathogens11111237/s1, Figure S1: Aggregation of human platelets
using strains of S. aureus; Figure S2: Purified staphopain A.

Author Contributions: Conceptualization, A.K.W., J.M.G. and S.R.C.; investigation, A.K.W. and K.B.;
writing—original draft preparation, A.K.W. and S.R.C.; writing—review and editing, A.K.W., J.M.G.
and S.R.C.; funding acquisition, S.R.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by British Heart Foundation Project Grant (PG/11/65/28969).
The APC was funded by the British Heart Foundation.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the University of Reading Ethics Committee.

Informed Consent Statement: Informed written consent was obtained from all subjects involved in
the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We thank Simon Foster (University of Sheffield) and Timothy Foster (Trinity
College Dublin) for supplying bacterial strains.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sullam, P.M.; Bayer, A.S.; Foss, W.M.; Cheung, A.L. Diminished platelet binding in vitro by Staphylococcus aureus is associated

with reduced virulence in a rabbit model of infective endocarditis. Infect. Immun. 1996, 64, 4915–4921. [CrossRef]
2. Fitzgerald, J.R.; Foster, T.J.; Cox, D. The interaction of bacterial pathogens with platelets. Nat. Rev. Microbiol. 2006, 4, 445–457.

[CrossRef]
3. Cabell, C.H.; Pond, K.K.; Peterson, G.E.; Durack, D.T.; Corey, G.R.; Anderson, D.J.; Ryan, T.; Lukes, A.S.; Sexton, D.J. The risk of

stroke and death in patients with aortic and mitral valve endocarditis. Am. Heart J. 2001, 142, 75–80. [CrossRef]
4. Cao, Y.; Ma, W.; Liu, Z.; Pei, Y.; Zhu, Y.; Chen, F.; Zou, L.; Jiang, Y.; Liu, X.; Huang, J. Early predictive value of platelet function for

clinical outcome in sepsis. J. Infect. 2022, 84, 628–636. [CrossRef] [PubMed]
5. Polzin, A.; Dannenberg, L.; M’Pembele, R.; Mourikis, P.; Naguib, D.; Zako, S.; Helten, C.; Petzold, T.; Levkau, B.; Hohlfeld, T.; et al.

Staphylococcus aureus increases platelet reactivity in patients with infective endocarditis. Sci. Rep. 2022, 12, 12933. [CrossRef]
[PubMed]

6. Powers, M.E.; Becker, R.E.; Sailer, A.; Turner, J.R.; Wardenburg, J.B. Synergistic Action of Staphylococcus aureus A-Toxin on
Platelets and Myeloid Lineage Cells Contributes to Lethal Sepsis. Cell Host Microbe 2015, 17, 775–787. [CrossRef] [PubMed]

7. Surewaard, B.G.; Thanabalasuriar, A.; Zeng, Z.; Tkaczyk, C.; Cohen, T.S.; Bardoel, B.W.; Jorch, S.K.; Deppermann, C.;
Wardenburg, J.B.; Davis, R.P. A-Toxin induces platelet aggregation and liver injury during Staphylococcus aureus Sepsis. Cell
Host Microbe 2018, 24, 271–284.e3. [CrossRef] [PubMed]

8. Vandijck, D.M.; Blot, S.I.; De Waele, J.J.; Hoste, E.A.; Vandewoude, K.H.; Decruyenaere, J.M. Thrombocytopenia and outcome in
critically ill patients with bloodstream infection. Heart Lung 2010, 39, 21–26. [CrossRef] [PubMed]

9. Hamzeh-Cognasse, H.; Damien, P.; Chabert, A.; Pozzetto, B.; Cognasse, F.; Garraud, O. Platelets and infections–complex
interactions with bacteria. Front. Immunol. 2015, 6, 82. [CrossRef] [PubMed]

10. Gaertner, F.; Massberg, S. Patrolling the vascular borders: Platelets in immunity to infection and cancer. Nat. Rev. Immunol. 2019,
19, 747–760. [CrossRef]

11. Mcdevitt, D.; Nanavaty, T.; House-Pompeo, K.; Bell, E.; Turner, N.; Mcintire, L.; Foster, T.; HööK, M. Characterization of the
interaction between the Clumping factor (ClfA) and fibrinogen. Eur. J. Biochem. 1997, 247, 416–424. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/pathogens11111237/s1
https://www.mdpi.com/article/10.3390/pathogens11111237/s1
http://doi.org/10.1128/iai.64.12.4915-4921.1996
http://doi.org/10.1038/nrmicro1425
http://doi.org/10.1067/mhj.2001.115790
http://doi.org/10.1016/j.jinf.2022.02.004
http://www.ncbi.nlm.nih.gov/pubmed/35150766
http://doi.org/10.1038/s41598-022-16681-7
http://www.ncbi.nlm.nih.gov/pubmed/35902612
http://doi.org/10.1016/j.chom.2015.05.011
http://www.ncbi.nlm.nih.gov/pubmed/26067604
http://doi.org/10.1016/j.chom.2018.06.017
http://www.ncbi.nlm.nih.gov/pubmed/30033122
http://doi.org/10.1016/j.hrtlng.2009.07.005
http://www.ncbi.nlm.nih.gov/pubmed/20109983
http://doi.org/10.3389/fimmu.2015.00082
http://www.ncbi.nlm.nih.gov/pubmed/25767472
http://doi.org/10.1038/s41577-019-0202-z
http://doi.org/10.1111/j.1432-1033.1997.00416.x
http://www.ncbi.nlm.nih.gov/pubmed/9249055


Pathogens 2022, 11, 1237 13 of 15

12. Hartleib, J.; Köhler, N.; Dickinson, R.B.; Chhatwal, G.S.; Sixma, J.J.; Hartford, O.M.; Foster, T.J.; Peters, G.; Kehrel, B.E.;
Herrmann, M. Protein A is the von Willebrand factor binding protein on Staphylococcus aureus. Blood J. Am. Soc. Hematol. 2000, 96,
2149–2156.

13. Siboo, I.R.; Cheung, A.L.; Bayer, A.S.; Sullam, P.M. Clumping factor A mediates binding of Staphylococcus aureus to human
platelets. Infect. Immun. 2001, 69, 3120–3127. [CrossRef]

14. Que, Y.-A.; François, P.; Haefliger, J.-A.; Entenza, J.-M.; Vaudaux, P.; Moreillon, P. Reassessing the role of Staphylococcus aureus
clumping factor and fibronectin-binding protein by expression in Lactococcus lactis. Infect. Immun. 2001, 69, 6296–6302. [CrossRef]
[PubMed]

15. O’Brien, L.; Kerrigan, S.W.; Kaw, G.; Hogan, M.; Penadés, J.; Litt, D.; Fitzgerald, D.J.; Foster, T.J.; Cox, D. Multiple mechanisms
for the activation of human platelet aggregation by Staphylococcus aureus: Roles for the clumping factors ClfA and ClfB, the
serine–aspartate repeat protein SdrE and protein A. Mol. Microbiol. 2002, 44, 1033–1044. [CrossRef]

16. Loughman, A.; Fitzgerald, J.R.; Brennan, M.P.; Higgins, J.; Downer, R.; Cox, D.; Foster, T.J. Roles for fibrinogen, immunoglobulin
and complement in platelet activation promoted by Staphylococcus aureus clumping factor A. Mol. Microbiol. 2005, 57, 804–818.
[CrossRef]

17. Fitzgerald, J.R.; Loughman, A.; Keane, F.; Brennan, M.; Knobel, M.; Higgins, J.; Visai, L.; Speziale, P.; Cox, D.; Foster, T.J.
Fibronectin-binding proteins of Staphylococcus aureus mediate activation of human platelets via fibrinogen and fibronectin bridges
to integrin GPIIb/IIIa and IgG binding to the FcγRIIa receptor. Mol. Microbiol. 2006, 59, 212–230. [CrossRef]

18. O’Seaghdha, M.; van Schooten, C.J.; Kerrigan, S.W.; Emsley, J.; Silverman, G.J.; Cox, D.; Lenting, P.J.; Foster, T.J. Staphylococcus
aureus protein A binding to von Willebrand factor A1 domain is mediated by conserved IgG binding regions. FEBS J. 2006, 273,
4831–4841. [CrossRef]

19. Procopio Evagrio George, N.; Wei, Q.; Kyun Shin, P.; Konstantopoulos, K.; Ross, J.M. Staphylococcus aureus adhesion via Spa,
ClfA, and SdrCDE to immobilized platelets demonstrates shear-dependent behavior. Arterioscler. Thromb. Vasc. Biol. 2006, 26,
2394–2400. [CrossRef]

20. Kerrigan, S.W.; Clarke, N.; Loughman, A.; Meade, G.; Foster, T.J.; Cox, D. Molecular basis for Staphylococcus aureus–mediated
platelet aggregate formation under arterial shear in vitro. Arterioscler. Thromb. Vasc. Biol. 2008, 28, 335–340. [CrossRef]

21. Miajlovic, H.; Zapotoczna, M.; Geoghegan, J.A.; Kerrigan, S.W.; Speziale, P.; Foster, T.J. Direct interaction of iron-regulated surface
determinant IsdB of Staphylococcus aureus with the GPIIb/IIIa receptor on platelets. Microbiology 2010, 156, 920–928. [CrossRef]
[PubMed]

22. Bhakdi, S.; Muhly, M.; Mannhardt, U.; Hugo, F.; Klapettek, K.; Mueller-Eckhardt, C.; Roka, L. Staphylococcal α toxin promotes
blood coagulation via attack on human platelets. J. Exp. Med. 1988, 168, 527–542. [CrossRef] [PubMed]

23. Bayer, A.S.; Ramos, M.D.; Menzies, B.E.; Yeaman, M.R.; Shen, A.J.; Cheung, A.L. Hyperproduction of alpha-toxin by Staphylococcus
aureus results in paradoxically reduced virulence in experimental endocarditis: A host defense role for platelet microbicidal
proteins. Infect. Immun. 1997, 65, 4652–4660. [CrossRef] [PubMed]

24. Dubin, G. Extracellular proteases of Staphylococcus spp. Biol. Chem. 2002, 383, 1075–1086. [CrossRef]
25. Stach, N.; Kaszycki, P.; Władyka, B.; Dubin, G. Extracellular proteases of Staphylococcus spp. In Pet-to-Man Travelling Staphylococci;

Elsevier: Amsterdam, The Netherlands, 2018; pp. 135–145.
26. Moraes, L.A.; Spyridon, M.; Kaiser, W.J.; Jones, C.; Sage, T.; Atherton, R.; Gibbins, J.M. Non-genomic effects of PPARγ ligands:

Inhibition of GPVI-stimulated platelet activation. J. Thromb. Haemost. 2010, 8, 577–587. [CrossRef]
27. Novick, R. Properties of a cryptic high-frequency transducing phage in Staphylococcus aureus. Virology 1967, 33, 155–166. [CrossRef]
28. O’Reilly, M.; de Azavedo, J.C.; Kennedy, S.; Foster, T.J. Inactivation of the alpha-haemolysin gene of Staphylococcus aureus 8325-4

by site-directed mutagenesis and studies on the expression of its haemolysins. Microb. Pathog. 1986, 1, 125–138. [CrossRef]
29. Shaw, L.; Golonka, E.; Potempa, J.; Foster, S.J. The role and regulation of the extracellular proteases of Staphylococcus aureus.

Microbiology 2004, 150, 217–228. [CrossRef]
30. Kantyka, T.; Potempa, J. Chapter sixteen—Human SCCA Serpins Inhibit Staphylococcal Cysteine Proteases by Forming Classic

“Serpin-Like” Covalent Complexes. In Methods in Enzymology; Whisstock, J.C., Bird, P.I., Eds.; Academic Press: Cambridge, MA,
USA, 2011; Volume 499, pp. 331–345.
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