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 Alice: “But I don´t want to go among mad people.” 

Cat: “Oh, you can´t help, we´re all mad here, I´m mad. 

You´re mad.” 

Alice: “How do you know I´m mad?” 

Cat: “You must be, or you wouldn´t have come here.” 

Lewis Carrol, Alice´s Adventures in Wonderland 
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Summary 

Streptococcus pneumoniae (S. pneumoniae, pneumococci) and Staphylococcus 

aureus (S. aureus) belong to the Gram-positive, facultative pathogenic bacteria. They 

are typical commensals of the human upper respiratory tract and most people get 

colonized at least once during their life. Nevertheless, these potentially pathogenic 

bacteria are able to spread from the site of colonization to invade into deeper tissues 

and the blood circulation. Thereby, severe local and invasive infections like bacteremia 

and life-threatening sepsis can be caused. Once reaching the bloodstream, bacteria 

get in contact with platelets. Platelets are small, anucleated cells and the second most 

abundant cell type in the circulation. The role of platelets in hemostasis is well known. 

Circulating resting platelets sense vessel injury independent of its cause. Platelets bind 

to injured endothelium and exposed molecules of the underlying extracellular matrix, 

get activated and release intracellular adhesion proteins and different modulatory 

molecules. This in turn initiates activation and binding of nearby platelets resulting in 

closure of vascular injury by formation of small thrombi. Despite being pivotal in 

maintenance of the endothelial barrier they got increasingly recognized as cells with 

important immune functions. Platelets excert functions of the immune response by 

either, i) interacting with immune cells of different pathways of the immune response, 

ii) releasing immunomodulatory molecules stored in their granules or iii) interacting with 

invading pathogens via direct or indirect binding. 

The basis for this study were results demonstrating direct binding of different S. aureus 

proteins to platelets resulting in platelet activation. The identified proteins in the 

mentioned study are the S. aureus proteins Eap, AtlA-1, CHIPS and FlipR. Severe 

invasive infections with S. pneumoniae are quite often associated with development of 

thrombocytopenia or disseminated vascular dissemination. This frequent observation 

hints towards either a direct or indirect interplay of platelets with pneumococci. Hence, 

this study aims to analyze potential interactions and aims to decipher involved factors 

on both the platelet- and bacterial site.  

A screening of recombinant pneumococcal surface proteins identified proteins 

belonging to the group of lipoproteins, sortase-anchored proteins and choline-binding 

proteins to directly activate human platelets. Besides these surface proteins also the 

intracellular pneumococcal pneumolysin (Ply) induced highly increased values for the 
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platelet activation marker P-selectin. Since Ply is a major virulence factor of  

S. pneumoniae the primary focus was set on involvement of this pore forming toxin on 

platelet activation. Surprisingly, our data revealed Ply induced platelet activation to be 

a false positive result based on formation of large Ply pores in the platelet membrane. 

In fact, it was clearly demonstrated that Ply lyses platelets even at low concentrations 

and thereby rendering them non-functional. Lysis of platelets could be inhibited by the 

addition of pharmaceutical immunoglobulin preparations as well as antibodies 

specifically targeting Ply. Inhibition of Ply also resulted in fully rescued platelet function 

either in washed platelets or in whole blood as shown by thrombus formation. Next to 

pneumococci also S. aureus expresses pore forming toxins, namely α-hemolysin (Hla) 

and different pairs of bicomponent pore forming leukocidins. Whereas the different 

tested leukocidins did not affect platelets, Hla acted in a two-step mechanism on 

human platelets. The results confirm previous data on Hla induced platelet activation 

via Hla resulting in e.g., reversible platelet aggregation or surface expression of 

activation markers. Nevertheless, platelet activation by Hla is followed by dose- and 

time-dependent lysis of platelets resulting in loss of platelet function and abrogated 

thrombus formation. Platelet lysis by Hla could neither be rescued with specific 

monoclonal anti-Hla antibodies nor with pharmaceutical IgG preparations containing 

anti-Hla IgGs. Taken together, the presented data reveal new pathomechanisms 

involving disturbance of platelets by bacterial pore forming toxins. Platelet lysis as well 

as impaired platelet function play an important role in development of severe 

complications during invasive infections. In life threatening infections caused by S. 

pneumoniae the usage of antibody formulations containing antibodies targeting Ply 

might be a promising approach for the prevention or even intervention and 

improvement of clinical outcome.  
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Zusammenfassung 

Streptococcus pneumoniae (S. pneumoniae, Pneumokokken) und Staphylococcus 

aureus (S. aureus) gehören beide zu Gram-positiven, fakultativ pathogenen Bakterien. 
Sie sind typische Kommensale der oberen Atemwege und die meisten Menschen 
werden im Laufe ihres Lebens mindestens einmal durch Pneumokokken oder 
Staphylokokken kolonisiert. Abgesehen von der meist asymptomatischen bakteriellen 
Kolonisierung können sich die Bakterien vom Ort der primären Besiedlung ausbreiten 
und dabei in tieferliegende Gewebe und die Blutzirkulation vordringen. In Folge dessen 
kann es zu lokalen und invasiven Infektionen bis hin zu lebensbedrohlichen Zuständen 
wie Bakteriämie und Sepsis kommen. Sobald Bakterien im Blutkreislauf sind, kommen 
sie in Kontakt mit zirkulierenden Blutzellen. Thrombozyten (Blutplättchen) sind kleine, 
kernlose Zellen und nach Erythrozyten der zweithäufigste Zelltyp im Blutkreislauf. Sie 
spielen eine entscheidende Rolle in der Blutgerinnung und damit dem Verschluss 
verletzter Blutgefäße. Thrombozyten zirkulieren in nicht-aktivierter Form mit dem 
Blutstrom und erkennen Gefäßverletzungen unabhängig von deren Ursache. Sie 
binden an das verletzte Endothel sowie an freiliegende Moleküle der 
darunterliegenden extrazellulären Matrix, werden aktiviert und schütten intrazelluläre 
Proteine und Moleküle aus den Granula aus. Dies bewirkt die Aktivierung von weiteren 
Thrombozyten im Bereich der Verletzung, die sich wiederum an das Endothel anlagern 
und mit anderen Thrombozyten aggregieren. Die Bildung kleiner Thromben führt in der 
Folge zum Verschluss der Gefäßverletzung. Neben ihrer zentralen Rolle in der 
Blutgerinnung wurden sie in den letzten Jahren zunehmend als Zellen mit wichtigen 
Immunfunktionen beschrieben. Thrombozyten üben Funktionen der Immunantwort 
aus, indem sie entweder i) mit verschiedenen Immunzellen interagieren, ii) 
immunmodulatorische Moleküle freisetzen, die in ihren Granula gespeichert sind oder 
iii) durch direkte oder indirekte Bindung mit eindringenden Pathogenen interagieren. 
Die Grundlage für die vorliegende Arbeit war eine vorangegangene Studie, die eine 
direkte Bindung verschiedener S. aureus Proteine an Thrombozyten nachweisen 
konnte. Die Interaktion von Thrombozyten mit den S. aureus Proteinen Eap, AtlA-1, 

CHIPS und FLIPr führte zu Thrombozytenaktiverung und Aggregation. Während 
schwerer invasiver S. pneumoniae Infektionen werden nicht selten eine 
Thrombozytopenie oder eine disseminierte vaskuläre Koagulopathie als Komplikation 
beobachtet. Dieser Umstand lässt auf eine direkte oder indirekte Interaktion von 
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Thrombozyten mit Pneumokokken schließen. Die vorliegende Studie hatte zum Ziel 
diese potentiellen Interaktionen zu analysieren und die beteiligten Faktoren auf 
Thrombozyten- und auf Bakterienseite zu identifizieren.  
In einem Screening rekombinanter Pneumokokken-Oberflächenproteine konnten 

Proteine aus der Gruppe der Lipoproteine, Sortase-verankerten-Proteine und Cholin-

bindenden Proteine als direkt Thrombozyten aktivierende Proteine identifiziert werden. 

Neben den genannten Oberflächenproteinen induzierte auch das intrazelluläre 

porenbildende Toxin Pneumolysin (Ply) einen starken Anstieg des gemessenen 

Aktivierungsmarkers P-Selektin der Thrombozyten. Da Ply einer der 

Hauptvirulenzfaktoren von S. pneumoniae ist, wurde nachfolgend das 

Hauptaugenmerk auf dessen Beteiligung an der Thrombozytenaktiverung gerichtet. 

Überraschenderweise zeigte sich, dass die bereits zuvor beschriebene Ply induzierte 

Thrombozytenaktiverung ein falsch positives Ergebnis ist, das durch die Bildung 

großer Poren in der Membran zustande kam. Vielmehr konnte eindeutig gezeigt 

werden, dass Ply die Thrombozyten bereits bei niedrigen Konzentrationen lysiert und 

sie dadurch funktionsunfähig macht. Die Lyse von Thrombozyten konnte sowohl durch 

pharmazeutische Immunglobulinpräparate als auch durch spezifische anti-Ply 

Antikörper gehemmt werden. Durch die Neutralisation der lytischen Wirkung von Ply 

konnte ebenso die Funktionalität der Thrombozyten vollständig erhalten werden. Nicht 

nur Pneumokokken, sondern auch S. aureus exprimiert porenbildende Toxine, so z.B. 

alpha-Hämolysin (Hla) und verschiedene Paare der Zweikomponenten-

Porenbildenden Leukozidine. Während durch die Leukozidine keine messbare 

Veränderung der Thrombozytenfunktion beobachtet werden konnte, beeinträchtigte 

Hla humane Thrombozyten in einem zweistufigen Mechanismus. Die gezeigten 

Ergebnisse bestätigen Daten aus anderen Studien, dass Hla Thrombozyten aktiviert. 

In der hier vorliegenden Studie konnte jedoch zusätzlich eine nachfolgende Hla 

induzierte Lyse der Thrombozyten beobachtet werden. Dieser Effekt war sowohl 

Dosis- und Zeitabhängig und führte zum Verlust der Thrombozytenfunktion sowie der 

Thrombenbildung. Im Gegensatz zu Ply konnte Hla weder mit spezifischen Antikörpern 

noch mit einer pharmazeutischen IgG Präparation neutralisiert werden. 

Zusammengefasst weisen die vorgestellten Daten auf neue Pathomechanismen 

bakterieller porenbildender Toxine hin, die humane Thrombozyten stark 

beeinträchtigen. Sowohl die toxininduzierte Lyse der Thrombozyten als auch deren 

beeinträchtige Funktionalität könnten ein wichtiger Faktor bei der Entstehung 



I 

7 

lebensbedrohlicher Komplikationen während invasiver Infektionen sein. Im Fall von 

invasiven Pneumokokkeninfektionen stellen Antikörper basierte Therapien, welche 

Immunglobuline gegen Ply enthalten, eine Interventionsmöglichkeit dar, um den 

schädigenden Effekt von Ply zu neutralisieren und damit den klinischen Verlauf zu 

verbessern.  
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1. Streptococcus pneumoniae 

Epidemiology and Vaccination 

Streptococcus pneumoniae (pneumococcus, pneumococci) was first isolated and 

cultivated by Louis Pasteur and George Miller Sternberg in 18811. Pneumococci are 

Gram-positive, facultative anaerobic bacteria of lanceolate shape. They appear as 

pairs (diplococci) or in short chains and are further characterized by a α-hemolytic, 

oxidase- and catalase-negative and non-motile phenotype2.  

S. pneumoniae is a typical colonizer of the human upper respiratory tract where it can 

reside asymptomatically3. Nevertheless, aspiration of pneumococci into the lower 

respiratory tract as well as breaking through host barriers and dissemination to other 

organs can cause a variety of diseases. The clinical spectrum of pneumococcal 

diseases range from local, non-invasive diseases like otitis media and sinusitis to 

severe invasive diseases like meningitis, pneumonia and bacteremia3. As a 

consequence of a more weak immune system, children under the age of 5, the elderly 

as well as immunocomprimized individuals are at higher risk of developing infections4. 

Pneumococcal diseases contribute to approximately 1.6 million deaths annually. In 

developing countries, incidence and mortality are the highest. More than 500,000 

children below the age of 5 die annually from pneumococcal pneumonia in low-income 

countries5. However, also in more developed countries incidences of pneumococcal 

diseases are high. Around 150,000 patients suffering from pneumococcal pneumonia 

are hospitalized in the United States annually. Up to 30% of these cases further 

develop bacteremia or meningitis and the overall fatal outcome is 5-7% of the cases6. 

In addition, there are up to 4,000 annual cases of bacteremia without a known site of 

primary infection in the United States. In children below the age of two, they account 

for about 70% of invasive pneumococcal diseases (IPD)6. But not just in the United 

States, but also in Europe more than 24,000 cases of IPD are reported annually, with 

the highest prevalence in the group of the elderly (≥65 years) and infants7-8. To combat 

pneumococcal disease, treatment can be either preventive by vaccination or 

therapeutic by prescription of antibiotics. Standard antibiotic care includes usage of 

tetracycline, chloramphenicol, penicillin, and erythromycin. However, due to excessive 

usage and misuse of antibiotics the prevalence of non-susceptible S. pneumoniae 

strains increased, leading to more frequent administration of penicillin and 
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erythromycin8. This development further highlights the importance of efficient vaccines 

against pneumococci. For S. pneumoniae 98 different serotypes, differing in virulence, 

prevalence, and drug resistance are currently known9. Serotypes are distinguished 

based on the composition of their capsule polysaccharides (CPS), which protect 

pneumococci from phagocytosis and antibody-mediated United States10. The CPS is 

highly immunogenic and essential for pneumococcal colonization and virulence, 

marking it as an optimal target for vaccination11. The currently used vaccines were 

designed to cover the most frequent occurring pneumococcal serotypes. Two different 

types of vaccines are available and approved. First, Pneumovax23 or 23-valent 

pneumococcal polysaccharide-based vaccine (PPV23) and second, pneumococcal 

conjugate vaccines with different formulations (PCV7, PCV10, PCV15, PCV13, 

PCV20). PPV23 (Pneumovax®, MSD) comprises purified CPS of the leading 23 

serotypes being responsible for IPD in the United States and Europe at the time of 

licensing in 198312. Although PPV23 was concluded to be effective in preventing IPD 

in healthy individuals below the age of 75, it has a few limitations13. Vaccine efficacy is 

limited to lesser severity of IPD but has no effect on pneumococcal carriage or non-

invasive pneumococcal diseases14. Further, immunogenicity in younger children is 

reduced and the vaccine does not induce a sufficient immune memory13, 15. 

Pneumococcal conjugate vaccines were first licensed in 2000 with PCV7. The benefit 

of this vaccine type is the conjugation of carrier proteins to CPS, shifting immune 

response to a T-cell dependent response and higher immunogenicity16. The PCVs, 

which are currently on the market, are Prevnar 13 (PCV13, Pfizer), Vaxneuvance 

(PCV15, Merck Sharp & Dohme Cor), PHiD-CV (PCV10, GlaxoSmithKline plc.) and 

Prevnar 20 (PCV20, Pfizer). PCV13 is a 13-valent pneumococcal vaccine with 

diphtheria toxoid (CRM) as carrier protein17. In 2021, PCV 15 and PCV20 were 

licensed for adults above the age of 18. Both formulations contain all serotypes of 

PCV13 conjugated to CRM and additional 2 (PCV15) or 7 (PCV20) serotypes which 

account for up to 30% of IPD caused by non-PCV13 serotypes18-19. In contrast, PCV10 

contains CPS of eight serotypes conjugated to Haemophilus influenzae carrier protein 

D, and additionally CPS of two serotypes conjugated to either tetanus toxoid or 

diphtheria toxoid20. Although development of PCVs led to increased efficiency in IPD 

and pneumonia prevention, some challenges aroused over the years. Obviously, 

protection against pneumococcal infections is limited to the included serotypes. 

Further, differences in geographic serotype distribution as well as age dependent 
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differences in disease causing serotypes are commonly observed21-22. Another 

problem is serotype replacement, which describes the effect of increasing prevalence 

of serotypes causing carriage and disease which are not included in the PCVs23-25. 

Serotype replacement as well as the increase in antibiotic resistance among serotype 

replacement strains clearly highlight the need for improved vaccines covering more 

than just a few serotypes. Therefore, ongoing work aims to include other conserved 

immunogenic proteins and structures of pneumococci to generate a serotype 

independent vaccination and therefore a broader protection against S. pneumoniae11, 

26-27. 

 

Pneumococcal virulence factors 

S. pneumoniae has the typical morphological characteristics of Gram- positive 

bacteria. The bacterial surface is enclosed by a bilipid membrane which is surrounded 

by the cell wall which comprises peptidoglycan (PGN) layers and teichoic acids28. The 

PGN is built up by highly cross linked strands of N-acetylglucosamine and N-

acetylmuramic acid. Teichoic acids consist of a ribitol phosphate backbone with 

covalently attached phosphorylcholine (PCho)29. They can be divided into PGN-

anchored wall teichoic acids (WTA) and membrane-anchored lipoteichoic acids 

(LTA)30-31. The cell wall is further enclosed by the above described serotype specific 

CPS32,33. Proteins attached to the surface of pneumococci can be divided into four 

groups, based on their mode of anchoring: i) lipoproteins, ii) sortase-anchored proteins, 

iii) choline binding proteins and iiii) non-classical surface proteins. Lipoproteins 

represent the largest group of pneumococcal surface proteins with up to 37 predicted 

members30-31. Anchoring of lipoproteins onto the extracellular site of the cytoplasmic 

membrane is mediated by the lipoprotein diacylglyceryl transferase (Lgt) catalyzing 

deacetylation of lipoprotein precursors30-31. Most lipoproteins are predicted to function 

in adenosine triphosphate (ATP)-binding cassette (ABC) transporter systems in 

substrate binding, therefore determine substrate specifity (e.g. PiaA, AliA, PsaA)34-37. 

These ABC-transporters are important factors in bacterial fitness, because they are 

essential for nutrient uptake31. Other lipoproteins are involved in protein folding (e.g. 

SlrA)38, colonization (e.g., PpmA)39, cell wall biosynthesis (e.g., DacB)40, resistance 

against oxidative stress (Etrx1 and Etrx2)41, bacterial fitness as nucleoside transporters 

and pathogenicity (PnrA)42. Another group of pneumococcal surface proteins are 
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choline-binding proteins (CBPs) comprising strain dependent 13 to 16 proteins43-44. 

CBPs are non-covalently linked to the cell wall by binding of their N- or C- terminal 

choline binding domain to PCho moieties of LTA and WTA41. One of the best 

characterized CBPs is the highly conserved major autolysin A (LytA). LytA is a cell wall 

hydrolase and important for autolysis and virulence45. Different CBPs like CbpD, CbpG, 

and CbpL contribute to infection and invasion due to their adhesive properties. Further, 

a number of CBPs are described as pneumococcal virulence factors including PspC 

(CbpA), CbpC and PspA46. PspC is essential for colonization by binding to epithelial 

cells but also for pathogenesis via inhibition of opsonization and complement 

activation46-47. The third group of pneumococcal surface proteins are sortase-anchored 

proteins. Depending of the strain and serotype 13-19 proteins belong to this group. 

They contain an N-terminal signal peptide and C-terminal LPXTG amino acid sortase-

recognition motif as cell wall sorting signal48-49. Sortase A with its transpeptidase 

activity recognizes this motif, cleaves it and anchors the protein to lipid II which is then 

integrated into the PGN of the cell wall50-51. Among this group is the exoglycosidase 

neuraminidase A (NanA), which promotes opsonophagocytosis and also plays a role 

in adhesion and invasion52. Additional members of this group are the Pneumococcal 

adherence and virulence factor B (PavB) and Pneumococcal serine-rich repeat protein 

(PsrP). PavB interacts with components of the extracellular matrix (ECM) like 

plasminogen and thrombospondin-1 (TSP-1) and is essential for adhesion to epithelial 

cells and pathogenesis53-54. PsrP belongs to the serine-rich repeat protein (SRRP) 

family and mediates adhesion to bronchial and alveolar cells and its homologue GspB 

in Streptococcus gordonii has been shown to bind to platelets55-56. The last group of 

pneumococcal surface proteins are the non-classical surface proteins or moonlighting 

proteins. They lack specific anchoring signals and can be found either intracellularly 

and/or on the surface57. Proteins of this group, like enolase or PavA where shown to 

act as adhesins32-33.  

Another major virulence factor of pneumococci is pneumolysin (Ply), which is a 471 

amino acid long cholesterol dependent cytolysin with a molecular mass of 53 kDa58. 

Ply is produced as soluble monomer and oligomerizes with up to 50 subunits in 

cholesterol containing eukaryotic membranes. Membrane binding and oligomerization 

leads to formation of a prepore which subsequently is inserted into the membrane. 

Insertion takes place via conformational change in domain 2 of each monomer leading 

to formation of pores with a size of 35-45 nm in diameter59-61. Ply is an intracellular 
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toxin, because it lacks a N-terminal secretion signal. It was thought that Ply release 

depends on autolysin-dependent autolysis62-63. However, other studies demonstrated 

a secretion signal independent export of Ply and its extracellular association with the 

cell wall64-65. Ply excerts cytotoxic effects on many cell types. It damages cells by pore 

formation as seen in lung endothelial cells, tracheobronchial epithelial cells or 

cardiomyocytes66-68. Nevertheless, Ply can also indirect affect cells and tissues via 

targeting specific host factors. Ply leads to increased release of platelet activating 

factor (PAF), which further triggers inflammation and vascular permeability leading to 

acute lung injury69. Further, Ply also disturbs cellular function at sublytic 

concentrations. In cardiomyocytes, sublytic Ply concentrations induce cardiomycoyte 

dysfunction by Ca2+-influx resulting in reduced contractility66. Similar, platelets have 

also been described to aggregate at sublytic Ply concentrations70. 

 

2. Staphylococcus aureus 

Epidemiology 

Staphylococcus aureus (S. aureus) is a Gram-positive, facultative anaerobe bacterium 

and was first described by Rosenbach in 1884. The bacterium has a sphere shape and 

appears in grape-like clusters. Further, it is catalase-, coagulase-, phosphatase-, and 

urease-positive and ferments mannitol to lactic acid71. S. aureus is a typical colonizer 

of human anterior nares and skin, but can also colonize other tissues like throat, 

perineum and intestine72. Up to 60% of the population are transiently colonized by  

S. aureus throughout their lifetime and about 30% are persistent carriers73. Carriers 

typically show no symptoms or have only minor local infections and transmiss the 

bacterium from person to person with special high transmission rates in healthcare 

facilities. Among colonization niches, nasal carriage bares the highest risk for 

subsequent infection74. S. aureus as an opportunistic pathogen can cause a variety of 

mild to severe infections and can affect any human tissue. Infections range from skin 

and soft tissue infections to life-threatening invasive diseases like pneumonia, toxic 

shock syndrome, endocarditis and sepsis74. Although not life-threatening, severe skin 

infections like wound infections, abscesses, and furuncles are also accompanied by 

significant morbidity and suffering. S. aureus is one of the most widespread bacterial 
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pathogens and the predominant causative agent in respiratory infections, surgical site 

infections and infective endocarditis75. The global prevalence of S. aureus induced 

severe infections can only be estimated and ranges up to millions of cases76. A study 

from 2017 reported 20,000 deaths upon S. aureus bacteremia only in the United 

States77. Next to high virulence, a further threat of S. aureus are widespread antibiotic-

resistant strains, which develop upon excessive usage of antibiotics. The clinically 

most important ones are methicillin-resistant S. aureus (MRSA) strains. They are only 

susceptible to clindamycin, linezolid, daptomycin, vancomycin, and teicoplanin with the 

last two being antibiotics of last resort78-79. Earlier, MRSA were mainly detected in 

hospitals and health-care centers, but over the last decade, spread is also reported 

outside of hospitals. To date, community-associated MRSA became the leading cause 

for skin and soft tissue infections and sepsis in the US with the most prevalent MRSA 

strains USA300 (sequence type 8, ST8) and USA 400 (ST1) being the cause of over 

60% of community infections78, 80.  

In contrast to S. pneumoniae, development of vaccines with high efficacy to prevent S. 

aureus infections was unsuccessful so far. To date, 12 S. aureus polysaccharide 

serotypes have been described with type 5 and type 8 (CP5/8) accounting for the 

majority of infections81-82. A promising vaccine candidate was StaphVAX®, which is in 

principle comparable to the PCVs against pneumococcal infections. StaphVAX® 

contains CP5/8 conjugated with recombinant non-toxic Pseudomonas aeruginosa 

exoprotein A and was the first vaccine tested in humans83. During a phase III clinical 

trial efficient protection by the vaccine was observed until week 40 post vaccination. 

However, until week 54 post vaccination the vaccine failed as measured by drop in 

efficacy to 26%83. A follow up study hypothesized a second round of vaccination at 

week 35 to boost immunity, but also two doses had no lasting protective effect84. 

Another vaccine candidate was V710 (Merck), a monovalent formulation targeting iron 

salvage protein (IsdB). Nevertheless, the phase IIB/III clinical trial had to be early 

terminated, because V710 was associated with increased mortality85-86. Very recently 

Pfizer developed the SA4Ag vaccine containing CP5/8 and additionally recombinant 

MntC and ClfA, each conjugated to a detoxified form of diphtheria toxin. But also this 

vaccine failed in a phase II clinical trial (NCT02388165)87.  
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S. aureus virulence factors 

S. aureus causes a broad range of infections. This is related to the expression of a 

wide variety of virulence factors, allowing the pathogen to adhere to host cells, invade 

host cell and escaping the immune system. Among these virulence factors are proteins 

which can be categorized into the groups of i) microbial surface component recognizing 

adhesive matrix molecules (MSCRAMMs) and ii) secretable expanded repertoire 

adhesive molecules (SERAMs).  

MSCRAMMs are adhesins and share a similar structure. They contain two adjacent 

IgG-folded domains allowing binding of ECM proteins like fibrinogen, fibronectin, TSP-

1 or van Willebrand factor (vWF)88. Members of this protein group contain a LPTXTG 

sortase-anchoring motif, which allows the covalent binding to the PGN of the cell wall 

by the transpeptidase sortase A89. One of the best described MSCRAMMs is clumping 

factor A (ClfA). It is the main fibrinogen binding protein of S. aureus and was found to 

be present in nearly all analysed isolates90. ClfA promotes attachment to host tissues 

and has been described to bind platelets resulting in platelet activation91-92. Two other 

well characterized members of this family are fibronectin-binding protein A and B 

(FnbpA/B), which are both expressed in most clinical isolates or singularly expressed 

in the minority of clinical isolates93. They have a N-terminal binding site for fibronectin, 

fibrinogen and elastin94-95. Both proteins are associated with biofilm formation of MRSA 

strains and contribute to inflammation and invasion96-97  Another MSCRAMM is 

Staphylococcus protein A (SpA), which facilitates immune evasion by binding to the 

Fcγ proportion of IgG and thereby inhibition of opsonophagocytosis. Further, SpA 

mediates induction of apoptosis in B-cells by interacting with their Fab domain98-99. The 

second protein group of S. aureus are the SERAMs. One member is the extracellular 

adherence protein (Eap), which is expressed by nearly all tested clinical isolates100. 

Eap can bind to several ECM components like fibrinogen or TSP-1 and further interacts 

with the endothelial intercellular adhesion molecule 1 (ICAM-1) receptor thereby 

preventing leukocyte adhesion to the endothelium101. Eap is also involved in immune 

evasion via inhibition of complement pathways102. A protein important for abscess 

formation is the secreted coagulase (Coa). By interacting with prothrombin and 

fibrinogen, fibrin meshworks and clots are formed providing protection against host 

immune defence103. Another virulence factor is the major autolysin A (AtlA), which 

mediates hydrolysis of the PGN in the area of the septum, leading to cell division104. 
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AtlA has binding sites for ECM proteins like e.g., fibronectin and has been shown to be 

crucial in biofilm formation especially on artificial substrates like medical implants105-

107. Next to proteins with adhesive properties, S. aureus also expresses proteins with 

immune modulatory functions. Among them are the chemotaxis inhibitory protein 

(CHIPS) and the formyl peptide receptor-like 1 inhibitory protein (FLIPr). Both proteins 

bind human neutrophils and monocytes. Binding of CHIPS to the C5a receptor or the 

formyl peptide receptor 1 leads to inhibition of neutrophil recruitment to the site of 

infection whereas binding of FLIPr to FcγRIIa results in inhibition of 

opsonophagocytosis108-109. Further virulence factors expressed by S. aureus are pore 

forming toxins like alpha hemolysin (Hla) and the bicomponent pore forming 

leukocidins (BPFL). Hla is one of the major virulence factors of S. aureus. It is 

expressed by most disease associated clinical isolates and expression levels of Hla 

have been reported to correlate with disease severity110. Hla forms β-barrel 

transmembrane pores of 1-3 nm in diameter, allowing molecules up to 4 kDa in size to 

pass through111-112. By binding to the metalloprotease ADAM10 of host cells, S. aureus 

secreted Hla triggers proinflammatory signalling and disrupts cell-cell contacts 

supporting invasion of bacteria113-114. The BPFL like LukAB, LukSF (Panton valentine 

leukocidin, PVL) and LukED contain two protein components, which oligomerize in 

membranes of different cell types into a β-barrel pore115. They target specific receptors 

on different immune cells like neutrophils or phagocytes leading to proinflammatory 

signalling and cell death and therefore protection against the host’s immune system116-

117. 

3. Platelets 

Origin and Morphology 

Platelets are the second most abundant cell type in the circulation. They have a discoid 

shape and are of small size with 2-4 µm in diameter118. However, despite their small 

size, platelets are main players in hemostasis, vessel repair, infection and 

inflammation.  

Platelets originate from megakaryocytes (MK), which are cells of up to 100 µm in 

diameter. MKs reside in bone marrow, but are also found in the lung circulation119-120. 

During maturation, MKs migrate to the bone marrows perivascular region and in 
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parallel their cytoplasm gets packed into long protrusions, so called proplatelets. 

Proplatelets further elongate and branch until they extend into sinusoid lumen119. 

Alongside those branched organelles and granules are transported in a microtubule 

dependent manner from the MK cell body into proplatelets and captured at the tips121-

122. Platelets are finally formed at the distal end of proplatelets. Dependent of the shear 

and turbulent flow platelets finally are shedded into circulation122-123. Once they are 

released, platelets have an average life time of 5-9 days before they are cleared from 

circulation in liver and spleen124-125. Due to their origin, platelets are anucleated and 

translation is limited to stable MK derived mRNA126. Two membrane systems are found 

in platelets: the open canalicular system and the dense tubular system. The open 

canalicular system is connected to the plasma membrane and its channels provide 

membrane surface enlargement. The thereby provided increase in surface area is 

important for uptake of extracellular molecules but also shape change and granule 

release upon platelet activation127. In contrast, the dense tubular system is an internal 

smooth endoplasmic reticulum membrane system storing enzymes and ions like Ca2+. 

Besides, platelet cytoplasm contains organelles like mitochondria, lysosomes and, of 

major importance for platelet function, different types of granules. Three types of 

granules can be distinguished: α-granules, dense granules, and lysosomal granules. 

Alpha granules are the most abundant ones with 50-80/human platelet128 and contain 

mitogenic factors, coagulation factors (e.g. factor V, fibrinogen), adhesive proteins 

(e.g., P-selectin, von Willebrand factor (vWF)), angiogenic factors like angiogenin as 

well as different cytokines and chemokines129. Dense granule mainly store small 

molecules like adenosine diphosphate (ADP), adenosine triphosphate (ATP), 

serotonin, and ions (e.g. Ca2+). Glycosidases being important for clot retraction and 

bactericidal proteins are stored in the lysosomal granules130. Upon platelet activation 

the granules undergo exocytosis and their content is released into circulation or 

rebound on the platelet surface for signal amplification130.  
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Role of platelets in hemostasis 

 
 

Figure 1: Platelets sense and close vessel injury. Circulating platelets sense exposed ECM 
molecules like collagen upon damage of the endothelial barrier. Binding to ECM molecules 
result in platelet activation and thereby release of granule content resulting in signal 
amplification. Subsequent activation and acquisition of nearby platelets results in thrombus 
formation and thereby closure of the endothelial gap. Created with BioRender.com 
 
Platelets are essential for sensing and repairing injured vessels and therefore bleeding 

arrest. Accumulation of platelets at the site of damaged endothelium is described as 

the first wave of hemostasis. This process is followed by activation of the blood 

coagulation pathway as the second wave of hemostasis131.  

Upon vascular injury, matrix proteins of the subendothelium like collagen are exposed 

to components of the blood stream. Plasma vWF, which is derived from e.g., platelets 

and endothelial cells, binds to the exposed collagen. The interaction of platelet 

glycoproteins GPIb/IX/V with immobilized vWF initiates platelet tethering at the site of 

vessel injury under arterial high shear conditions132,133 (Figure 1). Under venous low 

shear conditions GPIIb/IIIa binding to exposed fibrinogen and fibronectin are described 

to induce direct platelet adhesion134. For stable platelet adhesion GPVI and GPIa/IIa 

bind to collagen135. In addition, further integrins bind to ligands exposed on damaged 

vessels such as integrin α5β1 to fibronectin or GPIIb/IIIa to fibrinogen/fibrin136. Binding 

of platelet receptors to their ligands in the area of vessel injury leads finally to activation 

of platelets137. This in turn is followed by release of platelet granule content. Alpha 
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granules contain proteins being important for a stable adhesion and thrombus 

formation like fibrinogen, vWF and P-selectin among many others. Dense granules 

release small molecules like ADP supporting signal amplification. ADP is part of a 

positive feedback loop and rebinding of ADP to the platelet surface triggers cell based 

thrombin generation resulting in further platelet activation138. In parallel thromboxane 

A2 and reactive oxygen species are generated and phosphatidylserine (PS) is exposed 

on platelet surface providing a further signal for amplification of the activation reaction 

and recruitment of nearby platelets139-140. Besides adhesion, activation and 

aggregation, platelets also play a role in thrombin generation, a crucial step during 

coagulation. Thrombin converts fibrinogen to fibrin, the end product of the coagulation 

cascade141. PS exposure on the platelet surface provides a catalytic surface for 

thrombin generation. PS leads to a negative charged surface, thereby creating a high‐

affinity binding substrate for coagulation factors (e.g. prothrombin, FVII, FIX, and 

FX)142-144. Next to PS also rebound ADP and fibrin binding to GPVI potentiates 

thrombin generation138, 145. Further, thrombin is also part of a signal amplification loop. 

By cleaving protease-activated recpetors (PAR) and binding to GPIbα, further platelet 

activation, PS exposure and thrombin generation is stimulated146-147. 
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Platelets as immune cells 

 
 

 
 

Figure 2: Role of platelets in the immune response.  Platelets sense invasion of bacteria 
into the bloodstream as well as injured vessels and get activated resulting in release of their 
granule content and PMVs. Among many other proteins the releasate contains chemokines 
and cytokines which stimulates recruitment of leukocytes. Attracted neutrophils form NETs 
resulting in e.g. further platelet activation. PMVs modulate gene expression of monocytes 
and monocyte (MC)-derived cells such as dendritic cells (DC) to a phagocytotic phenotype. 
Source: Jahn et al (see III.1)148 
 

Despite their role in hemostasis platelets gain more and more interest regarding their 

function as immune cells. In fact, they are the most abundant cell type with immune 

function in the circulation. Platelets act either local at sites of acute processes like 

vessel injury or systemic via interaction with other immune cells or release of immune 

modulatory granule content149. Features making them part of the immune system are 

the expression of receptors being involved in inflammation, pathogen recognition and 

direct or indirect interaction and modulation of other immune cells like leukocytes 

(Figure 2). Interactions between leukocytes and activated platelets are generally 

categorized into adhesive and soluble mechanisms, although both mechanisms are 

closely coupled150. Adhesive interactions involve e.g., surface bound P-selectin 

(CD62P) on platelets, which binds P-selectin glycoprotein ligand-1 (PSGL-1) on 

leukocytes151-152. Binding triggers activation of neutrophils by a conformational change 

and clustering of the αMβ2-integrin Mac-1. This results in immobilization of neutrophils 

at the site of lesion and promotes transendothelial cell migration152-154. Another 
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adhesive mechanisms is dependent of platelet GPIbα binding to Mac-1 which 

stimulates inflammation and thrombosis in vascular injury154. Further interaction 

partners are platelet CD40L and leukocyte CD40, driving B-cell response, maturation 

of dendritic cells and inflammation155.  

Soluble interactions are mediated by platelet releasate. Platelet granules store more 

than 300 biological active proteins among them stimulators or modulators of different 

immune cells156. Alpha-granule derived proteins like CXCL4 (platelet factor-4), 

RANTES (Regulated upon Activation, Normal T Cell Expressed and Presumably 

Secreted) or fibrinogen act as proinflammatory chemokines or cytokines157. Release 

of e.g. CXCL4 or fibrinogen induces increased binding of neutrophils to the 

endothelium158-159. Small molecules with mainly modulatory function like ADP 

stimulates antigen endocytosis in dendritic cells160. Further, serotonin triggers 

differentiation of monocytes into dendritic cells and T-cell activation161.  

Next to various interactions with other immune cells, platelet microvesicles (PMVs) are 

of major importance for platelets as immune cells. PMVs are small lipid membrane 

vesicles (0,1-1 µm)162 which store messenger RNA (mRNA), microRNAs, bactericidal 

proteins but also adhesion related platelet surface proteins163. They are part of 

physiological and pathophysiological cell-cell communication. Upon binding of PMVs 

to target cells, their content is released resulting in modulated gene expression164 

(Figure 2).  

 

Platelets express a variety of receptors involved in immune functions and/or interacting 

with pathogens. Among them are integrins, G-protein coupled receptors, ADP 

receptors (P2Y), leucine-rich repeat glycoproteins (GP), Toll like receptors (TLRs), IgG 

superfamily receptors (GPVI, FcγRIIa) and tyrosine kinase receptors. 

TLRs are transmembrane proteins being expressed on many cell types but best 

studied on immune cells. On the platelet surface TLR4, TLR1, TLR2, TLR7 and TLR9 

are expressed165-166. TLRs recognise pathogen associated molecular patterns 

(PAMPS) via their leucine-rich β-sheets ectodomains and transduce this signal via an 

Toll-interleukin-1 receptor domain167. LPS recognition by TLR4 has been described 

multiple times, however the resulting activation of platelets is controvercially discussed. 

While Brown et al demonstrated LPS dependent platelet activation followed by 

shedding of proinflammatory IL-1β-rich microparticles168, Binsker et al. observed 

platelet activation by LPS only in whole blood but not in washed platelets, indicating 
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an indirect effect169. During bacterial infections bacterial lipoproteins are recognized by 

TLR2 leading to formation of aggregates composed of platelets and neutrophils170. In 

addition, S. pneumoniae and Group B streptococci induce TLR2 dependent activation 

of the phosphoinositide-3 (PI3)-kinase pathway leading to platelet activation, 

aggregation and release of dense granules171-172. Another important toll like receptor 

during infection is TLR9, which is activated by bacterial DNA, subsequently leading to 

activation of the coagulation cascade171. Next to TLRs also the FcγRIIa receptor is of 

major importance for immune function. FcγRIIa receptors are expressed in high 

numbers on platelets (2000 – 3000 per platelet)173 and mediate internalization of IgG 

covered particles like bacteria, resulting in platelet activation and aggregation174. In 

addition simultaneous stimulation of FcγRIIa receptor is needed for activation of e.g. 

GPIIb/IIIa by E. coli or S. aureus175-176. Further platelet receptors involved in direct 

interaction with bacteria are discussed in section 4. 

 

Platelets in bacterial infections 

As described above, platelets are involved in host defence against invading pathogens. 

Therefore, it is not surprising that involvement of platelets and disturbance of platelet 

function are frequently observed during bacterial infections. 

A well described severe bacterial infection involving platelet interactions is infective 

endocarditis (IE) caused by S. aureus. Typically, the disease develops on the surface 

of heart valves and has a mortality rate of about 25%177. Structural abnormalities of the 

heart caused by preceeded conditions like congenital heart disease, rheumatic 

fever/rheumatic heart disease, prostethic valves or implanted devices like pacemakers 

increase susceptibility for developing IE177. Further risk factors are increasing age, 

intravenous drug abuse or dental procedures177-180. With 30% of the cases, S. aureus 

is the main causative agent of IE177, 181, whereas pneumococci only account for ≤3% 

of the cases182. Typically, structural changes of heart tissue leads to sedimentation of 

fibrin and platelets thereby creating a colonization niche for bacteria183-184. Settled 

bacteria further acquire fibrin and platelets. Thereby, bacteria are shielding themselves 

from the immune system resulting in high bacterial densities183,185. However, S. aureus 

does not essentially needs preceding structural changes of heart valves, since it is 

capable of directly inducing an inflammatory environment which affects valvular 

endothelium92. This in turn triggers adherence of staphylococci to the subendothelial 
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matrix of the injured heart valves. Adherence is mediated by the interplay between 

staphylococcal surface proteins and ECM components and is followed by local 

cytokine release, platelet activation and fibrin deposition. 

In contrast, interactions of platelets with pneumococci during invasive infections is 

rarely described. Most of the literature is focussed on platelets as a prognostic marker 

in pneumococcal infections, since development of thrombocytopenia and therefore low 

platelet counts correlate with increased mortality186-187. However, mechanistic insights 

into how infections with pneumococci lead to decreased platelet counts are missing.  

One of the most frequent invasive pneumococcal diseases is community-acquired 

pneumonia (CAP). This life threatening disease is caused by different pathogens but 

predominantly by pneumococci. With 14% of hospitalized patients, the mortality rate is 

high and of special risk for severe courses are elderly, immunocomprimized patients 

or patient with comorbidities10, 188. Different symptoms and complications relate CAP 

to disturbed platelet hemostasis. Systemic platelet activation, a general coagulant 

phenotype and therefore dropping platelet counts are frequently observed during 

severe CAP189. In addition also formation of neutrophil extracellular traps (NETs) 

formation is observed in patients. NETosis is driven by platelet dependent mechanisms 

and elevated serum NET markers are associated with a higher risk of clinical instability 

and overall mortality190. 

A severe complication of invasive bacterial infections is the development of bacteremia 

and finally sepsis with mortality rates of up to 30%191. Due to massive coagulation and 

consumption of platelets, nearly half of all septic patients develop thrombocytopenia 

disseminated intravascular dissemination (DIC)192. During sepsis, neutrophil-platelet 

interactions are triggered resulting in formation of NETs193. NETs contain histones, 

defensins and neutrophil DNA all leading to amplification of platelet activation and 

therefore strong induction of a coagulant phenotype194-195. Uncontrolled coagulation 

finally leads to thrombocytopenia and DIC as one of the most severe conditions during 

sepsis196  
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4. Platelet bacteria interactions 

 
 

Figure 3: Platelet bacteria interactions. Scheme illustrating direct and indirect binding of 
bacteria to platelets and some of the involved receptors like TLRs (red), FcγRIIa (dark blue) or 
different Glycoprotein receptors (green, light blue). Source: Jahn et al (see III.1)148 
 

During severe infections bacteria are able to spread from the site of infection and enter 

the bloodstream where they get in contact with circulating platelets. Interactions of 

bacteria with platelets can be categorized into: i) direct binding of bacteria to receptors 

on platelet membranes, like TLR2 or FcγRIIa, ii) indirect binding via bridging molecules 

of the ECM (e.g. fibrinogen or thrombospondin-1) and iii) interactions via released 

factors (e.g. Ply, Hla) (Figure 3). Binding of bacteria to platelets can result in platelet 

activation but also internalization of bacteria into platelets. The uptake of bacteria by 

platelets has been described for Porphyromonas gingivales and S. aureus, with the 

latter one being dependent of co-stimulation by e.g. ADP197-198. Further, adherent 

platelets are not static but migrate over their substrate. During this migration they 

engulf substrate bound particles like bacteria which leads to increased phagocytic 

activity199. Besides internalization mediated by direct binding of the pathogen, 

internalization dependent on IgG coating has been observed. IgG coated beads (0.5-

1.5 µm) but also IgG preopsonized E. coli were reported to be internalized via platelet 

FcγRII receptor174. However, independent of the internalization mechanism, it remains 

unclear whether bacteria are killed intracellularly by granule derived antimicrobial 

peptides or whether internalization is an active immune evasion strategy. In the 

following sections interactions between S. pneumoniae and S. aureus with platelets 

are reviewed. Nevertheless, it is noteworthy that interactions with platelets have been 

described also for other bacteria. The serine-aspartate dipeptide repeat G (SdrG) of 

Staphylococcus epidermidis directly or indirectly via bridging of fibrinogen binds to 

platelets 200. Other bacterial fibrinogen binding partners are e.g. the M1 protein of 
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Streptococcus pyogenes or lysine of Streptococcus mitis201. Further, several 

streptococci bind directly to sialic acids of platelet GPIbα via highly glycolsylated 

serine-rich proteins. To these belong the serine-rich protein A (SrpA) from 

Streptococcus sanguinis, the glycosylated streptococcal protein B (GspB) and the 

hemagglutinin salivary antigen (Hsa) from Streptococcus gordonii (S. gordonii)202-203. 

In addition, S. gordonii also expresses platelet adherence protein A (PadA), which 

mediates adherence to platelets204.  

 

S. pneumoniae interactions with platelets 

So far, the knowledge about direct or indirect interactions between platelets and 

pneumococci is limited.  

Since the first description of platelet aggregation by pneumococci in the 1970s, some 

contradictory data about how this activation was achieved appeared over the years. 

The first in vitro studies by Clawson et al. in 1971 showed serotype dependent platelet 

activation and aggregation, with serotype 8 inducing activation, wheras serotype 24 

had no effect205. Some years later Keane et al. linked platelet aggregation to the 

presence of CPS on pneumococci, since non-encapsulated strains did not induce 

platelet activation. Further, this study reported this interaction to be TLR2 

dependent171. However, the study of de Stoppelaar et al. revealed contradictory 

results. First, they could not provoke platelet activation by encapsulated  

S. pneumoniae strains and second, they observed platelet degranulation independent 

of TLR2 as confirmed in mice in the background of different TLR knockouts206. More 

recent studies demonstrated binding of pneumococci to platelets without regard to 

encapsulation or serotype. In the study of Niemann et al. formation of pneumococci-

platelet aggregates was dependent on bridging molecules like soluble fibrin and TSP-

1, which facilitated the interaction between pneumococci and platelets207. Further 

studies suggested the pneumococcal adhesins PspC and PavB bind to TSP-1, which 

thereby acts as a bridge to link the bacteria with platelet GPIIb/IIIa53, 208. 

 

S. aureus interactions with platelets  

The interplay between S. aureus and platelets is well described. Staphylococci express 

a variety of proteins interacting with platelets via different mechanisms. Some of these 
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proteins belong to the family of MSCRAMMs. They mediate adherence to host ECM 

components and therefore bridging to platelets expressing receptors for ECM 

proteins209. Well described members of this family interacting with platelets are 

ClfA/ClfB and FnBPA/FnBPB. They bind to platelet GPIIb/IIIa utilizing fibrinogen and 

fibronectin as molecular bridges via their fibrinogen binding domains210-211. In addition, 

ClfA as well as serine-aspartate repeat-containing protein E (SdrE) are able to target 

directly GPIIb/IIIa, resulting in activation and aggregation of platelets92. Also members 

of other protein families like the iron-regulated surface determinant B (IsdB) or Eap 

interact with platelets212-213. Eap directly binds to protein disulfide polymerase (PDI) on 

the platelet surface, resulting in activation and aggregation of platelets213. Additionally 

Eap can utilize fibrinogen, vitronectin and TSP-1 as bridging molecules for binding to 

platelets214. Further, also secreted proteins of S. aureus were shown to directly activate 

platelets and trigger clotting in whole blood. Members of this group are AtlA, CHIPS 

and FLIPr169. Another staphylococcal protein interacting with platelets is the 

extracellular fibrinogen binding protein EfB. In contrast to the already mentioned 

proteins it does not trigger activation of platelets but binds to surface P-selectin of 

activated platelets and thereby competes with other binding partner of P-selectin like 

leukocytes215-216. Previously Hla has been reported to stimulate platelet activation and 

aggregation in plasma and whole blood. Additionally thrombus formation in small 

hepatic vessels was observed to be dependent on Hla expression of S. aureus in 

mice112, 217-218. 

. 
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5. Objectives of the study 

S. pneumoniae expresses various virulence factors and adhesins. During severe 

invasive pneumococcal disease reduced platelet counts are commonly observed, but 

except for the pore forming toxin pneumolysin no pneumococcal factors directly 

interacting with platelets are known. Nevertheless, there are sequence homologies of 

pneumococcal proteins with surface proteins of other bacteria known to activate 

platelets. Besides, with TLRs typical pattern recognition receptors for pathogens are 

expressed on platelets. Therefore it can be hypothesized, that in addition to 

pneumolysin other pneumococcal proteins may directly or indirectly interact with 

platelets. Here, a library of recombinant pneumococcal surface proteins was screened 

regarding their potential to directly activate human platelets. In addition, this study 

aimed to decipher the molecular mechanism of the previous reported platelet activation 

by pneumolysin and further show options to inhibition the mode of action of Ply on 

platelets. 

Interactions of platelets with different S. aureus proteins resulting in platelet activation 

are well described. Similar to pneumococci, S. aureus expresses with alpha hemolysin 

and the two component leukocidins pore forming toxins. Platelet activation by alpha 

hemolysin has been reported several times, but for leukocidins only indirect effects on 

platelets have been described. Further, mechanistic understanding of the Hla platelet 

interaction beyond platelet activation in vitro is poor. Therefore this study aims to 

analyze the different pore forming toxins of S. aureus regarding their effect on human 

platelets in comparison to pneumococcal pneumolysin.   
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1. Results 

Human platelets are activated by different pneumococcal surface 

proteins 

The aim of this study was first, to identify new pneumococcal factors involved in the 

interaction with human platelets and second, to analyze effect of this interaction on 

platelet side. 

 

For the identification of bacterial proteins directly activating platelets, a library of 

recombinant pneumococcal surface proteins as well as purified cell wall components 

were screened. Platelets were incubated with different molarities of the 

proteins/components and afterwards analyzed regarding CD62P expression by flow 

cytometry. At least one protein of each group of pneumococcal surface proteins was 

identified to directly activate washed human platelets. SP_0899 and AliB, both 

lipoproteins as well as CbpL (choline binding protein) and SP_1833 (or PfbA, sortase 

anchored protein) all induced an increase in surface exposed CD62P (III.1). All 

recombinant expressed lipoproteins used in this screening lack their lipid moiety. 

Nevertheless, stimulation of platelets with lipidated lipoproteins did not increase 

CD62P expression on platelets compared to their non-lipidated counterparts. Based 

on these experiments pneumococcal mutants, deficient in anchoring of lipoproteins 

(ΔplyΔlgt) or sortase-anchored proteins (ΔplyΔsrtA) and thereby releasing these 

proteins in the supernatant, were created. In addition a ply-mutant was treated with 

choline chloride to release CBPs into the medium. Incubation of enriched supernatants 

of these strains did not result in CD62P dependent platelet activation. However, lysates 

of the bacterial pellets resulted in increased CD62P signals, indicating involvement of 

other pneumococcal factors in platelet activation. In addition, purified cell wall 

components of pneumococci were tested regarding their ability to activate platelets, 

but with no positive result.  

 

Pneumolysin kills, but not activates human platelets 

One of the major pneumococcal virulence factors is the cholesterol-dependent pore 

forming toxin Ply. In the screening described above, incubation of Ply with human 
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platelets resulted in high levels of CD62P comparable to the positive control TRAP-6. 

This was in line with the literature stating platelet activation by Ply. However, further 

experiments revealed a different sight on the Ply-platelet interaction. Next to CD62P, 

PAC-1 was used in the studies as platelet marker indicating integrin activation. 

Surprisingly, incubation of human platelets with Ply did not result in integrin activation, 

independent of the Ply concentration. In addition, subsequent stimulation with 20 µM 

TRAP-6 did not result in integrin activation or a further increase of CD62P levels. In 

parallel, aggregation and calcium release of washed platelets incubated with Ply was 

measured. In both experimental setups a rapid and strong response to Ply was 

observed with loss of turbidity of platelet suspension and an immediate strong Ca2+ 

release. Nevertheless, also in these experiments platelets did not respond to 

subsequent TRAP-6 stimulation, indicating loss of platelet function in the presence of 

Ply. Only at low concentrations (≤ 30 ng/ml), when platelets did not responded with 

e.g., calcium release to Ply, they remained sensitive to TRAP-6. One of the main 

functions of platelets in the circulation is the formation of stable thrombi. When whole 

blood is flown at physiological shear rates through a collagen coated chamber typically 

numerous small thrombi are formed. In the presence of increasing concentrations of 

Ply, thrombus formation is impaired (≤30 ng/ml Ply) or completely abrogated 

(≥300 ng/ml Ply). The data on loss of platelet function are in line with data of viability 

measurements of Ply incubated platelets. In the presence of >30 ng/ml Ply, platelets 

were immediately lysed. Next, the question was addressed how increased signals for 

the platelet activation marker and immediate loss of platelet function after incubation 

with Ply fit together. Electron microscopy data of Ply incubated platelets clearly show 

numerous Ply pores of 40-50 nm in diameter on the platelet surface. This pore size 

would allow antibodies to pass through and stain intracellular stores of CD62P instead 

of activation typical surface rebound CD62P. Indeed, further localization studies of 

CD62P in 3D reconstructed confocal images showed only intracellular staining of 

CD62P similar to the permeabilization control Triton X-100 but contrary to the 

activation control TRAP-6.  

 

Alpha-hemolysin acts in a two-step mechanism on platelets 

S. aureus expresses with Hla and the bicomponent pore forming toxins LukAB, LukDE, 

and LukSF several disease associated pore forming toxins. As described earlier, the 
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pores formed by the staphylococcal toxins are much smaller in diameter compared to 

Ply pores. In addition, Hla has been previously described to activate and aggregate 

platelets whereas the leukocidins so far only have been described to excert indirect 

effects on platelets218-220. Therefore it was aimed to investigate the effects of 

recombinant Hla and leukocidins on platelet activation and platelet function in 

comparison to the effects caused by pneumococcal Ply. Similar to Ply, Hla bound dose-

dependently to human platelets and induced highly increased CD62P levels with 

insensitivity to subsequent TRAP-6 stimulation. But contrary to Ply, Hla induced 

integrin activation (PAC-1 binding) at intermediate concentrations and the measured 

levels for both activation markers were time and concentration dependent. Opposed to 

Hla, none of the leukocidin pairs bound to platelets, induced strong expression of 

CD62P or rendered platelets insensitive to TRAP-6. A major difference between the 

mode of action of Ply and Hla was observed in aggregometry. Whereas Ply 

immediately lysed platelets resulting in a strong increase in light transmission, a 

partially reversibly change in light transmission was observed for incubation with Hla. 

Incubation of platelets with intermediate doses Hla (≥ 1 µg/ml) led to a strong peak in 

light transmission. Interestingly, this first peak could be blocked by addition of RGDS, 

an inhibitor of aggregation. Nevertheless, the aggregation curve gradually increases 

over time and finally overlays the curve with just Hla and platelets. In the presence of 

RGDS any measured change in light transmission reflects platelet lysis. Therefore, the 

first peak in light transmission after addition of Hla can be assumed to be real platelet 

aggregation which is followed by platelet lysis as observed by non-reversible increase 

in light transmission. Localization studies of CD62P support the assumption of initial 

platelet activation by Hla. In contrast to the predominant intracellular staining of CD62P 

after Ply treatment, incubation with Hla resulted in a strong surface associated staining 

of CD62P similar to the activation control with TRAP-6. However, platelet morphology 

was altered by Hla and they appeared enlarged and swollen, indicating loss of 

membrane integrity. Viability measurement of Hla treated platelets indeed revealed 

platelet lysis during the first minutes of incubation (≥2 µg/ml Hla) or later on (≤0.2 µg/ml 

Hla) in dependence of the used Hla dose. Although initial platelet activation could be 

observed, platelet lysis by Hla seems to be prevailing in the matter of platelet function. 

This is reflected by completely abrogated thrombus formation in whole blood in the 

presence of increasing concentrations of Hla. Hla and Ply induced platelet lysis occurs 

via apoptosis. After incubation with both toxins caspase 3/7 activity as well as exposure 
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of phosphatidylserine on platelet surface was highly increased. In contrast, the 

leukocidin pairs did not stimulate apoptosis.  

 

Ply, but not Hla, can be neutralized by immunoglobulins 

Based on the results, the obvious question erased how one could interfere with the 

devastating effect of Ply and Hla on human platelets. Next to specific antibodies 

against Ply and Hla also a pharmaceutical IgG preparation (IVIG, 98% IgG; Privigen, 

CSL Behring, United States) and an IgM/IgA enriched immunoglobulin preparation 

(21% IgA, 23% IgM, 56% IgG; trimodulin, Biotest AG, Germany) were included. 

Measurements of CD62P accessibility and platelet viability revealed inhibition of Ply 

induced platelet lysis by all included antibodies up to a concentration of 600 ng/ml Ply. 

Further, platelet function was fully restored in the presence of IgGs against Ply as 

shown by sensitivity to TRAP-6 and maintained thrombus formation after incubation 

with ≤300 ng/ml Ply. In the setting of disease the pharmaceutical immunoglobulin 

preparations IVIG and trimodulin are of high interest. Although both preparations 

equally neutralized pneumolysin up to a concentration of 300 ng/ml, at higher Ply 

doses trimodulin became less efficient compared to IVIG. In the presence of 

600 ng/mL Ply, 1 mg/ml trimodulin only incompletely reduced platelet lysis, whereas 

1 mg/ml IVIG was efficient in protecting platelets. The difference between both 

preparations is the reduced proportion of IgGs in trimodulin. Upon adjustment of both 

preparations to the same overall immunoglobulin concentration, Ply induced platelet 

lysis was similarly rescued by trimodulin as with IVIG. However, at concentration above 

600 ng/ml trimodulin became again less efficient compared to IVIG.  

In contrast to Ply, the damaging effect of Hla on platelets could not be rescued. Neither 

a specific monoclonal anti-Hla antibody, nor IVIG which contains anti-Hla antibodies 

neutralized Hla. IVIG as well as excessive amounts of the monoclonal antibody only 

minor improved the loss in platelet viability over time upon treatment with low doses of 

Hla. Nevertheless, this was not reflected in restored platelet function. 
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2. Discussion 

The studies listed and described above can be differentiated in terms of content into i) 

interaction of pneumococcal proteins with human platelets with special focus on 

pneumolysin (III.1, III.2), ii) comparison of the pneumococcal pneumolysin with pore 

forming toxins of S. aureus (III.4) and iii) antibody mediated inhibition of pneumolysin 

and alpha-hemolysin as potential therapeutic approach during pneumonia and/or 

bacteremia (III.3, III.4).  

The screening approach of heterologously expressed pneumococcal surface proteins 

revealed four new candidates interacting with platelets leading to CD62P expression. 

Among them were proteins of all classes of surface proteins. Two lipoproteins with 

SP_0899 (unknown function) and AliB (substrate-binding protein for oligopeptides221), 

a choline-binding protein, namely CbpL (putative adhesion, contribution to 

colonization222), and a sortase anchored protein , namely SP_1833 (PfbA, plasmin- 

and fibronectin-binding capacity223), induced increased CD62P expression (Figure 4). 

Of note, all lipoproteins included were heterologously expressed in E. coli without being 

lipidated. In pneumococci, lipoproteins contain a lipid moiety which triggers TLR2 

dependent signalling in other cell types like leukocytes224-225. However, although 

platelets express TLR2 the included lipidated lipoproteins did not induce stronger 

CD62P expression compared to their non-lipidated counterparts. A potential 

explanation lies in the fact that expression of TLRs is activation dependent. Surface 

TLR expression on resting platelets is quite low, but upregulated upon stimulation165, 

226. To rule out TLR dependent signalling induced by pneumococcal lipoproteins future 

studies should include a parallel stimulatory effect with e.g., low doses of ADP. During 

bacterial infections antibiotic treatment is part of standard care. Therefore, also 

intracellular and non-secreted pneumococcal proteins might become interacting 

partners for platelets. Lysates of Ply deletion strains additionally deficient in anchoring 

of whole groups of surface proteins induced increased CD62P expression, indicating 

intracellular proteins being involved in platelet activation. However, measured values 

were quite low und did not significantly differ between the different gene deletion 

strains. In contrast, the intracellular pneumolysin, which is mainly released upon 

pneumococcal autolysis, induced highly elevated CD62P levels in accordance with 

literature describing Ply-dependent platelet activation70. Therefore, detailed analysis of 

the impact of Ply on platelets was conducted. Taken together, instead of platelet 
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activation a lytic mode of action of Ply on platelets was discovered. Platelet lysis by Ply 

was shown in detail by pore formation in platelet membranes, predominant intracellular 

CD62P staining, loss of viability and loss of platelet function in washed platelets as well 

as in whole blood. Previous reports about Ply dependent platelet activation are most 

likely false positive based on formation of large pores allowing antibodies to pass 

through. The shown results might be of high relevance during invasive pneumococcal 

disease like CAP. A potential life-threatening complication of CAP is the development 

of an acute respiratory distress syndrome (ARDS). ARDS is defined as pulmonary 

syndrome, with acute development of lung injury and is often associated with sepsis, 

pneumonia or trauma. During ARDS the alveolar-capillary barrier is disrupted which 

leads to an entry of interstitial fluid into the alveolar space resulting finally in respiratory 

failure227. Under physiological conditions, platelets would seal gaps in the lung 

endothelium caused by e.g., bacteria and prevent flooding of the alveolar space. 

However, in the presence of Ply, barrier maintenance might be highly impaired. So far, 

in vivo concentrations of Ply during severe infections were only determined in enclosed 

areas without constant and strong flow like cerebrospinal fluid during meningitis. Ply 

concentration in those areas reached levels up to 30 µg/mL228-230 which is 100-fold 

higher than the concentration needed to cause immediate platelet damage. However, 

due to constant blood flow in the lung released Ply is constantly diluted and local Ply 

concentrations are hard to determine. However, it is reasonable that in dependence of 

bacterial density and their accessibility to antibiotics local Ply concentrations reach 

levels sufficient in inducing cellular damage. Nevertheless, chapter III.2 demonstrates 

that Ply-dependent platelet damage is also caused over time. Even low Ply 

concentrations occurring during physiological bacterial autolysis, without further usage 

of antibiotics, led to intracellular CD62P accessibility in platelets after 120 min. Since 

severe bacterial infections last far more than 120 min and standard care involves 

antibiotic treatment, it can be assumed that Ply induced platelet damage is a disease 

relevant molecular pathomechanism. Overall, although surface proteins stimulating 

platelet activation have been identified, the lytic activity of Ply probably overshoots any 

effect of other proteins on platelets. 

Similar to pneumococci, also S. aureus expresses with Hla and BPFL pore forming 

toxins. Taken together, the shown data demonstrate that Hla affects platelets in a two-

step mechanism: First, platelets get activated and second, platelets are lysed within a 

time frame of minutes. In contrast, the BPFL had no major impact on platelet function 
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and viability. This is in line with existing literature demonstrating only indirect effects of 

BPFL on platelets by e.g. activation of leukocytes219. In contrast to Ply and Hla, LukSF 

did not bound to platelets. On leukocytes, LukSF has been demonstrated to bind to the 

receptors C5aR1 and C5aR2116, 231. Further, for LukED the receptors CCR5, CXCR1, 

and CXCR2 have been identified to be targets232-233. The mentioned receptors were 

not detected on protein level in platelets in a proteomics approach but the transcripts 

were219, 232-234. Nevertheless, data on stimuli or mechanisms leading to their translation 

are missing so far. In contrast, the LukAB receptor CD11b is neither present on protein 

level nor as transcript235. The receptor for Hla is the metalloprotease ADAM10, which 

is expressed by various cell types including platelets234, 236. Platelet activation as well 

as coagulation by Hla was reported several times218, 220, 237. However, subsequent 

platelet lysis was not noted so far. A reasonable explanation for this two different 

effects on platelets relies on the formation of small pores on the platelet surface. Small 

molecules like Ca2+ can diffuse through the pores leading to platelet activation. Over 

time the number of formed pores increase and platelets are lysed, resulting in 

diminished thrombus formation in whole blood. This assumption is supported by the 

time- and dose dependent effect of Hla on platelets. High doses of Hla resulted in an 

immediate increased CD62P signal but also a loss of viability after 2 to 10 min of 

incubation, whereas lower doses induced CD62P expression and a reduction of 

platelet viability at later time points. Platelet lysis by Hla might be of high clinical 

relevance especially with regard to circulating Hla concentrations during invasive 

diseases. Up to 60 µM Hla were reported to be found in sera of septic patients, which 

exceeds the highest concentration used in the study 100 fold (20 µM = 20 µg/ml)237. 

Recent in vivo studies correlate Hla dependent platelet aggregation to formation of 

microthrombi retained in small liver and kidney vessels217 but data about stability of the 

formed thrombi are missing. Dissemination of septic thrombi, formed during e.g. 

infective endocarditis can result in multiple embolsims of small arteries of e.g. the brain. 

Based on the presented data it can be hypothesized that platelet lysis by Hla 

destabilizes thrombi thereby promoting dissemination. Further, stabilization of thrombi 

by interfering with Hla might reduce the risk of vessel occlusion caused by circulating 

microthrombi in the setting of infective endocarditis.  
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Figure 4: Model of S. pneumoniae-platelet interactions. Pneumococci can directly interact 

with human platelets via different surface proteins resulting in platelet activation. On the other 

hand, the intracellular pneumolysin forms large membrane pores on the platelet surface 

leading to lysis of platelets, release of granule content and diminished platelet function. Loss 

of platelet viability and platelet function by Ply can be rescued by usage of formulations 

containing antibodies against Ply, like IVIG. Source: Jahn et al (see III.1)148 

 

The presented data indicate that the lytic activity of the pneumococcal Ply and the 

staphylococcal Hla might have major implications in the progression of invasive 

diseases. Therefore the question was addressed whether these toxins can be 

neutralized. Most people have measurable plasma titers of anti-Ply and anti-Hla IgG 

antibodies. Therefore, specific antibodies targeting Ply or Hla as well as 

pharmaceutical immunoglobulin preparations (IVIG, trimodulin) were tested regarding 

their neutralization efficiency against Hla and Ply. Two different specific anti-Ply 

antibodies as well as both immunoglobulin preparations successfully neutralized Ply. 

In the presence of those antibodies platelet viability and platelet function was 

completely rescued even at the highest tested concentration of Ply with 300 ng/ml. 

IVIG and trimodulin both are pharmaceutical available immunoglobulin preparations 



IV 

159 

and contain pooled immunoglobulins from healthy blood donors238-239. In contrast to 

IVIG which contains 98% IgG, trimodulin is a mixed immunoglobulin preparation 

containing 56% IgG, 23% IgM, and 21% IgA. Both formulations were further 

characterized in vitro regarding their Ply neutralization efficiency. Although both 

preparations successfully inhibited Ply induced platelet damage up to a Ply 

concentration of 300 ng/ml (Figure 4), upon usage of higher Ply doses trimodulin 

became less efficient compared to IVIG. The drop in efficacy of trimodulin could be 

equalized by adjustment of the IgG content in both preparations in the presence of 

600 ng/ml Ply. However, upon further increase of Ply concentration, trimodulin became 

again less efficient and platelets got lysed. These results indicate that the presence of 

IgA and IgM in trimodulin has no beneficial effect on Ply inhibition and that Ply 

neutralization is based on Ply directed IgGs. Of note, IgA concentrations only peak 

during acute infections. However, recent infections lead to exclusion of donors carrying 

high IgA titers from blood donation239. Further, IgM levels remain unaltered 

independent of an acute infection239. Nevertheless, besides reduced efficacy of 

trimodulin at high Ply concentrations, both formulations sufficiently neutralized Ply at 

low and intermediate concentrations which are more likely to be found during invasive 

infections. The CIGMA clinical trial further supports the idea of interfering with 

pneumococcal infections by IgG preparations240. During this clinical study patients 

received trimodulin in addition to standard care. Although patient numbers with 

confirmed S. pneumoniae caused pneumonia were quite low, the data revealed a 

beneficial effect on platelet counts in the patients. These results mark both formulations 

as promising candidates as supportive treatment in severe invasive pneumococcal 

disease as prevention for development of complications like ARDS by dampening local 

peaks in Ply concentrations. Therefore, stringent studies using suitable animal models 

as well as clinical studies with sufficient patient numbers are needed. 

On the contrary, neither platelet activation nor platelets lysis by Hla was efficiently 

prevented by specific antibodies or IVIG. Hla induced cellular damage is based on the 

interaction between Hla und its receptor ADAM10 and polyvalent IgGs might not block 

the respective binding sites necessary for binding. Therefore, also targeting ADAM10 

would be an important approach. However, although sepsis associated vascular injury 

was dampened in mice upon inhibition of ADAM10, clinical trials targeting 

metalloproteases including ADAM10 failed so far241. A recent study demonstrated a 

non-commercial neutralizing Hla antibody (MEDI4893) to prevent Hla induced tissue 
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damage during sepsis in mice242. However, this antibody was not effective in 

preventing invasive disease in humans, but its effect on stabilizing thrombi might be of 

high interest. Taken together, the shown results highlight new pathomechanims driven 

by the pore forming toxins Ply and Hla. Both toxins represent promising targets in 

preventing severe complications during invasive pneumococcal or streptococcal 

diseases and future in vivo studies should concentrate on inhibition of these toxins and 

monitoring clinical outcomes.  
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