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Zusammenfassung 

 

Streptococcus pneumoniae (Pneumokokken) und Staphylococcus aureus (S. aureus) sind 

Gram-positive humanspezifische Kommensalen des oberen Respirationstraktes. Mit sehr 

hoher Wahrscheinlichkeit ist jedes Individuum mindestens einmal im Leben asymptomatisch 

mit diesen Bakterien besiedelt. Die opportunistischen Pathogene können jedoch weitere 

Organe befallen und in tiefere Gewebsschichten vordringen. Die Besetzung von 

normalerweise sterilen Nischen des menschlichen Körpers mit beiden Erregern kann zu 

lokalen Entzündungen wie Sinusitis, Otitis Media und Abszessen oder zu lebensbedrohlichen 

Infektionen wie Pneumonie, Meningitis oder Sepsis führen. Eine erfolgreiche Kolonisierung 

setzt eine starke Interaktion zwischen dem Bakterium und den respiratorischen Epithelzellen 

voraus. Diese Wechselwirkung wird durch bakterielle Oberflächenproteine, so genannte 

Adhäsine, gewährleistet. Die Bindung der bakteriellen Adhäsine an Epithelzellen erfolgt 

überwiegend indirekt über Komponenten der extrazellulären Matrix (EZM) aber auch direkt 

an zelluläre Rezeptoren. Pneumokokken und S. aureus binden an zahlreiche EZM-

Glykoproteine, darunter Fibronektin, Fibrinogen, Vitronektin und Kollagen. Es wurde jedoch 

auch eine Bindung beider Pathogene an humanes Thrombospondin-1 beschrieben. 

Thrombospondin-1 wird hauptsächlich in den α-Granula der Thrombozyten gespeichert und 

während einer Aktivierung in die Blutbahn sezerniert. Jedoch wird Thrombosponin-1 auch 

von weiteren Zellen wie Endothelzellen, Makrophagen und Fibroblasten produziert und 

sekretiert, welches daraufhin als Bestandteil in die EZM eingebaut wird. Für Pneumokokken 

wurde bisher kein Thrombospondin-1-bindendes Adhäsin identifiziert. PspC, Hic und PavB 

sind wichtige oberflächenlokalisierte Virulenzfaktoren, für die bereits Interaktionen mit 

anderen humanen EZM- und Plasmaproteinen beschrieben wurde. PspC sowie Hic binden 

unter anderem Vitronektin und Faktor H, wodurch die Komplementkaskade des angeborenen 

humanen Immunsystems inhibiert wird. PavB interagiert mit Fibronektin und Plasminogen 

und eine PavB-defiziente Mutante von S. pneumoniae zeigte eine reduzierte 

Kolonisierungsfähigkeit im Mausmodell. Unter den Oberflächenproteinen von S. aureus 

wurde bisher nur Eap als Thrombospondin-1-bindendes Adhäsin identifiziert. 

Über die Kolonisierung hinaus können Pneumokokken und S. aureus in die Blutzirkulation 

gelangen, mit Thrombozyten interagieren und eine Aktivierung dieser veranlassen. Die 

Thrombozytenaggregation, insbesondere ausgelöst durch S. aureus,  spielt in der Klinik eine 

bedeutende Rolle, da der überwiegende Anteil der septischen Patienten eine 

Thrombozytopenie entwickelt. Bisher sind noch keine oberflächenlokalisierte Faktoren von  

S. pneumoniae bekannt, welche eine Thrombozytenaktivierung auslösen können. 

Dahingegen wurden  für S. aureus bereits einige Proteine, unter anderem Eap, mit 

Thrombozyten-aktivierungspotential identifiziert. 

In der vorliegenden Arbeit konnte gezeigt werden, dass die Oberflächenproteine PavB, PspC 

und Hic von S. pneumoniae spezifische Liganden des humanen Thrombospondin-1 sind. In 

durchflusszytometrischen, oberflächenresonanzspektroskopischen sowie immunologischen 

Analysen wurde eine Interaktion mit löslichem sowie immobilisiertem Thrombospondin-1 

nachgewiesen. Die Verwendung von spezifischen Pneumokokken-Deletionsmutanten zeigte, 

dass diese drei Virulenzfaktoren bedeutende Bindungspartner für lösliches Thrombospondin-

1 sind. Die Ergebnisse deuten daraufhin, dass Pneumokokken in der Lage sind, in der 

Blutbahn befindliches lösliches Thrombospondin-1 zu akquirieren und immobilisiertes 

Glykoprotein der EZM als Substrat für die Adhäsion zu verwenden. Des Weiteren wurde die 

Bindungsdomäne von Thrombospondin-1 innerhalb der Pneumokokken-Proteine unter 
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Verwendung von rekombinanten Teilfragmenten von PavB, PspC und Hic analysiert. Die 

Bindungskapazität von Thrombospondin-1 nahm hierbei proportional zur Anzahl der 

repetitiven Domänen in PavB und PspC und der Länge der α-helikalen Region im Hic 

Molekül zu. Das Bindungsverhalten von Thrombospondin-1 gegenüber PavB und PspC ist 

somit vergleichbar mit den EZM-Proteinen Vitronektin und Fibronektin, ist jedoch gegenüber 

Hic individuell. Die Eingrenzung der Bindungsdomäne der Adhäsine im Thrombospondin-1-

Molekül erfolgte unter Verwendung von Glykosaminoglykanen als kompetitive Inhibitoren für 

die Interaktion. Die Ergebnisse legen nahe, dass die Pneumokokken-Proteine Hic und PspC 

die gleiche Bindungsstelle im Thrombospondin-1 besetzen, welche sich jedoch von der 

Bindungsregion von PavB unterscheidet. Jedoch scheinen alle drei Virulenzfaktoren im  

N-terminalen Bereich des Thrombospondin-1 zu binden. 

Mittels zweidimensionaler Gelelektrophorese, Thrombospondin-1-Overlay Assay und 

anschließender massenspektometrischer Analyse konnte AtlA von S. aureus als 

oberflächen-lokalisierter Interaktionspartner des humanen Thrombospondin-1 identifiziert 

werden. Darüber hinaus wurde eine Bindungsaktivität für Vitronektin im AtlA ermittelt. 

Immunologische und oberflächenresonanzspektroskopischen Bindungsstudien mit 

rekombinanten AtlA Teilfragmenten zeigten, dass die Interaktion mit beiden Matrixproteinen 

über die C-terminal gelegenen Repeats R1R2 der AtlA Amidaseregion vermittelt wird. Die 

Bindung von Thrombospondin-1 und Vitronektin erfolgte des Weiteren nicht simultan, da die 

Interaktion jeweils kompetitiv inhibiert werden konnte.  

Im zweiten Teil der Arbeit wurde die Aktivierung von humanen Thrombozyten mit 

rekombinanten Pneumokokken- und S. aureus-Proteinen ermittelt. Insgesamt wurden 28 

Proteine von S. pneumoniae und 52 Proteine von S. aureus mit humanen Thrombozyten 

inkubiert. Die Aktivierung der Zellen wurde anhand der Aktivierungsmarker P-Selektin und 

der Dimerisierung des Integrins αIIbβIII mittels Durchflusszytometrie analysiert. Hierbei konnte 

gezeigt werden, dass die Proteine CbpL, PsaA, PavA und SP_0899 von S. pneumoniae eine 

Aktivierung der Thrombozyten induzieren, welche jedoch noch im Detail in zukünftigen 

Studien weiter untersucht werden muss. Des Weiteren wurden die sekretierten Proteine 

CHIPS, FLIPr und AtlA von S. aureus als neue Induktoren der Thrombozytenaktivierung 

identifiziert. Zusätzlich wurde die Domäne in AtlA und Eap, welche die Aktivierung der 

Thrombozyten veranlasst, lokalisiert. Interessanterweise wurden CHIPS, FLIPr und Eap 

bereits als Inhibitoren der Rekrutierung von neutrophilen Granulozyten beschrieben. 

Thrombozyten werden aufgrund der Expression von Immunrezeptoren seit kurzem ebenfalls 

als Immunzellen anerkannt. Mit den generierten Daten konnte ein umfassendes 

Wirkungsspektrum der S. aureus-Proteine auf diverse Immunzellen hervorgehoben werden. 

Neben der Aktivierung der Thrombozyten in Suspensionspuffer und Plasma konnte auch 

eine Aggregation der Thrombozyten in Vollblut durch die Proteine hervorgerufen werden. 

Diese Ergebnisse deuten des Weiteren auf einen Beitrag der Proteine während der  

S. aureus-induzierten infektiösen Endokarditis hin. Die Sekretion der Virulenz-faktoren von  

S. aureus könnte eine neue Pathogenitätsstrategie darstellen,  in der ein Kontakt zwischen 

Thrombozyt und S. aureus nicht zwingend notwendig ist oder sogar vermieden wird. 

Zusammenfassend konnten PavB, PspC und Hic von S. pneumoniae und AtlA von S. aureus 

als Interaktionspartner des humanen Thrombospondin-1 identifiziert werden. Des Weiteren 

wurden CHIPS, FLIPr, AtlA sowie Eap als Thrombozyten-Aktivatoren charakterisiert. Die 

vorliegende Arbeit liefert Kandidaten zur Protein-basierten Impfstoffentwicklung, wodurch die 

bakterielle Kolonisierung verhindert oder sekretierte Pathogenitätsfaktoren neutralisiert 

werden könnten. 
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Summary 

 

Streptococcus pneumoniae (pneumococci) and Staphylococcus aureus (S. aureus) are 

human-specific commensals of the upper respiratory tract. Every individual is 

asymptomatically colonized with both bacteria at least once in their life-time. The 

opportunistic pathogens can affect further organs and invade into deeper tissue. The 

occupation of normally sterile niches of the human body with the bacteria can lead to local 

infections such as sinusitis, otitis media and abscesses, or to life-threatening diseases like 

pneumonia, meningitis or sepsis. A strong interaction between the bacterium and the 

respiratory epithelial cells is a prerequisite for a successful colonization. This interaction is 

ensured by bacterial surface proteins, so called adhesins. The binding of the adhesins to the 

epithelial lineage occurs predominantly indirectly via components of the extracellular matrix 

(ECM), but also directly to cellular receptors. Pneumococci and S. aureus bind to various 

ECM glycoproteins, amongst others: fibronectin, fibrinogen, vitronectin, and collagen. Also 

binding of both pathogens to human thrombospondin-1 has been described. 

Thrombospondin-1 is mainly stored in the α-granula of thrombocytes (platelets) and released 

into the circulation upon activation. However, thrombospondin-1 is also produced and 

secreted by other cell types like endothelial cells, macrophages, and fibroblasts, which gets 

subsequently incorporated as component into the ECM. So far, no thrombosponin-1-binding 

adhesins of pneumococci were identified. PspC, Hic, and PavB are important surface-

localized virulence factors, which were shown to interact with human ECM and plasma 

proteins. PspC and Hic bind to vitronectin and factor H, which inhibits the complement 

cascade of the human immune system. PavB interacts with fibronectin and plasminogen, and 

a pavB-deficient mutant of S. pneumoniae showed diminished capacity in colonization in a 

mouse model. Among the surface proteins of S. aureus, only Eap was identified as 

thrombospondin-1-binding adhesin. Beyond colonization, pneumococci and S. aureus can 

enter the blood circulation, interact with platelets, and cause their activation. The aggregation 

of platelets, especially initiated by S. aureus, plays an important role in the clinic, because 

most of the septic patients develop thrombocytopenia. Surface localized factors of  

S. pneumoniae triggering platelet activation are unknown to date. In contrast, few proteins of 

S. aureus with potential to activate platelets, including Eap, were identified previously. 

This study identified the surface proteins PavB, PspC, and Hic of S. pneumoniae as specific 

ligands of the human thrombospondin-1. Flow cytometric, surface plasmon resonance 

spectroscopic and immunological analyses revealed interactions between the pneumococcal 

proteins and soluble as well as immobilized thrombospondin-1. The use of specific 

pneumococcal deletion mutants verified the importance of the three virulence factors as 

binding partners of soluble thrombospondin-1. The results suggest that pneumococci are 

capable of acquiring soluble thrombospondin-1 from blood as well as utilizing immobilized 

glycoprotein of the ECM as substrate for adhesion. Furthermore, the thrombospondin-1-

binding domain within the pneumococcal proteins was analyzed by use of recombinant 

fragments of PavB, PspC, and Hic. The binding capacity of thrombospondin-1 increased 

proportionally with the amount of repetitive sequences in PavB and PspC, and the length of 

the α-helical region within the Hic molecule. The binding behavior of thrombospondin-1 

towards PavB and PspC is comparable with that of the ECM proteins vitronectin and 

fibronectin, but is unique towards Hic. 

The localization of the binding domain of the adhesins within the thrompospondin-1 molecule 

occurred via use of glycosaminoglycans as competitive inhibitors for the interaction. The 
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results suggest that the pneumococcal proteins Hic and PspC target the identical binding 

region within thrombospondin-1, which differs from the binding domain for PavB. However, 

all three virulence factors seem to bind in the N-terminal part of thrombospondin-1. 

Two-dimensional gel electrophoresis, thrombospondin-1 overlay assay and subsequent 

mass spectrometric analysis identified AtlA of S. aureus as a surface localized interaction 

partner of human thrombospondin-1. Moreover, a vitronectin binding activity for AtlA was 

determined. Immunological and surface plasmon resonance binding studies with 

recombinant AtlA fragments revealed that interactions with both matrix proteins is mediated 

via the C-terminal located repeats R1R2 of the AtlA amidase domain. Binding of 

thrombospondin-1 and vitronectin occurred not simultaneously, due to a competitive 

inhibition.  

The second part of the study focused on the activation of human platelets by recombinant 

pneumococcal and staphylococcal proteins. In total, 28 proteins of S. pneumoniae and 52 

proteins of S. aureus were incubated with human platelets. The activation of the cells was 

detected by flow cytometry using the activation markers P-selectin and the dimerization of 

the integrin αIIbβIII. The proteins CbpL, PsaA, PavA, and SP_0899 of S. pneumoniae induced 

platelet activation, however, the detailed mechanism has to be deciphered in further studies. 

Furthermore, the secreted proteins CHIPS, FLIPr, and AtlA of S. aureus were discovered as 

inductors for the activation of platelets. In addition, the domains of AtlA and Eap, crucial for 

platelet activation, were narrowed down. Interestingly, CHIPS, FLIPr, and Eap were 

described as inhibitors of neutrophil recruitment. Platelets are recently recognized as 

immune cells, due to the expression of immune receptors. The data obtained in this study 

highlight a comprehensive spectrum of effects of the S. aureus proteins towards different 

type of immune cells. Besides the activation of platelets in suspension buffer and plasma, the 

aggregation of platelets in whole blood was triggered by the proteins CHIPS, AtlA, and Eap. 

These results suggest a contribution of the proteins during the S. aureus-induced infectious 

endocarditis. Secretion of the platelet activating virulence factors, which were identified within 

this study, might represent a pathogenic strategy during S. aureus infection in which a direct 

contact between S. aureus and platelets is not required or even avoided. 

In conclusion, PavB, PspC, and Hic of S. pneumoniae and AtlA of S. aureus were identified 

as interaction partners of human thrombospondin-1. Furthermore, CHIPS, FLIPr, AtlA, and 

Eap were characterized as platelet activators. This study provides candidates for the 

development of protein-based vaccines, to prevent bacterial colonization and to neutralize 

secreted pathogenic factors. 
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1. Streptococcus pneumoniae 

 

The human upper respiratory tract is the main reservoir of the Gram-positive encapsulated 

bacterium Streptococcus pneumoniae (S. pneumoniae; pneumococci). The organism 

appears as oval or lancet-shaped cocci, typically arranged in pairs (diplococci) and short 

chains. The pneumococcus is characterized by a catalase- and oxidase-negative, and  

α-hemolytic phenotype. 

Young children and the elderly are the most affected population groups with carriage rates of  

S. pneumoniae up to 37% compared to 4% carriage rate within the overall adult population. 

However, crowded situations favor an increased pneumococcal colonization rate up to 58% 

for children in day-care centers and up to 40% for adults in hospitals and prisons.1-3 The 

nasopharyngeal niche of infants becomes asymptomatically colonized within the first year of 

life, starting at 2 month of age, is highest at the age of 3 years and diminishes thereafter.4,5 

The transmission of pneumococci from person to person occurs via droplets due to sneezing 

and coughing. The opportunistic pathogen is a causative agent of a wide variety of diseases. 

The clinical spectrum ranges from non-invasive diseases such as sinusitis and otitis media to 

invasive diseases like pneumonia, meningitis and sepsis (together referred to as invasive 

pneumococcal diseases; IPD). Despite appropriate antibiotic treatment and licensed 

vaccines, there is still a significant high mortality due to pneumococcal infections worldwide. 

The World Health Organization estimated 1.6 million dead individuals annually caused by 

pneumococcal diseases.6 Especially, children younger than 5 years account for 0.8 million 

death every year.7 Increased occurrence of antibiotic resistant clinical isolates of  

S. pneumoniae has emerged as a main concern. Pneumococci predominantly resistant to 

penicillin and erythromycin, but also additional antibiotics, have been described.8-10  

The respiratory mucosal surface of the human nasopharynx represents the main barrier 

against pneumococcal colonization. The pneumococcus circumvents mucus entrapment by 

expression of a negatively charged polysaccharide capsule, which repels sialic acid residues 

of the mucus.11 The capsule further prevents binding of immunoglobulin (Ig) and complement 

thereby inhibiting opsonophagocytotic killing of the pathogen.12,13 In addition, pneumococci 

produce exoglycosidases crucial for degrading mucosal glycoconjugates leading to a 

diminished mucus viscosity.14,15 Upon reaching the epithelial layer the capsule becomes 

obstructive for pneumococcal binding to cell surface receptors. Therefore, S. pneumoniae 

adapts to changing environmental circumstances through a process which is described as 

phase variation. The amount of capsule is reduced from an opaque to a transparent 

phenotype leading to exposure of pneumococcal surface adhesion molecules for binding to 

the host epithelium.16 Epithelial cells interact with structures of the pneumococcal cell 

envelope, consisting of peptidoglycan, teichoic acids as well as surface proteins.  

S. pneumoniae is an extracellular pathogen, however, is able to transcytose across the 

epithelial barrier in order to reach the subepithelial matrix and to invade into deeper tissues. 

Two distinct mechanisms of epithelial pneumococcal transmigration have been described, 

which might contribute to IPD. Pneumococcal phosphorylcholine, a component of the 

teichoic acids, binds the receptor for platelet-activating factor on activated epithelial cells.17 In 

addition, interactions between the pneumococcal surface protein C (PspC) and the epithelial 

polymeric immunoglobulin receptor (pIgR) lead to transportation of the microorganism to the 

basal membrane of the host cell.18  

Originating from the upper respiratory tract S. pneumoniae can enter normally sterile niches 

of the human body and cause non invasive diseases affecting the middle ear (otitis media) 
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and the lower respiratory tract (non invasive pneumonia). S. pneumoniae is the most 

common cause of acute otitis media (AOM), which accounts for approximately 300 million 

cases per year worldwide.19 In general, toddlers under the age of two years are affected. 

Furthermore, the pneumococcus is the most frequent pathogen causing community-acquired 

pneumonia (CAP).20 A recent study demonstrated an overall European annual incidence rate 

of 1.07 -1.7 per 1000 person, which increases with age (≥ 65 years) to 14 cases per 1000 

persons. The incidence is consistently higher in men compared to women, and 

immunocompromised individuals.21 Certain lifestyle factors like smoking, excessive alcohol 

and drug consumption or residing in large households with children favor the acquisition of 

CAP.22,23 Colonizing pneumococcal isolates from the nasopharynx and middle ear were 

shown to form biofilms in vivo in contrast to isolates of IPD.24,25 Biofilms are bacterial 

aggregates with a surrounding extracellular matrix composed of proteins, carbohydrates and 

extracellular DNA of bacterial origin.26 Biofilm-forming strains of S. pneumoniae are 

characterized by a transparent phenotype and reduced virulence potential.27,28 

The pneumococcal capsule is the main virulence determinant of the pathogen. So far, 98 

structural capsule variants, known as serotypes, have been identified of which only 

approximately 20 serotypes accounts for over 80% of IPD.6,29-31 Pneumococcal pneumonia is 

associated with bacteremia with an incidence of 10–30% of all cases.32 S. pneumoniae is 

also the main cause of bacterial meningitis with globally 70,000 deaths per year. 

Pneumococcal meningitis is characterized by a high mortality rate with 16 to 37% in adults 

and 1 to 3% in children, as well as secondary diseases like considerable disability and 

hearing loss.33-35 In general, the incidence of IPD is very high at the extremes of age (<2 

years ≥65). Regional and ethnic factors determine the incidence of IPD. For example, 

indigenous people of several countries as well as children of middle- and low-income 

countries show increased risk to develop IPD. Furthermore, the risk of IPD is increased in 

immunocompromised patients suffering of e.g. HIV infection, sickle cell disease, chronic liver 

or kidney diseases or organ after transplantation.33  

 

1.1 Pneumococcal virulence determinants and their significance for vaccination 

Streptococcus pneumoniae is a widely distributed commensal of the human upper 

respiratory tract. Under certain circumstances, pneumococcal colonization can lead to severe 

local infections and to invasive diseases. Therefore, vaccinations have been developed to 

prevent severe life-threatening outcomes due to pneumococcal infections. Currently, two 

types of vaccines are licensed for the use in humans, the polyvalent pneumococcal 

polysaccharide vaccine (PPV, Pneumovax®) and the pneumococcal conjugate vaccine (PCV, 

Synflorix® and Prevnar®).36 Both types are developed on the basis of purified pneumococcal 

capsular polysaccharide as antigen.  

The capsular polysaccharide (CPS) is the main virulence factor of S. pneumoniae. 

Pneumococci express during the exponential growth phase chains of chemically distinct 

polysaccharide subunits consisting of 2 to 8 repetitive residues.37,38 The CPS composition 

determines the antigenicity and the virulence of the pneumococcus within the host.39 To date, 

98 different serotypes have been identified, which are divided into 48 serogroups.29-31,39-41 All 

but two (serotype 3 and 37) of the pneumococcal CPS serotypes are synthesized by the Wzy 

polymerase-dependent mechanism.38 Except for serotype 3 pneumococci the CPS is 

covalently linked to the peptidoglycan.42 In addition, for most pneumococcal clinical isolates 

the CPS is negatively charged, excluding capsules of the serotypes 7A, 7F, 14, 33F, 33A, 
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and 37, which are not charged. Furthermore, the serotype 1 polysaccharide is zwitterionic, 

thus inducing as unique CPS T-cell-dependent immune response.43 The high diversity of 

CPS is based on the differences in the capsule gene locus due to an altered arrangement of 

the genes, insertion of unstable genetic elements such as tandem repeats, and point 

mutations.44,45 The main function of the capsule is to prevent interactions with components of 

the innate immune system and opsonophagocytosis. The capsule interferes with 

components of the complement system reducing the deposition of the opsonins C3b and 

iC3b on the pneumococcal surface thus preventing phagocytosis. Furthermore, the 

conversion of C3b to iC3b and binding of immunoglobulin G (IgG) to subcapsular antigens is 

inhibited by the presence of a capsule.46  

The most commonly applied vaccines are the PPV23, containing 23 different types of 

pneumococcal CPS, and the PCV13, including 13 types of pneumococcal CPS conjugated to 

a non-toxic carrier protein. The 23-valent pneumococcal polysaccharide vaccine, developed 

in 1983, includes CPS serotypes of S. pneumoniae accounting for 80% to 90% of all invasive 

pneumococcal diseases. The current vaccination comprises the following capsular 

serotypes: 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 

22F, 23F, and 33F. It is recommended by the United States Advisory Committee on 

Immunization Practices (ACIP), that all adults (between 19 to 64 years) with increased risk 

for pneumococcal infections and older adults (≥65 years) receive PPV23. The efficacy of the 

vaccine against pneumococcal infections with serotypes included in the vaccine was 61% for 

immunocompetent persons.47 However, there is evidence that in immunocompetent older 

adults the protectivity may decrease dependent on the age and the time since vaccination.47 

Furthermore, the efficacy of PPV23 to prevent IPD has not been demonstrated in 

immunocompromised and very old persons.48 In addition, the vaccination did not reduce the 

rate of pneumococcal diseases in children younger than 2 years, the population group with 

the highest risk for pneumococcal infections. PPV23 generates a T-cell-independent immune 

response. The repeating units of the capsule polysaccharide stimulate the antibody 

production in B-cells without T-cell help.49 In theory, B-cells in infants might be unable to 

induce a T-cell-independent immune response. 

To generate immunogenicity in children under the age of two, vaccines containing 

pneumococcal CPS conjugated to a carrier protein were developed. The actual vaccine 

PCV13 contains the following pneumococcal serotypes: 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 

19A, 19F, and 23F, which are conjugated to the diphtheria toxoid. In contrast, the vaccine 

PCV10 includes the pneumococcal serotypes 1, 4, 5, 6B, 7F, 9V, 14, 18C, 19F, 23F in which 

each serotype is either conjugated to the tetanus toxoid, the diphtheria toxoid or the protein 

D of Haemophilus influenzae. The conjugated antigens induce a T-cell-dependent antibody 

production. In 2002, a 7-valent PCV was introduced, which reduced the rate of IPD in infants 

and non-vaccinated contact individuals through the “herd immunity”.50 However, PCV7 did 

not reduce the overall cases of otitis media among the vaccinated population. Therefore, two 

new vaccines with an expanded composition were developed. The PCV10 was approved in 

2009 by the European Medicines Agency (EMA), however, is not yet licensed in the United 

States. In 2010, the current 13-valent PCV was licensed and replaced the PCV7. This third 

conjugate vaccine contains the 7 serotypes of PCV7, 5 serotypes of PPV23, and one 

additional serotype available neither in PPV23 nor in PCV7, the serotype 6A. The broader 

coverage against the main pneumococcal serotypes decreased the rate of IPD and otitis 

media in infants.51 Overall, PCV13 has shown to effectively prevent IPD and carriage 

against serotypes included in the vaccine except for serotype 3.52,53 In 2011, PCV13 was 
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further recommended for the use in the elderly (≥50 years) in the US and the European 

Union. 

While the carriage of vaccine serotypes decreased, other and rare pneumococcal serotypes 

became prevalent. This phenomenon is referred to as “serotype replacement” and was 

observed after introduction of PCVs, but not PPV23.54 A further observation was the 

increased antibiotic resistance in non-vaccine serotypes isolated from infected patients.55 

The limitations of PPV23 and those of PCVs makes it necessary to develop new generation 

vaccines, which are based on serotype-independent, broadly expressed, and highly 

conserved protein antigens. So far, several pneumococcal surface proteins have been 

investigated for their efficacy in pre-clinical and clinical trials.  

The pneumolysin (Ply) is a 53 kDa cholesterol-binding and pore-forming toxin of 

S. pneumoniae. Pneumolysin is expressed by almost all clinical isolates, except serotype 1 

and 8 pneumococci, which harbor a mutated ply gene abolishing its pore-forming activity.56,57 

In contrast to other pneumococcal antigens, Ply is not surface-exposed and released upon 

either bacterial autolysis or antibiotic-mediated lysis of the pneumococcus. The Ply monomer 

consist of four distinct domains, of which domain 1-3 are important for its structure, whereas 

the C-terminal located domain 4 promotes binding to cholesterol residues in cell membranes. 

The water-soluble Ply usually exists in aqueous solution as an inactive monomer, but 

becomes dimeric when bound to cholesterol-containing membranes.58 Assembly of 30 to 50 

bound toxin molecules results in the formation of a pre-pore, followed by conformational 

changes to the final pore with a diameter of 35 to 45 nm. Ply exerts various functions, most 

importantly during the early colonization of the host. Ply interferes with ciliated bronchial 

epithelial cells and reduces the ciliary movements and disrupts the integrity of the epithelial 

monolayer by damaging tight junctions and cells.59,60 This leads to a reduced mucus 

clearance from the lower respiratory tract facilitating pneumococcal spread. Furthermore, 

damage of the epithelial layer ensures pneumococcal adherence to the exposed 

subepithelial matrix. Besides its fore-forming activity, Ply might also affect the host immune 

system. In vitro studies show the activation of the complement cascade via the classical 

pathway by non-specific binding of IgM and IgG. Furthermore, it induces the lectin 

complement pathway by recognition of human L-ficolin.61 In addition, Ply promotes pro-

inflammatory immune responses in different human cells, such as epithelial cells, dendritic 

cells, and macrophages.62-64. Noteworthy, Ply was shown to activate human platelets in vitro 

and facilitates heterotypic neutrophil-platelet aggregate formation.65,66 These findings might 

be relevant in pro-thrombotic, cardiovascular complications during invasive S. pneumoniae 

infections. Based on its variety of effects on different human cells the protein is considered 

as primary candidate for pneumococcal vaccines. However, the protein in its native form is 

not suitable for the use in human vaccines due to its toxicity. Therefore, a detoxified variant 

(toxoid) of Ply as antigen in combination with further pneumococcal surface proteins PspC, 

PspA or PhtD is under investigation.67-71  

The pneumococcal surface protein C (PspC) is a highly abundant virulence factor, also 

known as choline-binding protein A (CbpA) or Streptococcus pneumoniae sIgA binding 

protein (SpsA), whose gene locus is found in approximately 75% of all analyzed 

pneumococcal strains.72-76 The different names represent the numerous biological functions 

of the surface protein, which arose from the different allelic forms of PspC. Sequence 

comparison of the pspC gene in 43 pneumococcal strains revealed the expression of a 

different protein in each strain.77 The polymorphic PspC variants are classified into two 

groups dependent on the surface anchoring in the cell envelope of S. pneumoniae, and 
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further into 11 subgroups based on the organization of functional and structural domains.77 

The classical PspC proteins (group I; subgroup 1-6) harbor a C-terminal choline-binding motif 

responsible for the non-covalent attachment to phosphorylcholine moieties within cell wall-

associated teichoic acids. In contrast, the PspC-like proteins (group II, subgroup 7-11) 

contain an LPXTG sortase A-anchoring motif mediating the covalent binding to 

peptidoglycan. The N-terminal α-helical region of PspC is characterized by a high variability 

with regard to size and sequence among the PspC proteins. Classical PspC proteins are 

composed of a 37 amino acid (aa) leader peptide followed by the factor H-recognition 

sequence (aa 38–158) and either one or two separated repeat domains (R1, R2).78 The 

proline-rich region, which precedes the C-terminal anchoring domain, is highly homologous 

among the different PspC groups with an identity of the aa sequence of 80 – 100%.77 PspC-

like proteins contain in the N-terminal part, instead of distinct repeat domains, regions of 

predicted α-helical conformation. Based on its ability to bind the secretory component of 

pIgR, PspC mediates adhesion and internalization of pneumococci into respiratory epithelial 

cells.74,79 This human-specific interaction induced intracellular signaling events resulting in 

the uptake and transcytosis of S. pneumoniae across the epithelial lineage.18,80 

Internalization of pneumococci into epithelial cells and leukocytes is further facilitated via 

recruitment of the complement inhibitor factor H as molecular bridge between PspC and the 

host cell.78,81,82 By binding of factor H and further components of the complement system, 

such as vitronectin and C4b-binding protein, to PspC, S. pneumoniae inhibits the 

complement cascade at different levels thus evading the host innate immune system.83-85 In 

addition, PspC is involved in invasion of the cerebrospinal fluid by binding to the laminin 

receptor of endothelial cells thereby contributing to pneumococcal meningitis as shown in an 

in vivo mouse model.86 The manifold effects of PspC during pneumococcal colonization, 

invasion, and immune evasion qualifies the protein for its use in human vaccinations. 

Immunization of mice with PspC generated protection against pneumococcal carriage and 

sepsis.73,87,88 The factor H-binding fragment of PspC evoked protectivity in mice challenged 

with the homologous S. pneumoniae strain but was less effective against heterologous 

strains.89  PspC was successfully used in several murine models in combination with Ply or 

PspA.71,88,90 Noteworthy, epitopes within the PspC molecule recognized by antibodies raised 

after immunization of mice with PspC3 were identified and comprise the binding regions for 

secretory immunoglobulin A and factor H.91 

The pneumococcal adhesion and virulence factor B (PavB) was identified as exceptional 

open reading frame within the S. pneumoniae TIGR4 genome using bioinformatic analysis. 

The surface protein belongs to the surface-anchored protein family of S. pneumoniae due to 

expression of an LPNTG motif for the sortase A mediated binding to peptidoglycan.92 PavB is 

distributed in 100% of all tested pneumococcal isolates.93,94 The protein consists of a 42 aa 

signal peptide followed by repetitive sequences, designated as SSURE (Streptococcal 

SUrface REpeat) domains, which number varies from five to nine dependent on the 

pneumococcal strain.92,93 The SSURE domains vary in length and sequence among each 

other and can be separated into three groups. The first repeat consists of 150 aa and differs 

from the remaining repeats but shows a high inter-strain conservation. The core repeats 

exhibit a high intra- and inter-strain specific conservation and contain 152 aa residues. The 

last truncated repeat consists of 136 aa residues and is conserved among different 

pneumococcal strains.93 Between the SSURE domains and anchoring motif a flexible linker 

region is situated composed of proline-rich repeats. The SSURE units harbor fibronectin- and 

plasminogen binding activity, which binding strength positively correlates with the number of 
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PavB repeats.93,95 The binding region for PavB within the fibronectin molecule was recently 

located in the type III-repeats of fibronectin, which also comprise the heparin-binding domain. 

In addition, pneumococci exploit fibronectin as molecular bridge via PavB to adhere to 

different epithelial cell lineages.95 Furthermore, intranasally infected mice using a PavB-

deficient mutant showed a prolonged survival time compared to mice infected with the 

isogenic wild-type in a pneumonia model as well as out-competition of the mutant by the 

wild-type in nasopharyngeal colonization, thus suggesting an impact for PavB in 

pneumococcal colonization of the respiratory tract.93 PavB was identified as vaccine 

candidate using web-based bioinformatics, termed as reverse vaccinology.94 The protein 

seems to be immunogenic as a high antigenic score was calculated. This could be confirmed 

in an in vivo mouse study, which revealed protection against pneumococcal pneumonia in 

mice upon active immunization with PavB.96 However, PavB did not provide protectivity 

against lung infection using a lethal dose of pneumococci in mice. Based on its overall 

distribution in pneumococcal strains, sequence conservation, its surface-localization, its 

interaction to host molecules, and immunogenicity makes PavB a suitable candidate to 

consider for novel protein-based vaccination strategies.  

 

Further pneumococcal surface-exposed virulence factors are under investigation as 

constituents in human protein-based vaccines against S. pneumoniae infections. These are 

members of the pneumococcal histidine triad protein family (PhtB, PhtD, PhtE) which elicited 

protectivity in several mice in vivo approaches.96,97 More importantly, PhtD in combination 

with either, pneumococcal polysaccharide, pneumolysin or both, was successfully used in 

phase II clinical trials in infants and adults.98-100 The pneumococcal surface protein A (PspA) 

belonging to the choline-binding protein family of S. pneumoniae was shown to be protective 

in phase I clinical trials in healthy adults using living attenuated Salmonella Typhimurium 

cells as vectors.101 The lipoprotein PsaA, the choline-binding proteins CbpE and PcpA, the 

LPXTG-anchored proteins PavA and PsrP and the pneumococcal pilus proteins are further 

promising vaccine candidates for the use in combination with pneumococcal CPS, in 

multivalent protein vaccines or as fusion proteins.102-105 These antigens have been analyzed, 

besides their accessibility on the pneumococcal surface, due to their interaction with host 

cells or extracellular matrix components and their contribution to pneumococcal colonization 

of the human nasopharynx. 
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2. Staphylococcus aureus 

 

Staphylococcus aureus (S. aureus) is a Gram-positive bacterium and commensal colonizer 

of predominantly the human anterior nares, but also the throat, the skin, the perineum, and 

the intestine.106 The bacterium is sphere-shaped and appears in “grape-like” clusters (greek: 

staphyle = grape). S. aureus can grow under aerobic and anaerobic (facultative) conditions 

at temperatures between 18 and 40°C with an average doubling time of 20 min under ideal 

growth conditions. The organism is catalase-, coagulase-, phosphatase-, and urease-positive 

and is able to ferment mannitol to lactic acid. The biochemical test for catalase distinguishes 

staphylococci from streptococci and testing for coagulase differentiates S. aureus from other 

Staphylococcus spp. Tellurite reduction in media by S. aureus generates black shiny 

colonies. The bacterium remains viable after several months in dry environments and resists 

against disinfectants, further chemicals and high salt concentrations. 

Approximately 25 to 30% of the human population are persistent carriers of S. aureus, and 

most of the individuals are transiently colonized during their life.107 The nasopharynx of 

children becomes colonized with S. aureus starting at one year of age and reaches the peak 

incidence at the age of 10 years.5 The transmission of S. aureus occurs from person-to-

person by direct contact. The nasal carriage is one of the main risk factors for subsequent  

S. aureus infections.108 In addition, immunosuppression, skin damage, and intensive contact 

to colonized health care workers during surgery are further circumstances facilitating 

staphylococcal infections. The opportunistic pathogen can cause diseases ranging from mild 

and local infections to severe life threatening diseases whereby any tissue of the human 

body can be affected. The numerous S. aureus infections are classified into (I) skin and soft 

tissue infections (SSTI), (II) systemic and life-threatening diseases, such as pneumonia,  

osteomyelitis, endocarditis, meningitis, bacteremia and (III) toxinoses like food poisoning, 

scalded skin syndrome, and toxic-shock-syndrome.109 S. aureus is the most causative agent 

for SSTI, lower respiratory tract infections and bacteremia worldwide.110 In addition, the 

massive consumption of antibiotics led to the selection of antibiotic-resistant strains. 

Methicillin-resistant S. aureus, designated as MRSA, was previously limited to hospitals and 

health-care centers, however, it became increasingly detected in the community over the 

past decade. Community-associated MRSA (CA-MRSA) is a leading cause of SSTI and 

sepsis. Especially, two CA-MRSA strains USA300 and USA400 account for over 60% of all 

S. aureus infections in the community.111 In general, MRSA isolates are multidrug-resistant 

and infected individuals require treatment with vancomycin, clindamycin, linezolid, or 

daptomycin. The administration of vancomycin and teicoplanin are the antibiotics of last 

resort against MRSA.112 

Injuries in the skin following trauma or surgical procedures enable the entry of S. aureus into 

subcutaneous tissue. Cells within the epithelium initiate innate immune responses due to 

recognition of staphylococcal factors. The predominant cell-type of the epidermis is 

keratinocytes, but also immune cells like Langerhans cells, macrophages and T-cell are 

present. The keratinocytes express pattern-recognition receptors (PRR), such as Toll-like 

receptors (TLR) which recognize the pathogen-associated molecular patterns of S. aureus.113 

TLR2 is crucial for sensing S. aureus by keratinocytes and activation of innate immune 

pathways as shown in vitro and in vivo.114,115 Further immune responses include the 

recruitment of immune cells from the circulation to the site of infection. Staphylococcal 

adherence of the nasal epithelium is a multifactorial process which is ensured by various 

interaction partners of the pathogen and the host. The contact arises to the bacterial cell 
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envelope, consisting of several layers of peptidoglycan, teichoic acids, and surface-bound 

proteins. The primary attachment occurs via staphylococcal wall teichoic acids (WTA) and 

subsequent binding of proteinaceous surface factors to host extracellular matrix components 

and cellular receptors.116,117 It was reported, that CA-MRSA express high amounts of WTA, 

which supports abscess formation.118 Burian et al. showed that several staphylococcal 

adhesive and immunomodulatory molecules are expressed during nasal colonization in 

humans.117 Amongst others, fibrinogen-binding proteins (ClfA and ClfB), fibronectin-binding 

proteins (FnbpA and FnbpB), the iron-regulated surface determinant (IsdA), the major 

autolysin (AtlA), and the extracellular adherence protein (Eap), all involved in adherence, 

were detected. Moreover, expression of immunomodulatory proteins such as staphylokinase, 

CHIPS and protein A were reported.117    

S. aureus exerts several strategies to evade and kill host immune cells. Secretion of pore-

forming toxins, such as α-hemolysin, Panton-Valentine leukocidin, γ-hemolysin, leukocidin 

E/D, and phenol-soluble modulins lead to lysis of cells thus contributing to S. aureus 

pathogenesis. Inhibition of neutrophil recruitment occurs via the virulence factors CHIPS and 

Eap.119,120 In addition, neutrophil killing of S. aureus by reactive oxygen species is avoided by 

expression of superoxide dismutase.121 

Furthermore, S. aureus can escape from the host immune defense and antimicrobials by 

biofilm formation. Especially chronic infections, which comprise abscesses, osteomyelitis, 

endocarditis, and medical devices, are associated with biofilm-producing staphylococcal 

strains.122,123 Biofilm-related diseases are characterized by an increased morbidity and 

mortality. Furthermore, biofilm structures are able to persist for month to years within the host 

without an efficient elimination by the immune system or medical detection.124 

Another feature of staphylococcal survival, which contributes to the long-term persistence, is 

the invasion of host cells. Besides professional phagocytes, S. aureus can be internalized by 

various cell-types like epithelial cells, endothelial cells, keratinocytes, fibroblasts, and 

osteoblasts.125 For example, intracellular S. aureus have been found in biopsies of the nasal 

epithelium from patients suffering from recurrent rhinosinusitis.126 

 

2.1 Staphylococcal virulence determinants and their significance for vaccination 

In contrast to Streptococcus pneumoniae, the licensing of vaccines to combat S. aureus 

infections failed to date because of several reasons. One main reason is the use of single 

antigens as vaccine targets in active and passive immunization approaches. Comparable to 

the PCVs, staphylococcal capsular polysaccharide type 5 and 8 were used in conjugation 

with recombinant non-toxic Pseudomonas aeruginosa exoprotein A (StaphVAX®). Of the 12 

known capsular polysaccharide types of S. aureus, type 5 and 8 (CP5/8) are the most 

prominent and account for approximately 85% of all clinical isolates.127-129 StaphVAX® was 

the first vaccine tested in humans and the only one, which reached phase III clinical trials. 

However, in 2005 this vaccination failed to induce efficacy. A double-blind trial was 

conducted in hemodialysis patients, where the incidence of bacteremia was reduced by 57% 

compared to control patients. The protection of the vaccine only lasted up to 40 weeks post-

vaccination due to a rapid drop in antibody titers.130 However, until week 54 differences in 

occurring bacteremia in the vaccine group compared to the placebo group was not 

statistically significant and the estimated efficacy of the vaccine was only 26%. A follow-on 

study with patients who received StaphVAX® underwent a booster vaccination and the 

function of the generated anti-CP5/8 antibodies were analyzed in in vitro 
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opsonophagocytosis assays. However, the results were not convincing due to an insufficient 

number of patient samples.131 Strikingly, S. aureus USA300, one of the most dangerous 

clones worldwide, was shown to be capsule deficient based on a frameshift mutation in the 

promotor region of the cap5 gene locus, responsible for CP5 biosynthesis.132 Due to this fact, 

staphylococcal surface proteins were investigated as constituents for vaccinations. 

The clumping factor A (ClfA) is the main fibrinogen-binding receptor of S. aureus, which is 

present in almost all analyzed all isolates.133,134 ClfA belongs to the MSCRAMM family of 

staphylococcal surface proteins. The protein is composed of an N-terminal 39 aa signal 

peptide followed by the ligand-binding region, another domain containing serine-aspartate 

rich (SDr) repeats, and the LPXTG sortase A-anchoring motif.135 Based on the presence of 

the dipeptide region ClfA is also member of the Sdr protein family containing further virulence 

factors such as Bbp and SdrC/D/E.136,137 ClfA promotes attachment of S. aureus to 

biomaterials. Furthermore, it binds to platelets and induces activation as well as 

aggregation.138,139 The virulence factor ClfA was one of the first proteinaceous antigens 

validated preclinically.140-142 As a direct consequence of these results, passive immunization 

approaches were developed, with vaccines containing anti-ClfA antibodies alone or in 

combination with anti-CP5/8. Pooled human IgG, with high antibody titers against ClfA, was 

applied in a phase III clinical trial in neonates but failed to show efficacy against S. aureus 

sepsis in the vaccinated group compared to the control group.143 Currently, recombinant ClfA 

is included in a 3-valent and a 4-valent conjugate vaccine together with CP5/8 and the 

recombinant manganese transporter protein C (MntC), all conjugated to the non-toxic form of 

the diphtheria toxin as carrier protein. Both vaccines were applied in a phase I clinical trial in 

healthy adults and induced functional immune responses.144-146  

The fibronectin-binding protein A and B (FnbpA/B) are encoded by two closely linked 

genes and belong also to the MSCRAMM family.147 Many clinical S. aureus strains express 

either both proteins (77%), a few strains only FnbpA (22%) or only FnbpB (1%).148 Both 

adhesins harbor an N-terminal binding region for fibrinogen and elastin, followed by a region 

consisting of 11 (FnbpA) or 10 (FnbpB) non-identical repeats, which mediate interactions to 

the N-terminus of fibronectin.149-151 Both proteins promote endothelial cell invasion and 

inflammation.152 Fnbp-mediated invasion occurs by utilization of fibronectin as molecular 

bridge between S. aureus and integrin α5β1.153 Interestingly, the amount of repeats within 

FnbpA correlates with a fast staphylococcal invasion of endothelial cells and virulence in 

vivo.154 In addition, FnbpA and FnbpB contribute to biofilm formation of methicillin-resistant  

S. aureus.155 The use of Fnbp´s in combination with ClfA, SdrD and detoxified SpA was 

shown to be protective in different in vivo mouse models of staphylococcal infection.156,157 

Recently, FnbpA has been expressed in recombinant Lactococcus lactis and was applied in 

preclinical vaccination trials, however, with varying efficacy.158,159   

The protein A (SpA) was the first identified sortase A-anchored surface protein of  

S. aureus.160 Noteworthy, a substantial amount of SpA is also found in the supernatant of 

cultured S. aureus, which harbors an unprocessed sortase A-anchoring motif and seems to 

be dependent on the SpA-specific C-terminal aa sequence.161 The protein consist of a 36 aa 

signal peptide followed by five repeated domains, of which the N-terminal located four 

repeats bind to the Fcγ domain of human IgG thus mediating staphylococcal immune 

escape.162,163 Besides its Fcγ binding capacity, SpA interacts with the Fab domain of the B-

cell receptor (membrane-anchored IgM) leading to apoptosis.164 Using SpA as target on the 

staphylococcal surface led to the invention of a unique heteropolymer technology.165 A 

monoclonal antibody recognizing SpA is chemically linked to another monoclonal antibody 
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directed against the complement receptor 1 (CR1) on human erythrocytes. Invasive  

S. aureus isolates bind to erythrocytes via the bi-specific antibody complex, which leads to 

phagocytosis by macrophages. To date, this approach has been only tested in mice.166,167 In 

a recent study, a monoclonal antibody directed to the SpA domains responsible for 

interaction with human Ig (Fcγ of IgG; Fab of IgM B cell receptor) was shown to neutralize 

SpA functions in neonatal mice.168 

To establish abscesses, staphylococci secrete the coagulase (Coa), which interacts with 

human prothrombin and fibrinogen leading to fibrin clot formation. The virulence factor is 

expressed by all clinical S. aureus isolates.169 The mature Coa protein consists of two  

N-terminal prothrombin-binding domains, followed by a linker region and several 27 aa long 

tandem repeats, which mediate the interactions with fibrinogen.170,171 The Coa acts as 

cofactor for prothrombin resulting in the activation of the enzyme and cleavage of fibrinogen 

into fibrin.170 Resulting fibrin meshwork provides protection from phagocytosis and is 

essential for staphylococci-induced abscess formation.172 In addition, antibodies generated 

against recombinant Coa recognized preferentially the prothrombin-binding domains within 

Coa and led to a reduced enzymatic activity of the Coa•prothrombin complex. Coa in 

combination with von Willebrand factor-binding protein (vWFbp) was used in an active and 

passive immunization approaches and provided protection by neutralization of Coa functions 

against staphylococcal abscess formation and bacteremia in vivo.172 Noteworthy, the gene 

sequence encoding for the prothrombin-binding domains in Coa is highly polymorph between 

different staphylococcal strains and varies up to 50%.173 Therefore, a hybrid protein 

harboring several different prothrombin-binding domains was used in a preclinical trial and 

showed efficacy against S. aureus infections.174 In addition, antibodies recognizing the 

fibrinogen-binding tandem repeats were protective in mice against S. aureus bacteremia 

highlighting Coa as vaccine constituent.175 

Other proteins which might be useful antigens for the development of vaccinations are 

immune evasion factors of S. aureus. One critical and underestimated factor is their 

specificity for human cells. For example, the chemotaxis inhibitory protein (CHIPS) and 

the formyl peptide receptor-like 1 inhibitory protein (FLIPr) represent most likely suitable 

vaccine candidates. CHIPS and FLIPr are expressed by approximately 60% of the tested 

clinical isolates.119,176 CHIPS is a 17 kDa secreted protein, whose gene is located on the 

pathogenicity island SaPI5, encoding additional genes for staphylococcal complement 

inhibitor (scn), staphylokinase (sak) and staphylococcal enterotoxin A (sea).119,177 CHIPS 

binds preferably to human neutrophils and monocytes, but neither to lymphocytes nor mouse 

neutrophils.119 Via targeting the receptor for the complement component C5a (C5aR) and the 

formyl peptide receptor (FPR, newly designated as FPR1), CHIPS inhibits neutrophil and 

monocyte recruitment thus facilitating escape from the host innate immune response.119,178 

Although the human specificity of CHIPS hampers its use in animal models, it was applied in 

exceeding amount in an in vivo peritonitis mouse model, where it diminished neutrophil 

response towards C5a.119 Interestingly, human anti-CHIPS antibodies were found in 

comparable amounts in sera of S. aureus-infected donors and healthy donors.179 Noteworthy, 

these antibodies were tested for their ability to interfere with CHIPS-binding to C5aR and had 

either no effect (40%), inhibited CHIPS-binding (38%) or enhanced CHIPS-binding (22%). 

This observation was independent on the IgG titer in serum samples and might be explained 

by the epitope specificity of the antibodies towards CHIPS.179 These findings should be taken 

into account for the development of CHIPS-based staphylococcal vaccines. 
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Comparable to CHIPS, FLIPr is a 15 kDa secreted anti-inflammatory protein of S. aureus. 

The gene encoding for FLIPr (flr) is located in a genetic cluster with further virulence factors 

e.g. extracellular fibrinogen-binding protein (efb) and α-hemolysin (hla), and shows 49% 

homology to the gene sequence of CHIPS (chp).176 FLIPr-binding was observed to a variety 

of human cells, amongst others neutrophils, monocytes, and B-cells. Interestingly, in contrast 

to CHIPS, FLIPr specifically blocked the FPR-like receptor (FPRL1, newly referred to as 

FPR2) on human neutrophils and monocytes thereby inhibiting cell migration towards 

chemoattractants.176 FLIPr was shown to interact further with the IgG receptor FcγRIIa on 

neutrophils and monocytes, and to prevent phagocytosis of IgG-opsonized S. aureus.180 

Moreover, FLIPr reduces the activation of the classical complement pathway via interaction 

with C1q. In addition, S. aureus survival in whole blood was prolonged in presence of 

exogenous added FLIPr.181 Human IgG titers against FLIPr in serum samples of S. aureus-

induced osteomyelitis and bacteremia patients were significantly higher compared to sera of 

non-infected individuals. Osteomyelitis is associated with biofilm formation which led to the 

detection of FLIPr in in vitro biofilm produced by clinical S. aureus isolates.182 These findings 

suggest the virulence factor as potential target for the use in vaccine development. 

Another surface protein mediating staphylococcal immune evasion is the extracellular 

adherence protein (Eap). Eap (also referred to Map, p70) is a member of the SERAM family 

of staphylococcal surface proteins and expressed by over 98% of the tested clinical  

S. aureus isolates.183 It interacts with a variety of human serum and matrix components 

including collagen I, fibronectin, fibrinogen, vitronectin and human thrombospondin-1.183-185 

Eap is a modular organized protein consisting of four to six tandem (EAP) repeats, whose 

affinity for the human glycoproteins differs between the repeats.183 The number of connected 

repeats seems to have an impact on staphylococcal adherence to and invasion into host 

cells, whereas exogenously added single Eap repeats did not influence both processes.185 

Interestingly, the domains 3 and 4 of Eap from S. aureus Mu50 were shown to interfere with 

the complement protein C4b thus mediating immune evasion by inhibiting the classical and 

alternative complement pathways.186 Eap exerts a variety of further activities, which were not 

narrowed down so far to certain Eap domains. These include the interaction with the 

intercellular adhesion molecule 1 (ICAM-1) receptor on endothelial cells, which prevented 

leukocyte adhesion.120 Eap promoted also the invasion of S. aureus into epithelial cells and 

keratinocytes.187,188 In different in vivo inflammatory mouse models Eap inhibited neutrophil 

and T-cell recruitment.120,189 Eap was further analyzed in a preclinical trial as vaccine 

candidate to prevent staphylococcal abscess formation in mice. Passive and active 

immunization strategies generated significantly protection prior challenge with S. aureus.190     

The major autolysin (AtlA) is a further important surface exposed virulence factor of  

S. aureus. The AtlA is a 138 kDa bi-functional protein, which undergoes external cleavage 

into two biologic active enzymes.191 The precursor protein consists of distinct modules 

comprising a 36 aa residue signal peptide, followed by the pro-peptide domain, an enzymatic 

N-acetylmuramyl-L-alanine amidase activity, three repeating units (R1R2R3), and an 

enzymatic N-acetylglucosaminidase activity. The precursor protein harbors two cleavage 

sites, one after the pro-peptide and one after the second repeat which results after secretion 

in the mature extracellular amidase (enzymatic domain and R1R2, 62 kDa) and the 

glucosaminidase (R3 and enzymatic domain, 51 kDa).192,193 AtlA binds to the cell wall 

envelope via the repeat domains and mediates peptidoglycan hydrolysis near the septum 

leading to cell separation between two dividing daughter cells.193-195 Each repeat is highly 

cationic and can be further divided into an a-type and b-type subunit.196,197 AtlA was shown to 
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be crucial for staphylococcal biofilm formation on artificial surfaces, which becomes relevant 

for the use of medical implants.198,199 The impact of Atl during biofilm formation was 

confirmed in an in vivo study demonstrating, that the atl-mutant was less likely to induce 

central venous catheter-associated infections compared to the isogenic wild-type.200 In 

contrast to these findings, a recent study revealed a redundant role of AtlA in infections of 

mice with the S. aureus strain USA300.201 The amidase domain of AtlA exhibits further 

binding activity towards the host matrix proteins fibronectin, fibrinogen, and vitronectin, 

whereas the glucosaminidase domain has been shown to interact with DNA.202,203 

Furthermore, staphylococcal mutants deficient for the atl gene showed reduced capability to 

internalize into endothelial cells thus suggesting a role of the autolysin in invasion into host 

cells. The functional domain is located within the amidase domain, which mediates binding to 

the endothelial heat shock cognate protein (Hsc70) receptor.202 Currently, AtlA was applied in 

preclinical passive and active immunization strategies. Monoclonal antibodies recognizing 

the glucosaminidase were shown to be protective in mice against implant-associated 

osteomyelitis after challenge with S. aureus.204 Furthermore, mice vaccinated with the 

recombinant amidase enzyme survived significantly longer compared to the non-vaccinated 

control group in a bacteremia infection model.205  

 

Further staphylococcal proteinaceous virulence factors were under investigation as vaccine 

targets but failed to date at the clinical trial stage. For example, the Iron-regulated surface 

determinant protein B (IsdB) was used as single vaccine component and reached phase III 

of clinical trials but failed to show efficacy in preventing S. aureus infections.206 Unfortunately, 

an increased mortality among vaccinated adults who developed post-operative bacteremia 

was observed compared to the non-vaccinated control group.207,208 Different combinations of 

staphylococcal surface proteins [IsdB, IsdA, SdrD, SdrE or ClfA, IsdB, γ-hemolysin B (HlgB)] 

seemed to generate protective immunity in mice against S. aureus.209,210 Anti-staphylococcal 

antibody titers in humans play an important role in protecting against the pathogen. On the 

one hand, antibodies against surface factors of S. aureus mediate opsonophagocytosis. On 

the other hand, antibodies directed against toxins have a neutralizing function. It is well 

known, that most individuals have a natural reservoir of circulating IgG against S. aureus but 

it remains debatable, whether these antibodies are protective.211 In addition, it might be 

possible, that the human serum mediates a proper opsonization and that increasing the 

amount of antibodies due to vaccination, does not increase bacterial killing.212,213 As future 

perspective a combination of one or more staphylococcal virulence factors, including surface 

proteins mediating bacterial colonization would be a promising approach for the development 

of a successful vaccine to combat S. aureus infections. Furthermore, improved animal 

models, such as humanized mice, should be used to estimate the possible success of such a 

vaccine.214 
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3. Bacterial colonization to components of the extracellular matrix 

 

The contact of S. pneumoniae and S. aureus to host tissue, predominantly to components of 

the extracellular matrix (ECM), is a prerequisite for the establishment of a stable colonization. 

The initial loose attachment occurs to glycoconjugates on the host surface while the 

adhesion requires stronger and specific interactions to host proteins.215 S. pneumoniae and 

S. aureus can bind directly to host cellular receptors or, in the most cases, the pathogens 

utilize matrix proteins as molecular bridges. ECM constituents are closely linked with 

signaling receptors of the host cells. Therefore, interactions between the pathogens and the 

matrix proteins can initiate intracellular signaling pathways leading to uptake into the host 

cell.216 An intact epithelial layer represents the natural physical barrier to prevent bacterial 

infections. The main interfaces between the host and pneumococci as well as staphylococci 

are the skin and the mucosal surface of the nares and the respiratory tract. Disruption of the 

epithelial barrier results in the exposure of components of the ECM to pathogens. Moreover, 

a simultaneous bacterial or viral infection might lead to a porous surface through the 

enzymatic activity of released bacterial or viral proteases.217 S. pneumoniae and S. aureus 

express a versatile repertoire of surface-anchored and surface-associated proteins, so called 

adhesins, which mediate the adherence to host ECM molecules (Table 1 and 2). 

Pneumococcal adhesins, which interact with ECM proteins, are mainly members of the 

choline-binding protein family and the LPXTG-anchored surface protein family of  

S. pneumoniae. Among the different adhesins are proteins long recognized as 

pneumococcal virulence factors, such as PspC/Hic and PavB.78,85,86,93 Furthermore, deletion 

of genes encoding for PspC, PavB, PavA, CbpE, and RrgA reduced pneumococcal 

colonization and infection in vivo.72,93,218-220 Predominantly fibronectin, but also collagen, 

elastin, fibrinogen, vitronectin, and laminin are substrates of the ECM for pneumococcal 

adherence via specific surface proteins (Table 1). 

Staphylococcal proteinaceous surface adhesins binding to ECM components are classified 

into three families: the covalently surface-anchored MSCRAMMs (microbial surface 

components recognizing adhesive matrix molecules) and the surface-associated SERAMs 

(secretable expanded repertoire adhesive molecules), as well as membrane-spanning 

proteins. S. aureus surface adhesins bind to an enormous variety of host ECM glycoproteins, 

such as fibronectin, fibrinogen, vitronectin, thrombospondin-1, collagen, elastin, von 

Willebrand factor and bone sialoprotein (Table 2). Most of the MSCRAMMs and SERAMs are 

staphylococcal virulence factors and are involved in staphylococcal pathogenesis.  

In conclusion, the interaction with matrix proteins is a conserved pathogenic mechanism. 

Pathogenic bacteria like S. pneumoniae and S. aureus express an arsenal of surface 

proteins recognizing host ECM components. Interestingly, pneumococci and staphylococci 

target the same host factor by different surface proteins. In addition, one adhesin is capable 

of recognizing several host proteins and in some cases, binding can occur simultaneously. 

Bacterial proteins with a broad binding specificity ensure the bacterium tissue tropism.  
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Table 1: S. pneumoniae surface proteins recognizing ECM molecules. 

Protein Acronym ECM ligand reference 

o Choline-binding proteins 
   

choline-binding protein E CbpE / Pce Fibrinogen 

Laminin 

221 

choline-binding protein F CbpF Elastin 221 

choline-binding protein I CbpI Elastin 221 

choline-binding protein L CbpL Collagen 

Elastin 

221 

Pneumococcal surface protein C PspC Vitronectin 84 

o LPXTG-anchored proteins 
   

Factor H-binding inhibitor of complement Hic / PspC 11.4 Vitronectin 85 

Neuraminidase A NanA Fibrinogen 

Collagens / IV 

221 

Plasmin- and fibronectin-binding protein A PfbA Fibronectin 222 

Plasmin- and fibronectin-binding protein B PfbB Fibronectin 223 

Pneumococcal adhesion and virulence factor B PavB Fibronectin 92,93,95 

Pneumococcal protease A PrtA Collagen IV 221 

Pilus 1 subunit RrgA Fibronectin 

Collagen I 

Laminin 

224 

Zinc metalloprotease ZmpB Collagen IV 221 

o Non-classical surface proteins 
   

Pneumococcal adhesion and virulence factor A PavA Fibronectin 95,218 

Endopeptidase O PepO Fibronectin 225 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



General Introduction 
 

 

 
21 

 

Table 2: S. aureus surface proteins recognizing ECM molecules. 

Protein Acronym ECM ligand reference 

o MSCRAMMs 
   

Bone sialoprotein-binding protein Bbp Bone sialoprotein 

Fibrinogen 

137 

226 

Clumping factor A ClfA Fibrinogen 135 

Clumping factor B ClfB Fibrinogen 227 

Collagen adhesin Cna Collagen 228 

Fibronectin-binding protein A FnbpA Fibronectin 

Fibrinogen 

Elastin 

229 

149 

150 

Fibronectin-binding protein B FnbpB Fibronectin 

Elastin 

147 

150 

Iron-regulated surface determinant protein A IsdA Fibronectin 

Fibrinogen 

230 

Protein A SpA vWF 231 

o SERAMs 
   

Autolysin, major AtlA Fibronectin 

Fibrinogen 

Vitronectin 

202 

Autolysin Aaa Fibronectin 

Fibrinogen 

232 

Coagulase Coa Fibrinogen  

Enolase  Laminin 233 

Extracellular adherence protein Eap / Map Fibronectin 

Fibrinogen 

Collagen 

Vitronectin 

Thrombospondin-1 

Bone sialoprotein 

184,234 

Extracellular fibrinogen-binding protein Efb / Fib Fibrinogen 235 

Extracellular matrix-binding protein Ebh Fibronectin 236 

Extracellular matrix protein-binding protein Emp Fibronectin 

Fibrinogen 

Collagen 

Vitronectin 

237 

Von Willebrand factor-binding protein vWFbp vWF 238 

o Membrane protein 
   

Elastin-binding protein EbpS Elastin 239 
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3.1 Structural and functional properties of the extracellular matrix 

The ECM is well studied and characterized for its ability to provide structural support for 

organs, tissues and single cells. Furthermore, the ECM holds a pivotal role in signaling 

through cell adhesion receptors. Moreover, the ECM components define the proliferation, 

differentiation, apoptosis, polarization and migration of cells. The ECM continuously 

undergoes remodeling through its degradation and synthesis by fibroblasts and other cell 

types. The composition of the ECM is highly heterogeneous and tissue-specific, and includes 

mainly water, proteins, and polysaccharides. Two main types of the ECM can be 

distinguished: the interstitial connective tissue and the pericellular matrix, which differ in their 

structure and composition.240 The basement membrane is a certain form of pericellular matrix 

anchoring the basal site of the epithelium to the loose connective tissue. The major 

components of ECMs include distinct families of macromolecules comprising 

glycosaminoglycans, proteoglycans, and fibrous glycoproteins.241 The glycosaminoglycans 

and proteoglycans form a viscous milieu embedding the network of fibrous proteins and 

additionally growth factors, cytokines, chemokines and proteases. 

Glycosaminoglycans (GAGs) are linear unbranched chains of repeating disaccharide units 

composed of a hexosamine and an uronic sugar. These molecules can be differentiated 

according to the functional residues of carboxyl, hydroxyl or sulfate groups. Thus, they are 

polyanionic polymers with the ability to attract water. Six different types of 

glycosaminoglycans exist: the galactosaminoglycans chondroitin sulfate and dermatan 

sulfate, and the glucosaminoglycans heparin sulfate, heparin, keratin sulfate, and hyaluronic 

acid.240 Hyaluronic acid is the only GAG which exists in the ECM in a protein-free state. The 

other GAGs are covalently linked to a core protein and form the proteoglycans. 

Proteoglycans (PG) belong to the most important functional macromolecules due to their 

interaction with growth factors, chemokines, cytokines and receptors on the cell surface. The 

contact occurs either via the core protein or the GAG side chains mediating signaling, 

differentiation, proliferation, apoptosis, migration and adhesion of cells.242,243 PGs are not 

only involved in functional aspects of the ECM, they contribute also to the organization of the 

ECM. PGs are grouped according to their core protein, of which 40 variants exist, 

localization, and composition of the GAGs.242 These macromolecules are highly hydrophilic 

and exceedingly robust against compressive forces. 

Collagen (Cn) is the most abundant fibrous protein within the interstitial matrix and accounts 

for up to 30% of the total protein in humans. Collagen serves as essential structural element 

of the ECM. Furthermore, it is involved in cell adhesion, chemotaxis, and tissue development 

and repair.244 Interstitial collagen is predominantly produced by fibroblast, which reside in the 

stroma or are recruited. To date, 28 different human collagen variants are reported, which 

are expressed by 42 collagen genes.245 The collagen superfamily can be divided into fibrillar 

and non-fibrillar forms.241 A right-handed triple helix, which is formed by three α-chains, is the 

characteristic feature of all collagens. In addition, each α chain contains a distinctive 

repeating unit composed of the three amino acids Gly-X-Y in which Gly represents glycine 

and position X and Y any other amino acid, but usually proline and 4-hydroxyproline. 

However, the α-chain can be interrupted by non-collagenous domains leading to a 

conformational change in the helix. Many tissues contain a heterogeneous mix of different 

collagen types, but one type usually predominates.246 Collagen associates in the ECM with 

Elastin, another member of the fibrous proteins. 
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Elastin allows the tissue to undergo repeated stretch and to return into the normal 

dimension. It is synthesized by fibroblasts and keratinocytes during the fetal development 

and stabilizes skin, lung, and blood vessels.247 Based on its low or absent turnover, elastin 

fibers have to withstand millions of cycles of extension and recoil during lifetime.248 Elastin is 

encoded by a single gene and is secreted by the cell as the precursor tropoelastin.249 Elastin 

is formed via cross-linking of several soluble tropoelastin molecules to generate an 

amorphous, insoluble polymeric structure. The elastic fiber formation in the extracellular 

milieu is a complex and highly regulated process which comprises the assembling of elastin 

and microfibrils.  

Fibronectin (Fn) is a fibrous protein with important functions during the development.250 The 

protein consists of two subunits with an approximately size of 250 kDa for each subunit, 

which are covalently linked via disulfide bonds at their C-termini. One monomer consists of 

several domains: 12 type I repeats, 2 type II repeats and 15 – 17 type III repeats.251 

Fibronectin is encoded by a single gene, however, it exists in 20 isoforms due to alternative 

splicing. Based on its solubility, fibronectin can be divided into two categories: soluble 

plasma fibronectin and insoluble cellular fibronectin.252 Soluble fibronectin is produced 

predominantly by keratinocytes leading to a plasma concentration of 300 µg/ml and is 

considered as the inactive form.240 Cells can assemble plasma fibronectin to integrate into 

the ECM.253 Cellular fibronectin is expressed in the ECM by various cell types and is 

involved, besides the structural organization of the ECM, in attachment, function, and 

migration of cells.241 The multiple functions of fibronectin are ensured by its interaction to 

numerous molecules including integrins, glycosaminoglycans, proteoglycans, and collagen.  

 

3.2 The dual role of human thrombospondin-1 

Human thrombospondin-1 (hTSP-1, THBS-1) is a high-molecular-mass glycosylated protein. 

As a matricellular protein it does not contribute to the structural integrity of the ECM but 

regulates the function of the ECM by interactions to multiple ligands including proteins, 

cytokines, proteases and cells. The homotrimeric protein was first isolated from activated 

platelets as thrombin-sensitive protein in 1971.254 It is synthesized by megakaryocytes and 

mainly stored in α-granules of platelets with an estimated copy number of 101.000 hTSP-1 

molecules per platelet.255 Due to platelet activation hTSP-1 gets released subsequently and 

can be found in soluble form or bound to the platelet membrane. The plasma concentration 

of hTSP-1 in healthy individuals commonly ranges between 20 ng/ml and 300 ng/ml but 

achieves its maximum level of 30 µg/ml at sites of platelet clot formation.256 Human TSP-1 is 

also synthesized and secreted by a variety of other cell types amongst others endothelial 

cells, monocytes and macrophages, fibroblasts, smooth muscle cells, dendritic cells, B cells 

and gets incorporated into the ECM.257-261  

 

3.2.1 The protein structure 

Human TSP-1 belongs to a family of oligomeric glycoproteins which is divided into two sub-

groups depending on the oligomerization status. The sub-group A contains the homotrimeric 

TSP-1 and TSP-2 whereas the sub-group B includes the homopentameric TSP-3, TSP-4 and 

TSP-5/COMP. The THBS-1 gene is located on the human chromosome 15: 39.58 – 39.6 and 

is encoded in 22 exons with a size of about 20 kb. The mature homotrimer has a size of  

420 kDa. Each hTSP-1 monomer consist 1152 aa with a modular organization formed by a 

globular N-terminus, followed by a coiled-coil oligomerization domain, a von Willebrand 
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factor_C module, three properdin-like type I-repeats, three epidermal growth factor-like type 

II-repeats, eight calcium-binding type III-repeats and a globular C-terminal domain.262 The 

amino-terminal region is composed of groups of basic amino acids and characterized by its 

function to bind heparin and various other ligands. This halve of hTSP-1, which comprises 

the globular domain up to and including the type I-repeats, varies within the TSP family. The 

carboxy-terminal part, referred to as signature domain, contains the type II-repeats, the type 

III-repeats, and the globular C-terminal domain. This part is conserved among the 

thrombospondins with an identity of 53% - 82%.  

 

3.2.2 Matricellular thrombospondin-1 

The distribution of hTSP-1 is more important in embryonic tissue compared to adult tissue.263 

In general, the expression of hTSP-1 is enhanced in proliferating cells compared to quiescent 

cells and is induced during tissue remodeling and lesions.263,264 From over 80 hTSP-1 

ligands, 35 are identified with known binding sites within the hTSP-1 molecule (Table 3). The 

interacting components are a heterogeneous group of proteinaceous and non-proteinaceous 

nature. Due to the multi-domain organization of hTSP-1, the glycoprotein is involved in 

multiple and partly opposing biological processes: amongst others hemostasis, 

angiogenesis, focal adhesion, proliferation and migration of cells, immune regulation, 

endocytosis, and apoptosis.  

Human TSP-1 mediates cell adhesion and chemotaxis of different cell-types via the  

N-terminal domain by binding to sulfatides, proteoglycans, and integrins α3β1, α4β1 and 

α6β1.265-268 The interaction with proteoglycans leads further to the internalization of soluble 

hTSP-1. Endocytosis of hTSP-1 occurs by the binding to low density lipoprotein receptor-

related protein (LRP).269 The N-terminal binding of calreticulin results in focal adhesion 

disassembly and further to cell migration.270 

Furthermore, human TSP-1 inhibits angiogenesis and induces apoptosis of endothelial cells 

by its type I-repeat-mediated interaction with CD36.271-273 The anti-angiogenic activity of 

hTSP-1 is avoided by the interaction with the histidine-rich glycoprotein within the CD36-

binding region.274 The major anti-angiogenic site of TSP-1 was thought to be localized within 

type I-repeats. However, also the type III-repeats diminish angiogenesis by preventing the 

binding of fibroblast growth factor 2 (FGF2) to endothelial cells.275 The interaction of hTSP-1 

with growth factors has opposite effects on the cell proliferation. Binding of the hepatocyte 

growth factor (HGF) results in the inhibition of angiogenesis.276 In contrast, hTSP-1 is the 

major activator of latent transforming growth factor-beta (TGF-β), which stimulates 

angiogenesis.277,278 Activated TGF-β mediates further the formation of the extracellular matrix 

and the immune response. The contrary functions of hTSP-1 in proliferation and 

angiogenesis can be partly explained by its conformational state in secreted form or the 

ECM-incorporated form.279,280 Furthermore, existing discrepancies are dependent on the cell 

type and tissue studied.  

As matricellular glycoprotein hTSP-1 is involved in the organization of the ECM, which is 

continuously processed by proteases. Human TSP-1 is known to inhibit the activity of several 

proteases, including plasmin, neutrophil elastase, cathepsin G and matrix metalloproteinases 

(MMP-2/-9).281-284  

Overall, many of these interactions are dependent on the hTSP-1 conformation, which is 

regulated by calcium-ions, heparin and heparin-sulfate.280 Furthermore, the binding of 

various hTSP-1 ligands is inhibited by heparin and highly susceptible towards the calcium 
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concentration.285 For example, the type III-repeats contain a cryptic binding motif for 

cathepsin G and neutrophil elastase, which becomes exposed after a drastic structural 

change within hTSP-1 induced by a low calcium concentration.284   

Based on the multiple biological functions of hTSP-1, its degradation, either extracellularly or 

intracellularly, is tightly controlled. After secretion of hTSP-1 by platelets, the glycoprotein is 

substrate of thrombin and factor XIIIa. Endothelial cell-derived hTSP-1 was shown to be 

degraded by plasmin, cathepsin G and leukocyte elastase which is different of the observed 

inhibitory effect of platelet-derived hTSP-1 on the serine proteases.286 The intracellular 

degradation of hTSP-1 occurs in the lysosome after endocytosis.287 

 

3.2.3 Platelet-derived thrombospondin-1 

Human TSP-1, accounting for 25% of the proteins secreted by platelets, is a major protein 

component of platelet α-granules from where it gets rapidly released during platelet activation 

at sites of vascular injury. This hTSP-1 contributes to platelet aggregation by binding directly 

to the platelet surface in a calcium-dependent manner.288,289 Platelets express a variety of 

surface receptors for hTSP-1, including CD36, CD47 and several integrins, which target 

different domains of the glycoprotein. Human TSP-1 further participates in hemostasis by 

stabilizing platelet-fibrinogen associates by binding to platelet-bound fibrinogen and 

influencing the structure of the fibrin clot.290-292 Moreover, hTSP-1 increases sensitivity and 

reactivity of platelets towards agonists such as thrombin.293 Furthermore, the trimer hTSP-1 

acts as endogenous lectin in platelet aggregation and thrombus formation by agglutination of 

platelets and erythrocytes.294-296 Platelets from a patient with severe bleeding disorder were 

deficient in intact hTSP-1, and aggregation activity of platelets induced by collagen could be 

restored by adding exogenous hTSP-1.297 Besides von Willebrand factor (vWF), hTSP-1 of 

the subendothelium might serve as alternative substrate for platelet adhesion under 

physiological high shear rates to be found in stenosed coronary arteries.298 
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Table 3: Functional domains of hTSP-1 with interacting ligands. 

 

       
 
 
 

ECM components       
Dermatan sulfate     299      
Chondroitin sulfate     300      
HSPG     265      
Collagen V                 301,302   
Fibrinogen/Fibrin     292                        303    
Fibronectin                      304   
Laminin5, β3 chain                         305    
Thrombospondin-1  263,306                       305    
vWF          307 

Cell surface 
receptors 

      

β1 Integrins                      308   
α3β1     309      
α4β1     310      
α6β1     266      
α9β1     311      
αIIbβ3                             312  
αvβ3                             312  
CD36               273    
CD47      313,314 
Sulfated glycolipids     315      
LRP     316      
Calreticulin     317      

Proteases       
Neutrophil elastase                             283  
Cathepsin G                             284  
MMP-2                         282    
MMP-9                         282    

Angiogenic growth 
factors 

      

Latent TGF-β                      318,319    
PDGF                             320  
VEGF     321                        321    
FGF2                             275  
HGF                             276  

Others       
Heparin     322                        323    
Calcium                              324  
Calumenin     325      
Angiocidin                         326    
Histidine-rich 
glycoprotein 

                        274    

(adapted from Bonnefoy et al., 2008) 
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3.3 Thrombospondin-1 mediates pneumococcal and staphylococcal adherence 

S. pneumoniae was shown to exploit cell-bound hTSP-1 facilitating in vitro adherence to and 

invasion into different host epithelial and endothelial cells as well as platelets.327,328 

Pneumococcal adhesion to epithelial and endothelial cells was diminished by addition of the 

glycosaminoglycans heparin and heparin sulfate as inhibitors. Likewise, hTSP-1-mediated 

pneumococcal adhesion to epithelial cells was reduced after heparitinase treatment. In 

addition, blocking of hTSP-1-binding integrins had no effect on pneumococcal adherence, 

suggesting that cell-bound glycosaminoglycans and proteoglycans function as hTSP-1 

receptors. The hTSP-1-binding component on the pneumococcal surface was thought to 

involve peptidoglycan.327 

In 1991, Herrmann et al. showed enhanced binding of S. aureus to hTSP-1-coated artificial 

surfaces. Staphylococcal binding to hTSP-1 was calcium-dependent, as calcium was shown 

to change the conformation of hTSP-1. Interestingly, the S. aureus-hTSP-1 interaction was 

almost completely blocked by heparin, suggesting the involvement of the heparin-binding-

domain of hTSP-1 in this interaction. Furthermore, it was assumed that the hTSP-1 receptor 

on the bacterial surface is not of proteinaceous nature.329 Comparable to the pneumococcal 

adherence, S. aureus binding to epithelial cells was significantly enhanced after hTSP-1 

incubation, and peptidoglycan was suggested to be involved in hTSP-1-binding.327 In 

contrast, another study using ligand overlay immunoblots identified a 60 kDa and a 72 kDa 

protein, associated to the staphylococcal cell surface, with the ability to bind hTSP-1.234 The 

secreted surface associated protein Eap was subsequently identified in complementary 

protein-protein interaction studies to interact with hTSP-1. This study showed that single 

domains of Eap are able to bind hTSP-1. However, at least two domains of Eap are crucial 

for staphylococcal adherence to and invasion into host endothelial cells.185 

Human TSP-1 may serve as substrate for pneumococcal and staphylococcal adherence 

mediating colonization of the extracellular matrix of the respiratory epithelium, the 

subendothelial matrix or even within the forming thrombus during platelet activation. Besides 

its physiologic occurrence, hTSP-1 has also been found on prosthetic devices, such as 

catheters entering the blood stream or the cerebrospinal fluid. For example, hTSP-1 was 

detectable on peritoneal dialysis catheters as well as hydrocephalus shunts and ventricular 

catheters330,331 This exposed hTSP-1 could serve as adhesion site for invasive  

S. pneumoniae and S. aureus in patients undergoing surgery. 
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4. Bacterial blood stream infections 

 

Invasive pneumococcal and staphylococcal strains can overcome the epithelial barrier to 

invade into deeper tissue and to enter the blood stream. Bacterial blood stream infections 

and resulting sepsis are associated with high morbidity and mortality worldwide. The 

estimated incidence of bloodstream infections is 80 - 189 / 100,000 persons per year.332 

Bloodstream infections (BSIs) are defined as either primary or secondary based on the 

source. Primary BSIs have no identifiable source or are caused by intravascular catheters. 

Secondary BSIs originate from infections from other body sites, such as the skin, the lung, 

urinary tract, and postoperative wounds. In general, BSI are further classified as community-

acquired or nosocomial infections.333 However, the use of these terms underlies several 

difficulties. The main problem is the accurate determination of the temporal acquisition of the 

causative agent. Furthermore, the change in health care models, like home hemodialysis, 

complicates the definition. Therefore alternative terms are under discussion such as 

community-onset or hospital-onset BSI.334 It is suggested, that community-onset BSI is 

defined as an infection identified outside the hospital or within two days after admission to 

the hospital, whereas hospital-onset infections are identified two or more days after 

admission to the hospital. Community-onset BSI can be further subdivided into the classes of 

community-associated and health care-associated BSI, dependent on the prior exposure of 

the patient.334 

Besides Escherichia coli, S. aureus and S. pneumoniae belong to the common causative 

agents of BSI.332 S. aureus is the second most frequent pathogen causing BSI as reported in 

population-based studies.335-338 The overall averaged incidence rate for S. aureus-induced 

BSI is 25 cases per 100,000 person-years.332 However, there has been a high variability in 

the incidence rate in different countries due to persisting MRSA. For example, MRSA rates 

are really low in the Scandinavian population whereas the incidence rate for MRSA-BSI is 

the highest for the Aboriginal population.339,340  

S. pneumoniae is overall the third most common cause of BSI in population-based studies, 

although individual studies reported coagulase-negative staphylococci or  

Klebsiella pneumoniae. In contrast to E. coli and S. aureus, available vaccination had a 

significant impact on its epidemiology in the population. Comprehensive and early 

immunization of infants led to a decrease in invasive pneumococcal diseases and protected 

unvaccinated adults through herd immunity. The overall approximate incidence rate for 

pneumococci-induced BSI is annually 10 cases per 100,000 persons.332 Noteworthy, many 

studies have been conducted in selected age groups, such as children and elderly, whereas 

less information is available about the mid-age group or the entire population, which 

complicates the calculation of an exact incidence rate. 

Upon entering the circulatory system pneumococci and staphylococci are confronted with the 

innate defense mechanism of the human host. Therefore, the bacteria acquires several and 

unique survival strategies, which can be mediated by a thick capsule, expression of adhesion 

and immune evasion factors, and, in case of S. aureus, the intracellular survival. The combat 

against invading bacteria is exerted by the host innate defense system, which is based on 

three important strategies: phagocytes, complement cascade, and antimicrobial peptides. 

Professional phagocytic cells, like neutrophils, monocytes, and macrophages, engulf the 

pathogen followed by intracellular digestion through the concerted action of enzymes, 

antimicrobial peptides, and reactive oxygen species.341  
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The complement system is composed of a large number of plasma proteins, which mediates 

the opsonization of bacteria and induces in parallel inflammatory responses. These plasma 

components are mainly proteases, which get themselves activated by proteolytic cleavage 

resulting in a coordinated enzyme cascade and clearance of the pathogen. The inactive 

precursors (zymogens) are produced in the liver and circulate in the plasma or are located on 

the tissue surface. Three different pathways can initiate the complement cascade. The 

classical pathway gets activated by either the direct binding of the first complement 

component C1q to the pathogen surface or by binding of C1q to antigen-antibody complexes. 

The alternative pathway is induced by a spontaneous hydrolysis of C3 on the surface of the 

bacterium. Finally, the lectin pathway is initiated by binding of the mannose-binding lectin 

(MBL) to mannose-containing carbohydrates on the bacterial surface. All pathways have the 

formation of the C3 convertase in common leading to the induction of the terminal 

complement cascade. The components of the terminal complement cascade assemble to 

form the membrane attack complex (MAC), which results in pore formation and thus to lysis 

of the pathogen.342       

Another strategy of host innate immune defense is the expression of antimicrobial peptides 

(AMP). AMPs are short (12 to 50 amino acids) and cationic, but contain also a large amount 

of hydrophobic amino acids.343,344 Based on their amphipathic property, the AMPs target the 

anionic bacterial cell membrane and interfere with the lipid bilayer, which results in lysis of 

the pathogen. In addition, AMPs exert directly chemotactic activity by binding to formyl 

peptide receptor-like 1 (FPRL1; FPR2) on leukocytes or induce the expression of cytokines 

and chemokines.345,346 

However, invading pathogens are not only confronted with the notified “classical” defense 

mechanism of the innate immune system but, also with circulating platelets, recently 

recognized as immune cells.347,348        

 

4.1 Platelets 

Platelets are the smallest blood cells. Nevertheless, they are key players in the physiological 

and pathological processes of hemostasis, wound repair, inflammation and host defense. 

Platelets are anucleated cells and produced by fractionation of bone marrow 

megakaryocytes. After red blood cells platelets are the most abundant cells in the circulatory 

blood system with a concentration ranging from 150 – 400 x 109 platelets/L in healthy 

humans.349,350 The classical physiological function of platelets is the immediate binding to the 

exposed subendothelium of damaged blood vessels, aggregation and thrombus formation to 

prevent excessive bleeding.351,352 In addition, platelets mediate the cross talk to further cells 

of the blood and the vessel wall. By expression of a wide array of innate immune receptor, 

platelets are increasingly appreciated as immune modulators regulating the host immunity 

and responding to invading pathogens.  

 

4.1.1 Morphology   

Circulating non-activated platelets feature a smooth discoid shape with a size of 3.6 x 0.7 

µm. The plasma membrane is a usual lipid bilayer surrounded by a glycocalyx, which 

contains several functionally specific proteins. The actin filaments of the cytoskeleton are 

attached to the inner site of the plasma membrane and are associated to the glycoprotein 

(GP) Ib-IX complex. In comparison to most other cells, platelets contain more actin and 

myosin, which accounts for 15% to 20% of the total platelet protein.353 Characteristic for 
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platelets are indentations in the membrane representing the open canalicular system. The 

channels of the system provide membrane, which can be used for the shape change due to 

platelet activation, and enables the transport of components into the cell.354 The platelet 

cytoplasm contains a variety of organelles including mitochondria, lysosomes and different 

kinds of granules. The α-granules are the most abundant granules with approximately 50 to 

80 α-granules per platelet and storing mediators for coagulation, angiogenic factors, 

adhesive proteins, cytokines and chemokines (e.g. fibrinogen, thrombospondin-1, vWF,  

P-selectin, TGF-β, PF4).355 Following platelet activation, the mediators get rapidly released to 

promote hemostasis and immune regulation. Furthermore, α-granules are able to take up 

plasma components such as immunoglobulins and fibrinogen. Besides α-granules, platelets 

contain dense granules (δ-granules) which store hemostatically active non-protein 

components (e.g. serotonin, histamine, nucleotides and bivalent cations). The third type of 

granules, the lysosomes, store acid proteases, and bactericidal cationic proteins.  

 

 

Figure 1: Schematic representation of an unactivated discoid platelet. 

 

4.1.2 Platelet activation 

The platelet activation can be divided into two steps, (1) the adhesion of platelets to exposed 

components of the subendothelium and (2) the secretion of the content of platelet granules. 

At sites of damaged endothelium, platelets adhere to extracellular matrix glycoproteins of the 

subendothelial layer, which initiates platelet activation. Platelet adhesion occurs at both low 

and high shear conditions and can be distinguished by the mechanism. Low shear rates are 

present in venous vessels (20 – 200 s-1) while higher shear rates are found in arteries (300 – 

2000 s-1) and stenotic vessels (2000 – 40000 s-1).356 As primary adhesion substrate serves 

the high molecular weight plasma protein vWF. Under high shear condition of the arterial 

circulation, the multimeric protein vWF acts as bridge between exposed collagen and the 

platelet integrin receptor complex GP Ib/V/IX.357 The smooth platelets roll across the vWF 

surface which promotes the initial adhesion. In contrast to monomeric vWF, only dimers and 

multimers are able to cross-link the GP complex on the platelet surface.358 Human TSP-1 

serves as alternative substrate for platelet adhesion via GP Ibα under high shear 

conditions.298 Platelets can bind also directly to collagen via the platelet receptors GP VI,  
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GP Ia/IIa, and CD36, predominantly under low shear in venous vessels.359 Stable adhesion is 

subsequently mediated by binding of platelet integrins to their ligands within the extracellular 

matrix (e.g. αIIbβIII to fibrinogen, fibronectin, hTSP-1; α2β1 to collagen; α5β1 to fibronectin; α6β1 

to laminin, etc).360  

These interactions and connected signaling pathways results in the secretion of the content 

of α- and dense-granules. Dense granules secrete ADP and serotonin, which act as strong 

agonists to further amplify platelet activation. In parallel, stored calcium of the dense 

granules is released into the cytoplasm to induce functional and structural alterations of the 

platelet. Platelets change dramatically their morphology from a discoid form to a spherical 

shape. In addition, the platelet surface becomes negatively charged by exposing anionic 

phospholipids, such as phosphatidylserine, providing a catalytic surface for thrombin 

generation.361 Thrombin is the most potent agonist for further platelet activation.362 

Furthermore, adhesive glycoproteins and approximately 300 other proteins are released from 

the platelet α-granules.362 In addition, the α-granule membrane fuses with the platelet 

membrane and exposes P-selectin (CD62P) on the platelet surface.358 During these 

secretion events released messengers recruit further platelets for the following aggregation. 

 

4.1.3 Platelet Aggregation 

The aggregation comprises tight platelet-platelet interactions to form a stable thrombus. The 

interaction of platelets with immobilized ligands and soluble agonists results in the 

upregulation of functional integrin adhesion receptors, such as GPIIb/IIIa (integrin αIIbβIII).  

A resting platelet exposes about 80.000 αIIbβIII receptor complexes on the surface and an 

additional pool of intracellular integrin αIIbβIII can be recruited from the membranes of  

α-granules and the open canalicular system upon platelet activation.363 The non-activated 

integrin is not able to bind ligands. The activation of αIIbβIII integrin leads to its “open” 

conformation and enables the binding of soluble ligands such as plasma fibrinogen, vWF, 

hTSP-1, vitronectin or fibronectin thereby cross-linking two different αIIbβIII molecules on 

different platelets.358 Immobilized fibrinogen on the surface of activated platelets serves as 

further adhesive substrate for circulating non-activated platelets, which amplifies the primary 

aggregation. The stabilization of the growing platelet plug occurs by the thrombin-mediated 

cleavage of fibrinogen to fibrin. In addition, platelets recruit leukocytes and T-cells into the 

growing thrombus. 

 

 

Figure 2: Visualization of non-activated and activated platelets by field emission scanning 
electron microscopy. Human washed platelets were incubated for 20 min at RT with PBS or 20 µM 
of TRAP-6 followed by fixation with 5% formaldehyde at RT and washing with TE buffer. Platelets 
were attached onto poly-L-lysine coated cover slips, fixed with 1% glutaraldehyde and dehydrated in 
several steps with increasing concentrations of acetone and critical-point dried with liquid CO2. Dried 
samples were covered with a gold-palladium film before examination in a field emission scanning 
electron microscope. Images were produced in collaboration with Prof. Rohde, HZI Braunschweig, 
Germany. 
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5. The role of platelets during bacterial infection 

 

Due to their high number in the circulatory system and the expression of immune receptors 

platelets can be considered as the first responding cells towards invading bacteria. Platelet 

activation is a common observation in septic patients, which has been therefore suggested 

as biomarker for the development of sepsis. Potential platelet biomarkers are secreted 

components, like PF4, P-selectin expression on the platelet surface, platelet functionality 

tests, and platelet-leukocyte aggregates.364 Furthermore, patients with sepsis are often 

thrombocytopenic (platelet count <150 x 109/L), which contributes with an incidence of 35% 

to the complication of disseminated intravascular coagulopathy (DIC).365 Affected individuals 

develop thrombo-embolic complications including the systemic activation of the clotting 

cascade and thrombus formation in small and mid-size vessels, which may contribute to 

multiple organ failure and death.365,366 

Platelet activation and aggregation caused by bacteria differs from those with the 

endogenous agonists such as ADP or thrombin. The aggregation of platelets is an “all-or-

nothing” reaction, meaning that a threshold bacterial density is necessary and that 

aggregation occurs to its maximum.367 There is no graduated response. In general, bacterial 

platelet aggregation is characterized by a longer lag-time compared to the hemostatic 

activation. Some bacteria are known to induce platelet aggregation with a very short lag-time 

of 90 – 120 s, while others need 20 min or longer.367,368 

Bacterial infection can cause platelet microparticles (PMP) release by activated 

platelets.369,370 PMP result from shedding of the platelet plasma membrane and contain the 

identical receptors like the parental cell but a high amount of phosphatidylserine, thus 

providing a high procoagulant surface. PMP also express tissue factor, the main activator of 

the coagulation cascade.  

During sepsis, the bacteria are taken up by professional phagocytes. Also platelets have 

been observed to internalize bacteria.371 In general, platelets have a higher internalization 

rate when they are activated by endogenous agonists like ADP or thrombin. However, there 

remains an open question, whether engulfed bacteria are degraded or whether the bacterium 

exploits the platelet to escape the host immune system. A possibility for killing the bacteria 

would be the fusion of the endosome containing pathogen with the α-granula containing 

bactericidal components.   

Platelets express a versatile repertoire of surface receptors, which mediate bacteria-platelet 

interactions. These receptors include integrins, Toll-like receptors, FcγRIIa, and complement 

receptors. Bacteria target these receptors either directly or indirectly by utilization of serum 

components, which serve as molecular bridge between platelet and bacterium, thus 

facilitating platelet activation. Different bacterial pathogens have evolved different 

mechanisms to interact with platelets, but share a common feature for their activation. 

Bacteria-induced platelet activation seems to be additionally dependent on IgG as molecular 

bridge binding the FcγRIIa receptor on the platelet surface.367,368 FcγRIIa binds the Fc region 

of IgG with low affinity and gets activated by IgG-complexes or IgG-coated bacteria. In 

addition, platelet activation can be induced by secreted bacterial products, whereby a contact 

between bacterium and platelet is not required or even avoided.  
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5.1 The interplay of S. pneumoniae with human platelets 

Only few studies regarding pneumococci-platelet interaction exist, which are partly contrary. 

In 1971, Clawson and White observed for the first time in vitro platelet aggregation caused by 

heat-inactivated serotype 8 but not serotype 24 pneumococci.372 In 2010, Keane et al. 

suggested, that the aggregation of platelets is independent of the serotype and secreted 

products of S. pneumoniae.373 Furthermore, pneumococcal platelet aggregation is induced 

by encapsulated and nonencapsulated strains and involves the TLR2 receptor.373 However, a 

following study reported, that encapsulated pneumococcal strains failed to aggregate human 

platelets.374 The same study also indicated that platelet activation by encapsulated and 

nonencapsulated S. pneumoniae strains leads to platelet degranulation, which is 

independent of TLR2. This observation was confirmed using platelets of wild-type mice and 

knock-out mice deficient for several TLRs, resulting in a comparable response of the 

platelets to S. pneumoniae.374 Further in vivo animal models demonstrated that platelet 

depletion leads to enhanced pneumococcal dissemination and increased mortality and 

invasive pneumococcal disease promotes platelet activation and platelet 

hyperreactivity.375,376 So far, only the secreted pore-forming toxin pneumolysin could be 

identified as platelet activation agent, which is in contrast to the observations made by Keane 

et al.65,373 Pneumolysin activated human platelets in vitro via induction of intracellular calcium 

fluxes and P-selectin expression at concentrations similar to those found in severe 

pneumococcal infections.65 Likewise, Ply generated the production of the platelet-activating 

factor (PAF) and thromboxane A2 (TxA2) in human neutrophils leading to a protease-

activated receptor 1 (PAR1)-mediated heterotypic neutrophil-platelet aggregation. A recent 

study identified the binding of the pneumococcal adhesin RrgA to the platelet endothelial cell 

adhesion molecule (PECAM-1) on endothelial cells, a receptor, which is also present on 

human platelets.377 Unpublished data suggest an involvement of CbpL, PsaA, PavA, and 

SP_0899 in activation of human platelets, representing members of different classes of 

pneumococcal surface proteins (unpublished, medical doctoral thesis Sergej Wiebe, 

University of Greifswald).  

Different Streptococcus species and S. aureus express serine-rich repeat (SRR) surface 

proteins which were shown to interact with and activate human platelets (SrpA of S. sanguis; 

Hsa and GspB of S. gordonii; SraP of S. aureus).378-381 A homologous to Hsa is also 

expressed by pneumococci, PsrP, which should be analyzed for its ability to induce platelet 

activation.382 

 

5.2 S. aureus-platelet interactions contribute to infective endocarditis 

Infective endocarditis (IE) is a rare, but serious life-threatening disease with an estimated 

yearly incidence of 1.5 to 11.6 cases per 100,000 individuals worldwide.383 The origin of the 

disease is usually bacterial and develops on surfaces of the endocardium and prosthetic 

devices. The mortality rate for IE is approximately 25%.384 The pattern of the diseases varies 

with the epidemiology between low-income, middle-income and high income countries. In 

addition, several factors predispose for the development of IE.   

 

Patient factors 

More than half of all IE cases in Europe and the United states are reported for patients with 

the age over 50 and the mean age increased steadily within the past decades. In addition, 

two-third of the IE cases occure in men.384,385  Another factor predisposing for IE is 
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intravenous drug use by damage of the blood vessels through injection of particles or 

contamination of the drug and devices used for injection.386,387 A poor dental hygiene is 

assumed to be risk factor for IE. However, this seems to be more relevant for patients 

underlying a cardiac disease.388 

 

Heart diseases 

Almost any abnormality of heart structure and function can contribute to IE. In the past, 

rheumatic heart disease was the most frequent cause in developed countries. This 

condition has changed due to improved living standards and availability of antibiotics. In 

contrast, in low-income countries it remains the most common predisposition for IE.384,389 

However, prosthetic valves and cardiac devices (pacemaker, implantable cardioverter 

defibrillator) have replaced rheumatic heart disease in high-income countries and are major 

risk factors for IE.384,390 Furthermore, congenital heart diseases also predispose to IE. 

Within this group of affected individuals, the incidence for IE is approximately 100 cases per 

100,000 person-years and therefore significant higher compared to the overall population-

based rate.391   

 

Other factors promoting the development of IE are hemodialysis, HIV infection and extensive 

health-care system contact.384  

 

S. aureus is the main bacterial agent causing IE and is reported in 30% of all IE cases.384,392 

The increased occurrence of antibiotic-resistant strains complicates the treatment of IE.112 

Staphylococcal colonization of the endocardial surface of the heart is a prerequisite to evolve 

IE, which can be promoted by direct trauma (e.g. intravascular catheters and cardiac 

devices, intravenous drug consumptions, abnormal turbulent blood flow) and inflammation 

(e.g. rheumatic heart disease and congenital heart disease). A special feature of S. aureus is 

further to cause directly an inflammatory environment leading to an increased permeability of 

the heart valvular endothelium, whereby a prior damage of the endothelium is not 

essential.139 The exposure of subendothelial matrix components facilitates staphylococcal 

adherence and leads to cytokine release, tissue factor expression, fibrin deposition, and 

platelet activation. This results in the formation of platelet-staphylococci thrombi. 

Furthermore, also the direct binding and activation of platelets by S. aureus is essential for 

the manifestation of IE.393   

S. aureus expresses a versatile repertoire of virulence factors, which allow the interaction 

with the extracellular matrix, fibrin, and platelets. Several staphylococcal surface proteins 

belonging to the MSCRAMM and SERAM family have been described, which are capable of 

activating platelets leading to the disease pattern of IE. Three distinct mechanisms regarding 

platelet-staphylococci interactions are recognized. Binding of staphylococcal surface proteins 

to a platelet receptor can occur either directly, indirectly via utilization of human matrix or 

serum components, or by secretion of toxins and other virulence factors. ClfA was the first 

identified MSCRAMM of staphylococci, which can bind to and activate human platelets. 

Binding of S. aureus to platelets was diminished by 44% in presence of recombinant ClfA.138 

In addition, a clfA-deficient mutant showed a comparable reduction in platelet-binding. 

Furthermore, this mutant showed reduced virulence in an animal model of infective 

endocarditis.393 The interaction between ClfA and platelets was considered to occur directly 

without a matrix bridging molecule.138 The activation and aggregation of platelets by ClfA was 
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identified using a clfA-deficient mutant of S. aureus and non-pathogenic recombinant L. lactis 

as expression vehicles.139 ClfA-expressing L. lactis induced platelet activation in platelet-rich 

plasma (PRP) as well as with gel-filtered platelets (GFP). Besides ClfA, further surface 

proteins were identified within the same study to induce platelet activation using recombinant 

L. lactis. Also ClfB and SdrE were capable of activating platelets, but SdrE only in PRP. 

Using S. aureus mutants, which lack different combinations of these surface proteins and 

additionally SpA, revealed, that ClfA is the main staphylococcal platelet activating agent. 

SpA alone did not activate human platelets but played a supportive role.139 A following study 

showed, that mutated ClfA deficient in fibrinogen-binding activity can still activate platelets, 

however, with a prolonged lag time compared to wild-type ClfA.394 In contrast, fibrinogen-

binding activity of ClfB is crucial for induction of platelet activation.395 These results 

demonstrate, that plasma fibrinogen is utilized as molecular bridge between platelet integrin 

αIIbβIII and S. aureus ClfA/B to facilitate platelet activation. Furthermore, anti-ClfA/B antibodies 

serve as second plasma bridging molecules to FcγRIIa on the platelet surface, which 

supports Clf-mediated platelet activation.394,395 Interestingly, a peptide comprising aa 221-550 

of the fibrinogen-binding region of ClfA inhibited ClfA-mediated platelet thrombus formation  

in vitro and in vivo.396,397 The impact of the ClfA-fibrinogen interaction was further evaluated 

in vivo, using mice whose fibrinogen lacks the ClfA-binding motif.398 Mice expressing the 

modified fibrinogen showed a prolonged survival compared to wild-type mice, supporting the 

importance of the ClfA-fibrinogen interactions during sepsis. 

Further members of the MSCRAMM family of staphylococcal surface proteins harbor 

platelet-binding and -activation activity. FnbpA and FnbpB, expressed on non-platelet-

binding S. carnosus as vector, were shown to interact with human platelets in a fibronectin- 

and fibrinogen-dependent fashion.399 In addition, FnbpA but not FnbpB activated platelets 

only in PRP, emphasizing the relevance of plasma proteins during platelet activation.  

Antibodies in patients with staphylococci-induced infective endocarditis are directed against 

the adhesins ClfA, ClfB and FnbpA, highlighting the role of the staphylococcal factors in vivo 

during infection.400 

Another surface-anchored virulence factor interacting with platelets is SpA. Several different 

adhesion mechanisms between staphylococcal SpA and platelets have been described. SpA 

binds directly to the complement receptor C1qR, the receptor for the component C1q of the 

classical complement pathway.401 The receptor C1qR is exposed in minor amounts on the 

surface of unstimulated platelets however, surface expression increases after platelet 

activation.402 An indirect interaction between Spa and platelets has been suggested due to 

the vWF-binding activity of SpA.231 Von Willebrand factor might serve as molecular bridge 

between the platelet receptor GP Ibα and staphylococci-bound SpA.403 An earlier study 

suggested also a contribution of SpA in S. aureus-mediated platelet aggregation via 

recruitment of IgG and bridging to platelet receptor FcγRIIa.404 

Furthermore, the impact of the mentioned MSCRAMM proteins on staphylococcal platelet 

adhesion under physiological flow condition was investigated. The studies revealed that  

S. aureus in stationary growth phase adhered significantly stronger to immobilized platelets 

compared to S. aureus in exponential growth phase, especially under high shear rates up to 

1500 s-1.405  In particular, ClfA is expressed in the post-exponential growth phase of  

S. aureus.406 The ClfA mutant had a significantly reduced capability to adhere to platelets 

under flowing conditions, which confirms a direct interaction between ClfA and human 

platelets.405 Furthermore, the importance of matrix proteins was investigated. Fibrinogen has 

been identified as primary bridging molecule supporting the adhesion of early growth phase 
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and late growth phase staphylococci under all shear rates. However, vWF as molecular 

bridge becomes increasingly important under high shear conditions for stationary phase 

grown staphylococci.407 Fibrinogen-binding of early growth phase cells is mediated 

predominantly by ClfA and supported by Fnbps.405 In contrast, adherence to fibrinogen under 

flow of late growth phase staphylococci is facilitated by ClfA and SdrC/D/E whereas 

interactions with vWF are enabled by SpA.407 

A further sortase A-anchored surface protein of S. aureus harbors platelet-binding capacity, 

which does not belong to the MSCRAMM family.408 IsdB is essential for the acquisition of iron 

from host hemoglobin and was shown to interact directly with the platelet receptor αIIbβIII, 

preferentially the extended conformation of the integrin.409-411 This adhesion could be 

inhibited by anti-αIIbβIII antibodies and the RGDS peptide, confirming the specificity of this 

interaction.409,410 This adhesion mechanism might be relevant in vivo under iron-limited 

conditions leading to a higher expression of IsdB.358,359 

Not only surface-anchored proteins have been identified to adhere to and activate human 

platelets. Also a member of the SERAM family of staphylococcal surface proteins was 

described, to induce platelet activation. Eap was shown to bind to GFP and to activate 

platelets indirectly via fibrinogen as molecular bridge.412 The use of full-length Eap and single 

Eap domains revealed that full-length Eap but not single domains harbor platelet-activation 

activity. These finding confirm previous suggestions, that more as one tandem repeat of Eap 

is crucial for its biologic activity.185 In addition, the protein-disulfide isomerase (PDI) on the 

platelet surface was proposed as Eap receptor, because inhibition of the PDI abolished Eap-

mediated platelet activation.412 

S. aureus releases further Coa and the vWF-binding protein (vWFbp). Both proteins form a 

complex with prothrombin leading to the formation of the enzymatic active complex 

staphylothrombin.413 Staphylothrombin does not activate human platelets but promotes in 

vitro and in vivo fibrin-platelet clot formation by the cleavage of fibrinogen to fibrin.413,414 

Treatment of mice with thrombin inhibitors reduced the degree of severity of S. aureus-

induced sepsis.414  

S. aureus is able to promote platelet adhesion and activation via several mechanisms. An 

enormous arsenal of staphylococcal surface proteins interacts directly and indirectly with 

platelet receptors, which very likely contribute to the manifestation of IE. 
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6. Objectives of this study 

 

Human thrombospondin-1 is an adhesive platelet-derived glycoprotein, which is released 

upon platelet activation to promote hemostasis. In addition, thrombospondin-1 is a 

component of the extracellular matrix where it is involved in numerous biological processes 

such as angiogenesis, inflammation as well as proliferation and apoptosis of cells.  

S. pneumoniae and S. aureus, two important human pathogens, were shown to interact with 

human thrombospondin-1 and moreover, to induce platelet activation. However, 

pneumococcal proteinaceous factors mediating thrombospondin-1-binding and platelet 

activation were hitherto unexplored. Similar, only a few S. aureus proteins were elucidated to 

interact with thrombospondin-1 and to induce platelet activation. Therefore, the aim of the 

study was to decipher and characterize surface-localized proteins of S. pneumoniae and  

S. aureus harboring thrombospondin-1-binding activity. In addition, factors of S. pneumoniae 

and S. aureus causing activation of human platelets should be identified by use of 

expression libraries containing recombinant surface-associated and secreted proteins of both 

pathogens. The interaction between pneumococci and staphylococci with platelets and 

platelet-derived proteins was investigated to provide a better understanding of the 

pathogenic mechanisms during S. pneumoniae and S. aureus infections. 
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Abbreviations 

 

Host determinants 

 

aa amino acid 
AMP antimicrobial peptides 
AOM acute otitis media 

BSI blood stream infection 

CAP community-acquired pneumonia 
CD cluster of differentiation 
Cn collagen 
CR complement receptor 

DIC disseminated intravascular coagulopathy 
DNA desoxyribonucleic acid 

ECM extracellular matrix 
EGF epidermal growth factor 

FGF fibroblast growth factor 
Fn fibronectin 
FPR formyl peptide receptor 

GAG glycosaminoglycan 
GFP gel-filtered platelets 
GP glycoprotein 

HGF hepatocyte growth factor 
HIV human immunodeficiency virus 
Hsc heat shock cognate protein 
HSPG heparan sulfate proteoglycan 
hTSP-1 human thrombospondin-1 

ICAM intercellular adhesion molecule 
IE infective endocarditis 
Ig immunoglobulin 
IPD invasive pneumococcal diseases 

LRP low density lipoprotein receptor-related protein 

MAC membrane attack complex 
MBL mannose-binding lectin  
MMP matrix metalloproteinase 

PAF platelet-activating factor 
PAR protease-activated receptor 
PCV pneumococcal conjugate vaccine 
PDGF platelet-derived growth factor 
PDI protein-disulfide isomerase 
PECAM platelet endothelial cell adhesion molecule 
PG proteoglycan 
pIgR polymeric Ig receptor 
PMP platelet microparticles 
PPV pneumococcal polysaccharide vaccine 
PRP platelet-rich plasma 
PRR pattern-recognition receptors 
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SSTI skin and soft tissue infections 

TGF-β transforming growth factor-beta 
TLR toll-like receptors 
TxA2 thromboxane A2 

VEGF vascular endothelial growth factor 
vWF von Willebrand factor 
 

 

Bacterial determinants 

 

Atl Major autolysin 

CA-MRSA community-associated methicillin-resistant S. aureus 
CbpA choline-binding protein A 
CHIPS chemotaxis inhibitory protein 
Clf clumping factor 
Coa coagulase 
CPS / CP capsular polysaccharide 

Eap extracellular adherence protein 

FLIPr formyl peptide receptor-like 1 inhibitory protein 
Fnbp fibronectin-binding protein 

Hic factor H-binding inhibitor of complement 

Isd iron-regulated surface determinant 

Mnt manganese transporter protein 
MSCRAMM microbial surface components recognizing adhesive matrix 

molecules 

Pav pneumococcal adhesion and virulence factor 
Pcp Pneumococcal choline-binding protein 
Pht pneumococcal histidine triad protein 
Ply pneumolysin 
Psa pneumococcal surface adhesin 
Psp pneumococcal surface protein 
Psr pneumococcal serine-rich protein 

Rrg Rlr-regulated gene, pneumococcal pilus protein 

SDr / Sdr serine-aspartate rich 
SERAM secretable expanded repertoire adhesive molecules 
SpA staphylococcal protein A 
SpsA Streptococcus pneumoniae sIgA binding protein 
SRR serine-rich repeat 
SSURE streptococcal surface repeat 

vWFbp vWF-binding protein 

WTA wall teichoic acid 
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Summary 

Background 

Staphylococcus aureus can cause bloodstream infections associated with infective 

endocarditis (IE) and disseminated intravascular coagulopathy (DIC). Both complications 

involve platelets.  

Objectives 

In view of an increasing number of antibiotic resistant strains new approaches to control 

systemic S. aureus infection are gaining importance.  

Methods 

We used an expression library consisting of 52 recombinant S. aureus proteins in new 

developed micro assays to identify staphylococcal proteins with a high capacity to activate 

and aggregate human platelets. Furthermore, microscopic imaging was used to verify and 

illustrate platelet activation and aggregation.  

Results 

We identified, in addition to the extracellular adherence protein (Eap), three secreted 

staphylococcal proteins as novel platelet activating proteins. Eap and the chemotaxis 

inhibitory protein (CHIPS), the formyl peptide receptor-like 1 inhibitory protein (FLIPr), and 

the major autolysin (Atl) induced P-selectin expression in washed platelets and platelet-rich 

plasma (PRP). Similarly, AtlA, CHIPS, and Eap induced platelet aggregation in whole blood. 

Fluorescence microscopy illustrated that P-selectin expression is associated with calcium 

mobilization and re-organization of the platelet actin cytoskeleton. Characterization of the 

functionally active domains of the major autolysin AtlA and Eap indicate that the amidase 

domain of Atl and the tandem repeats 3 and 4 of Eap are crucial for platelet activation.  

Conclusion 

These results provide new insights in S. aureus protein interactions with platelets and identify 

secreted proteins as potential treatment targets in case of antibiotic resistant S. aureus 

infection. 
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                    immunomodulatory 

 

Essentials 

 Septic patients establish thrombocytopenia due to platelet activation by 

staphylococcal proteins 

 Immunomodulatory staphylococcal proteins were identified as new platelet activating 

factors 

 Deciphering platelet-activating domains of extracellular adherence protein and major 

autolysin 

 Our findings provide new targets to combat S. aureus infections 

 

 

Introduction 

Platelets are small anucleate cells (2-3 µm in diameter) important in hemostasis. Their 

relevance as immune modulators by means of expression of pathogen recognition receptors 

such as Toll-like and Nod-like receptors is increasingly recognized [1, 2]. Furthermore, 

platelets release various inflammatory mediators such as cytokines, chemokines and 

antimicrobial peptides, thus being involved in a primary defense response network towards 

invading pathogenic bacteria. However, if uncontrolled, platelet activation and aggregation 

contribute to the pathology of severe disease like infective endocarditis (IE) and 

disseminated intravascular coagulopathy (DIC) [3]. Mortality in S. aureus-induced IE is high 

compared to other causes of IE and ranges usually between 22 to 66% [4].  

S. aureus is a facultative human pathogen colonizing the skin, mucosa and the nares. 

Approximately 20% of the human population is permanently and up to 60% transiently 

colonized with S. aureus [5, 6]. Carriers of the pathogen are usually asymptomatic and may 

show occasionally minor local infections. However, if uncontrolled, S. aureus may also cause 
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life-threatening diseases such as pneumonia, endocarditis, toxic shock syndrome and sepsis 

[7-9]. Probably over 80% of all septic patients establish coagulopathy. However, in many of 

these patients coagulopathy remains subclinical [10].  

The opportunistic human pathogen S. aureus evolved a broad range of strategies to interact 

with human platelets, which can occur (I) directly by binding to a platelet receptor,  

(II) indirectly by recruitment of serum components, which bridge between platelets and 

bacteria or (III) by binding of secreted bacterial products to platelets [3, 11]. Bacterial 

attachment to platelets is usually characterized by high affinity and plays probably a crucial 

role under shear stress in the bloodstream [3]. For the interplay with platelets, S. aureus 

expresses a versatile repertoire of surface factors, belonging to the families of microbial 

surface components recognizing adhesive matrix molecules (MSCRAMMs) or the secretable 

expanded repertoire adhesive molecules (SERAMs). MSCRAMM proteins are covalently 

linked to the peptidoglycan via a sortase-anchoring motif, whereas SERAMs are non-

covalently attached to the bacterial cell surface. Some S. aureus proteins induce platelet 

activation as well as aggregation. Platelet activation often occurs via exploitation of serum 

proteins. For example, clumping factor A (ClfA), ClfB, fibronectin-binding protein A (FnbpA), 

and FnbpB, all belonging to the MSCRAMM family, recruit fibrinogen or fibronectin, 

respectively [12, 13]. A rather interesting S. aureus molecule is the secreted extracellular 

adherence protein (Eap), a member of the SERAM family, which activates human platelets in 

plasma, however, details of the mechanism remain unclear [14].  

Due to increasing resistance to antibiotics, understanding the pathogenesis of  

S. aureus becomes increasingly important as a prerequisite for the development of 

alternative strategies to manage potentially life-threatening infections. Our study focused on 

systematic identification of S. aureus secreted or surface-localized proteins possessing 

platelet activation and aggregation activity. Using heterologously expressed staphylococcal 

proteins, we identified proteins activating human platelets and characterized the functionally 

important domains of these proteins. 
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Materials and Methods 

Ethics 

The use of whole blood, PRP and washed platelets from healthy adult individuals was 

approved by the Ethics Committee of the Universitätsmedizin Greifswald. All volunteers gave 

written informed consent in accordance with the Declaration of Helsinki. 

 

Platelet preparation 

Platelets were purified from citrated blood of healthy adult volunteers who had not taken any 

medication in the previous 10 days as described [15]. In brief, platelet rich plasma (PRP) was 

washed twice with washing buffer (16 mg/ml NaCl, 4 mg/ml KCl, 20 mg/ml NaHCO3, 1 mg/ml 

NaH2PO4, 0.35% BSA, 0.1% glucose, 2.5 U/ml apyrase, 1 U/ml hirudin, pH 6.3) and adjusted 

to 300,000 platelets/µl in suspension buffer (16 mg/ml NaCl, 4 mg/ml KCl, 20 mg/ml 

NaHCO3, 1 mg/ml NaH2PO4, 0.35% BSA, 0.1% glucose, 0.212 M MgCl2, 0.196 M CaCl2,  

pH 7.2). 

 

Expression and purification of recombinant staphylococcal proteins 

His6-tagged S. aureus proteins were heterologously expressed in E. coli. A detailed method 

description is provided in the supplement including the analysis of a potential LPS effect. To 

analyze the domains of Atl crucial for platelet activation recombinant fragments of the  

S. epidermidis major autolysin AtlE were used, which are highly homologous to the 

corresponding fragments of S. aureus autolysin AtlA (S2 Fig). Both staphylococcal surface 

protein share a similar domain organization and are functionally interchangeable between  

S. aureus and S. epidermidis [16]. 

 

Flow cytometry-based platelet activation assays 

Washed platelets or hirudin-supplemented PRP (4 U/ml), each 25 µl, were incubated at RT 

for 10 min with 10 µl of phosphate buffered saline (PBS), TRAP-6 (20 µM in PBS/ 40 µM in 
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PRP), or recombinant staphylococcal proteins with increasing molarities (0.25 – 2 / 4 µM) or 

1 µM of AtlE and Eap fragments for 10 min at RT. Platelet activation was detected by 

measurement of P-selectin expression with a monoclonal mouse anti-human CD62P PE Cy5 

conjugated antibody and mouse IgG1 as isotype matched control (for screening experiments 

also αIIbβIII (CD41/CD61) activation was tested using a FITC-labeled mouse PAC-1 antibody 

and FITC-coupled mouse IgM as isotype matched control). After antibody incubation for 10 

min at RT platelets were fixed with 2% paraformaldehyde (pFA) /PBS (pH7.4) in the dark 

followed by washing twice with 1 ml PBS and centrifugation for 7 min at RT and 650 x g. 

Platelets were monitored and measured using FACS CaliburTM flow cytometer and 

CellQuestPro 6.0 (Becton Dickinson, NJ, USA) for data acquisition. Twenty thousand events 

within a gating region-containing log forward and log side scatter dot plot were analyzed for 

fluorescence. The rate of platelet activation was evaluated as the geometric mean 

fluorescence intensity (GMFI) of the gated platelet population multiplied by the percentage of 

labeled platelets.  

 

Flow cytometry-based platelet aggregation assays (FCA) 

The FCA assay was adapted from De Cuyper et al.[17]. Briefly, citrated whole blood was 

divided into two 200 µl samples, each single-labeled with mouse anti-CD31-FITC or mouse 

anti-CD31-PE antibodies for 15 min at RT. After washing twice in FCA-buffer (16 mg/ml 

NaCl, 4 mg/ml KCl, 20 mg/ml NaHCO3, 1 mg/ml NaH2PO4, 0.35% BSA, 0.1% glucose,  

1 U/ml hirudin, pH 6.3) for 7 min at 650 x g, blood cells were resuspended in 200 µL 

suspension buffer containing 20% normal citrated AB plasma pool and 10 U/ml hirudin. Both 

labeled whole blood samples were mixed 1:1, stained with mouse anti-CD62P-AF647 and 

preincubated for 10 min at 37°C on an orbital shaker at 500 rpm. Aggregation was started by 

adding purified S. aureus proteins at a final concentration of 4 µM (or 2 µM of AtlA-1).  

TRAP-6 (40 µM) and ADP (20 µM) served as positive controls, while PBS (w/o Ca2+/ Mg2+, 

pH 7.5) and 4 µM Plc served as negative control. After incubation for 10 min at 37°C and  
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500 rpm samples were fixed for 20 min with 0.5% pFA/PBS (pH 7.4) and measured by flow 

cytometry (Cytomics FC-500, CXP 2.2, Beckman Coulter). For quantification, all CD31 

positive events were analyzed in a FITC vs. PE (phycoerythrin) dot plot, the increase of 

platelet aggregates (% double-positive events) and decrease of platelet count due to 

aggregation (single-positive events/min) were compared to the non-stimulated control. 

Furthermore, the fold increase of the anti-CD62P-AF647 mean fluorescence intensity (MFI) 

was analyzed for platelet activation. 

 

Field emission scanning electron microscopy (FESEM) 

Washed platelets were incubated with staphylococcal proteins (4 µM Plc, 2 µM CHIPS and 

FLIPr, 1 µM AtlA-1 and EapD3D4) and appropriate controls (suspension buffer, PBS, 20 µM  

TRAP-6) for 20 min at RT followed by fixation with 5% formaldehyde at RT and washing 

twice with TE buffer (20 mM Tris-HCl, 2 mM EDTA, pH 6.9). Platelets were attached onto 

poly-L-lysine coated cover slips (12 mm in diameter) for 15 min, fixed with 1% glutaraldehyde 

in TE buffer, washed two times with TE buffer, and dehydrated with a graded series of 

acetone (10, 30, 50, 70, 90, 100%) on ice for 15 min for each step. Samples in  

100% acetone were allowed to reach room temperature before another change with 100% 

acetone was made. Samples were then subjected to critical-point drying with liquid CO2 

(CPD 030, Bal-Tec, Liechtenstein). Dried samples were covered with an approximately 8 nm 

thick gold-palladium film by sputter coating (SCD 500 Bal-Tec, Liechtenstein) prior to 

examination in a field emission scanning electron microscope Zeiss Merlin (Oberkochen, 

Germany) using the Everhart-Thornley SE-detector alone or together with the Inlens SE-

detector in a 75:25 ratio at an acceleration voltage of 5 kV. 

 

Micropattern fabrication and immobilization of His6-tagged S. aureus proteins 

N-terminally His6-tagged S. aureus proteins were immobilized on micropatterned arrays 

fabricated through electron beam lithography (EBL) by site-specific binding using Ni-NTA 



CHAPTER 6 
 

 

 
122 

 

affinity capture. Briefly, square (24 mm) glass coverslips (Plano GmbH, Wetzlar, Germany) 

were cleaned using Standard clean 1 (SC-1 step) of the Radio Corporation of America (RCA) 

method using 1:1:5 solution of ammonium hydroxide:hydrogen peroxide:deionized water at 

70°C for 10 min. RCA cleaned glass coverslips were dried under nitrogen stream, treated for 

20 min in UV/Ozone ProCleaner Plus (BioForce Nanosciences Inc, USA) and then sputter 

coated (Q150T ES, Quorum Technologies, UK) with chromium followed by a 4 nm layer of 

gold to create a conductive layer. To prevent nonspecific interactions beyond non-

functionalized micropatterns, coated coverslips were functionalized with PEG-thiol (5 mg/ml 

in deionized water for 24 h) to form a self-assembled monolayer followed by thorough rinsing 

in deionized water and dried under nitrogen stream. To create patterned microarrays, bovine 

serum albumin (5%) and PEG-NTA (0.1% v/v) in deionized water was spin-coated (DELTA6 

RC TT, Süss Micro Tec, Germany) for 45 sec at 2000 rpm on glass coverslips coated with 

self-assembled monolayer of PEG-thiol. EBL was performed at optimal electron beam 

dosage of 80 μC/cm2 to produce an array of BSA/PEG-NTA micropatterns (each 10 µm in 

diameter) in a Zeiss Supra 40 VP Scanning Electron Microscope (SEM) equipped with an 

ELPHY Quantum EBL system (Raith GmbH, Dortmund, Germany). The micropatterns used 

for functionalization were patterned within rectangular areas of 1 mm x 5 mm in dimension to 

minimize sample volume during adhesion assays. Micropatterns were developed in 

deionized water for 10 min, dried under a stream of nitrogen and stored in air tight containers 

at 4°C until further use. To capture His6-tagged S. aureus proteins, BSA/PEG-NTA 

micropatterns were hydrated with nickel (II) chloride hexahydrate (50 mg/ml in deionized 

water) for 30 min to generate PEG-NTA-Ni2+. Activated BSA/ PEG-NTA-Ni2+ micropatterns 

were used within 6 h of preparation. Protein capture was performed by pipetting 5 µL of 1 µM 

of protein in PBS and incubation for 30 min at RT. Excess protein was removed by thorough 

rinsing of the micropatterns with PBS supplemented with 0.1% v/v BSA.  

 

 



Secreted immunomodulatory proteins of Staphylococcus aureus activate platelets and 

induce platelet aggregation 

 

 
123 

 

Calcium Mobilization on Micropatterns and Fluorescence Imaging (MiPA) 

All adhesion assays were performed with washed platelets. Glass coverslips with 

functionalized micropatterned arrays were mounted on self-adhesive underside of bottomless 

chamber slides (sticky-Slide VI 0.4, Ibidi, Germany). For experiments evaluating Ca2+ 

transient imaging in platelets, washed platelets were incubated with 5 μM Fluo-4 AM in dark 

for 30 min at RT. Excess Fluo-4 AM was removed by centrifugation at 750 x g for 5 min and 

platelets were suspended to 5x104 platelets/µl. Platelet adhesion assays and fluorescence 

imaging of Ca2+ mobilization were performed using the calcium indicator Fluo-4 AM and 

excitation with 488 nm laser on a Leica SP5 confocal laser-scanning microscope. For 

immunofluorescence microscopy, platelets were fixed in 2% pFA/PBS (pH 7.5) for 30 min 

followed by rinsing excess of pFA and its quenching for 5 min in 30 mM glycine/PBS  

(pH 7.5). Platelet membrane was visualized with Cellmask DeepRed and actin cytoskeleton 

was labeled with 10 pM phalloidin ATTO 550. P-selectin expression was visualized by 

immunofluorescence detection using monoclonal mouse anti-human CD62P antibody and an 

AlexaFluor488®-labeled goat anti-mouse IgG. For Ca2+ mobilization analysis, 50 regions of 

interests (ROI) were chosen on MiPA chips for each immobilized protein and mean 

fluorescence intensities (MFI) were calculated. Image analysis was performed using image 

processing software Imaris (Bitplane, Switzerland) and ImageJ version Version 1.50i 

(ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA). 

 

Statistical analysis  

Statistical analysis was performed using GraphPad Prism (version 5.01). Data of screening 

assays are reported as mean ± SD. Data from platelet activation and aggregation assays are 

shown in Box and Whiskers columns including median, minimal and maximal value or as 

scatter plots including median and interquartile range. Data were analyzed using the 

nonparametric Friedman test followed by a Dunn´s multiple comparison post test. A p-value 

<0.05 was considered to be statistically significant. 
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Results 

Identification of CHIPS, FLIPr, and AtlA as platelet activating staphylococcal proteins  

Nine S. aureus proteins with platelet activation activity were identified within 52 tested 

recombinant staphylococcal proteins. These were CHIPS, FLIPr, AtlA (AtlA-1), Eap 

(EapD3D4), α-hemolysin, iron-regulated surface determinant A (IsdA), surface protein G 

(SasG-2), staphylococcal complement inhibitor (SCIN), and superantigen-like protein 11 

(SSL11) (S1 Fig; Table 1). Among these CHIPS, FLIPr, AtlA-1, SasG-2, SCIN, and SSL11 

have not been described so far as platelet activating proteins. However, SCIN and SSL11 

showed weak activation of washed platelets only, albeit restricted to some donors. 

CHIPS, FLIPr, and AtlA-1 (representing the N-acetyl-muramoyl-L-alanine amidase, and 

repeats R1ab-R2ab) induced dose-dependent activation of washed platelets as measured by 

P-selectin expression (Fig 1A). Interestingly, activation of washed platelets by CHIPS was 

higher compared to FLIPr at high equimolar concentrations (Fig 1A). Furthermore, CHIPS, 

FLIPr, and AtlA-1 also activated platelets in PRP (Fig 1B), but in this case CHIPS caused 

less pronounced platelet activation compared to FLIPr. Activation of platelets in PRP by 

FLIPr showed a high variability between donors. The glucosaminidase domain of AtlA (AtlA-

2) failed to activate human platelets (Fig 1A,B). The Eap domains D3D4 induced platelet 

activation dose-dependently with washed platelets as well as in PRP (Fig 1A,B). Strikingly, 

stimulation of platelet activation in PRP was already induced at molarities of 0.25 µM of 

EapD3D4, while higher molarities where needed for washed platelets. Higher molarities of 

AtlA-1 (2 µM), CHIPS, and FLIPr (each 4 µM) where required to activate platelets in PRP. 

Like with FLIPr, platelet activation by EapD3D4 was strongly donor dependent. Plc did not 

activate human platelets and was used as negative control in all further experiments. In 

whole blood (FCA assay) platelet aggregation and activation (P-selectin expression) where 

significantly induced by CHIPS, AtlA-1 and EapD3D4, but not by FLIPr (Fig 1C).  

 

 



Secreted immunomodulatory proteins of Staphylococcus aureus activate platelets and 

induce platelet aggregation 

 

 
125 

 

Visualization of platelet activation and aggregation 

We verified and illustrated the formation of platelet aggregates induced by different 

staphylococcal proteins using scanning electron microscopy (Fig 2). Washed platelets 

showed only minor signs of activation and maintained their typical discoid form. Incubation 

with PBS induced minimal changes in the shape of platelets. TRAP-6, as positive control, 

caused massive platelet aggregation. Likewise, the staphylococcal proteins CHIPS, FLIPr, 

AtlA-1, and EapD3D4 induced the formation of platelet aggregates. Plc, as negative control, 

caused minor changes in platelet shape, comparable to PBS.    

In addition, we visualized actin remodeling and P-selectin expression of activated washed 

platelets on MiPA chips via immunofluorescence staining (Fig 3). A substantial 

rearrangement of the actin cytoskeleton and increase of P-selectin expression of attached 

and activated platelets after incubation with immobilized CHIPS, FLIPr, AtlA-1, or EapD3D4 

was observed compared to Plc treated platelets. The overlay further demonstrated that P-

selectin expression is accompanied by re-organization of the actin cytoskeleton (Fig 3). 

 

Temporal resolution of platelet activation induced by staphylococcal proteins 

A temporal resolution of the reaction by aggregometry was impaired by the limited amounts 

of bacterial proteins. MiPA was therefore used to investigate the interaction between 

immobilized staphylococcal proteins and human platelets on a single cell level and the 

transient intracellular calcium flux in platelets were measured as a marker of platelet 

activation. Platelet activation by staphylococcal proteins started after a lag time of 6 minutes 

and continued for about 15 minutes in the presence of CHIPS, FLIPr, AtlA-1, and EapD3D4 

as indicated by fluorescence intensity changes of calcium-bound Fluo-4 AM (Fig 4A). 

Consistent to the other experiments Plc did not induce calcium mobilization in human 

platelets. The amount of platelet activation, which was measured by integrating the areas 

under the curve, was comparable between all 4 investigated proteins (Fig 4B). To follow 

platelet activation by staphylococcal proteins, we further visualized the increase of cytosolic 
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calcium concentrations at four representative time points. Approximately five minutes post-

incubation platelets started to adhere to the bacterial proteins on the micropatterns and 

accumulation as well as calcium release increased for up to further 10 minutes (Fig 4C). 

 

Amidase domain of Atl and tandem repeats 3 and 4 of Eap are crucial for platelet 

activation 

We further characterized the domains of AtlA and Eap essential for platelet activation. 

Recombinant fragments of the S. epidermidis autolysin AtlE representative for AtlA [16, 18, 

19], and Eap domains were used in equimolar concentrations in flow cytometry based 

platelet activation assays (Fig 5A-D). As expected, P-selectin expression of washed platelets 

was strongly induced by the reference protein AtlA-1 and its homologous construct of AtlE 

(amidase-R1abR2ab), which contain the amidase activity and the two repeats R1abR2ab (Fig 

5E). However, reduced P-selectin expression of washed platelets by AtlE amidase-R1abR2ab 

was observed compared to AtlA-1. Remarkably, the amidase (Ami) or R1abR2ab alone failed 

to activate washed platelets. The glucosaminidase domain and the complete repeat region of 

Atl (R1abR2abR3ab) showed no activation of washed platelets or platelets in PRP (Fig 5E, F). 

Full-length Eap (of S. aureus Mu50 with D1-D4) and EapD3D4 activated washed platelets, 

while neither EapD1D2 nor the single domains D3 or D4 were capable of activating platelets 

under our experimental conditions. In PRP similar results were obtained (Fig 5F). In this 

case, full-length Eap induced higher median activation levels compared to EapD3D4. In 

accordance with the observations in washed platelets or PRP, AtlA-1, the amidase-R1R2 

domain of AtlE, EapD1-D4 and EapD3D4 aggregated platelets in whole blood as indicated by 

CD31 double positive platelets and P-selectin expression (Fig 5G,H). EapD1-D4 showed 

higher median aggregation levels compared to EapD3D4, which is similar to the activation 

pattern observed with PRP.  
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Discussion 

S. aureus activates and aggregates human platelets via proteinaceous factors. Here, we 

confirmed Eap [14] as an important platelet activating protein of S. aureus and identified 

novel staphylococcal proteins such as the major autolysin AtlA, CHIPS, and FLIPr as factors 

activating human platelets. Remarkably, these proteins are known to be involved in different 

aspects of S. aureus colonization and pathogenesis, e.g. in host cell invasion, virulence, 

nutrient uptake, or immune evasion [20, 21]. The other tested 47 staphylococcal proteins, 

including a group of lipoproteins, did not activate human platelets (S1 Table).  

AtlA and Eap, belonging to the SERAM family of S. aureus, are highly conserved among 

different S. aureus strains and expressed by >98% of clinical isolates [22, 23]. Atl is essential 

for cell wall turnover and mainly expressed during the exponential phase of growth, while 

expression decreases gradually during the stationary growth phase [24, 25]. AtlA affects 

biofilm formation as well as internalization of staphylococci by endothelial cells [16, 26, 27]. 

Besides this, AtlA, like Eap, is a multifunctional adhesin interacting with host serum 

glycoproteins such as vitronectin and platelet-derived human thrombospondin-1 (hTSP-1) 

[19, 25-27]. 

Eap (also referred to Map, p70), is mainly expressed during the post-exponential phase of 

staphylococcal growth, and interacts with collagen I, fibronectin, fibrinogen, and the 

endothelial cell receptor ICAM-1 in addition to the host proteins mentioned above [22, 28, 

29]. Eap is thought to target and stimulate the thiol isomerase on the platelet surface, hereby 

mediating platelet activation.[14] Moreover, Eap influences S. aureus adhesion to fibroblasts 

and S.aureus invasion into epithelial cells. It is further accepted that Eap inhibits neutrophil 

and T-cell recruitment in vivo in inflammatory mouse models [28, 30-34]. Furthermore, Eap 

acts as complement inhibitor of the lectin and classical pathway by binding to C4b thus 

preventing C3 proconvertase formation [35]. Our results show potent platelet activation by 

Eap and add a new aspect to the multifaceted role of Eap in S. aureus infection and they 

raise the interesting hypothesis that platelets counteract these inhibitory mechanisms and 
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hereby contribute to bacterial host defense. This needs to be investigated in further in vitro 

and in vivo studies. Another indicator for the biological relevance of Eap is that anti-Eap 

antibodies are frequent in humans [36]. 

Importantly, we identified the domains in Atl and Eap causing platelet activation and 

aggregation. AtlA and Eap are characterized by a modular organization. The autolysin AtlA 

consist of a propeptide, an N-acetylmuramyl-l-alanine amidase followed by three repeating 

units and an endo-beta-N-acetylglucosaminidase. Externalized AtlA undergoes two cleavage 

events, after the propeptide and after the second repeat which results in two separate 

biologically active enzymes [37, 38]. The Atl proteins expressed by S. epidermidis and  

S. aureus are strikingly similar in sequence and structure (S2 Fig) [16]. We narrowed down 

platelet activation activity of Atl to the N-terminal natural amidase domain (AtlA-1). It 

comprises the amidase activity as well as the repeats R1abR2ab, which are known to interact 

with platelet-derived hTSP-1 [19]. The adhesin Eap is characterized by inter-strain variations 

and consists of 4 to 6 tandem (EAP) repeats [22]. We identified the domains 3 and 4 of Eap 

of S. aureus Mu50 to be crucial for platelet activation. This confirms previous findings 

suggesting the involvement of more than one tandem repeat of Eap in platelet activation [14]. 

Interestingly, Eap domain 3 and 4 of S. aureus Mu50 were also shown to bind the 

complement component C4b thereby inhibiting both, the lectin and classical pathway [39]. 

Remarkably, full-length Eap showed enhanced platelet-activation activity in PRP and whole 

blood suggesting a gain of function depending on the overall structure of Eap or the 

involvement of a plasma component interacting with another part of Eap.  

While CHIPS, AtlA-1, EapD3D4 induced activation and aggregation even of single platelets 

(Fig 4), FLIPr activated platelets but failed to induce aggregation. CHIPS and FLIPr are each 

present in approximately 60% of the clinical S. aureus isolates [40, 41]. Highest expression 

levels of CHIPS are in the exponential phase of bacterial growth [42]. FLIPr and CHIPS are 

human specific inhibitors of members of the formyl-peptide receptor (FPR) family on 

neutrophils and monocytes [40, 41]. This explains how CHIPS can prevent neutrophil 
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recruitment in a peritonitis mouse model, when used in an overdose, a property that it shares 

with Eap [30, 41]. As in the case of Eap, platelet activation by CHIPS and Flipr may 

counteract the immune inhibitory effects of the virulence factors. Remarkably, CHIPS has 

been found to be structurally related to a single Eap domain (S3 Fig) [43].  

The strength of our study is the parallel investigation of washed platelets, platelets in PRP, 

as well as in whole blood of the same donor. This allows the assessment of the relevance of 

the studied virulence factors closer to in vivo conditions. A limitation is that the recombinant 

lipoproteins that were used for testing were devoid of a lipid moiety, we cannot exclude a role 

of naturally occurring lipidated proteins in platelet activation via TLR2 [44].  

In conclusion, we present two members of the SERAM family (Eap and Atl) and two secreted 

proteins of S. aureus CHIPS and Flipr with high potential to activate and aggregate human 

platelets. Furthermore, the amidase domain of Atl and EapD3D4 were deciphered to be 

essential for platelet activation. Apparently, a complex arsenal of preferably secreted S. 

aureus proteins acts in concert to induce platelet clot formation and contribute to the 

disturbance of hemostasis by S. aureus. While Eap CHIPS and Flipr inhibit leukocyte activity 

during infection, they activate platelets, which further hints towards an important role of 

platelets in bacterial host defense. These results emphasize the importance and complexity 

of S. aureus-platelet interactions and give further insights into the pathogenesis of 

staphylococcal interplay with hemostasis. This may facilitate to develop new strategies to 

combat S. aureus infections. 
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Tables 

 

Table 1: Proteins with platelet activation activity identified in screening assays 

Protein activation protein [µM] Protein activation protein [µM] 

 washed 

platelets 

 

PRP 

washed 

platelets 

 

PRP 

 washed 

platelets 

 

PRP 

washed 

platelets 

 

PRP 

Positive control: +++ +++ 20  40 NWMN_0646 -   - 5               10   

TRAP-6   NWMN_0677 -   - 4                8 

α-Hemolysin ++              +/- 2                4 NWMN_0709 -   - 2                4 

AtlA-1 ++             ++ 1.5             3 NWMN_0753 -   - 5               10   

CHIPS ++              - 5               10   NWMN_0958 -   - 5               10   

EapD3D4 ++             ++ 4                8 NWMN_1123 -   - 3                6 

FLIPr ++              - 2                4 NWMN_1394 -   - 3                6 

IsdA +                - 1.5             3 NWMN_1396 -   - 2.5             5 

SCIN +/-              - 5               10   NWMN_1398 -   - 5               10   

SasG-2 +                - 1                2 NWMN_1435 -   - 0.3             0,6 

SSL11 +/-              - 1                2 NWMN_1690 -   - 3.5             7 

AtlA-2 -   - 1.5             3 NWMN_1924 -   - 1.5             3 

AtlE R1R2 -       - 5               10   NWMN_2308 -   - 5               10   

Aureolysin -   - 0.75          1.5 NWMN_2309 -   - 2                4 

Autolysin -   - 0.5             1 NWMN_2579 -   - 1.25           2.5 

ClfA -   - 3                6 Plc -   - 5               10   

Cna-1 -   - 1                2 PrsA -   - 5               10   

Cna-2 -   - 1                2 Sak -   - 5               10   

Coa -   - 1.5             3 SAOUHSC_00257 -   - 5               10   

Emp-MBP -   - 2.5             5 SasG-1 -   - 1                2 

Hlb -   - 2                4 Sbi -   - 0.5             1 

HlgC -   - 2                4 SceD -   - 2                4 

IsaB -   - 3                6 SdrD-1 -   - 1.5             3 

IsdB -   - 1.25           2.5 SdrD-2 -   - 1.5             3 

MBP (Tag) -   - 2.5             5 SdrE -   - 0.75          1.5 

MsrA -   - 5               10   SdrG -   - 0.75          1.5 

NWMN_0245 -   - 2                4 Spa -   - 3                6 

NWMN_0336 -   - 4                8 SplB -   - 2.5             5 

NWMN_0364 -   - 5               10   SSL1 -   - 5               10   

NWMN_0369 -   - 3                6 +, activation; -, no activation; +/-, possible activation 
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Figure Legends 

 

Figure 1:  Dose-dependent platelet activation by staphylococcal proteins. 

(A) Washed platelets of a constant set of donors were incubated with increasing molarities of 

the recombinant secreted staphylococcal proteins CHIPS, FLIPr, AtlA-1, AtlA-2 and 

EapD3D4. (B) PRP was incubated with 4 µM of CHIPS and FLIPr, 2 µM of AtlA-1/-2 and 

increasing molarities of EapD3D4.  Plc with a molarity of 4 µM was used as a protein negative 

control. Activation of platelets was detected by flow cytometry using anti-P-selectin IgG. 

Platelet activation of six independent experiments is presented as the geometric mean 

fluorescence intensity multiplied by the percentage of gated events (GMFI x [%] gated 

events) in Box and Whiskers columns including median, minimal and maximal value. *, p < 

0.05; **, p < 0.01; ***, p < 0.001 agonists versus PBS. (C) Platelet aggregation in whole 

blood was detected by analyzing CD31-double stained platelets and increase of P-selectin 

expression. Whole blood was incubated with 4 µM of the His6-tagged proteins or with 2 µM of 

His6-tagged AtlA-1/-2. Platelet aggregation in whole blood of each donor (N=6) was 

measured at least 3 times and is shown as fold increase scatter dot plot including median 

and interquartile range. *, p < 0.05; **, p < 0.01; ***, p < 0.001 agonists versus PBS. 

 

Figure 2:  Activated platelets form aggregates as visualized by field emission 

scanning electron microscopy (FESEM) 

Human washed platelets of one donor were incubated for 20 min at RT with recombinant 

staphylococcal proteins (4 µM Plc, 2 µM CHIPS and FLIPr, 1 µM AtlA-1 and EapD3D4 and 

appropriate controls (suspension buffer, PBS, 20 µM TRAP-6) followed by fixation with 5% 

formaldehyde at RT and washing with TE buffer. Platelets were attached onto poly-L-lysine 

coated cover slips, fixed with 1% glutaraldehyde and dehydrated in several steps with 

increasing concentrations of acetone and critical-point dried with liquid CO2. Dried samples 
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were covered with a gold-palladium film before examination in a field emission scanning 

electron microscope. 

Figure 3: P-selectin of activated platelets is accompanied with F-actin 

rearrangement 

Expression of P-selectin and F-actin rearrangement of individual activated platelets was 

detected by immunofluorescence microscopy using anti-human CD62P antibody and 

phalloidin. Micropatterns were immobilized with staphylococcal proteins (1 µM) followed by 

the incubation with washed platelets of one donor. 

 

Figure 4: Immobilized staphylococcal proteins trigger calcium mobilization of 

  activated platelets 

Recombinant staphylococcal proteins (1 µM) were immobilized on MiPA arrays and 

incubated with Fluo-4 AM loaded human platelets (5x104 platelets/ µl) of one donor under 

static conditions. (A) Representative graph of normalized Fluo-4 AM intensity changes in 

platelets upon their interaction with staphylococcal proteins. n=50 ROI. (B) Calculation of the 

amount of platelet activation by integrating the area under the curve. n=50 ROI. *, p < 0.05; 

**, p < 0.01 agonists versus Plc. (C) Image sequences of platelets showing intracellular 

calcium release induced by S. aureus proteins. Fluorescence intensity scale on the top 

indicates the cytosolic calcium concentration of activated platelets. The purple color shows 

basal Ca2+ levels whereas yellow/white color relates to high intracellular Ca2+ concentrations. 

 

Figure 5:  Activation of platelets by Atl and Eap fragments. 

(A, C) Schematic models of the staphylococcal major autolysins AtlA, AtlE and Eap as well 

recombinant His6-tagged domains. Ami/Glu (cat): enzymatic activity of amidase and 

glucosaminidase; R1, R2, R3: repeat domains. (B, D) SDS-PAGE of heterologously 

expressed AtlE (B) and Eap (D) fragments stained with silver nitrate and corresponding 

immunoblots. Transferred proteins were detected using a specific monoclonal mouse anti-



Secreted immunomodulatory proteins of Staphylococcus aureus activate platelets and 

induce platelet aggregation 

 

 
137 

 

PentaHisTM IgG and a peroxidase-coupled secondary anti-mouse antibody. M: Fermentas 

prestained protein ladder. (E, F) Platelet activation in suspension buffer or plasma induced 

by recombinant Atl and Eap constructs. Platelets of five donors were incubated separately 

with 1 µM of each protein. Plc (4 µM) served as a protein negative control. P-selectin 

expression of the activated platelets was detected. Platelet activation of five independent 

experiments is presented as the geometric mean fluorescence intensity multiplied by the 

percentage of gated events (GMFI x [%] gated events) in Box and Whiskers columns 

including median, minimal and maximal values. *, p < 0.05; **, p < 0.01 agonists versus PBS. 

Platelet aggregation in whole blood was detected by measurement of CD31-double stained 

platelets (G) and by increase of P-selectin expression (H). Whole blood was incubated with 2 

µM of Atl fragments and 4 µM of the different Eap fragments. Platelet aggregation of each 

donor (N=6) was measured and is shown as fold increase scatter dot plot including median 

and interquartile range. *, p < 0.05; **, p < 0.01; ***, p < 0.001 agonists versus PBS. 
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Figure 5 
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Supplemental Materials and Methods 

 

Nasal carrier status 

Nasal swabs were obtained from a convenience sample of healthy platelet donors (3 female 

and 3 male) and cultivated on solid Baird Parker plates (Becton Dickinson) at 37°C and 5% 

CO2. S. aureus appeared as dark grey colonies. In total, three donors possessed S. aureus 

colonization in nasal cavities. 

 

Chemicals, reagents and antibodies 

FITC-labeled mouse PAC-1 antibody, monoclonal mouse anti-human CD62P PE Cy5 

conjugated antibody, PE Cy5-labeled mouse IgG1, FITC-coupled mouse IgM antibody and 

monoclonal mouse anti-human CD62P antibody were purchased from Becton Dickinson. 

FITC-labeled mouse anti-human CD31 IgG1, PE-conjugated mouse anti-human CD31 IgG1 

and AlexaFluor® 647-conjugated mouse anti-human CD62P IgG1 were received from 

BioLegend. Peroxidase-coupled goat anti-mouse antibody was obtained from Jackson 

Immuno Research. Monoclonal mouse anti-PentaHisTM IgG was received from QIAGEN. 

RGDS and Poly (ethylene glycol) methyl ether thiol (Mn=800) were purchased from Sigma-

Aldrich. 2-[Methoxy(polyethyleneoxy) propyl]trimethoxysilane (6–9 PE-units) (PEG-silane) 

was received from ABCR GmbH & Co. Fluo-4 AM cell permeant calcium (Ca2+) indicator and 

AlexaFluor488®-labeled goat anti-mouse IgG were purchased from Invitrogen GmbH. Skim 

milk, bovine serum albumin (BSA) and Tween®-20 were obtained from Roth. IPTG was 

received from Applichem. TRAP-6 was purchased from Bachem. ADP was received from 

MöLab. Hirudin was purchased from Canyon Pharmaceuticals. Paraformaldehyde 

(pFA)/PBS (4%, pH7.4) was obtained from Morphisto. The restriction enzymes NheI/SacI 

and T4 DNA ligase were received from NEB (MA, USA). Dulbecco’s modified Eagle’s 

medium (DMEM) high glucose (4.5 g/l), fetal bovine serum (FBS) PAA Clone, penicillin-

streptomycin (Pen-Strep), DPBS and BSA Fraction V were purchased from PAA 
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Laboratories. Normocin, Zeocin and QUANTI-Blue™ substrate were obtained from 

InvivoGen. Pyrogen-free water was received from Braun. Lipopolysaccharide derived von  

E. coli BL21 or K12 was kindly provided by Uwe Mamat, Borstel. 

 

Construction of expression plasmids 

For expression of EapD1-D4 and Eap fragments, chromosomal DNA of S. aureus Mu50 was 

used as a template for PCR amplification with primers listed in Supplementary Table S2. 

Resulting PCR products lacking the signal sequences were cloned into pTP1 expression 

vector by NheI/SacI digestion and ligation with T4 DNA ligase (Table S3). The gene 

sequence was confirmed by sequencing (Eurofins GmbH, Germany) and sequence 

alignment [1]. Chemically competent E. coli BL21 (DE3) were used as the expression host 

and transformed with the plasmids. 

Emp fragments and lipoproteins were produced using chromosomal DNA of S. aureus 

Newman as PCR template with primers listed in Table S2. Amplification products without 

signal sequences were cloned into the BamHI/SacI digested pDB.his.MBP expression vector 

or into the the BsaI sites of pPR-IBA1. Gene sequences were verified via sequencing and 

sequence alignments. Finally, chemically competent E. coli BL21 (DE3) or BL21 (DE3)pLysS 

cells were transformed with the plasmids. 

For the construction of AtlE fragments, chromosomal DNA of S. epidermidis O-47 was used 

as PCR template followed by the cloning of resulting amplification products into the pQE30 

expression vector and transformation of E. coli M15 cells as described [2, 3]. 

Further 35 recombinant E. coli SCS1 clones, which harbor expression vectors coding for  

S. aureus proteins, were obtained from Protagen AG (Dortmund, Germany) as described [4].  

  

Expression and purification of recombinant staphylococcal proteins 

For purification of staphylococcal proteins used in platelet activation screening assays, 

recombinant E. coli SCS1 was cultivated in SB medium to an optical density of 2 at 600 nm 
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(OD600) at 37°C. After an induction period at 37°C for 2 h in the presence of 1 mM IPTG, 

overexpressed N-terminally His6-tagged proteins were purified from E. coli lysates under 

native conditions via immobilized metal affinity chromatography with the Protino Ni-TED 

prepacked column kit according to the manufacturer’s instructions (Macherey-Nagel, 

Germany). Proteins were dialyzed (12-14 kDa or 3.5 kDa molecular weight cut off) against 

PBS (pH 7.4) at 4°C overnight. Determination of the protein concentration was performed 

using the Bradford reagent (Sigma-Aldrich).  

For expression und purification of N-terminally His6-tagged Eap and its fragments, E. coli 

BL21 (DE3) was grown in LB- or SB- medium to the mid-exponential phase (OD600 = 0.8), 

followed by induction of heterologous protein expression with 1 mM IPTG at RT over-night 

and protein purification as described above. 

For protein production of MBP-tagged Emp fragments, E. coli BL21 (DE3) cells were 

cultivated in LB-medium to mid-exponential growth phase and induced with 1 mM IPTG at  

30°C for 3 h. After harvesting and disruption of the cells under native conditions, recombinant 

proteins were enriched on MBPTrapTM HP columns using the ÄKTA® purifier system 

according to the manufacturer’s instructions (GE Healthcare) and subsequent dialysis (12-14 

kDa or 3.5 kDa molecular weight cut off) against PBS (pH 7.4). The protein concentration 

was measured using the Bradford protein assay. 

The Strep-tagged recombinant staphylocoocal lipoproteins were expressed in E. coli BL21 

(DE3)pLysS in LB-medium, and heterologous protein expression was induced by adding  

1 mM IPTG when cells reached the early-exponential growth phase (OD540 = 0.4). Cultivation 

was allowed to continue at 37°C for 3 h or at 25°C over-night. Proteins were affinity purified 

using the Strep-Tactin® Spin Column Kit as specified by the manufacturer (IBA, Göttingen, 

Germany). Purified proteins were dialyzed (3.5 kDa size exclusion, Serva, Heidelberg, 

Germany) at 4°C over night in PBS (pH 7.4). 

The four AtlE fragments representing the amidase, amidase-R1abR2ab (amidase, containing 

two repeat sequences), R1abR2abR3ab (consisting of the three repeating units) and 
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glucosaminidase [5, 6] were expressed with an N-terminal His6-tag in E. coli M15 using the 

IPTG inducible plasmid pQE30 [2, 7]. Bacteria were cultivated in 2xYT at 37°C to OD600 of 

0.5 and then induced with 1 mM IPTG at 20°C for 4 h. Bacteria were harvested by 

centrifugation and washed twice in PBS containing cOmplete protease inhibitor cocktail 

(Roche). The remaining cell pellets were lysed using a French press operating with 12000 

psi inside pressure. The crude extract was centrifuged (5000 x g) and AtlE fragments were 

then purified using Ni-NTA superflow affinity chromatograhy (Qiagen) as described by the 

manufacturer. The imidazole elution buffer was exchanged by PBS using a VIVASPIN 2 

column with a 10 kDa cutoff (Sartorius). 

 

SDS-Gel and Western Blot  

The stability and purity of heterologously expressed staphylococcal proteins were evaluated 

using silver-stained 12% SDS-PAGE and immunoblot analyses (Fig 5, S4 Fig). Proteins 

separated by SDS-PAGE gel electrophoresis were blotted onto nitrocellulose membranes 

using the semidry-blotting procedure (Bio-Rad). After over-night blocking of the membranes 

with 5% skim milk and 2% bovine serum albumin in PBS and repeated washing steps with 

TBS/0.05% Tween®-20, N-terminally His6-tagged proteins were detected with a monoclonal 

mouse anti-PentaHisTM IgG (1:5000 in PBS) at RT for 1 h, followed by incubation with a 

secondary horseradish peroxidase-coupled anti-mouse antibody (diluted 1:5000 in PBS) at 

RT for 1 h. After washing three times with TBS/0.05% Tween®-20 the protein bands were 

visualized with chemiluminescence (luminol and p-coumaric acid). 

 

Flow cytometry-based platelet activation and aggregation assays 

To examine the reproducibility of platelet activation, washed platelets and PRP of one donor 

were incubated with the highest molarity (4 µM / 2 µM) of staphylococcal proteins and 

appropriate controls. Experiments were repeated three times for staphylococcal proteins and 
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four times for controls (S5 Fig). The detection of platelet activation occurred as described in 

the main manuscript. 

Furthermore, platelet activation induced by E. coli Lipopolysaccharide (LPS) was analyzed 

by measurement of P-selectin expression and αIIbβIII engagement of washed platelet and 

PRP after incubation with increasing concentrations (10-6 –10 µg/ml) of LPS isolated from  

E. coli K-12 (S6B,C Fig). In addition, platelet aggregation in whole blood in presence of 

increasing concentrations (10-2 –10 µg/ml) of LPS was detected as described in the main 

manuscript (S6D,E Fig). 

 

Human TLR4 stimulation assay 

To exclude an impact of E. coli LPS on platelet activation, heterologously expressed 

staphylococcal proteins were analyzed for LPS contamination (S6A Fig). The amount of LPS 

in samples of staphylococcal proteins (CHIPS, FLIPr, AtlA-1, AtlA-2, Plc, as well as AtlE and 

Eap fragments) was determined using HEK-BlueTM hTLR4 and HEK-BlueTM Null 2 cells 

(InvivoGen) as described by the manufacturer´s instructions and elsewhere [8]. In brief, HEK-

BlueTM hTLR4 cells and the HEK-BlueTM Null 2 control cell line were cultivated at 37°C in a 

humidified atmosphere with 5% CO2 in Dulbecco´s modified Eagle´s medium (DMEM) 

containing 4.5 g/l glucose (PAA Laboratories) 10% fetal bovine serum (FBS), PAA Clone 

(PAA Laboratories), 100 μg/ml Normocin™ (InvivoGen), 1 × HEK-Blue™ Selection solution 

(InvivoGen), and 1 × penicillin-streptomycin (Pen-Strep) solution (PAA Laboratories). The 

HEK-Blue Null2™ control cells were grown under the same conditions in DMEM 

supplemented with 4.5 g/l glucose, 2 mM L-glutamine, 10% FBS, PAA Clone, 100 μg/ml 

Normocin™, 100 μg/ml Zeocin™ (InvivoGen), and 1 × Pen-Strep solution. When cells 

reached a confluency of 60-80%, detachment and washing of the cells were performed with 

Dulbecco´s phosphate-buffered saline (DPBS) (PAA Laboratories). HEK-BlueTM cells were 

seeded with a cell density of 1.4 x 105 cells/ml in HEK-BlueTM test medium consisting of 

DMEM with 2 mM L-glutamine, 10% FBS, 100 μg/ml NormocinTM and 1 x Pen-Strep solution. 
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For stimulation, 180 µl of the cell suspension was incubated with 20 µl of protein samples in 

serial dilutions (10 – 10-5 µg/ml) or LPS isolated from E. coli K-12 and BL21 (DE3)  

(1 – 10-7 µg/ml) as controls in 96-well plates (COS96ft, Corning 96 Flat Bottom Transparent 

Polystyrol) at 37°C for 20 h in a humidified atmosphere with 5% CO2. For detection of NF-κB-

dependent secreted embryonic alkaline phosphatase (SEAP) activity, 20 µl of the 

supernatants was added to 180 µl/well QUANTI-Blue™ substrate and incubated at 37°C for 

3 h. The absorbance was measured at 655 nm using an Infinite M200 NanoQuant Microplate 

Reader (Tecan). Human TNF-α (10 µg/ml) served as a positive control for HEK-BlueTM 

hTLR4 and HEK-BlueTM Null 2 cells. Values for basal levels of SEAP activity (cells incubated 

with DPBS or pyrogen-free water) were subtracted from each sample. 
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SUPPLEMENTAL TABLES 

 

Table S1: purified recombinant staphylococcal proteins used in this study 

Protein name Acronym Locus-ID Subcellular localization MW of 
recombinant 
protein [kDa] 

Reference 

S. aureus NCTC8325      

1-Phosphatidylinositol phosphodiesterase Plc SAOUHSC_00051 Extracellular, membrane 35.5 [4] 

Immunoglobulin G-binding protein A Spa SAOUHSC_00069 Extracellular, LPxTG-anchor 51.0 [4] 

Coagulase  Coa SAOUHSC_00192 Extracellular 70.4 [4, 9] 

ESAT-6 family virulence protein EsxA SAOUHSC_00257 Extracellular 12.4 [4, 9] 

Superantigen-like protein 1 SSL1 SAOUHSC_00383 Extracellular; N-terminal anchor 24.0 [9] 

Superantigen-like protein 11 - (Exotoxin3) SSL11 SAOUHSC_00399 Extracellular; N-terminal anchor 23.7 [4, 9] 

Serine-aspartate repeat-containing protein D AA53 - 680 SdrD-1 SAOUHSC_00545 Extracellular, LPxTG-anchor 70.1 [4] 

Serine-aspartate repeat-containing protein D AA681 - 1315 SdrD-2 SAOUHSC_00545 Extracellular, LPxTG-anchor 69.6 [4] 

Bifunctional autolysin AtlA AA30 - 775 AtlA-1 SAOUHSC_00994 Extracellular 82.1 [4, 9] 

Bifunctional autolysin AtlA AA776 - End AtlA-2 SAOUHSC_00994 Extracellular 55.0 [4, 9] 

Iron-regulated surface determinant protein B IsdB SAOUHSC_01079 Extracellular, LPxTG-anchor 65.7 [4] 

Iron-regulated surface determinant protein A IsdA SAOUHSC_01081 Extracellular, LPxTG-anchor 31.5 [4] 

FPRL1 inhibitory protein FLIPr SAOUHSC_01112 Extracellular 13.7 [4] 

Alpha-Hemolysin  Hla, Hly SAOUHSC_01121 Extracellular 34.7 [4, 9] 

Peptide methionine sulfoxide reductase A2 MsrA 2   SAOUHSC_01432 unknown 22.0 [4, 9] 

Serine protease SplB SplB SAOUHSC_01941 Extracellular, membrane 27.4 [4, 9] 

Foldase protein PrsA PrsA SAOUHSC_01972 Extracellular, Lipid-anchor 34.6 [4, 9] 

Autolysin - SAOUHSC_02019 Extracellular 55.4 [4] 

Staphylococcal complement inhibitor SCIN SAOUHSC_02167 Extracellular 11.2 [4] 

Chemotaxis inhibitory protein CHIPS SAOUHSC_02169 Extracellular 15.5 [4, 9] 

Staphylokinase Sak SAOUHSC_02171 Extracellular 16.9 [4] 

Phospholipase C, truncated beta-Hemolysin Hlb SAOUHSC_02240 Extracellular 32.7 [9] 

Probable transglycosylase SceD SceD SAOUHSC_02333 Extracellular 23.8 This study 
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Immunoglobulin-binding protein  Sbi SAOUHSC_02706 Extracellular 48.4 [4, 9] 

Gamma-hemolysin component C HlgC SAOUHSC_02709 Extracellular 34.0 [4, 9] 

Surface protein G AA51 - 885 SasG-1 SAOUHSC_02798 Extracellular, LPxTG-anchor 93.1 [4] 

Surface protein G AA886 - 1598 SasG-2 SAOUHSC_02798 Extracellular, LPxTG-anchor 79.5 [4] 

Aureolysin - SAOUHSC_02971 Extracellular,  N-terminal anchor 35.3 [4] 

Immunodominant staphylococcal antigen B  IsaB SAOUHSC_02972 Extracellular, membrane 17.2 [4, 9] 

S. aureus Newman      

Hypothetical protein - NWMN_0245 Extracellular, Lipid-anchor 14.0 This study 

Hypothetical protein - NWMN_0336 Extracellular, Lipid-anchor 31.7 This study 

Hypothetical protein - NWMN_0364 Extracellular, Lipid-anchor 20.7 This study 

Hypothetical protein - NWMN_0369 Extracellular, Lipid-anchor 22.8 This study 

Hypothetical protein - NWMN_0646 Extracellular, Lipid-anchor 14.5 This study 

Hypothetical protein - NWMN_0677 Extracellular, Lipid-anchor 15.2 This study 

Hypothetical protein - NWMN_0709 Extracellular, Lipid-anchor 33.3 This study 

Hypothetical protein - NWMN_0753 Extracellular, Lipid-anchor 27.9 This study 

Extracellular matrix protein-binding protein AA27 - 136 Emp 1 NWMN_0758 Extracellular 56.9 This study 

Extracellular matrix protein-binding protein AA134 - 238 Emp 2 NWMN_0758 Extracellular 57.0 This study 

Extracellular matrix protein-binding protein AA236 - 340 Emp 3 NWMN_0758 Extracellular 57.0 This study 

Hypothetical protein - NWMN_0958 Extracellular, Lipid-anchor 23.2 This study 

Hypothetical protein - NWMN_1123 Extracellular, Lipid-anchor 35.2 This study 

Hypothetical protein - NWMN_1394 Extracellular, Lipid-anchor 34.0 This study 

Hypothetical protein - NWMN_1396 Extracellular, Lipid-anchor 34.5 This study 

Hypothetical protein - NWMN_1398 Extracellular, Lipid-anchor 35.1 This study 

Hypothetical protein - NWMN_1435 Extracellular, Lipid-anchor 21.1 This study 

Hypothetical protein - NWMN_1690 Extracellular, Lipid-anchor 23.1 This study 

Hypothetical protein - NWMN_1924 Extracellular, Lipid-anchor 17.2 This study 

Protein disulfide isomerase DsbA NWMN_2308 Extracellular, Lipid-anchor 22.3 This study 

Hypothetical protein - NWMN_2309 Extracellular, Lipid-anchor 13.7 This study 

Hypothetical protein - NWMN_2579 Extracellular, Lipid-anchor 42.4 This study 
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S. aureus MU50 / ATCC 700699      

Extracellular adherence protein AA45 - 476 Eap, Map SAV_1938 Extracellular 51.3 This study 

Extracellular adherence protein D1D2 AA45 - 268 EapD1D2 SAV_1938 Extracellular 27.6 This study 

Extracellular adherence protein D3D4 AA269 - 476 EapD3D4 SAV_1938 Extracellular 26.2 This study 

Extracellular adherence protein D3 AA269 - 476 EapD3 SAV_1938 Extracellular 14.0 This study 

Extracellular adherence protein D4 AA269 - 476 EapD4 SAV_1938 Extracellular 14.3 This study 

S. aureus NN6      

Collagen adhesin AA30 - 625 Cna-1 BAF45800 Extracellular, LPxTG-anchor 67.7 [4] 

Collagen adhesin AA626 - 1157 Cna-2 BAF45800 Extracellular, LPxTG-anchor 61.6 [4] 

S. aureus ED133      

Serine-aspartate repeat-containing protein E SdrE SAOV_0598 Extracellular, LPxTG-anchor 110.8 [4] 

S. aureus  04-02981      

Serine-aspartate repeat-containing protein F AA53 - 657 SdrF-1 SA21252_2250 Extracellular, LPxTG-anchor 67.7 [4] 

Serine-aspartate repeat-containing protein F AA658 - 1320  SdrF-2 SA21252_2250 Extracellular, LPxTG-anchor 72.4 [4] 

S. epidermidis IS-K      

Serine-aspartate repeat-containing protein G SdrG ISK_1994 Extracellular, LPxTG-anchor 105.2 [4] 

S. epidermidis O-47      

Bifunctional autolysin AtlE Amidase AA303-420 AtlE Ami  Not known Extracellular 24.0 [2] 

Bifunctional autolysin AtlE Amidase-R1R2 AA303 - 845 Ami-R1R2 Not known Extracellular 62.0 [2] 

Bifunctional autolysin AtlE R1R2 AA516 - 845 R1R2 Not known Extracellular 36.0 [6] 

Bifunctional autolysin AtlE R1R2R3 AA418 - 941 R1R2R3 Not known Extracellular 54.0 [2] 

Bifunctional autolysin AtlE Glucosaminidase AA1019-1355 Glu Not known Extracellular 40.0 This study 
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Table S2: Primers used in this study 

Construct Primer Sequence* Restriction 
sites 

EapD1-D4 Eap_Mu50_f 5´-GCGCGCTAGCGCAGCTAAGCCATTAGATAAATC-3´ NheI 

 Eap_Mu50_D4_r 5´-GCGCGAGCTCTTATTTTTTTTTTGATTTAGTGTA-3´ SacI 

EapD1D2 Eap_Mu50_f 5´-GCGCGCTAGCGCAGCTAAGCCATTAGATAAATC-3´ NheI 

 Eap_Mu50_D2_ap 5´-GCGCAGAGCTCTCATTGATAGTTTCTTTTAGCTTT-3´ SacI 

EapD3D4 Eap_Mu50_D3_f 5´-GCACTGCTAGCGTTCCATATTCAATTAATCTA-3´ NheI 

 Eap_Mu50_D4_r 5´-GCGCGAGCTCTTATTTTTTTTTTGATTTAGTGTA-3´ SacI 

EapD3 Eap(Mu50)D3_forw 5´-GCGCGCTAGCGTTCCATATTCAATTAATCTAAATTGG-3´ NheI 

 Eap(Mu50)D3_rev 5´-GCGCGAGCTCTTATTTCGCTTTAGTTCCTGTTTTAAC-3´ SacI 

EapD4 Eap(Mu50)_D4_forw 5´-GCGCGCTAGCTATGTACCATACACAATTG-3´ NheI 

 Eap_Mu50_D4_r 5´-GCGCGAGCTCTTATTTTTTTTTTGATTTAGTGTA-3´ SacI 

Emp 1 Emp_for_BamHI 

Emp_1_rev 

5´-GCGCGGATCCGTTCAGTGACAGAGAGTGTTGAC-3´ 

5´-CGCGCGGAGCTCTTATGGGCCTTTAGCAACAAA-3´ 

BamHI 

SacI 

Emp 2 Emp_2_for 

Emp_2_rev 

5´-GCGCGCGGATCCAAAGGCCCAGAAGTAAATAGA-3´ 

5´-CGCGCGGAGCTCTTAATTTATTTGTGGCACAACACA-3´ 

BamHI 

SacI 

Emp 3 Emp_3_for 

Emp_rev 

5´-GCGCGCGGATCCCAAATAAATAGTTTCAAGGTAATTCCA-3´ 

5´-GCGCATGAGCTCTTATACTCGTGGTGCTGGTAAG-3´ 

BamHI 

SacI 

NWMN_0245 NWMN_0245_IBA_For 

NWMN_0245_IBA_Rev 

5´-ATGGTAGGTCTCAAATGTCTAATAAAGGTGAAAAGTATCAAAAAG-3´ 

5´-ATGGTAGGTCTCAGCGCTATCTTTTTCCACTTCTACATTTTCATC-3´ 

BsaI 

BsaI  

NWMN_0336 NWMN_0336_IBA_For 

NWMN_0336_IBA_Rev 

5´-ATGGTAGGTCTCAAATGGGGAACGACGATAGTAAGAAGGA-3´ 

5´-ATGGTAGGTCTCAGCGCTTTCAGTAATCACAGCCATTTTACTTA-3´ 

BsaI 

BsaI 

NWMN_0369 NWMN_0369_IBA_For 

NWMN_0369_IBA_Rev 

5´-ATGGTAGGTCTCAAATGGCGTCCGATCAATCTGATAACGA-3´ 

5´-ATGGTAGGTCTCAGCGCTTTTATCGATAACATCACTCTTGATAC-3´ 

BsaI 

BsaI 

NWMN_0646 NWMN_0646_IBA_For 

NWMN_0646_IBA_Rev 

5´-ATGGTAGGTCTCAAATGGGTAAAAGTCAAGAGAAAGCCACT-3´ 

5´-ATGGTAGGTCTCAGCGCTTGATTGGTGTTTGTCATTAGCTTTTT-3´ 

BsaI 

BsaI 

NWMN_0677 NWMN_0677_IBA_For 

NWMN_0677_IBA_Rev 

5´-ATGGTAGGTCTCAAATGGGTAATTCTAATTCACAAGATCAAGG-3´ 

5´-ATGGTAGGTCTCAGCGCTTTTTAATTTAGCGCCGCCGAAGAT-3´ 

BsaI 

BsaI 
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NWMN_0709 NWMN_0709_IBA_For 

NWMN_0709_IBA_Rev 

5´-ATGGTAGGTCTCAAATGGGTAATAAAGAAAAAGAGGCACAAC-3´ 

5´-ATGGTAGGTCTCAGCGCTTTTTTCTTCTAATTTTTCAAGCTTTTTTT-3´ 

BsaI 

BsaI 

NWMN_0753 NWMN_0753_IBA_For 

NWMN_0753_IBA_Rev 

5´-ATGGTAGGTCTCAAATGGGACATCATCAAGATAGTGCAAAAA-3´ 

5´-ATGGTAGGTCTCAGCGCTTACTTCATCTAAACCACTGTGGTC-3´ 

BsaI 

BsaI 

NWMN_0958 NWMN_0958_IBA_For 

NWMN_0958_IBA_Rev 

5´-ATGGTAGGTCTCAAATGACTACGGATAAAAAAGAAATTAAGGC-3´ 

5´-ATGGTAGGTCTCAGCGCTTTTAAATTGATCAACGTCTTGCTTTTC-3´ 

BsaI 

BsaI 

NWMN_1123 NWMN_1123_IBA_For 

NWMN_1123_IBA_Rev 

5´-ATGGTAGGTCTCAAATGTCTTTTGGTGGGAATCATAAATTATC-3´ 

5´-ATGGTAGGTCTCAGCGCTTTTTAAAGAATCATCTGACGCTGTTT-3´ 

BsaI 

BsaI 

NWMN_1394 NWMN_1394_IBA_For 

NWMN_1394_IBA_Rev 

5´-ATGGTAGGTCTCAAATGTCAACTACCAATAACGAATCCAACA-3´ 

5´-ATGGTAGGTCTCAGCGCTTTCTTGATCAAACACACCATATTCTG-3´ 

BsaI 

BsaI 

NWMN_1396 NWMN_1396_IBA_For 

NWMN_1396_IBA_Rev 

5´-ATGGTAGGTCTCAAATGTCAACTACCAATAACGAATCTAATAAA-3´ 

5´-ATGGTAGGTCTCAGCGCTTTCATCTTTACGATACACTCCATATT-3´ 

BsaI 

BsaI 

NWMN_1398 NWMN_1398_IBA_For 

NWMN_1398_IBA_Rev 

5´-ATGGTAGGTCTCAAATGTCCACGATGGAAAATGAATCAAAAAA-3´ 

5´-ATGGTAGGTCTCAGCGCTTTCATCTTTACTGTGCACCCCATA-3´ 

BsaI 

BsaI 

NWMN_1435 NWMN_1435_IBA_For 

NWMN_1435_IBA_Rev 

5´-ATGGTAGGTCTCAAATGGGATCACAAAATTTAGCACCATTAG-3´ 

5´-ATGGTAGGTCTCAGCGCTTGATTTTGCATTTAAGTTTAATTTTGAC-3´ 

BsaI 

BsaI 

NWMN_1690 NWMN_1690_IBA_For 

NWMN_1690_IBA_Rev 

5´-ATGGTAGGTCTCAAATGGGTGCTAATCAACATAAAGAAAATAG-3´ 

5´-ATGGTAGGTCTCAGCGCTTTTAACTTTAGTTTCTTCAGAATTATTTG-3´ 

BsaI 

BsaI 

NWMN_1924 NWMN_1924_IBA_For 

NWMN_1924_IBA_Rev 

5´-ATGGTAGGTCTCAAATGGGAAATGATGAGAATCAGGAAGAAT-3´ 

5´-ATGGTAGGTCTCAGCGCTATTATCATTATTTATAATTTCAGAAACTC-3´ 

BsaI 

BsaI 

NWMN_2308 NWMN_2308_IBA_For 

NWMN_2308_IBA_Rev 

5´-ATGGTAGGTCTCAAATGGGTAAAAAAGAATCAGCAACGACAT-3´ 

5´-ATGGTAGGTCTCAGCGCTTTTGATTTTATCTTTTAATAACTTCTCAT-3´ 

BsaI 

BsaI 

NWMN_2309 NWMN_2309_IBA_For 

NWMN_2309_IBA_Rev 

5´-ATGGTAGGTCTCAAATGGGTAATGATAAATATGTGAAAGAAATAG-3´ 

5´ATGGTAGGTCTCAGCGCTGTTCGTCATATTTTCTTCATGATAATC-3´ 

BsaI 

BsaI 

NWMN_2579 NWMN_2579_IBA_For 

NWMN_2579_IBA_Rev 

5´-ATGGTAGGTCTCAAATGTCCAAGCAAAATGAGAAAGCTCAAA-3´ 

5´-ATGGTAGGTCTCAGCGCTTTCTTCATAATCCCGATTCCCTTTA-3´ 

BsaI 

BsaI 

*, restriction sites are underlined. 
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Table S3: Plasmids and bacterial strains used in this study 

Plasmid or  
Strain 

Characteristics Reference / 
Source 

Plasmids   

pTP1 pET28a-derived, T7 promotor, IPTG inducible, TEV protease cleavage site, Kmr, 
Ermr 

[10] 

pDB.His.MBP pET28a-derived, T7 promotor, IPTG inducible, TEV protease cleavage site,  
cds for Maltose-Binding Protein (MBP), Kmr 

ASU Biodesign 
Institute 

pPR-IBA1 T7 promotor, IPTG inducible, Ampr IBA GmbH 

pQE30 T5 promotor, IPTG inducible, Ampr Qiagen 

Escherichia coli   

DH5α Δ(lac)U169 endA1 gyrA46 hsdR17 Ф80Δ(lacZ)M15 

recA1 relA1 supE44 thi-1 

Novagen 

BL21 (DE3) E. coli B RP F- ompT hsdS(rB
- mB

-) dcm+ Tetr galλ(DE3) endA Hte [argU proL Cmr] Stratagene 

BL21 (DE3)pLysS F- ompT hsdSB (rB-mB-) gal dcm rne131 (DE3) pLysS (Cmr)  Invitrogen 

M15[pREP4] NaIS, StrS, RifS, Thi–,Lac–, Ara+, Gal+, Mtl–, F–, RecA+, Uvr+, Lon+. 
Repressor plasmid pREP4, Kmr 

Qiagen 

SCS1 recA1 endA1 gyrA96 thi-1 hsdR17(rk- mk+) supE44 relA1 Stratagene 

Km, kanamycin; Erm, erythromycin; Amp, ampicillin; Cm, chloramphenicol; r, resistant. 
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Figure S1:  Screening of recombinant staphylococcal proteins for their ability to activate human platelets. 

Washed platelets (Plt) and platelet-rich-plasma (PRP) of random donors were incubated with heterologously expressed proteins as well as 

positive (TRAP-6) and negative controls (PBS, TRAP-6/RGDS). Staphylococcal proteins were applied with a maximum molarity of 5 µM in a 

washed platelets suspension and 10 µM in PRP. Activation of platelets was measured by flow cytometry using a specific FITC-labeled mouse 

PAC-1 antibody and a monoclonal PE Cy5-conjugated mouse anti-human CD62P antibody. Activation levels are shown as the geometric mean 

fluorescence intensity multiplied by the percentage of gated events (GMFI x [%] gated events). The mean values of at least two independent 

experiments are shown with error bars corresponding to SD 



Secreted immunomodulatory proteins of Staphylococcus aureus activate platelets and 
induce platelet aggregation 

 

 
159 

 

Figure S2 

 

 
 

Figure S2:  Sequence comparison of S. aureus AtlA and S. epidermidis AtlE. 

Alignment of the amino acid sequences of the autolysins AtlA from S. aureus NCTC 8325 

(SAOUHSC_00994) and AtlE from S. epidermidis ATCC 35984 (SERP0636) using MultAlin  

[1]. Conserved amino acids are illustrated in red. Numbering of the amino acid sequence is 

shown above the sequences. 
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Figure S3 

 

 
Figure S3:  Superimposition of EAP2 and CHIPS. 
(A, B) Structural alignment of the second repeat of Eap (S. aureus MU50; SAV1938; EAP2; 
PDB: 1YN3; amino acid residues 160 - 254) with CHIPS (S. aureus Newman; NWMN_1877; 
PDB: 2K3U; amino acid residues 31 - 121) using the jFATCAT_rigid comparison method.  
(A) blue: EAP2; orange: CHIPS. (B) pink:α-helices; yellow: β-sheets 
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Figure S4 

 

 
 

Figure S4:  SDS-Gel of purified staphylococcal proteins. 

Recombinant proteins (0.5 µg) were visualized using silver nitrate to monitor purity and 

stability of the proteins. 
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Figure S5 

 

 
 

Figure S5: Repeated platelet activation with one donor is comparable. 

Differential platelet activation independent on preparation of the platelets or plasma 

constitution was investigated by using platelets of one donor in repetitive flow cytometry 

based platelet activation assays. Platelet activation was determined with washed platelets 

(A) and PRP (B) obtained from one donor. These experiments were repeated three times for 

staphylococcal proteins and four times for controls at different days with at least 8 days 

between the donations. Platelets were incubated with 4 µM of CHIPS, FLIPr, EapD3D4, Plc 

and 2 µM of AtlA-1 and AtlA-2. The scatter plot represents platelet activation of three 

independent experiments as the geometric mean fluorescence intensity multiplied by the 

percentage of gated events (GMFI x [%] gated events) including mean values. 
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Figure S6 

 
 

Figure S6:  LPS-mediated platelet activation. 

(A) Lipopolysaccharide contamination in recombinant protein samples was measured by a 

human TLR4 stimulation assay. Results are calculated as ng LPS per mg of protein.  

(B, C) E. coli BL21 (DE3) lipopolysaccharide was used with increasing concentrations  

(10-6 – 10 µg/ml) in flow-cytometry based platelet activation assays using washed platelets 

and PRP. Activation of human platelets of three independent experiments was detected via 

PAC-1-binding and P-selectin expression and is shown as the geometric mean fluorescence 

intensity multiplied by the percentage of gated events (GMFI x [%] gated events) in Box and 

Whiskers graph with median, minimal and maximal value. (D, E) Platelet aggregation in 

whole blood was detected by measurement of CD31-double stained platelets and increased 

P-selectin expression and is presented as fold increase scatter dot plot including median and 

interquartile range of four independent experiments. 
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