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SUMMARY 

Streptococcus pneumoniae (the pneumococcus) is a major human pathogen with high 
morbidity and mortality worldwide. Increased antibiotic resistance and insufficient 
vaccination contribute to the re-emerging of this pathogen. Identifying novel virulence 
factors could lead to a better understanding of the pathology of pneumococcal disease 
and result in novel therapeutic approaches.  
We were able to show the presence of a surface-exposed pilus structure in 
pneumococci, made up of three distinct protein subunits, namely RrgA, RrgB and 
RrgC, which are encoded by the rlrA islet. Piliated strains showed better adherence to 
lung epithelial cells in vitro and were more virulent in vivo than non-piliated strains. 
We assessed the protective potential of pilus proteins in a mouse model of 
pneumococcal pneumonia and found that intranasal immunization with RrgB protected 
from a lethal intranasal challenge and reduced bacterial loads in the nasopharynx, lungs 
and bloodstream. Hence, the pneumococcal pilus is an important virulence factor, 
functioning as an adhesin that might be used for vaccination against pneumococcal 
disease. 
Pneumococci contain an antiphagocytic capsule that protects them from phagocytosis 
by neutrophils and macrophages. Nevertheless neutrophils are abundant in 
pneumococcal disease. Studying the interaction of pneumococci and neutrophils in 
more detail, we found that neutrophil extracellular traps (NETs) were formed during 
pneumococcal pneumonia in a mouse model. NETs are extracellular chromatin DNA 
networks with embedded enzymes and cationic antimicrobial peptides. Pneumococci 
were trapped by NETs in vitro but, unlike many other pathogens, not killed. We could 
show that the surface located DNase EndA in pneumococci degraded the DNA scaffold 
of NETs and allowed pneumococci to escape trapping, which promoted virulence in a 
mouse model of pneumococcal pneumonia. Pneumococci also incorporate positively 
charged D-alanine residues into surface (lipo)teichoic acids, leading to the repulsion of 
antimicrobial peptides. We found that the inactivation of this mechanism in non-
encapsulated pneumococci rendered the organism sensitive to killing by NETs. In a 
murine model even the encapsulated D-alanylation mutant showed decreased virulence, 
suggesting a role for this mechanism at the early stage of disease when expression of 
capsule polysaccharide has been shown to be low. We also found that encapsulation 
significantly reduced trapping by NETs. The combination of capsule, DNase and 
incorporation of positive surface charge make NETs virtually ineffective in clearing 
pneumococci. These findings could lead to novel therapeutic approaches in the form of 
DNase- or D-alanylation-inhibitors to fight pneumococcal infections.



DEUTSCHE POPULÄRWISSENSCHAFTLICHE 
ZUSAMMENFASSUNG 

Pneumokokken sind Bakterien, die meist ohne Symptome hervorzurufen, die 
menschliche Nasenschleimhaut besiedeln. Sie sind jedoch auch die Erreger von 
Mittelohrentzündung (Otitis media), Lungenentzündung (Pneumonie), 
Hirnhautentzündung (Meningitis) und Blutvergiftung (Sepsis) und fordern dadurch 
jährlich bis zu 1 Million Todesopfer weltweit. Sowohl Wirtsfaktoren (vorherige 
Atemwegsinfektionen, sozioökonomische Gründe und chronische Krankheiten) als 
auch bakterielle Faktoren (Repertoire an Genen) können bestimmen, ob es zum 
Krankheitsausbruch kommt, wobei die genauen Mechanismen nur unzureichend 
verstanden sind. Durch zunehmende Unempfindlichkeit gegenüber Antibiotika und 
unzureichende Wirkung der bestehenden Impfstoffe, wird es zunehmend schwerer, 
Pneumokokken zu bekämpfen. Durch besseres Verständnis von Pneumokokken auf 
molekularer Ebene erhoffen wir uns Angriffspunkte für bessere Therapiemaßnahmen 
zu identifizieren.  
Uns ist es gelungen in Pneumokokken eine bisher unentdeckte Oberflächenstruktur zu 
identifizieren, so genannte Pilus Proteine. Durch diesen Pilus, der aus der bakteriellen 
Oberfläche herausragt, können Pneumokokken an Epithelzellen in der Lunge anhaften. 
Pneumokokken mit genetischem Knockout von Pilus Genen, können weniger effektiv 
anhaften und verursachen ein weniger stark ausgeprägtes Krankheitsbild in Mäusen. 
Durch intranasale Immunisierung von Mäusen mit Pilus Proteinen ist es uns gelungen 
deren Überlebensrate bei Lungenentzündung und Blutvergiftung um das fünffache zu 
steigern. Unsere Erkenntnisse könnten somit dazu beitragen einen effektiveren 
Impfstoff gegen Pneumokokken zu entwickeln.  
In weiteren Versuchen haben wir die Interaktion von Pneumokokken mit einem neu 
entdeckten Immunabwehr Mechanismus untersucht. Dabei werden sogenannte 
Schutznetze (NETs) von spezialisierten weißen Blutkörperchen (neutrophilen 
Granulozyten) ausgeworfen, um Bakterien an der Ausbreitung im Gewebe zu hindern. 
Das Rückgrat dieser Netze besteht aus DNA, dem Träger der Erbsubstanz. Durch die 
Aktivität eines Enzyms, einer sogenannte DNase, erfolgt jedoch die Inaktivierung 
dieser Netze was die Ausbreitung von Pneumokokken erleichtert. Durch diese 
Erkenntnisse wird es möglich sein, das Potential von Enzyminhibitoren (DNase-
Inhibitoren) zur Bekämpfung von Pneumokokken zu testen.  
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1 INTRODUCTION

1.1 STREPTOCOCCUS PNEUMONIAE

1.1.1 Historical Aspects and Microbial Characteristics 

The Gram-positive bacteria of the genus streptococcus were first described by Theodor 
Billroth in 1874. Different more or less related streptococci can be distinguished, 
including Streptococcus pyogenes (group A streptococci, GAS), Streptococcus 
agalactiae (group B streptococci, GBS) and Streptococcus pneumoniae (the 
pneumococcus). The pneumococcus was first described by George Miller Sternberg 
and Louis Pasteur, independently of each other in 1881 [1].  
In the laboratory, pneumococci can be grown on blood agar plates. They form 
macroscopic colonies that are characterized by their surrounding greenish halo, derived 
from partial degradation of erythrocytes - so called -haemolytic behaviour (Fig. 1A). 
Microscopically they appear as oval-shaped, non-motile single cells, diplococci or 
longer chains (Fig. 1B). However, compared to this so called planktonic form, 
biofilms, comprising millions of cells, can also be formed [2]. 

Figure 1. Macroscopic appearance of pneumococci on blood agar plates (A) and microscopic appearance 
of fluorescently labelled bacteria under the microscope (B). © Florian Wartha

Pneumococci are surrounded by a polysaccharide capsule, comprised of repeating 
oligosaccharide units of sugars such as glucose, galactose, rhamnose, glucosamine and 
many others (for a review see [3]). Different strains show a high variation of their 
capsule composition and the corresponding serotype can be determined by capsule-
specific antisera. Pneumococcal strains with antigenically related capsule types are 
grouped together as a serogroup (for example 7A, 7B, 7C and 7F) while serotypes of 
different serogroups are unrelated to each other (for example type 7 vs. type 1). There 
are 48 known serogroups and a total of 90 different serotypes [4].  
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Epidemiologic studies, indicating the spread and occurrence of individual serotypes in 
certain geographic regions and over time, are abundant. More recent tools for 
epidemiologic studies are PFGE (pulsed field gel electrophoresis), based on the 
separation pattern of chromosomal DNA fragments, and MLST (multilocus sequence 
typing), involving the sequencing of seven housekeeping genes.  
The genomes of several pneumococcal strains have been sequenced and annotated 
since 2001 (e.g. TIGR4, R6 and 19F) [5-7]. Research efforts are simplified remarkably 
in the current so-called post-genomic era, due to the availability of detailed genetic 
information. Compared to each other, individual strains show a high diversity in their 
genetic composition, which can be attributed to mutations enhanced by endogenous 
hydrogen peroxide mediated oxidative damage [8] and the uptake of foreign DNA and 
incorporation into the genome [9]. This ability for DNA uptake, called competence for 
transformation, also led to the fundamental discovery of Frederick Griffith in 1928 and 
Oswald Theodore Avery in 1944 [10] that it is DNA that carries genetic information – 
today a universal knowledge but revolutionary at the time.  
Apart from the capsule, the surface of pneumococci contains different components, 
such as cell wall peptidoglycan, (lipo)teichoic acids, choline-binding proteins, 
lipoproteins and LPXTG-motif containing proteins. However, to be able to understand 
their involvement in bacterial physiology and in the interaction with the immune 
system, details will be given in a later section (see chapter 1.4).  

1.1.2 Pneumococcal Disease 

In contrast to many other bacterial species pneumococci cannot be found freely in the 
environment. Instead, they are part of the normal human flora and are carried 
extracellularly on the surface of the naso- and oropharynx of up to 60–70% of all 
preschool children [11-15]. Adults, however, are seldom colonized [16] and if so, the 
incidence is depending on closeness and frequency of contact with colonized children 
[17]. In contrast to this asymptomatic carriage the pneumococcus is also a major 
human pathogen, representing the most common cause of community-acquired 
pneumonia worldwide [18] and of infectious disease deaths in the USA [19]. 
Pneumococcal pneumonia and pneumococcal meningitis are responsible for 800,000 to 
1 million child deaths per year [18]. Those occur mostly in the developing world, while 
in industrialized countries the elderly and individuals with underlying diseases have the 
highest risk of developing fatal pneumococcal disease. 
Diseases can be distinguished as being mainly mucosal or invasive. Invasive diseases 
involve normally sterile sites, such as the blood, brain or lungs. Even though 
pneumococci can “invade” these sites, they stay and replicate extracellularly. Mucosal 
diseases are sinusitis, conjunctivitis and otitis media, while invasive diseases are 

Summary: Pneumococci are genetically divergent, Gram-positive bacteria with a 
surrounding polysaccharide capsule, based on which individual serotypes can be 
distinguished. Their natural ability for uptake of DNA allowed the groundbreaking 
discovery in 1944 that DNA carries genetic information.
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meningitis and pneumonia. 15-30% of cases of pneumonia are accompanied by 
bacteraemia and/or sepsis [19]. Bacteraemia is the expression used for bacterial 
presence in blood, while sepsis describes the accompanying life-threatening systemic 
effects. A special case of pneumococcal sepsis is the overwhelming post-splenectomy 
infection (OPSI). For an overview of pneumococcal diseases, see table 1. 

Table 1. Diseases commonly caused by pneumococci. 

Pneumococci are transmitted from person to person by sneezing, coughing or through 
direct contact. Of the 90 known serotypes only a minority is frequently associated with 
pneumococcal disease, with patterns often temporal or specific for certain geographical 
regions [20, 21]. Different serotypes show different abilities to cause disease: while 
serotype 1 is more commonly found in patients with invasive disease, strains of 
serotype 19F are mainly restricted to the nasopharynx [21-23]. Nevertheless, such 
strains are important also due to their frequent presence in the carrier population. It is 
not the size or thickness but the chemical nature of the capsule that determines 
virulence [24]. The clonal type (based on PFGE and MLST patterns) is also 
influencing the disease potential [23] but the involved gene products cannot be 
determined by these methods. Host factors affecting the development of disease are of 
socio-economic origin (e.g. crowding), predisposing conditions (very young age, old 
age or preceding respiratory infections) and underlying disease (chronic bronchitis, 
splenic dysfunctions and heart failure). 
Pneumococcal diseases can be treated with antibiotics, such as penicillin and 
erythromycin, however, the incidence of strains resistant to these first-line antibiotics is 
increasing, especially in Spain, Eastern Europe, South Africa and South America [14, 
25-28]. Different vaccines are available and routinely used, however there are 
drawbacks in conferring protection against disease in all age groups (see chapter 1.5). 
The pneumococcus can be regarded as a re-emerging pathogen due to this increasing 
antimicrobial resistance and the insufficient vaccination efficiency [27, 29, 30] and 
more extensive research is definitely needed. 

Mucosal Invasive 
Sinusitis Pneumonia 
Conjunctivitis Meningitis 
Otitis media Bacteraemia/Sepsis/OPSI 

Summary: Pneumococci can colonize the human nasopharynx but also cause a 
variety of diseases (e.g. pneumonia, meningitis, otitis media and sepsis) and are 
responsible for a high morbidity and mortality worldwide. Bacterial factors (e.g. 
capsule) and host-factors (e.g. age and underlying disease) affect the likelihood of 
developing pneumococcal disease. An increase in antibiotic resistance can be 
observed and vaccination efficiency is unsatisfying.
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1.2 THE HUMAN IMMUNE SYSTEM 

Understanding the interactions of pneumococci with the immune system could provide 
the key to understand pneumococcal pathogenesis and to be able to develop novel 
therapeutic approaches in the future. The human immune system consists of fast acting 
innate and slower acting adaptive mechanisms and both are involved in the interaction 
with pneumococci. 

1.2.1 The Innate Immune System 

The innate immune system rapidly recognizes and responds to a broad range of 
pathogens. This system contains cellular components, such as granulocytes (neutrophils, 
eosinophils and basophils), macrophages, mast cells, natural killer (NK) cells and 
dendritic cells (DCs). Humoral components are complement (C1-C9), acute phase 
proteins (APP), antimicrobial peptides (AMPs), enzymes (e.g. lysozyme) and unspecific 
natural antibodies. The barrier mechanism of skin and epithelia, competing normal flora, 
mechanical removal of microbes via ciliated cells and secreted mucus are also part of the 
innate immune system. 

The innate immune effectors are relatively non-specific and no memory to the same 
foreign antigen is formed. The response to microbes is mediated through pattern 
recognition receptors (PRRs), which activate inflammatory signalling pathways and are 
involved in phagocytosis. Examples are scavenger receptors, mannose receptor, 
complement receptors (CR) and SIGN-R1 [31], all of them phagocytic receptors. The 
cytosolic nucleotide-binding oligomerization domain (NOD) receptors [32] and the Toll-
like receptors (TLRs) [33] recognize pathogen associated molecular patterns (PAMPs) 
and induce signalling cascades to aid eradication of microbes. Examples of PAMPs and 
the corresponding receptors are bacterial lipopolysaccharide (LPS, via TLR4), 
lipoteichoic acid (via TLR2), unmethylated CpG DNA (via TLR9) and peptidoglycan 
(via NODs). TLRs suggested to play a role in pneumococcal infections are TLR2, TLR4 
and TLR9 [34-36]. Accordingly, a knockout mouse in MyD88, a downstream effector in 
different TLR pathways, shows increased pneumococcal colonization and pneumococcal 
disease [37]. Hence innate immune responses via TLRs play an important role in 
controlling pneumococci in the upper respiratory tract. Activation of TLRs results in the 
production of cytokines (e.g. interleukins) that coordinate innate and adaptive response 
by interacting with specific receptors on target cells [38]. 

Summary: The innate immune system contains fast-acting, relatively non-specific 
cellular effectors (e.g. neutrophils) and humoral effectors (e.g. complement) that 
recognize and kill microbes.
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1.2.2 The Adaptive Immune System 

The adaptive immune system consists of cellular components (lymphocytes) and 
humoral components (antibodies). Lymphocytes contain diverse antigen specific 
receptors and, depending on their maturation site, B- and T-lymphocytes can be 
distinguished (bone marrow or thymus maturation). B-lymphocytes produce antibodies 
(immunoglobulins [Igs]) that bind to antigens, thereby blocking important virulence 
factors (e.g. toxins), cross-linking and immobilizing pathogens and opsonizing them for 
phagocytosis. Phagocytes contain Fc-receptors, recognizing a constant part of antibodies, 
which leads to efficient internalization of antibody-opsonised microbes. Different classes 
of antibodies (IgG, IgM, IgA, IgE and IgD) with different characteristics exist. IgA 
molecules, for example, are secreted to the mucosal lining. 

T-lymphocytes recognize and bind to antigens presented on cells together with major 
histocompatibility complex (MHC) molecules. MHC, class I molecules are present on 
nearly all cells, while class II molecules are used for antigen presentation by specialized 
antigen presenting cells (APCs), such as macrophages, DCs and B-cells. Cytotoxic T-
cells recognize MHC I coupled antigens derived from intracellular pathogens, which 
leads to subsequent killing of infected cells. Antigens derived from phagocytosed 
pathogens are presented to T-helper cells via MHC II by APCs. The subsequently 
occurring TH1 or TH2-response aids macrophage-mediated killing of pathogens 
replicating in macrophages (TH1) or the creation of antibodies after clonal expansion of 
B-cells (TH2). Memory cells, fine-tuned to antigens, are formed that facilitate a much 
faster and more efficient immune response in a recurrent infection.  
B-1 cells are specialized B-lymphocytes and together with :  T-cells referred to as 
innate like lymphocytes since no antigen-specific T-helper cells are required for antigen 
presentation [38]. B-1 cells mediate a mainly IgM-response to polysaccharide structures, 
such as the pneumococcal capsule. Since no MHC-association is necessary a fast 
response is initiated, however, due to the absence of memory cells, it is not long lasting. 
Mice deficient in B1-cells, don’t produce protective antibodies against polysaccharides 
and show a higher susceptibility to pneumococci [39]. 

The use of innate effector cells (DCs and macrophages) as APCs for lymphocytes is only 
one of the numerous mechanisms, bridging innate and adaptive mechanisms. This 
interplay of the innate- and adaptive immune system is described in chapter 1.3. 

Summary: The adaptive immune response takes longer time than the innate response 
to be effective, however, it is more specific and longer lasting. Lymphocytes assist in 
the killing of infected cells and produce antibodies that neutralize toxins and aid 
phagocytic uptake of microbes by macrophages and neutrophils.
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1.3 EFFECTOR AND CLEARANCE MECHANISMS 

Many components of the innate- as well as adaptive immune system work together in the 
clearance of microbes. In this chapter, the focus lies on selected mechanisms, important 
to understand the works included in this thesis. Pneumococci can overcome many of 
these mechanisms with the help of virulence factors, which are described in section 1.4. 
A graphical summary of the effectors and clearance mechanisms of the immune system 
in response to extracellular bacteria, such as pneumococci, is given in Figure 2. 

Figure 2. Effectors of the innate and adaptive immune system involved in response to extracellular bacteria. 
(A) shows the events leading to inflammation after bacterial invasion while (B) shows the clearance 
mechanisms in the inflamed tissue. Abbreviations: APP (acute phase proteins), PRRs (pattern recognition 
receptors), C3-C9 (complement proteins), RBC (red blood cell), CR3 (complement receptor 3), MHCII 
(major histocompatibility complex II), Igs (immunoglobulins), Fc (constant domain of antibodies). The 
timeline of events is as follows: 1. PRRs on resident cells or tissue macrophages recognize invading 
bacteria, resulting in cytokine production. 2. Bacterial products activate the complement cascade. 3. This 
results in production of opsonizing C3b; C3a, which stimulates mast cells for release of vascular 
permeability increasing substances; C5a, which is a chemoattractant for neutrophils; and C5b-C9, which 
forms the membrane attack complex. 4. C3b- and APP-opsonised bacteria are recognized and 
phagocytosed with subsequent intracellular killing. 5. Processed antigens are presented, together with 
MHCII, to T-helper cells and B-cells. T-cells stimulate B-cells for antibody production (6). Secreted Igs 
opsonise bacteria, resulting in more efficient uptake by macrophages and neutrophils via Fc-receptors. © 
Florian Wartha
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1.3.1 Inflammation 

Inflammation (inflammatio, Latin: to set on fire) is a term to describe the complex 
response of tissues to harmful stimuli, such as pathogens, damaged cells, or irritants. 
This results in the hallmarks of inflammation, indicated by their Latin terms, which are 
calor (warming), dolor (pain), rubor (redness) and tumor (swelling). In the case of a 
pathogenic stimulus, the primary aim of the host is to initiate a fast and efficient immune 
response that allows for the recruiting of effectors to the infected tissue and limits the 
spread of the pathogen.  

Innate complement proteins (C1-9) are involved in an enzymatic cascade to induce an 
inflammatory response and to opsonise and to lyse bacterial cells. This cascade has the 
potential for rapid magnification by a positive feedback loop. Depending on the initial 
event, three pathways can be distinguished: the classical-, the alternative- and the lectin 
pathway. In the alternative pathway bacterial components, such as bacterial surface 
carbohydrates facilitate the stabilization of the C3 convertase, leading to the massive 
production of opsonizing C3b. Another C3 degradation product, C3a, is stimulating mast 
cells for degranulation of histamine and prostaglandins, leading to increased vascular 
permeability and fluid extravasation, facilitating the influx of immune-mediators (e.g. 
neutrophils) to the site of infection. C5a is a chemical attractant for neutrophils, while 
C5b-C9 molecules, also generated downstream in the process, are inserted in the 
bacterial membrane to form the membrane attack complex (MAC). This results in a 
permeable and potentially lethal transmembrane channel in Gram-negative bacterial 
membranes. In the classical pathway opsonizing antibodies or the binding of acute-phase 
proteins (APPs), such as C-reactive protein, can be the initial event, while in the lectin 
pathway the binding of mannan-binding lectins is the initial event. All three pathways 
result in the same downstream events, outlined above. The classical pathway and the 
alternative pathway are important in the clearance of pneumococci [40-42]. Accordingly 
individuals with a deficiency in components of these pathways are susceptible to 
recurrent pneumococcal infections [43].  

Bacterial components also induce the production and secretion of immune mediators, 
such as interleukin-8 (IL-8), from pulmonary epithelial cells and alveolar macrophages. 
In turn, these chemotactic immune mediators stimulate the directed movement of 
neutrophils and macrophages from the bloodstream along a chemical gradient to the site 
of infection. 

Summary: Inflammation of infected tissue assures the presence of immune mediators 
and effectors to lyse, opsonise and phagocytose microbes. The complement system, an 
enzymatic cascade, plays an important role in initiating inflammation and in clearing 
infections.
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1.3.2 Opsonisation and Phagocytosis 

Opsonisation is the process of “marking” pathogens for targeting by effector 
mechanisms, such as phagocytosis with subsequent killing and antigen presentation. 
Liver-produced acute-phase proteins, such as C-reactive protein (CRP) and mannose-
binding lectin (MBL) are able to opsonise pathogens. As already outlined in section 
1.3.1, complement and antibody deposition is another way of opsonisation. In the case of 
pneumococci, as with other polysaccharide-encapsulated pathogens (Haemophilus 
influenzae and Neisseria meningitidis), capsule-specific antibodies, especially IgA and 
IgG, are the most important opsonins to achieve clearance [44-46]. Individuals with 
Bruton’s X-linked agammaglobulinemia (XLA), lacking antibodies, are highly 
susceptible to infections with pneumococci [47].  
After opsonisation, pathogens can be taken up by macrophages and neutrophils. While 
neutrophils are dependent on opsonins for efficient uptake of pathogens their rapid 
employment of killing substances makes them highly efficient killers (see below). In 
contrast, macrophages display a larger repertoire of receptors for phagocytic uptake (Ig-
receptors, mannose receptors, scavenger receptors, complement receptors, etc), however, 
they are not as efficient in intracellular killing due to the lack of the myeloperoxidase 
enzyme with a subsequently less pronounced oxidative burst (for a review see [48]). 
Macrophages are derived from blood monocytes and are present in virtually all tissues. 
Alveolar macrophages, for example, are important for the clearance of pneumococci in 
the lung during pneumonia [49].  

Neutrophils are terminally differentiated and very short-lived cells, lasting only hours in 
the bloodstream. They are among the first immune cells recruited from the bloodstream 
to the site of infection where they become effector cells. Relying on glycogen stores, 
instead of oxygen-dependent mitochondrial energy creation, they can be effective in 
inflamed, anaerobic tissue. Neutrophils contain a characteristic segmented nucleus und 
numerous cytoplasmic granules (azurophilic, specific and tertiary) with effector 
molecules, such as antimicrobial peptides (AMPs) and enzymes (Fig. 3A). For a review, 
see [50]. The inflammatory processes that lead to the influx of neutrophils are described 
in section 1.3.1 and reviewed in [51]. Massive neutrophil infiltration into the alveolar 
space is a classical feature of pneumococcal pneumonia (see Figure 3B). 
Once at the site of infection, neutrophils recognize microbes via a C3b complement 
receptor (CR3, see 1.4.2) or Ig Fc-receptors and engulf them in a phagosome. In the lung 
also the binding of collectins, such as lung surfactant proteins A and –D, enhances the 
uptake of pneumococci by neutrophils [52, 53]. The phagosome fuses with intracellular 
granules to form a phagolysosome and bacteria are killed by a combination of non-
oxidative and oxidative mechanisms. Non-oxidative mechanisms include proteolytic 
enzymes (e.g. cathepsin G and neutrophil elastase) and AMPs (see 1.3.3), while reactive 
oxygen species (ROS) are formed during the so-called oxidative burst [54-56]. ROS are 
generated when the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, 
activated via TLRs, produces superoxide anion (O2

-), which is rapidly converted to toxic 
hydrogen peroxide (H2O2) and further to the microbicidal hypochlorous acid (HOCl) by 
the myeloperoxidase enzyme. ROS damage membranes, DNA and proteins; activate 
granule proteases [57] and induce a novel pathway leading to the formation of neutrophil 
extracellular traps (NETs, see 1.3.3). Neutrophils can also secrete antimicrobial peptides 
and proteases [58]. 
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Figure 3. Neutrophils 
and their involvement in 
infections. (A) shows a 
neutrophil with its 
polymorphous nucleus 
(blue) and granules 
(red). Pneumococci 
(green) are taken up and 
degraded after fusion 
with granules. Scale bar 
5µm. (B) Histological 
sections of healthy lung 
tissue (left) and lungs 
with pneumococcal 
pneumonia (right). The 
stainings (HE, top and 
immunofluorescence, 
bottom) indicate the 
presence of invading 
neutrophils (red in 
immunofluorescence 
staining). Scale bar 
20µm. © Florian 
Wartha

1.3.3 Antimicrobial Peptides and Neutrophil Extracellular Traps 

Most species of life, including bacteria and mammals, produce antimicrobial peptides 
(AMPs) [59-61]. Bacteria produce AMPs in order to kill similar species that compete for 
the same biological niche [62]. In man, AMPs are produced at body surfaces by 
epithelial cells [63], by resident leukocytes (macrophages and mast cells) and by 
recruited effector cells (neutrophils) to fight off microbes. Most antimicrobial peptides 
are small (12–50 amino acids), cationic and hydrophobic due to a high amount of 
positively charged arginine, lysine and histidine amino acids. Electrostatic attraction of 
AMPs to the negatively charged bacterial cell surface [64] with subsequent formation of 
pores in the membrane [59, 65] is the most frequent killing mechanism of antimicrobial 
peptides. Bacterial membranes, lacking cholesterol, are sufficiently different from host 
cell membranes for selective toxicity. AMPs often also have chemoattractive functions 
(for a review see [61]). In humans, the repertoire of AMPs includes the family of 

Summary: After opsonisation of pathogens with complement, antibodies or other 
serum proteins, they are taken up by phagocytic cells (e.g. macrophages), which leads 
to killing, degradation and antigen presentation.
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defensins and cathelicidin-type peptides [66, 67]. Antimicrobial enzymes, larger in size 
and with different mechanisms of action exist as well (e.g. neutrophil elastase or 
lysozyme).  
Newly discovered effector mechanisms containing AMPs and enzymes are neutrophil 
extracellular traps (NETs) [68]. NETs constitute a fibrous web of chromatin DNA, 
histones, enzymes and AMPs (see Figure 4A).  

Figure 4. Microscopic structure of NETs. (A) shows a culture of neutrophils, activated to produce NETs 
and stained for histone (green), neutrophil elastase (NE, yellow) and DNA (blue). (B) Shows a NET 
(stained for NE, red and DNA, blue) that traps bacteria (green). © Florian Wartha

NETs provide a high local concentration of antimicrobial components and bind (Fig. 
4B), disarm and kill microbes extracellularly [68-71]. Killing is mediated by bactericidal 
permeability inducing factor (BPI), defensins and even histones [72]. NETs are present 
at sites of acute inflammation such as appendicitis, experimental shigellosis [68], human 
preeclampsia (a non-infectious, pregnancy-related disorder) [73] but also in the 
vasculature of the lungs and the liver during sepsis [74].  
NETs can trap and kill Gram-positive bacteria (Staphylococcus aureus), Gram-negative 
bacteria (Salmonella Typhimurium and Shigella flexneri) and fungi (Candida albicans)
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[68, 69]. However, before the works included in this thesis, no data were available about 
the interaction of NETs with pneumococci. 
NETs are formed upon stimulation of neutrophils with the protein kinase C activator 
phorbol myristate acetate (PMA), IL-8 or bacterial endotoxin [68]. In the bloodstream 
the induction is mediated by TLR4 on platelets that subsequently bind to neutrophils 
[74]. Also interferons, in combination with the chemoattracting complement protein C5a, 
can induce NET formation [75]. Recent findings point to the fact that a novel cell death 
programme is responsible for the formation of NETs [76, 77]. This programme is 
independent of both apoptosis and necrosis and dependent on ROS generated by the 
NADPH oxidase. The disintegration of both nuclear and granule membranes leads to the 
fusion of chromatin DNA and granule proteins, which are released when the cell 
membrane breaks.  
The treatment of NETs with DNase renders their antimicrobial properties ineffective 
[68]. Many Gram-positive bacteria express DNases [78, 79] that possibly might interfere 
with the NET function (see 1.4.3). 

1.4 PNEUMOCOCCAL VIRULENCE FACTORS 

Pneumococci contain numerous well- or less well-described virulence factors [80] and 
classification is inevitably redundant. Virulence factors were often identified by large-
scale screens, such as signature-tagged mutagenesis (STM) screens [81-83]. The 
virulence factors summarized in this chapter are grouped according to processes 
important in this thesis. Host defense mechanisms can be overcome by modulating 
inflammatory processes and toxic destruction of host cells (1.4.1), prevention of 
opsonisation and phagocytosis (1.4.2), resistance to bactericidal mechanisms (1.4.3) or 
specific attachment to cells (1.4.4). For a general review of bacterial resistance 
mechanisms to the immune system, see [84].  

1.4.1 Modulating Inflammation 
Inflammatory cell wall breakdown products, autolysis and toxins 

The surface of pneumococci is composed as follows (see Figure 5): On top of the 
cytoplasmic membrane a layer of peptidoglycan (PG) is present. PG is a heteropolymer 
of N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) and forms a 
rigid cell wall around the bacterium. Furthermore surface exposed wall teichoic acids 
(TA) and lipoteichoic acids (LTA) are polyol- or polysaccharide polymers, found in most 
Gram-positive bacteria, and are involved in the control of cell shape and autolytic 
enzyme activity [85].  

Summary: Antimicrobial peptides are small cationic peptides that protect body 
surfaces, are produced in phagocytes and are part of antimicrobial effector 
mechanisms such as neutrophil extracellular traps (NETs).
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Figure 5. Schematic representation of the pneumococcal cell surface, containing peptidoglycan on top of 
the cytoplasmic membrane. Polymers of teichoic acid (TA) are anchored in the peptidoglycan or to lipids in 
the membrane (lipoteichoic acid, LTA). Choline-binding proteins (CBP) are attached to phosphorylcholine 
residues on TA and LTA. Adapted from [86]. © Florian Wartha

PG, TA and LTA and their degradation products are inflammatory [87] and induce TNF-
 and IL-6 by monocytes via TLRs and NOD receptors [88, 89]. The symptoms of 

pneumococcal disease are mainly caused by overactivation of the inflammatory response 
in the meninges or the lower respiratory tract [90]. To avoid these toxic effects after 
penicillin-induced lysis during treatment of pneumococcal meningitis anti-inflammatory 
corticosteroids (dexamethasone) are administered simultaneously [91]. 
TA and LTA with their exposed phosphorylcholine residues are also involved in non-
covalent binding of pneumococcal surface proteins, so-called choline-binding proteins 
(CBPs, see also 1.4.4). Examples of CBPs are LytA and the pneumococcal surface 
proteins PspA and most PspC family members. LytA is an N-Acetylmuramoyl-L-
alanine-amidase that catalyzes the degradation of peptidoglycan [92]. Its main role is 
probably the separation of daughter cells during cell division [93] and the associated cell 
wall turnover. On the other hand it is also responsible for autolysis and the lysis of 
pneumococci after antibiotic treatment [94], yielding the release of inflammatory cell 
wall breakdown products and pneumolysin [95]. Pneumolysin is a pore-forming, 
cholesterol-binding haemolysin, similar to streptolysin O (SLO) of Streptococcus 
pyogenes and listeriolysin O (LLO) of Listeria monocytogenes (for a review see [96]). A 
variety of functions were assigned to pneumolysin: I) inhibition of ciliary function [97], 
II) cytotoxicity on alveolar and endothelial cells [98, 99] and III) reduction of PMN 
efficiency [100], to name just a few (for a review, see [101]). In contrast to SLO and 
LLO, pneumolysin is probably not secreted but rather released after cell lysis, often auto-
induced by LytA, as mentioned above. Other studies, however, point to active secretion 
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of pneumolysin [102] but whatever the exact mechanism, pneumolysin plays an 
important role in the development of inflammation in both meningitis and pneumonia 
[103].  

1.4.2 Interference with Opsonisation and Phagocytosis 

The polysaccharide capsule confers protection from phagocytes such as neutrophils and 
macrophages [104, 105] by mechanisms outlined below. By reducing phagocytosis 
subsequent antigen presentation to T-cells is also hampered. With few exceptions non-
encapsulated pneumococci are non-virulent [106], pointing to the great importance of 
encapsulation.  
The capsule reduces the amount of bound C3b and creates a spatial obstacle for 
phagocytes to recognize C3b bound to cell wall, which hampers opsonophagocytosis 
[107]. Without phagocytosis the binding of C3b, entailing concurrent formation of C3a 
and C5a, contributes to the strong inflammatory reaction with extensive neutrophil 
involvement (Fig. 3B).  
PspA and the PspC family member CbpA also inhibit the deposition of complement 
C3(b) [42, 108, 109]. The consumption of complement away from the bacterial surface, 
mediated by released pneumolysin, contributes to complement resistance [110]. Also, 
host complement regulatory protein factor H can be bound by PspC and PspC-like Hic 
protein in order to inhibit the alternative pathway and subsequent opsonophagocytosis 
[111-114] and the putative C3b peptidase PhpA degrades complement [115]. The ability 
to resist complement is one of the main virulence factors of pneumococci, contributing to 
pathogenesis.  
Antigenicity- and phagocytosis differences between different serotypes can be explained 
by complement deposition [116]. Serum proteins further degrade C3b into C3d and iC3b 
and differences between strains lead to either only iC3b formation (serotypes 6A and 14) 
or subsequent C3d formation (serotypes 3 and 4). While the complement receptor type 2 
(CR2), which recognizes C3d, is located on B-cells, the CR3 receptor, recognizing iC3b, 
is located on PMNs. Hence pneumococci are either resistant to phagocytosis but 
antigenic (as for types 3 and 4, mainly found in adult disease) or easily phagocytosed but 
poorly antigenic (as in types 6A and 14, mainly associated to childhood otitis and 
meningitis) [116].  
Interference with opsonizing antibodies can by done by the PspC family member SpsA, 
which binds secretory IgA to interfere with mucosal clearance [117]. Furthermore a 
pneumococcal IgA1 protease exists [118].  

Summary: Pneumococci induce a strong inflammatory response that seems to harm 
the host more than the bacteria. This is done by the release of inflammatory 
breakdown products, autolysis and by the action of the toxin pneumolysin.

Summary: Pneumococci can resist opsonophagocytosis by polysaccharide capsule 
formation, proteins that inhibit complement deposition and by binding and 
inactivating IgA antibodies.
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1.4.3 Antimicrobial Peptide Resistance 

Resistance to AMPs is also a widely observed phenomenon in Gram-positive pathogens 
[119, 120]. AMP resistance is an easy way to bypass mucosal defense mechanisms. 
Since the nasopharyngeal surface, which is protected by AMPs such as defensins, is the 
site of entry for pneumococci, resistance to AMPs seems to be very important for 
pneumococcal pathogenesis. 
Since AMPs mostly need to traverse the cell wall in order to reach the membrane, 
physicochemical changes of cell surface components can affect AMP mechanisms. 
Peptidoglycan, (lipo)teichoic acids and the cytoplasmic membrane, with its charged 
phospholipids, are all negatively charged [121]. Due to the cationic nature of AMPs, the 
reduction of net negative charge or the introduction of positive charge is a way to 
diminish their affinity [122]. Introduction of positive charge can be achieved by D-
alanylation of (lipo)teichoic acids. These polymers are normally highly anionic due to 
phosphate groups (Fig. 6) and the covalent linkage of D-alanine with an ester bond leads 
to addition of positive charge, in the form of the alanine’s free amine group [120]. 

Figure 6. Repulsion of antimicrobial peptides (AMP) by the introduction of positive charge. (A) In wild 
type pneumococci D-alanine is enzymatically attached to (lipo)teichoic acid polymers (tetrasaccharides 
[sac], linked by ribitol phosphate [P]) by proteins encoded on the dltABCD operon. This leads to the 
repulsion of positively charged AMPs. (B) In a dltA mutant or bacteria without D-alanylation, AMPs are 
electrostatically attracted to the negatively charged bacterial surface (modified from [121]). © Florian 
Wartha

This process involves four enzymes and the respective genes are encoded on the dlt
operon in GAS, GBS, Streptococcus gordonii, Listeria monocytogenes, Lactobacillus 
casei, Bacillus subtilis [122-128] but also in S. pneumoniae [5, 6, 129]. The abrogation 
of this D-alanylation by gene knockout leads to an increased net negative surface charge 
[122]. Deletion of the dltA gene in S. pneumoniae leads to decreased resistance to AMPs 
and in GAS to increased killing also by lysozyme and neutrophils [122, 129]. The effect 
of these resistance mechanisms to cationic peptides and phagocytes is exemplified by the 
reduction of in vivo virulence of dlt-mutant bacteria [126].  
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A similar mechanism, in the more distantly related pathogen Staphylococcus aureus, is 
the lysinylation of anionic membrane phospholipids (phosphatidylglycerol), mediated by 
MprF. Knocking out mprF leads to an increased net negative surface charge with 
decreased repulsion of defensins and leads to attenuated virulence in mice [130, 131].  
Yet another mechanism, also observed in pneumococci, is the deacetylation of 
peptidoglycan by the peptidoglycan GlcNAc deacetylase (PgdA), which changes 
sensitivity to lysozyme by changing peptidoglycan structure and possibly charge [132-
134]. Lysozyme, a muramidase, normally cleaves the glycosidic bond between MurNAc 
and GlcNAc in peptidoglycan, thereby degrading the bacterial cell wall [135, 136]. A 
knockout in pgdA shows decreased virulence in a intraperitoneal mouse model [132]. 
This mechanism was also described for Bacillus cereus [137] and B. subtilis [138].  
The presence or absence of proteins, bound to charged residues, such as choline-binding 
proteins in pneumococci, can also influence AMP resistance [139].  

Pneumococci also inhibit neutrophil elastase (NE) [140-145], an enzyme that is able to 
degrade virulence factors of bacteria [55]. By a non-characterized mechanism, 
pneumococci can use polyanions, likely derived from polyguanylic acid, to inhibit NE 
function. Different inhibitory activity in different pneumococcal strains might explain 
different disease phenotypes, especially necrotic processes inflicted by the neutrophil 
elastase upon the lung connective tissue [140].  
PspA, apart from its complement-interfering mechanism (see 1.4.2), binds also to human 
(apo)lactoferrin [146], an iron glycoprotein with antimicrobial properties. This might 
inhibit the antimicrobial effect of (apo)lactoferrin [147]. 
DNases are expressed by many Gram-positive bacterial pathogens [78, 79, 148], among 
them pneumococci [5, 149-151] but their role in virulence is not clear. Degradation of 
antimicrobial NETs could be a putative virulence mechanism – a question assessed in 
this thesis.  

Summary: Gram-positive pathogens have evolved many resistance mechanisms to 
antimicrobial peptides and enzymes. Mechanisms include incorporation of positive 
surface charge; changing peptidoglycan structure and enzymatic degradation of 
AMPs and enzymes.
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1.4.4 Surface molecules: Adhesins and Pili 

Pneumococci need to initially adhere to nasopharyngeal cells, but the mechanisms of 
adhesion are not well understood. Three major classes of surface molecules are 
distinguished in pneumococci: choline-binding proteins (CBPs), LPXTG-motif 
containing proteins and lipoproteins (for a review see [152]). They are not solely 
involved in adhesion, however, the following chapter aims at describing their 
involvement in adhesion and colonization. For a comprehensive review, see [153].  

CBPs include the already mentioned PspA, PspC family proteins (such as PspC, CbpA 
and SpsA) and LytA. CBPs bind non-covalently via their choline binding domains to 
phosphorylcholine residues on surface TA and LTA (see also Figure 5). The PspC 
family protein CbpA is able to bind the polymeric immunoglobulin receptor (pIgR), a 
transmembrane protein on respiratory epithelial cells, in order to achieve binding to 
and transcytosis through the mucosal epithelial layer [154]. Phosphorylcholine residues 
on TA and LTA also interact with the platelet-activating factor (PAF) receptor on 
activated cells [155] which can lead to internalization into endothelial and epithelial 
cells. The phosphorylcholine esterase (Pce, synonym for CbpE) removes 
phosphorylcholine from (lipo)teichoic acids, thereby influencing multiple 
physicochemical properties [156, 157], amongst others adherence [158].  

A major subclass of LPXTG-motif containing proteins are pilus proteins, as found in 
Gram-positive organisms, such as GAS, GBS and Corynebacterium diphtheriae [159-
162]. These pili are fibrous polymers with their monomers covalently linked to the 
peptidoglycan or to each other. The polymerization and covalent peptidoglycan 
attachment is performed by membrane anchored transpeptidases (sortases). Assembly 
is mediated by the name-giving C-terminal LPXTG motif which is recognized by 
sortases [163]. A C-terminal hydrophobic domain and a positively charged tail are also 
involved in assembly [163] while an N-terminal signal sequence is necessary for 
translocation. Pilus subunits and sortases are normally in close genetic proximity. A 
recent genetic analysis allowed for the identification of a putative pilus-like operon in 
pneumococci [81, 164]. This rlrA pathogenicity islet, containing three sortases and 
three LPXTG-motif containing proteins, was further characterized in this thesis.  
Other LPXTG-motif containing proteins in pneumococci are a hyaluronidase and a 
neuraminidase (NanA). NanA, processed by sortase A [165], is important for 
colonization of the nasopharynx [166], possibly by cleaving sialic acid residues from 
glycolipids, glycoproteins and oligosaccharides on epithelial cells [167] and from 
humoral proteins such as lactoferrin and IgA2 [168]. The hyaluronidase activity has 
been implicated to be important for the spread of pneumococci in the body, especially 
for breaching the blood-brain barrier to cause meningitis [169].  

Pneumococcal surface adhesin A (PsaA) belongs to the family of lipoproteins and was 
shown to bind to epithelial cells through interaction with the human E-cadherin 
receptor [170]. Other studies, point to an indirect adhesive effect of PsaA, which is 
involved in ABC-transporter mediated Mn2+ transport [171]. A knockout mutant of 
this ABC transporter may show pleiotropic effects. Other family members are PiaA 
and PiuA, which are also involved in ion uptake, namely that of iron [172]. Hence the 
direct involvement of pneumococcal lipoproteins in adhesion seems to be negligible, 
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however, their effect on fitness to survive in the nasopharynx, should not be 
underestimated.  

Proteins not belonging to any of the three protein families mentioned above, so called 
moonlighting proteins, are PavA, an enolase, and the Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH). PavA was shown to be important in the interaction with 
fibronectin [173], however, this could also be an indirect mechanism with PavA 
functioning as chaperon for other proteins [153]. Enolase and GAPDH are believed to 
be plasminogen binding proteins [174, 175], a characteristic that contributes to 
pneumococcal invasion [176].  

Pneumococci can undergo a phase variation between transparent and opaque colony 
types. These two types show different abilities to adhere to nasopharyngeal cells, have 
changed expression patterns of many proteins and are invasive to a different extent. 
While the transparent variant is adapted for colonization (less capsule carbohydrates, 
more adhesive TA), the opaque variant (more capsule, less TA) is mainly found 
associated with invasive disease [177-179]. This is in accordance with the finding that 
the capsule prevents effective attachment and that the amount of capsule is reduced upon 
contact with epithelial cells [180].  

1.5 VACCINATION 

The aim of vaccination is the prevention of pneumococcal disease by eliciting antibodies 
that inactivate virulence factors and opsonise pneumococci. Two different pneumococcal 
vaccines are currently in use and vaccination is indicated for individuals with 
predisposing conditions, such as chronic pulmonary or cardiovascular disease, diabetes 
mellitus, splenic dysfunctions and old age (>65 years). The Pneumovax II vaccine 
contains purified capsular polysaccharides from 23 different serotypes of S. pneumoniae
that account for 90% of the serotypes that cause invasive disease in the USA. This 
vaccine elicits serotype-specific antibodies to the capsule, which leads to phagocytosis 
[181]. However, immunity can only be conferred to the serotypes included in the 
vaccine.  
Furthermore, polysaccharides are thymus independent (TI-2) antigens which activate 
only mature B-cells, thus yielding a low response in children less than 2 years of age 
with primarily immature B-cells [182]. The specialised B-1 cells (or CD5 B-cells) and 
marginal zone B-cells, however, respond to TI-2 antigens with IgM, IgA and IgG2 
production. Nevertheless, these are less efficient in opsonisation than IgG1 and IgG3 
[19] and the TI-response also does not yield memory. 
The conjugation of T-independent antigens to protein carriers leads to a shift towards a 
T-dependent response with IgG1, IgG3 and IgG4 antibodies. This conjugation to a 

Summary: Pneumococci contain three kinds of surface molecules, including choline-
binding proteins, LPXTG-motif containing proteins and lipoproteins. Many of these 
proteins assist in adherence to epithelia and persistence in the respiratory tract.
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protein was done in the form of the 7-valent pneumococcal conjugate vaccine (Prevnar), 
which lead to a decline of cases of invasive pneumococcal disease [183] and which is 
also highly effective in infants and children [184]. Nevertheless the immune response is 
limited to the serotypes included and, depending on geographic area and time point 
studied, account only for ~50% of the cases of pneumococcal disease worldwide [185]. 
Also, a shift in the prevalence towards non-vaccine serotypes has been observed [186-
189].  
Consequently a serotype independent, protein-based vaccine is urgently needed. 
Advantages would be lower costs, better serotype coverage and no risk of serotype 
replacement. Proteins are typically more conserved between different serotypes than the 
capsule polysaccharides and hence a higher, ideally complete, coverage rate could be 
achieved. Promising data for an efficient vaccination efficiency in a mouse model have 
so far been obtained for the choline binding proteins PspA [190] and PspC [191], the 
surface lipoproteins PsaA [192], PiaA and PiuA [193] as well as pneumolysin [194] and 
the C3b peptidase PhpA [115]. Also a live recombinant non-virulent oral Salmonella
vaccine expressing PspA is protective against Streptococcus pneumoniae [195]. 
Immunity against adhesins could potentially lower pneumococcal carriage and reduce 
the likelihood for development of invasive disease. 
The administration route and the use of adjuvant stand to be improved as well. While 
parenteral immunization generally induces low secretory IgA, this is required for 
mucosal protection against pneumococci. Mucosal vaccination could be a promising and 
cost-efficient new way of vaccine administration. Intranasal vaccination is easy to 
perform, reduces side effects and decreases the risk of infections via contaminated 
needles and syringes in areas with low hygiene standards. Furthermore the nasal mucosa 
constitutes the natural niche for pneumococci and is also the origin for systemic spread. 
Hence an efficient immune response in the nasopharynx could dramatically decrease 
pneumococcal carriage and the occurrence of subsequent invasive disease. The problem 
of low mucosal immunogenicity can be circumvented by using novel adjuvants. Due to 
direct recognition by complement receptor type 2 (CR2) on B-cells C3d is an extremely 
potent adjuvant [196] and C3d-containing polysaccharides would enhance 
immunogenicity by interacting directly with B-cells [197]. Other promising adjuvants are 
genetically modified derivatives of bacterial toxins, such as cholera toxin (CT) and 
Escherichia coli enterotoxin (LT). These have been tested and proved to be efficient in 
eliciting both mucosal and systemic responses [198-200]. Systemic IgG are formed as 
well as local IgA and, with a delay, also IgA on other mucosal surfaces than the one used 
for inoculation [200]. Examples are LTK63 which was derived by site-directed 
mutagenesis of the active subunit of E. coli heat-labile toxin (LT) Ser-63 to Lys, which 
abrogates toxic activity [201]. LTK63 was also used in paper II in this thesis to study the 
intranasal immunization route. 

Summary: Two kinds of vaccines are currently in use against pneumococci, however, 
both are insufficient in providing a serotype-independent coverage in all age groups 
and eliciting mucosal immunity. Protein-based vaccines and mucosal immunization 
are promising new approaches for a novel pneumococcal vaccine.
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2 AIMS OF THE PRESENT INVESTIGATION 

The general aim of the work in this thesis was to understand the pathogenesis of 
pneumococci in order to develop therapeutic approaches. The focus was on identifying 
novel pneumococcal virulence factors and describing their action on the host immune 
system.  

The specific aims in the individual papers were as follows:  

Paper I 
To characterize the role of the pathogenicity islet rlrA. Furthermore, to study the 
involvement of the discovered pilus structure in adhesion, colonization, virulence, 
immune recognition and clearance. 

Paper II 
To assess the vaccination potential of pneumococcal pilus proteins and to test the 
mucosal administration route in a mouse model. 

Paper III 
To study the involvement of neutrophil extracellular traps (NETs) in pneumococcal 
disease. Specifically to analyse trapping, killing and clearance of pneumococci and 
to identify virulence factors that counteract NETs. 

Paper IV 
To study the role of pneumococcal surface molecules, such as capsular 
polysaccharide and (lipo)teichoic acids and their role in pathogenesis, especially in 
the interaction with NETs.  
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3 MATERIALS AND METHODS 

This paragraph contains information about the methods used in papers I - IV. 
Descriptions are simplified in order to make the reader understand how data were 
derived for the individual projects. For more detailed information see the attached 
papers and the Materials and Methods sections therein.  

3.1 BACTERIA 

Pneumococci were grown on blood agar plates over night at 37 C in 5% CO2 and 
subcultured in semi-synthetic medium c+y [202]. To create knockout mutants we 
mainly used PCR ligation mutagenesis [203]. Briefly, fragments upstream and 
downstream of the target genes were amplified by PCR, digested with restriction 
enzymes and ligated to a resistance cassette. The ligation mix was transformed into the 
recipient pneumococcal strain [204] to replace the gene of interest with the resistance 
cassette. Transformants were selected on blood agar plates containing antibiotics. The 
correct insertion was confirmed by PCR and sequencing. Stable bioluminescent strains 
for use with the Xenogen Corp. in vivo biophotonic imaging system (IVIS) were 
created by transforming a recipient strain with chromosomal DNA from the strain D39 
Xen 7, which carries the Tn4001 luxABCDE Kmr cassette, encoding luciferase and its 
substrate luciferin [205].  

3.2 NEUTROPHILS AND NETS 

Neutrophils were isolated from human peripheral blood, taken from healthy donors as 
approved by the local ethical committee for experiments involving humans. A method 
using dextran, HyPaq ficoll and hypotonic lysis was used. Neutrophils were activated to 
form NETs with phorbol myristate acetate (PMA). Phagocytosis was inhibited using 
Cytochalasin D [206]. A multiplicity of infection (MOI) of 0.01 (killings analysis) to 
10 (trapping analysis) was used for infection of the neutrophil cultures. 
The number of trapped bacteria in paraformaldehyde (PFA)-fixed samples was 
analyzed microscopically with the help of the Zeiss software LSM Image Browser in 
order to determine “bacteria per µm of NET filament”. Quantification of trapping was 
also done by using bovine pancreatic DNase to dissolve NETs and subsequent serial 
plating to quantify the freed bacteria.  
Total killing, NET-mediated killing and non-NET mediated killing (phagocytosis) were 
calculated based on a colony forming unit (cfu)-based method, using Cytochalasin D. 
NET integrity was determined by measuring the activity of released neutrophil elastase 
(NE) with a colorimetric assay or visual inspection by microscopy. Pancreatic DNase 
was used as positive control.  
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3.3 IMAGING 

Light-, laser- and transmission electron-microscopy methods were used for 
visualization of cells and tissue samples. Furthermore the Xenogen Corp. IVIS was 
used for detecting pneumococci in the living host in a non-invasive manner. 
Tissue or cells were fixed with PFA and permeabilized. Blocking occurred with goat 
serum and bovine serum albumin (BSA). Pneumococci were labelled using anti-
capsular antibodies or by incubating with fluorescein isothiocyanate isomer I (FITC).  
For negative staining bacteria were stained with uranyl acetate. For electron 
microscopy pneumococcal samples were added to Formvar-coated nickel grids and 
fixed in PFA. Blocking occurred with normal rabbit serum and BSA. Used primary and 
secondary antibodies are listed in table 2. Grids were stained with aqueous uranyl 
acetate. 

Table 2. Antibodies used for stainings. 

Primary antibodies 
Rabbit- -human Neutrophil Elastase (Calbiochem) 
Mouse- -histone H1 (Acris) 
Rat- -mouse neutrophil (Serotec) 
Polyclonal mouse antibodies to RrgA, RrgB, or RrgC (Novartis Vaccines) 
Rabbit-anti-serotype 4 antisera (Statens Serum Institut, Denmark) 
Secondary antibodies/fluorophores 
AlexaFluor488-labelled goat- -FITC (Molecular Probes) 
Cy2/3-conjugated goat- -mouse/rat/rabbit (Jackson) 
Goat- -mouse IgG, 5-nm gold particles 
Goat- -rabbit IgG, 10 nm gold particles 
Rhodamine-conjugated phalloidin 
Draq5 (Kelab) 

3.4 MICE 

Both intranasal (i.n.) and intraperitoneal (i.p.) infection models were used in the present 
study. While the i.n. model mimics the natural route of infection, i.p. models can be 
useful for studying systemic disease.  
6-10 weeks old female C57BL/6 mice or CD1 mice were infected or immunized 
intranasally or intraperitoneally. Control mice were mock infected with culture 
medium. Viable bacteria were quantified by serial plating of blood samples obtained 
from the tail vein and homogenized lungs. To perform stainings, lung lobes were fixed 
with PFA and embedded in paraffin. Serum samples were taken in order to determine 
antibody- and cytokine titres by ELISA. To determine the number of bacteria in the 
nasopharynx we performed nasopharyngeal-tracheal lavages post mortem. For 
competition experiments, mutant and wild-type bacteria were mixed in a 1:1 ratio 
before administering.  Samples recovered  from these mixed  infections  were  plated on 
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unsupplemented blood agar plates and on blood agar plates containing erythromycin or 
kanamycin. The difference in numbers of cfu between these plates allowed for 
calculating the cfu of both wildtype and mutant (mut). The competitive index (CI) was 
calculated according to formula 1. The minimal bacterial count was the theoretical 
detection limit (1000 for cfu/ml blood, 1 for cfu/mg lung and 30 for cfu / tracheal 
wash).  
The Xenogen Corp. IVIS system was used to determine the colonization by 
determining the luminescence intensity in the nasopharynx, lungs, ears and 
bloodstream of anesthetized mice. All experiments were approved by the local ethical 
committee for animal experiments. 

input

input

output

output

mut
wildtype

mut
wildtype

CI                                                                                        (formula 1) 

3.5 STATISTICAL ANALYSES 

For survival studies, differences were analyzed by the Kaplan-Meier analysis log-rank 
test. Continuous variables were compared by using the (paired) t test or the 
nonparametric Mann–Whitney test. Statistical significance was defined as a P-value 
<0.05 (*), P  0.01 (**) and P  0.001 (***). 

3.6 PILUS PROTEINS AND ADJUVANT 

His-tagged, recombinant pilus subunits RrgA, RrgB, and RrgC, corresponding to the 
sequence of the S. pneumoniae serotype 4 TIGR4 strain, were expressed in Escherichia 
coli and purified in soluble form by affinity chromatography on His-Trap columns. The 
adjuvant LTK63 was obtained from Novartis Vaccines, Siena.  

3.7 ELISA 

Blood samples were obtained from mice one week after the final immunization. 
ELISA was used to determine specific antibody levels to pilus antigens. Briefly, 96-
well plates were coated with recombinant RrgA, RrgB or RrgC. Serial dilutions of 
mouse sera were applied and antibody-antigen binding was revealed by alkaline 
phosphatase-conjugated anti-mouse IgG secondary antibody, followed by addition of 
the phosphatase alkaline substrate p-nitrophenyl-phosphate. 
Determination of TNF and IL-6 in serum was performed by using commercial ELISA 
kits. 
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4 RESULTS AND DISCUSSION 

The aim of this thesis was to identify and characterize novel pneumococcal virulence 
factors. In paper I we found a novel pilus structure on the surface of pneumococci and 
investigated the characteristics of these pilus proteins encoded by the rlrA islet. In 
paper II we assessed the protective potential of these pilus proteins to be used in a 
protein-based vaccine against S. pneumoniae. In paper III we characterized the 
interaction of pneumococci and neutrophil extracellular traps (NETs), especially the 
effect of the pneumococcal DNase EndA on NETs. Finally, in paper IV we
characterized the ability of pneumococci to counteract neutrophils and NETs.  

In paper I, published in 2006, we found novel pilus structures on the surface of 
pneumococci encoded by the pathogenicity islet rlrA. We hypothesized that these pili 
could also be involved in virulence.  
We have found that the rlrA islet is present in some, but not in all clinical isolates (for a 
follow-up analysis see also [207]). While it is present in a serotype 4 clinical isolate 
(TIGR4) and a serotype 19F isolate of sequence type 162, it is absent in members of 
serotypes 1 and 7F. The islet contains genes, encoding LPXTG-motif proteins (rrgA,
rrgB and rrgC), and a positive regulator (rlrA [rofA-like regulator]). The negative 
regulatory gene mgrA, encoding a transcriptional repressor [208], is located outside the 
pilus islet (1270kb downstream). Furthermore three genes encoding sortases are present 
in the islet (srtB, srtC and srtD). Another sortase gene, srtA, is present in the 
pneumococcal genome, however, outside of the rlrA islet.  
We used transmission electron microscopy and negative staining to study whether 
pneumococci have pili and found protrusion of pilus like structures from the surface 
beyond the polysaccharide capsule (Fig. 7A). This was true for the invasive TIGR4 
strain and the 19F (ST162) strain. A knockout mutant in the negative regulator mgrA
showed increased piliation, while a knockout mutant in the rlrA islet in TIGR4 [e.g. 
TIGR4 rrgA-srtD,mgrA)] and a strain lacking the islet (R6-strain) did not show 
detectable pilus structures. The pilus structure was probably overlooked so far by 
relying on laboratory strains, such as R6, that do not contain the rlrA islet and due to 
the fact that the pilus is differently expressed, depending on used medium and 
conditions. 
By using immunogold-labelled antisera against the individual subunits and 
transmission electron microscopy we studied the distribution of the individual proteins 
on the surface. While RrgB seemed to provide the backbone of the pilus structure, 
RrgA and RrgC were at the base or at the tip, respectively. More recent data also show 
the presence of RrgA along the shaft [209]. 
In order to assess whether the pilus mediates attachment of encapsulated pneumococci 
to epithelial cells in the upper respiratory tract, we performed in vitro adhesion assays 
to A549 lung epithelial cells. Deletion of the islet lead to decreased adherence while the 
introduction of the whole islet into a rlrA-negative isolate [D39 (rlrA-srtD)] enhanced 
adherence to lung epithelial cells. Hence we found that the adhesion to lung epithelial 
cells is mediated by the pilus structure. RrgA was recently found, by our group, to be a 
major adhesive subunit of the pilus [209]. 
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We used a mouse model to study the effect of the pilus on pathogenesis in vivo. A 
pilus-expressing isolate was more virulent than a non-piliated mutant and in mixed 
infections it also out-competed the mutant in murine models of colonization, 
pneumonia, and bacteraemia. These results stress the importance of the pilus in 
pathogenesis. Finally we were able to show that piliated pneumococci evoked a 
higher tumour necrosis factor (TNF) and IL-6 response in systemic disease, compared 
with non-piliated strains, suggesting that the pneumococcal pilus not only functions 
as adhesin but also plays a role in host inflammatory response.  

Another effect, hypothesized to be mediated by pili, is the protection against 
phagocytes. For analyzing the effect of the pilus on the interaction with phagocytes, 
we determined the killing of piliated and non-piliated mutants by neutrophil 
phagocytosis (Fig. 7B). This was done by a cfu-based assay. We did not find any 
significant difference between non-piliated knockouts and their piliated parental 
strains both in encapsulated and in non-encapsulated strains. Hence, piliation does not 
seem to play a role in the interaction with neutrophils.  

To summarize, this work provides evidence that pneumococci express a pilus, which 
is involved in initial bacterial adhesion to epithelium and subsequent ability to cause 
invasive disease and induce an inflammatory response. 

Figure 7. (A) Negative staining of TIGR4 pneumococci, showing abundant pili on their surface. (B) 
Killing of piliated and non-piliated strains by neutrophils. While encapsulated strains are resistant to 
phagocytosis, the non-encapsulated ones are killed after phagocytosis. No effect on sensitivity to 
neutrophils can be observed after knocking out the pilus.  
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Due to their role in pathogenesis and their surface exposure, pilus proteins could prove 
promising as new protein vaccine candidates. This was assessed in paper II.
Recombinantly expressed RrgA, RrgB and RrgC pilus proteins, engineered with the 
TIGR4 strain sequence, were used for immunization of C57BL/6 mice. Immunization 
was done intranasally together with a mucosal adjuvant, LTK63, which is a heat-
inactivated, mutant, non-toxic Escherichia coli enterotoxin. All mice immunized three 
times with either of the pilus proteins raised IgA and IgG antibodies, detectable in 
serum. Mice immunized with RrgB were significantly more likely to survive a lethal 
intranasal challenge with TIGR4 pneumococci than PBS- or LTK63 immunized control 
mice (Fig. 8). While only 10% of the PBS-immunized and 20% of the LTK63-
immunized mice survived the challenge, immunization with RrgB increased survival 
probability to 55%. The two other pilus proteins RrgA and RrgC did not protect from 
the challenge (10-20% survival). The group immunized with RrgB also showed lower 
bacterial counts in the lungs, bloodstream and nasopharynx compared to non-
immunized control groups.  
In order to assess the effect of immunization on nasopharyngeal colonization, we 
immunized mice i.n. with RrgB and challenged them i.n. with the strain 19F (ST162). 
This strain expresses a pilus (see paper I) that belongs to the same clade as the pilus 
from TIGR4 (Moschioni et al. in press). In contrast to the TIGR4 strain, 19F (ST162) 
causes non-lethal infection in mice and is mainly restricted to the nasopharynx, making 
it an ideal strain for colonization studies. By using the Xenogen Corp. IVIS system we 
could determine the bacterial load in the nasopharynx of living mice in a non-invasive 
manner. After challenge with this 19F strain, mice were efficiently colonized without 
subsequent lethal pneumococcal disease. No difference in colonization between 
immunized and non-immunized mice could be observed, however. Also, no difference 
in the likelihood of occurrence of pneumonia or otitis media could be observed. 
Whether reduction of colonization per se is of advantage for a population, however, can 
be questioned due to the possible replacement by other serotypes or other pathogens in 
this ecological niche after eradicating others. 
To summarize, protective antibodies against the pneumococcal pilus do not influence 
carriage in the first place but are highly effective in protecting against invasive disease. 
Furthermore the mucosal administration route proved efficient for eliciting systemic 
immunity.  

Fig. 8. Survival of differently-immunized mice after intranasal challenge with TIGR4 pneumococci. 
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Paper III 

In this paper, published in 2006, we studied the role of neutrophil extracellular traps 
(NETs) in pneumococcal disease by using a murine model. Analyzing lung tissue from 
mice with pneumococcal pneumonia, we found that the influx of neutrophils into the 
lungs is accompanied by the formation of NETs, identified as extracellular presence of 
DNA and histone (Fig. 9).  

Figure 9. Immunofluorescence staining of 
mouse lung tissue with pneumococcal 
pneumonia for histone (A), neutrophils (B) 
and DNA (C). The overlay (D) shows the 
presence of NETs in the alveoli, indicated by 
extracellular DNA and histone, appearing as 
a large, cloudy structure in the centre of the 
image. Scale Bar 10µm. © Florian Wartha 

Albeit DNA can be derived from lysed bacteria, the presence of histone clearly speaks 
against a bacterial origin of these structures. Prominent NET formation was observed 
48 hours after infection and concomitant with the development of pneumococcal 
pneumonia. Hence NETs seem to play a role in pneumococcal disease.  
Another aim was to analyze trapping and killing of pneumococci by neutrophil 
extracellular traps. For this, the well-characterized invasive TIGR4 strain and its non-
encapsulated mutant TIGR4R were used. By performing in vitro assays with human 
neutrophils we found that pneumococci were initially trapped by NETs in a dose-
dependent fashion, however they were not killed. This is in contrast to many other 
pathogens that are efficiently trapped and killed by NETs [68, 69]. The reason for 
killing resistance is not encapsulation, since non-encapsulated pneumococci were also 
resistant to killing by NETs. Non-encapsulated strains were killed by phagocytosis as 
expected due to the lack of this antiphagocytic mechanism. The mechanisms for NET 
killing resistance were further analyzed in paper IV. 
DNases are expressed by many Gram-positive bacterial pathogens, among them 
pneumococci, but their role in virulence is not clear. In order to characterize the effect 
of the pneumococcal DNase EndA on the interaction with NETs, we studied the ability 
of pneumococci to degrade extracellular DNA and NETs. We found that pneumococci 
degrade salmon sperm DNA and the chromatin DNA scaffold of human NETs. This 
was not the case for an endA knockout mutant. The effect of DNA degradation was 
assessed by analyzing NET integrity by measuring NE release and by determining 
antimicrobial activity in a reporter assay with sensitive Shigella. Treatment with DNase 
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and EndA-expressing pneumococci indeed lead to disintegration of NETs with release 
of NE and a reduction in antimicrobial activity. Studying the kinetics of NET 
entrapment we found that while wildtype pneumococci free themselves from NETs, the 
endA mutant was indeed retained in them.  
When analyzing the in vivo effects of this potential NET-degrading DNase activity, we 
found that endA mutants are significantly less virulent in a mouse model and are 
severely impaired in their ability to spread from the lungs to the bloodstream. In 
contrast to a survival probability of 40% after infection with wildtype pneumococci, 
this was increased to 60% after knocking out endA. Furthermore, after mixed infections 
up to 12.5 times more wildtype than mutant bacteria were able to reach the bloodstream 
to cause invasive disease. Different pneumococcal strains also show differences in their 
DNase activity that might account for a different invasive disease potential. 
In conclusion we found that NETs are formed in pneumococcal pneumonia and that in 
vitro pneumococci are trapped but not killed by NETs, which they degrade with a 
DNase. Despite resistance to the antimicrobial activity, by mechanisms other than 
encapsulation and DNase activity, trapping in the lungs may allow the host to confine 
the infection, reducing the likelihood for the pathogen to spread into the bloodstream. 
This is evidenced by the decreased virulence of DNase knockouts - not able to degrade 
NETs - that are less likely to spread from the NET-containing lungs to the bloodstream. 
The model of trapping and freeing is summarized in figure 10. 

Figure 10. Model for the interaction of pneumococci with NETs. NET formation is induced in 
pneumococcal pneumonia. While initially trapped and confined, pneumococci are able to degrade the 
DNA backbone of NETs with their DNase EndA. This leads to freeing from NETs and subsequent spread 
from the lungs to the bloodstream. © Florian Wartha 
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In paper IV we set out to identify the pneumococcal virulence factor(s) responsible for 
resistance to NET killing. In paper III we showed that it is neither DNase activity nor 
encapsulation, alone. Here we studied surface- and charge modifications and their 
effect on NET-interaction in vitro and on virulence in vivo.

Studying the trapping in NETs in more detail, we found that the pneumococcal capsule 
reduces trapping by NETs in the first place (Fig. 11). This was true for four 
representatives of different serotypes and their capsule mutants (serotypes 1, 2, 4 and 
9V). We went into further detail about the mechanism of trapping, hypothesizing 
charge-mediated effects, but did not find any significant difference in the trapping of 
pneumococci with different capsule types, differently charged capsules (non-charged 
serotypes 7F and 14 versus charged serotypes 1, 2, 4 and 9V) or mutants in the D-
alanylation of the (lipo)teichoic acid (dlt-operon mediated). Furthermore, knockout 
mutant of the adhesins CbpA or RrgABC-pili were not affected in their extent of 
trapping by NETs, either. Hence the extent of trapping is reduced by the capsule itself 
but not influenced by serotype, capsular charge and surface charge or adhesive proteins. 

Figure 11. The percentage of cfu trapped in NETs five minutes post-infection is shown for encapsulated 
pneumococci (type 1, 2, 4 and 9V) and their capsular knockouts (types xR). Mean values and standard 
deviations (SD) of percent bacterial trapping are shown. The percentage of trapping was determined with 
the help of bovine pancreatic DNase that degrades NETs, thereby freeing previously trapped bacteria. 
Non-encapsulated pneumococci were trapped significantly higher than their encapsulated counterparts. 
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Both encapsulated and non-encapsulated pneumococci were resistant to killing by 
NETs. However, a non-encapsulated dltA-mutant was killed by NETs, as was the non-
encapsulated R6 strain, which is a naturally occurring dltA-mutant [129]. Hence 
repulsion of AMPs by DltA-mediated incorporation of positive surface charge seems to 
play a role in NET resistance, while knocking out cbpA did not. The encapsulated dltA
mutant remained resistant to NET mediated killing in vitro, pointing to a cooperative 
role of D-alanylation and encapsulation and a redundancy in defense mechanisms. 
Nevertheless, the encapsulated dltA mutant proved less virulent in a mouse model and 
twice as many wildtype than mutant bacteria were recovered from the nasopharynx 
after mixed infections. The effect was even more pronounced in the bloodstream, with 
up to 14-times more wildtype than mutant bacteria. These results suggest a role for D-
alanylation in pneumococcal virulence in resisting host defense mechanisms at certain 
stages of the infection process, when capsule expression has been shown to be low 
[177, 179, 180]. It seems logical that pneumococci, facing the threat of AMPs when 
downregulating capsule expression for sufficient adherence, need to have backup 
mechanisms that confer resistance. Whether NETs are formed in the nasopharynx or 
whether this mechanism is solely against secreted AMPs remains to be elucidated, 
though.  

To conclude, we found that capsule expression but not charge modifications reduced 
trapping of pneumococci by NETs. Pneumococci are resistant to NET-mediated killing, 
however, this characteristic is not conferred by the capsule alone. Instead, due to 
surface charge modification by incorporation of D-alanine, pneumococci are more 
resistant to the killing activity exerted by antimicrobial peptides in NETs. The capsule 
in concert with D-alanylation of (lipo)teichoic acids contributed to the observed 
resistance to NET killing in vitro.

The model for trapping and freeing of pneumococci can thus be extended as follows: 
Pneumococci are initially trapped and confined in NETs. However, the presence of 
capsule strongly reduces the extent of trapping in the first place. Furthermore 
pneumococci are able to degrade the NET backbone of DNA with their DNase EndA. 
This leads to freeing from NETs and subsequent spread from the lungs to the 
bloodstream. While capsule alone protects from phagocytosis, the combination of 
capsule and D-alanylation of (lipo)teichoic acids are effective against AMPs and NETs.  
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5 CONCLUDING REMARKS AND FUTURE OUTLINE 

5.1 THE PNEUMOCOCCAL PILUS 

Pneumococci possess numerous surface proteins that are involved in pathogenesis, e.g. 
as adhesins. We discovered a novel surface polymer: a Gram-positive pilus that is 
encoded by the rlrA islet and mediates adherence to epithelial cells. Hence this pilus is 
likely to play a role in the early events leading to pneumococcal disease, namely the 
colonization of the nasopharynx.  

Unsolved questions are the contribution of individual sortases to the biogenesis, the 
stoichiometry of the individual subunits and the regulation of pilus expression, all of 
which are currently investigated by our group. 

The epidemiology of the rlrA-islet is of great interest. The islet itself is present in many 
but not all clinical isolates. Interestingly, epidemiological surveys showed that 
successfully spreading strains contain the pilus-islet [207]. Hence, the acquisition of the 
islet by horizontal gene transfer endows certain strains with an advantage. Similarly to 
antibiotic resistance genes that can be spread horizontally, acquisition of the rlrA islet 
might select for more virulent strains that can maintain themselves more easily in the 
population due to more efficient colonization. A high proportion of these strains also 
have a reduced susceptibility to penicillin. It is those successfully spreading strains 
[210, 211] that one wants to combat and hence the pilus might be an ideal vaccine 
candidate.  

We found that the use of recombinant pilus proteins, specifically RrgB is able to protect 
mice from a lethal challenge of pneumococcal disease. Those results are promising 
since we chose the mucosal administration route, compared to a similar study, 
performed simultaneously with ours, in which intraperitoneal immunization and 
infection were used [212]. Mucosal immunization, especially intranasal immunization 
would be an easy-to-administer route for vaccination and could prove as the superior 
delivery route in the long term. Although results have not passed the animal model 
stage, yet, we nevertheless believe that intranasal immunization with pilus proteins can 
be used in humans in order to vaccinate against pneumococci. By incorporating the 
pilus proteins and other proteins into a vaccine, a serotype-independent protection 
should be achievable in all age groups. 



                                                                                              Concluding Remarks

33 

5.2 NETS AND PNEUMOCOCCI 

The recognition and clearance of S. pneumoniae by the immune system is insufficiently 
understood and there are numerous virulence factors that counteract the host immune 
system.  
We hypothesized that the newly discovered NETs play an important role in the 
clearance of pneumococcal disease. The influx of neutrophils into the alveolar space is 
a hallmark of pneumococcal pneumonia and accordingly we found the formation of 
NETs in pneumococcal pneumonia in a murine model. However, pneumococci with 
their combination of NET-counteracting virulence factors, such as DNase, capsule and 
repulsion of antimicrobial peptides by D-alanylation of (lipo)teichoic acids, are trapped 
to a low extent and eventually free themselves after (partial?) degradation of NETs. The 
importance of NETs is evidenced by the observation that DNase knockouts, despite 
presence of the trapping-reducing capsule, are less virulence and spread from the NET 
containing alveoli to the bloodstream later than wild-type bacteria. The formation of 
NETs as reaction to pneumococcal disease might otherwise be efficient in limiting 
spread, would it not be for the NET-counteracting virulence factors that are described 
in this thesis. Hence our group and independently also the group of Victor Nizet in San 
Diego [213] were able to assign a clear pathogenesis mechanism to Gram-positive 
DNases, that long have been considered as virulence factors due to an unknown 
mechanism [78, 79].  

An important implication of these findings is that DNase inhibitors could be used to 
hinder degradation of NETs by pneumococci and accomplish subsequent retention in 
the lungs or other possibly NET-containing tissues such as the meninges. The DNase 
inhibitor G-actin was successfully applied in a murine model of necrotizing fasciitis 
[213], caused by the related group A streptococci, who share a high degree of 
homology in their DNase. Use of inhalable DNase inhibitors might be a promising new 
way to treat pneumococcal pneumonia. 
Objections can be raised by referring to the improving effects of DNase inhalation in 
individuals with cystic fibrosis [214]. They suffer from airway obstructing mucus, 
containing both DNA and neutrophil elastase. However, these structures are derived 
from necrotic neutrophils and contribute to inflammation, rather than antimicrobial 
processes and conversely, the disruption of these DNA polymers reduces complicating 
Pseudomonas aeruginosa biofilm formation [215]. Hence DNase inhibitors, in contrast 
to P. aeruginosa infections, should be helpful in pneumococcal infections rather than 
detrimental. 
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